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Abstract—This article proposed an underwater simultaneous
wireless power transfer and data transfer system for the au-
tonomous underwater vehicle. The double-sided LLCC compen-
sation topology is proposed to effectively suppress the interference
to the data channel at switching instant. With the increase of the
size and turns of the coupling coils, the self-resonance frequency
gradually decreases. However, the frequency of data carriers is
usually much lower than the self-resonant frequency, which will
reduce the data rate or improve the bit error rate at a high data rate.
Moreover, the high voltage generated by coupling coils causes high
voltage stress on the data channel. To deal with these two issues,
the last turn of each coupling coil is used to transfer data in the
proposed system. The two transceivers are, respectively, connected
with the last turn of the two coupling coils, which excites the entire
coils to self-resonate and generates two resonant frequencies. The
two resonant frequencies are utilized to realize high-speed full-
duplex communication. And the voltage stress of the data channel
is effectively reduced. A 518-W full-duplex prototype is built, and
the maximum data rate is 700 kb/s, which verifies the feasibility of
the proposed system.

Index Terms—Double-sided LLCC compensation topology, dull-
duplex communication, self-resonant, underwater simultaneous
wireless power transfer and data transfer (USWPDT).

I. INTRODUCTION

AUTONOMOUS underwater vehicles (AUVs) have be-
come important equipment for underwater exploration.

The insufficient battery capacity of AUV is one of the crit-
ical factors of limited maneuverability. However, underwater
conductive charging requires a wet plug-in connector. There
are disadvantages such as short-lived, expensive, and complex
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Fig. 1. Wireless power transfer for AUV.

maintenance [1], [2]. Wireless power transfer (WPT) technology
provides a feasible method to solve the above problems, which
can significantly improve the reliability of underwater charging
[3], [4], [5], [6], as shown in Fig. 1. There is data interaction
between AUV and charging dock, such as feedback information
of secondary sensor, uploading and downloading data, etc. [7],
[8], [9]. Therefore, the underwater simultaneous wireless power
and data transfer (USWPDT) system has recently attracted more
attention.

There are many methods to achieve the simultaneous transfer
of power and data. RF communication such as Bluetooth, Wi-Fi,
and ZigBee have been widely used in WPT systems. These
methods have the problems such as considerable pairing delay,
increased size of additional modules, high bit error rate with the
increase of power level, and high signal attenuation underwater
[10], [11], [12]. Adding additional pairs of communication coils
decoupled from the power channel can achieve high-rate data
transmission [13], [14]. But the method limits the flexibility
of the system design and increases the size of the system.
Changing the phase and amplitude of the power waveform can
also transfer data. This method has no additional components
and is easy to implement, but it is challenging to realize high-rate
full-duplex communication, and the load power fluctuates in
the communication [15], [16], [17]. Acoustic communication
can be completely decoupled from the power channel for the
unique underwater environment. It is suitable for long-distance
transmission and has no significant advantage at the distance
of the inductive power transfer (IPT) system [18], [8]. Using
the electric field to communicate underwater requires additional
coupling plates, which will increase the size of the system [19].
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The high-frequency data carriers can be loaded on the cou-
pling coils to realize the simultaneous transmission of data and
power without adding additional coils [10]. The data carrier
frequency is in the megahertz frequency band, and the power
channel frequency of the IPT system is usually tens of kilohertz.
The two frequencies are not in the same frequency band. So this
method can realize high-rate communication and is suitable for
underwater WPT systems.

In [20], [21], and [22], the high-frequency data carriers are
loaded on the coupling coils through transformers or capacitors.
The data channel has only one resonant frequency, and the
system works in half-duplex mode. In [23], [24], [25], [26], and
[27], the coupling coils form a double-resonance circuit with
the components of the data channel. The system utilizes the two
resonant frequencies for full-duplex communication. The trap
inductances are usually added to the power channel to load the
high-frequency data carriers to the coupling coils [25], [26],
[27]. At least two inductors are added to the power channel of
the primary and secondary sides, which will increase the size
of the system and affect the power transfer efficiency (PTE) of
the system. The problem was solved by using the taps of the
coupling coils to inject data carriers [21], [28]. One part of the
coils can transfer data, and the other can be equivalent to the
trap inductor. In [29], a plug-and-play toroidal-core inductor is
proposed to inject and extract the data carriers, which has little
effect on the power channel.

The data channel and power channel share identical coupling
coils, inevitably interfering with data transfer. Through the care-
ful design of circuit structure and parameters, [22], [23], [24],
[25], [26] significantly reduce the interference of fundamental
components of the power channel to the data channel. How-
ever, most of the compensation topologies are T-type networks
[30], [31], [32], [33] which have little common-mode (CM)
interference suppression to the data channel. The interference
caused by the switching moment in the power channel is still
relatively large because the switching moment has a rich har-
monic spectrum, including the frequency band where the data
channel works.

The working frequency of the data channel is designed to be
less than the self-resonance frequency of the coupling coils in
the former SWPDT system. With the increase of coil size, its
self-resonance frequency will gradually decrease [34]. When the
self-resonance frequency of the coupling coils is relatively low,
if the data carrier frequency is still designed to be lower than the
self-resonance frequency, the data rate will be reduced.

When the IPT system works, a high voltage will be generated
on the coils due to resonance. The data transceiver is directly
connected to the power coil, so the data channel will have
considerable voltage stress [20], [21], [22], [23], [24], [25], [26],
[27], [28], improving the system cost and reducing reliability.

Generally, the realization methods of full duplex communi-
cation include frequency division duplex (FDD), time division
duplex (TDD), as shown in Fig. 2. TDD means that both sides
of the system use the same frequency band to communicate
in time division. It emulates full-duplex communication over
a half-duplex communication link. The conversion of uplink
and downlink transmission requires a certain guard interval,
which reduces the utilization of spectrum, as shown in Fig. 2(b).

Fig. 2. FDD and TDD communication principle. (a) FDD communication
principle. (b) TDD communication principle.

FDD refers to the simultaneous and independent transmission
of information through multiple frequency bands in the system,
as shown in Fig. 2(a). Due to the large frequency interval
between channels, each frequency band will not interfere with
each other after bandpass filtering, which makes it possible
to transfer information in the forward and reverse directions
simultaneously and independently. In addition, there is no need
to add a guard interval, which improves the utilization rate of
the spectrum compared with TDD and is relatively simple to
control.

To further reduce the interference of the power channel to
the data channel and realize a high-rate full-duplex USWPDT
system, a novel topology is proposed in this article. When the
transfer power is 518W and efficiency is 92%, the forward data
rate is 500 kb/s, and the backward data rate is 700 kb/s. The
main contributions of this study are summarized as follows.

1) The double-sided LLCC compensation topology is pro-
posed to effectively suppress the interference to the data
channel at switching instant. This compensation topology
is almost the same size as the conventional double-sided
LCC with limited extra loss.

2) The self-resonance of the coupling coils is used to transfer
data, and the high-speed full-duplex data communication
is realized under 518 W output power.

3) The voltage stress of the data channel is significantly
reduced by connecting the transceivers to the last turn of
the coupling coils.

II. OVERVIEW OF THE PROPOSED SYSTEM

The circuit diagrams of the proposed system are shown in
Fig. 3. Fig. 3(a) is the power transfer circuit and bidirectional
data transfer. The power transfer channel consists of dc voltage
source Uin, full-bridge inverter, double-side LLCC compensa-
tion topology, coupling coils, rectifier, and the load. The double-
side LLCC compensation is proposed in this article, which has
the following advantages. First, it can realize load-independent
output current or voltage, zero voltage switching (ZVS), and
high degrees of design freedom. Second, the Lf11, Lf12, Cf1,
Lf21, Lf22, and Cf2 can suppress the CM and differential-mode
interference generated by the full-bridge inverter and rectifier.
Third, Lf11 and Lf12 (Lf21 and Lf22) are wound on the same
magnetic core with a coupling coefficient above 0.9, as shown
in Fig. 4, so the total size of double-side LLCC is almost the same
as conventional double-side LCC compensation topology. A and
B in Fig. 4(a) are connected to the output of the inverter. The
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Fig. 3. Circuit diagrams of the proposed USWPDT system. (a) Power and data channel. (b) Transceivers connected to the last turn. (c) Data demodulation circuit.

Fig. 4. Winding mode schematic diagram of Lf11 and Lf22. (a) Stereogram.
(b) Sectional view.

power transfer frequency is fp. The mutual inductance of coils
is M, and the load is RL. The frequency of the power channel
is 85 kHz. The Litz wire is employed to reduce the parasitic ac
resistance of the transmitting and receiving coils.

The data transfer circuit in Fig. 3(a) comprises data
transceivers and coupling coils. UTXp (UTXs) is the modulated
signal on the primary (secondary) side. URXp (URXs) is the su-
perposition of the transferred signal on the primary (secondary)
side and the received signal from the secondary (primary) side.
The Tdp and Tds are signal isolation transformers that load
the data carrier into the coupling coils. Cdp1, Cdp2, Cds1, and
Cds2 reduce interference generated from the power channel.
The data transceiver in the primary (secondary) connects to the
last turn of the transmitting (receiving) coil, as shown in Fig.
3(b). The coupling of the last turn and the entire coil makes the
coil self-resonant, and the data channel generates two resonant
frequencies. Take the process of transferring data from the
primary side to the secondary side as an example. The primary
data transceiver in this article is connected to the last turn of the
primary coil, as shown in Fig. 3(b). When transmitting data, data

transceiver loads the high-frequency data carrier on the last turn
of the coil. The high-frequency current in the last turn generates
a high-frequency magnetic field. Since the last turn of the coil is
coupled to the entire coil, the magnetic field generated by the last
turn excites the entire coil to resonate. The high-frequency mag-
netic field generated by the primary coil excites the secondary
coil to resonate. Therefore, two resonance points are generated
in the data channel, so that the last turn of the secondary coil
will also induce a high-frequency carrier. The high-frequency
carrier is sensed by the secondary transceiver and demodulated
into binary data. One of the two high-frequency resonance points
is used to transfer data in the forward direction, and the other is
used to transfer data in the reverse direction.

According to the characteristics of the system, frequency
division multiplexing (FDM) is used to realize a full duplex.
There are two frequencies in the data channel of the system to
make the voltage gain reach the extreme value. Therefore, the
system satisfies the condition of FDM, that is, there are two
frequency bands for the data channel. Due to the existence of
two frequency bands in the data channel, the system has the basic
conditions for FDD communication. By properly designing the
bandpass filter, the mutual interference of these two frequency
bands can be greatly reduced. Therefore, these two frequency
bands can be used to independently forward and reverse transfer
data so that the system achieves full-duplex transmission.

From the above-mentioned analysis, these two frequency
bands can transfer data independently, so only the data modula-
tion method needs to be considered. Commonly used modulation
methods include phase-shift keying (PSK), frequency-shift key-
ing (FSK), and amplitude-shift keying (ASK), as shown in Fig. 5.
The principle of PSK is to distinguish 0 and 1 by detecting the
difference in the phase of the received signal. The modulation
and demodulation methods of phase shift keying are relatively
complex. Since FSK has better antinoise and antiattenuation
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Fig. 5. Three types of modulation. (a) ASK. (b) FSK. (c) PSK.

TABLE I
MAIN PARAMETERS UTILIZED IN ANALYSIS

Fig. 6. Equivalent circuit of Lf11 and Lf12.

capabilities than ASK [10], [22], this article selects FSK as the
modulation method of data. So full-duplex data transfer can be
implemented through FDM and FSK in the proposed USWPDT
system.

Fig. 3(c) shows the FSK demodulation circuit. The first am-
plifier is to isolate the signal processing circuit from the data
transceiver. The bandpass filter filters out all signals except the
received signals. The filtered signal is amplified and passed
through the FSK demodulator to obtain the received data. The
main parameters utilized in the following analysis are listed in
Table I.

III. ANALYSIS OF POWER TRANSFER CHANNEL

The dc power supply Uin is converted into ac voltage through
the full-bridge inverter. UAB is the root mean square value of
the fundamental harmonic full-bridge output voltage and can be
expressed as

UAB =
2
√
2

π
Uin. (1)

The right side of port AB can be equivalent to Lf11 and
Lf12 in series with impedance Z, as shown in Fig. 6. Based on
Kirchhoff’s voltage law (KVL), UAB can be expressed as

UAB = jωpLf11IAB + jωpMfpIAB + jωpLf12IAB

+ jωpMfpIAB + IABZ (2)

Fig. 7. Size of the new inductor and original inductor. (a) New inductor. (b)
Original inductor.

where ωp is the angular frequency of the power channel.
Mfp is the mutual inductance of Lf11 and Lf12, and Mfp =
kfp

√
Lf11Lf12, kfp is the coupling coefficient of Lf11 and Lf12.

The impedance of port AB can be obtained based on (2)

ZAB =
UAB

IAB
= jωpLf11 + jωpLf12 + 2jωpMfp + Z. (3)

The compensating inductances Lf11 and Lf12 can be equivalent
to Lf1, as shown in Fig. 6. Then Lf1 can be expressed as

Lf1 = Lf11 + Lf12 + 2Mfp = Lf11 + Lf12 + 2kfp

√
Lf11Lf12.

(4)
The compensation inductor on the secondary side is wound

the same way as the primary side. Therefore, the secondary side
inductors Lf21 and Lf22 can also be equivalent to Lf2. Lf2 can be
expressed as

Lf2 = Lf21 + Lf22 + 2Mfs = Lf21 + Lf22 + 2kfs

√
Lf21Lf22

(5)
where Mfs is the mutual inductance of Lf21 and Lf22, and Mfs =
kfs

√
Lf21Lf22, kfs is the coupling coefficient of Lf21 and Lf22.

Lf11 (Lf21) and Lf12 (Lf22) are wound on the same core, and
kf (ks) is larger than 0.9, so the total size of the compensation
inductors is almost the same as the size of the inductor with a
value of Lf1 (Lf2). Taking the primary compensation inductor
as an example, the size comparison is shown in Fig. 7. Their
inductors are 126 μH, the equivalent series resistance (ESR) of
the new inductor is 95 mΩ, and the ESR of the original inductor
is 80 mΩ. The ESR of the new inductor is only slightly increased,
with no change in size.

The impedance of the data transceiver port CD (cd) is

ZCD =
1

jωpCdp2
+

jωpLdpm

1− ω2
pLdpmCdp1

(6)

Zcd =
1

jωpCds2
+

jωpLdsm

1− ω2
pLdsmCds1

(7)

where Ldpm (Ldsm) is the coil inductance when the Tdp (Tds) is
regarded as an ideal transformer.

The following equation can be calculated by using the param-
eters in Table I {

|ZCD| � |jωpLp1|
|Zcd| � |jωpLs1|

. (8)

So the data transfer circuit has little influence on the power
transfer circuit. The power transfer circuit can be simplified, as
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Fig. 8. Equivalent circuit of data channel. (a) Equivalent circuit. (b) Simplified
equivalent circuit.

shown in Fig. 8. RLeq is the equivalent load resistance of rectifier
port ab, and it can be expressed as

RLeq =
8

π2
RL. (9)

The following equations determine the parameters of the
power channel according to the classic double-sided LCC topol-
ogy: {

ωpLp − 1
ωpCp1

= 1
ωpCf1

= ωpLf1

ωpLs − 1
ωpCp2

= 1
ωpCf2

= ωpLf2
. (10)

When the system works at the resonant frequency, the input
and output current of the system and the current on the coils are
expressed in the following equations [25]:

IAB =
M2UABRLeq

ω2
pL

2
pL

2
s

(11)

Ip =
UAB

jωpLp
(12)

Is =
MUAB

ω2
pLpL2

s

(13)

Iab =
MUABRLeq

jωpLpLs
. (14)

The output power and PTE can be derived as

Po =
M2U2

ABRLeq

ω2
pL

2
pL

2
s

(15)

η =
I2abRLeq

I2ABRf1 + I2pRp + I2sRs + I2ab(RLeq +Rf2)
(16)

where Rf1, Rp, Rs, and Rf2 are the ESR of Lf1, Lp, Ls, and Lf2,
respectively.

The PTE underwater is slightly lower than in the air when the
frequency is low. And with the increase in frequency, the transfer
characteristics of the system are more different from those in the
air [7]. Therefore, the proposed system in this article selects 85
kHz as the working frequency of the system.

The fluctuation of water will lead to periodic changes in
the radial misalignment and axial misalignment between the
primary and secondary sides. For the power channel, normalized
output current varies with the radial misalignment and axial
misalignment is shown in Fig. 9. The output current of the
double-side LLCC compensation topology is proportional to the
mutual inductance. With the fluctuation of the water, the mutual
inductance of the coupling coils will change periodically, so that
the output current fluctuates periodically as the water fluctuates.

Fig. 9. Normalized output current varies with radial misalignment and axial
misalignment.

Fig. 10. Equivalent circuit of data channel. (a) Equivalent circuit. (b) Simpli-
fied equivalent circuit.

In order to stabilize the output current, a fixing device is usually
added to the charging dock to fix the AUV [1]. To achieve further
voltage regulation, the dc–dc converter can be cascaded after the
rectifier [7] or the active rectifier technology can be used [9], but
these are not the focus of this article.

IV. ANALYSIS OF DATA TRANSFER CHANNEL

The equivalent circuit of data transfer channel is shown in
Fig. 10(a). The frequency of the data channel is fd and ωd =
2πfd. The impedance of Lf1, Lf2, Cf1, and Cf2 can be expressed
as

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

ZLf1 = jωdLf1

ZLf2 = jωdLf2

ZCf1 = 1
jωdCf1

ZCf2 = 1
jωdCf2

. (17)
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It can be obtained from (6) and (10)

|ZLf1|
|ZCf1| =

|ZLf2|
|ZCf2| =

ω2
d

ω2
p

=
f2
d

f2
p

. (18)

In this article, f2
d/f

2
p > 3500, thus{
|ZLf1| >> |ZCf1|
|ZLf2| >> |ZLf2|

. (19)

The compensation inductance branches can be equivalent to
an open circuit. The circuit in Fig. 10(a) can be further simplified
in Fig. 10(b). Cd1 (Cd2) is the equivalent capacitance of Cp (Cs)
and Cf1 (Cf2) in series, which can be expressed as

{
Cd1 =

CpCf1

Cp+Cf1

Cd2 = CsCf2

Cs+Cf2

(20)

The proposed system uses the self-resonance of coils to
transfer data. The inductance of the coils resonates with the
parasitic capacitance between turns. At resonance, the current
of each coil turn is different, and the law of current distribution
on the coil at other resonance points is also different [34]. When
analyzing the transfer characteristics of the coupling coils in
the proposed system, the lumped-parameter mutual inductance
equivalent circuit is inaccurate. Therefore, the coupling coils
are equivalent to the distributed-parameter circuit model [35],
as shown in Fig. 11. Lp1-Lpn (Ls1-Lsn) and Rp1-Rpn (Rs1-Rsn)
are the inductance and resistance of each turn of the primary
(secondary) coil. Mpik (Msik) is the mutual inductance between
any two turns of the primary (secondary) coil, where i = 1, 2,
…, n, k = 1, 2, …, n, and i � k. The parasitic capacitance and
its ESR between turns of the primary (secondary) coil are Cpik

(Csik) and Rpik (Rsik). The voltage of each primary (secondary)
node is Upi (Usi). The current flowing through each primary
(secondary) coil turn is Ipi (Isi).

From circuit model of data channel in Fig. 12, the circuit con-
sists of coil inductances, turn-to-turn capacitances, coil mutual
inductances, and ESRs. Therefore, this article analyzes the in-
fluence of the underwater environment on the above-mentioned
quantities.

The ESR of per turn can be expressed as [7]

RLs = ωμa

[
4

3
(βa)2 − π

3
(βa)3 +

2π

15
(βa)5 − . . .

]
(21)

where μ is the permeability of medium, a is the radius of the
coil loop, β =

√
μωσ/2, and σ is the conductivity of water.

The self-inductance of the single-turn coil can be expressed
as [36]

Lsingle = μa

(
ln

8a

b
− 2

)
. (22)

The mutual inductance between two single-turn coils can be
expressed as [36]

Msingle =
μ

4π

∮
l1

∮
l2

dl1 · dl2
|r12| (23)

Fig. 11. Distributed-parameter circuit model of data channel.

where dl1 and dl2 are the differentials of two coils respectively.
r12 is the vector between dl1 and dl2. μ0 is the magnetic
permeability of the vacuum.

The turn-to-turn capacitance can be expressed as [37]

Ctt =
2ε0πDt√
Γ2 − 1

· tan−1

(√
1 +

2

Γ− 1

)
(24)

where Γ = 1/εr ln(do/di) + p/do, di and do are the inner and
outer diameters of the round conductor, p is the winding pitch,
ε0 is the absolute permittivity of free space, εr is the relative
permittivity of the medium.

The conductivity and relative permittivity of water are differ-
ent compared to air. From (21)–(24), the ESR and turn-to-turn
capacitance changed compared to the air. In this article, the
values of the above-mentioned parameters in the underwater en-
vironment are obtained by the finite element simulation software
Ansys HFSS and Ansys Q3D, as shown in Fig. 12.

Fig. 12(a) is the turn-to-turn capacitance varies with the
distance. The turn-to-turn capacitance decreases with the in-
creased distance, which is significantly greater in an underwater
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Fig. 12. Capacitance and resistance in water and air vary with distance. (a)
Turn-to-turn capacitance varies with the distance. (b) ESR of one turn varies
with the frequency.

Fig. 13. Cascade of N1, N2, and N3.

environment than in the air. Fig. 12(b) is the ESR of one turn
varies with the frequency. The resistance of the underwater coil
increases significantly with frequency compared to in the air.
The values of turn-to-turn capacitance and ESR of coil under
water are completely different from those in the air. Therefore,
these values should be obtained in the underwater environment.

The circuit shown in Fig. 11 can be equivalent to a cas-
cade of three two-port networks (N1, N2, and N3), as shown
in Fig. 13. The transmission parameters (ABCD parame-
ters) of network N1 and network N3 can be obtained di-
rectly from the circuit structure, then AN1 and AN3 can be
expressed as

AN1 =

[
A′ B′

C ′ D′

]
=

[
1 +

Z ′
A

Z ′
C
Z ′
A + Z ′

B +
Z ′

AZ ′
B

Z ′
C

1
Z ′

C
1 +

Z ′
B

Z ′
C

]
(25)

AN3 =

[
A′′′ B′′′

C ′′′ D′′′

]
=

[
1 +

Z ′′′
A

Z ′′′
C
Z ′′′
A +

Z ′′′
A

Z ′′′
C

1
Z ′′′

C
1

]
(26)

where

Z ′
A =

1

sCdp1
, Z ′

B =
1

sCdp2
, Z ′

C = sLdpm, Z ′′′
A =

1

sCds2
,

Z ′′′
C =

sLdsm

1 + s2LdsmCds1
, s = jωd.

According to KVL and KCL, the following equations can be
obtained from the circuit in Fig. 11⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

Y C1Up +BIp = Ipin

AUp = ZpIp + sMpIp + sM psIs

Y C2U s +BIs = Isin

AU s = ZsIs + sM sIs + sM psIp

(27)

where

A =

⎡
⎢⎢⎢⎢⎢⎣

1 0 · · · 0 0
−1 1 · · · 0 0
0 −1 1 0 0
...

... · · · . . .
...

0 0 · · · −1 1

⎤
⎥⎥⎥⎥⎥⎦ , B =

⎡
⎢⎢⎢⎢⎢⎢⎣

1 −1 0 · · · 0
0 1 −1 · · · 0

0 0
. . . · · · ...

...
... · · · 1 −1

0 0 · · · 0 1

⎤
⎥⎥⎥⎥⎥⎥⎦

(28)

Y C1=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

n∑
k=1,k �=2

YCp2,k
−jωCp2,3

1+jωC1,2R1,2
· · · −jωCp2,n

1+jωC2,nR2,n

−jωCp3,2

1+jωCp3,2Rp3,2

n∑
k=1,k �=3

YCp3,k · · · −jωCp3,n

1+jωCp3,nRp3,n

...
...

. . .
...

−jωCpn,2

1+jωCpn,2Rpn,2

−jωCpn,3

1+jωCpn,3Rpn,3
· · ·

n−1∑
k=1

YCpn,k

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(29)

Y C2 =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

n∑
k=1,k �=2

YCs2,k
−jωCs2,3

1+jωC1,2R1,2
· · · −jωCs2,n

1+jωC2,nR2,n

−jωCs3,2

1+jωCs3,2Rs3,2

n∑
k=1,k �=3

YCs3,k · · · −jωCs3,n

1+jωCs3,nRs3,n

...
...

. . .
...

−jωCsn,2

1+jωCsn,2Rsn,2

−jωCsn,3

1+jωCsn,3Rsn,3
· · ·

n−1∑
k=1

YCsn,k

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(30)

Zp =

⎡
⎢⎢⎢⎣
sLp1 +RLp1 0 · · · 0

0 sLp2 +RLp2 · · · 0
...

...
. . .

...
0 0 · · · sLpn +RLpn

⎤
⎥⎥⎥⎦
(31)

Zs =

⎡
⎢⎢⎢⎣
sLs1 +RLp1 0 · · · 0

0 sLs2 +RLp2 · · · 0
...

...
. . .

...
0 0 · · · sLsn +RLpn

⎤
⎥⎥⎥⎦

(32)
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Up =

⎡
⎢⎢⎢⎣
Up1

Up2

...
Upn

⎤
⎥⎥⎥⎦ , U s =

⎡
⎢⎢⎢⎣
Us1

Us2

...
Usn

⎤
⎥⎥⎥⎦ (33)

Ip=

⎡
⎢⎢⎢⎣
Ip1
Ip2

...
Ipn

⎤
⎥⎥⎥⎦ , Is=

⎡
⎢⎢⎢⎣
Is1
Is2
...

Isn

⎤
⎥⎥⎥⎦ , Ipin=

⎡
⎢⎢⎢⎣
Ipin

0
...
0

⎤
⎥⎥⎥⎦ , Isin=

⎡
⎢⎢⎢⎣
Isin
0
...
0

⎤
⎥⎥⎥⎦

(34)

Mp =

⎡
⎢⎢⎢⎣

0 Mp1,2 · · · Mp1,n

Mp2,1 0 · · · Mp2,n

...
...

. . .
...

Mpn,1 Mpn,2 · · · 0

⎤
⎥⎥⎥⎦ ,

Ms =

⎡
⎢⎢⎢⎣

0 Ms1,2 · · · Ms1,n

Ms2,1 0 · · · Ms2,n

...
...

. . .
...

Msn,1 Msn,2 · · · 0

⎤
⎥⎥⎥⎦ (35)

Mps =

⎡
⎢⎢⎢⎣
Mp1s1 Mp1s2 · · · Mp1sn

Mp2s1 Mp2s2 · · · Mp2sn

...
...

. . .
...

Mpns1 Mpns2 · · · Mpnsn

⎤
⎥⎥⎥⎦ . (36)

From (27)–(36), the impedance parameter (Z parameter) ma-
trix of network N2 can be expressed as

ZN2 =

[
Z11 Z12

Z21 Z22

]
(37)

where Z11, Z12, Z21, and Z22 can be calculated as (38)shown at
the bottom of this page.

The ABCD parameters of N2 can be converted from Z petame-
ters, then AN2 can be expressed as

AN2 =

[
A′′ B′′

C ′′ D′′

]
=

[
Z11

Z21

Z11Z22−Z12Z21

Z21

1
Z21

Z22

Z21

]
. (39)

The ABCD parameter matrix of the two-port network shown
in Fig. 13 can be calculated by (25)–(38) as

AN =AN1AN2AN3 (40)

UTXp, ITXp, URXp, and IRXp can be obtained by (40) as[
UTXp

ITXp

]
= AN

[
URXs

−IRXs

]
= AN1AN2AN3

[
URXs

−IRXs

]
. (41)

From (40), the voltage gain of the data channel can be ex-
pressed as

Gd =
URXs

UTXp
=

1

[AN]11
=

1

[AN1AN2AN3]11
. (42)

According to the symmetry of system, the forward gain Gdp

and reverse gain Gds of the data channel can be expressed as{
Gdp = Gd(ωdp)

Gds = Gd(ωds)
(43)

where ωdp (ωds) is the frequency of forward (backward) data
channel.

The relationship between Gdp (Gds) and frequency under the
different Cdp1 (Cds1) and Cdp2 (Cds2) is shown in Fig. 14(a).
There are two extreme points for the voltage gain of the commu-
nication channel. For different Cdp1 (Cds1) and Cdp2 (Cds2), the
values of these two extreme points will be different. Fig. 14(b)
shows the relationship of two extreme values, Gdf1 and Gdf2,

with different Cdp1 (Cds1) and Cdp2 (Cds2). The area enclosed
by the dotted line has a gain greater than 0.45. Therefore, Cdp1

(Cds1) and Cdp2 (Cds2) are designed as 0.22 nF (0.22 nF) and
1 nF (1 nF) in the proposed system. When the tolerance of the
capacitor is 5% or 10%, the voltage gain of the data channel
can still reach more than 0.45, which can meet the system
requirements.

For the data channel, voltage gain at two resonant frequencies
varies with the radial misalignment and axial misalignment
is shown in Fig. 15. Fig. 15 shows that as the misalignment
increases, the voltage gain of data channel gradually decreases.
With the fluctuation of water flow, the voltage gain of the data
channel will also fluctuate. Within a certain range, the gain of the

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Z11 =
Uinp

Iinp

∣∣∣
Iins=0

=

{
Y C1+B

[
Zp+sMp − s2M2

psB
−1Y C2

(
A+ZsB

−1Y C2+sM sB
−1Y C2

)−1
]−1
}−1

11

Z21 = Uins
Iinp

∣∣∣
Iins=0

=

[
Y C1A

−1 (Zp+sMp)M
−1
ps

(
s−1A+s−1ZsB

−1Y C2+M sB
−1Y C2 −M psB

−1Y C2

)
+BM−1

ps

(
s−1A+s−1ZsB

−1Y C2+M sB
−1Y C2

) ]−1

11

Z12 =
Uinp

Iins

∣∣∣
Iinp=0

=

[
Y C2A

−1 (Zs+sM s)M
−1
ps

(
s−1A+s−1ZpB

−1Y C1+MpB
−1Y C1 −M psB

−1Y C1

)
+BM−1

ps

(
s−1A+s−1ZpB

−1Y C1+MpB
−1Y C1

) ]−1

11

Z22 = Uins
Iins

∣∣∣
Iinp=0

=

{
Y C2+B

[
Zs+sM s − s2M2

psB
−1Y C1

(
A+ZpB

−1Y C1+sMpB
−1Y C1

)−1
]−1
}−1

11

(38)
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Fig. 14. Relationship between Gd, frequency and Cdp1 (Cds1), Cdp2 (Cds2).
(a) Gain of data channel versus frequency and Cdp1(Cds1), Cdp2(Cds2). (b)
Gfdp (Gfds) versus Cdp1 (Cds1), Cdp2 (Cds2) at fp (fs).

Fig. 15. Voltage gain at two resonant frequencies of data channel varies with
the radial misalignment and axial misalignment. (a) Voltage gain of data channel
at the first frequency. (b) Voltage gain of data channel at the second frequency.

data channel can reach more than 0.2. The operational amplifier
used in this article is LM7171, and its gain bandwidth product
can reach 200 MHz, so the fluctuation of water will not affect
the data transmission after the fixed device is installed.

The center frequencies of the two frequency bands in the
data channel are 5.4 and 7.3 MHz, respectively. Therefore,
in forward transmission, 5.4 MHz represents 1 and 5.6 MHz
represents 0. In reverse transmission, 7.3 MHz represents 1 and
7.5 MHz represents 0. From the above-mentioned analysis, two
frequency bands can achieve independent transmission, so this
article achieves full-duplex data transmission.

According to the Shannon–Hartley theorem, the theoretical
maximum data rate is related to data transfer power, noise power,
and channel bandwidth [10]. The modulation method used in this
article is FSK. Its principle is to distinguish 0 and 1 according

Fig. 16. Equivalent circuit of LLCC compensation for differential mode inter-
ference.

Fig. 17. Gain of LC filter.

to the different output frequencies. Therefore, its theoretical
maximum data rate is 2/f, where f is the center frequency of
the carrier. To reduce the bit error rate, this article detects more
than 10 cycles to determine the output.

V. CROSSTALK ANALYSIS

The interference of the data channel comes from rapid switch-
ing, power signal, and ipsilateral data signal. The CM interfer-
ence is mainly caused by the fast switching of semiconductor
devices and the parasitic capacitances of devices to the reference
ground in the proposed USWPDT system.

A. Suppression of Differential Mode Interference

Taking the primary side as an example, the two inductors
Lf11 and Lf22 in LLCC compensation can be equivalent to one
inductor Lf1 for differential mode interference from (2)–(5).
Therefore, for differential mode interference, LLCC compensa-
tion can be equivalent to LCC compensation topology, as shown
in Fig. 16. In the LCC compensation topology, the LC forms a
second-order lowpass filter, and its amplitude-frequency charac-
teristics are shown in Fig. 17. So LLCC and LCC compensation
topology have a significant suppression effect on high-frequency
differential-mode interference. And their suppression principle
and effect on differential mode interference are the same in
theory.

B. Suppression of Common Mode Interference

The principle and difference of LLCC compensation and T-
type compensation topologies for CM interference suppression
are analyzed. The point B of the T type topology in Fig. 18(b) is
the inverter output, which is directly connected to the coil. The
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Fig. 18. Common mode current of LLCC compensation and T-type compen-
sation. (a) LLCC compensation topology. (b) T-type compensation topology.

common mode current flows from the inverter directly to the
ground through the stray capacitance of the coil to ground, and
the path is shown in Fig. 18(b). The point B in the LLCC topology
in Fig. 18(a) is the inverter output, which is connected to the
compensation inductor. The common mode current flows to the
ground through compensating inductor and parasitic capacitors
of coil, as shown in Fig. 18(a). The compensating inductor and
stray capacitor form a second-order lowpass filter, which has a
significant suppression effect on common mode interference at
high frequencies.

The more specific high-frequency coupling paths of CM EMI
on the primary side are shown in Fig. 19(a). The red arrow
indicates the path of the system CM current. CY represents
the Y-capacitor on the dc side. The parasitic capacitances from
the drain of the low-side MOSFETs to the reference ground are
Csg1 and Csg2. Ccg1, Ccg2, and Ccg3 represent the distributed
capacitances of the coil to the reference ground. The dc power
supply can be regarded as a short circuit. The CM current flows
into the reference ground through Csg1, Csg2, Ccg1, Ccg2, and
Ccg3, then returns through the CY to form a current loop. To
analyze the influence of the power channel on the data channel,
the circuit in Fig. 19(a) can be simplified to Fig. 19(b) [38]. Cf11

(Cf12) is the parasitic capacitance of Lf11 (Lf12). Usw-dp is the
voltage of Cdp1. The phase difference between Usw1 and Usw2

is 180°.
When the amplitude of Usw1 and Usw2 is 1 V. The

relationship between different Lf11, Lf12, and the voltage
Usw-dp generated by CM interference is shown in Fig. 20.
Since the circuit parameters of the primary and secondary
sides are the same, the voltages Usw-dp and Usw-ds generated

Fig. 19. High-frequency coupling paths of CM EMI on the primary side. (a)
High-frequency coupling paths. (b) Equivalent circuit of CM EMI.

Fig. 20. Attenuation of CM EMI versus frequency at different Lf11 and Lf22.

by the CM interference on the primary and secondary sides
are −40 dBV, while the interference voltage generated
by the traditional LCC compensation is −17 dB at
7.3 MHz. Therefore, the double-side LLCC proposed in
this article can suppress common mode interference by more
than 40 dB, while LCC is less than 20 dB.

The coupling coils in Fig. 3(a) can be simplified to Fig. 21(a).
The theoretical analysis in Section III shows that the data channel
has little influence on the power channel. Therefore, the voltage
on Lp1 (Ls1) can be regarded as an independent voltage source
for the input port of the data transceiver, as shown in Fig. 21(b).
The ULp1 and ULs1 can be expressed as{

ULp1=jωp(Lp1+Mp1p2)ILp−jωp(Mp2s1+Mp2s2)ILs

ULs1=jωp(Ls1+Ms1s2)ILs−jωp(Mp1s2+Mp2s2)ILp
.

(44)
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Fig. 21. Equivalent circuit of coupling coils and transceiver. (a) Equivalent
circuit of the coupling coils. (b) Influence of the last turn on the transceiver.

Fig. 22. Bandpass filter.

Fig. 23. Gain of bandpass filter versus frequency.

The interference voltage Updp (Upds) generated by the
primary (secondary) coil to the primary (secondary) data
transceiver can be calculated as{

Updp =
ULp1Zdp

Zdp+1/jωpCdp2

Upds =
ULs1Zds

Zds+1/jωpCds2

(45)

where⎧⎨
⎩

Zdp =
jωpLdpm(1/jωpCdp1)
jωpLdpm+1/jωpCdp1

=
jωpLdpm

1−ω2
pLdpmCdp1

Zds =
jωpLdsm(1/jωpCds1)
jωpLdsm+1/jωpCds1

=
jωpLdsm

1−ω2
pLdsmCds1

. (46)

When the proposed USWPDT system works at 500 W, the
values of Updp and Upds are hundreds of millivolts. Therefore,
the interference of the power signal and ipsilateral data signal
can be filtered out by a bandpass filter, as shown in Fig. 22.

Urfp (Urfs) is the output voltage of the filter. The amplitude-
frequency characteristic curves of the bandpass filter in the
primary and secondary are shown in Fig. 23. The power signal
of 85 kHz is attenuated by more than 100 dB. The ipsilateral
data signal is attenuated by more than 50 dB.

After bandpass filtering, the power signal and ipsilateral data
signal can be ignored. Therefore, the interference mainly comes
from the switching moment of MOSFET and diodes. The forward

Fig. 24. Design flowchart of power and data channel.

and backward SNRs of the proposed SWPDT system is calcu-
lated as ⎧⎨

⎩
SNRp =

UTXpGdp(ωdp)
Usw−dp

SNRs =
UTXsGds(ωds)

Usw−ds

. (47)

VI. DESIGN METHOD FOR POWER AND DATA TRANSFER

To satisfy the requirements of high-efficiency power transfer
and high-speed data transfer, the SWPDT system needs to
achieve the objectives as shown in (48). The PTE should be
above 85%. The switching noise attenuation should be above 20
dB. The voltage gain of the forward and backward data channel
should be above 0.45. The SNR should be above 20 dB⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

η ≥ 85%

Gsw−dp, Gsw−ds ≤ −20 dB

Gdp, Gds ≥ 0.45

SNR ≥ 20 dB

. (48)

The flow chart of system parameter design and optimization is
shown in Fig. 24. For the USWPDT system, the transfer distance
is usually fixed due to the mechanical fixing of the charging
dock. The actual system determines the input voltage, load, and
coupling coils. The frequency and compensation parameters can
be selected to satisfy the requirement of output power and PTE
according to (11)–(16). The capacitors (Cdp1, Cdp2, Cds1, and
Cds2) in data transceivers can be designed to make the voltage
gain (Gdp, Gds) of the data channel more than 0.45 according to
(42) and (43). Then the attenuation (Gsw-dp, Gsw-ds) of switching
noise is calculated using the current parameters of the power
channel and data channel. To attenuate the switching noise by
more than 20 dB, the compensation parameters of the power
channel and capacitors in data transceivers need to be adjusted
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Fig. 25. Experimental platform.

TABLE II
MAIN PARAMETERS UTILIZED IN EXPERIMENT

Fig. 26. Voltage, current, power, and efficiency when Uin = 126 V and R =
287 Ω. (a) Waveforms of power transfer. (b) Power and efficiency on the dc side.

again. Finally, the voltage of data carriers UTXp and UTXs are
adjusted to achieve the requirement of SNR.

VII. EXPERIMENTAL VERIFICATION

A 518-W prototype was built following the design flowchart in
Section VI, as shown in Fig. 25. The parameters of the proposed
SWPDT system are listed in Table II. The size of the coupling
coils is Ф30 × 20 cm, and the transmission distance is 30 mm.
The scheme of data modulation is FSK.

According to the design procedure in Fig. 24, the power
transfer frequency is 85 kHz. The waveforms of power transfer
are shown in Fig. 26. Fig. 26(a) shows the waveforms of uAB,

Fig. 27. Waveforms of power and data channel. (a) Waveforms of ULp, iAB,
ULp1, ULs1. (b) uAB, iAB, Urdp, Urds.

Fig. 28. Waveforms of data transfer. (a) Waveforms of UTXp, Urfp, UTXs,
Urfs. (b) Waveforms of Urfp, Urds, Urfs and Urdp.

iAB, uab, and iab. Fig. 26(b) shows output power is 518 W, and
the PTE of the system is 92%. The MOSFETs of the inverter
achieve ZVS.

Fig. 27 shows the waveforms of ULp, iAB, ULp1, and ULs1.
The data carriers are rarely observed in the waveforms of ULp

and iAB. ULp1 and ULs1 superimpose the high-frequency carrier
of the data channel at the frequency of 85 kHz. The amplitudes
of ULp1 and ULs1 are 20 V and 50 V, respectively. It shows
that the data channel has little influence on the power channel.
The power channel applies a relatively low voltage to the chan-
nel, which reduces the voltage stress of the data channel. The
waveforms of sending and receiving data when the system is in
full-duplex communication are shown in Fig. 27(b). The forward
and backward data rates are 500 and 700 kb/s, respectively.

Fig. 28(a) shows the waveforms of modulated signals UTXp,
UTXs, and received signals Urfp, Urfs. The gains of forward and
backward data channels are both 0.5, consistent with the analysis
in Section IV and the computational results in Fig. 14. The data
channel is demodulated by FSK, as shown in Fig. 28(b).

The spectrum of the switching instant is rich. Taking the
primary side as an example, the continuous wavelet transform
of uAB is performed to obtain the spectrum distribution at each
moment, as shown in Fig. 29. The area surrounded by the dotted
line is the cone of influence, which does not affect the analysis
of switching noise. The area covered by magenta dots is the
switching noise in the communication frequency band.

Fig. 30 shows the switching moment of the inverter and
rectifier and the influence on the data channel. At the switching
instant, the amplitude of the data channel only changes by up
to 0.1 V. Therefore, the SNR of the proposed USWPT system
is 20 dB. In order to observe the interference on the primary
receiving side more intuitively when using LLCC compensation,
Fig. 31 shows the waveforms of the primary data receiving side
at the switching moment when no data is being transferred. At
the moment of switching, the interference on the data receiving
side is particularly small. Fig. 32 shows the waveform of the data
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TABLE III
COMPARISON BETWEEN DIFFERENT WORKS

Fig. 29. Frequency spectrum of inverter output.

Fig. 30. Interference of power channel to data channel under the proposed
double-side LLCC compensation. (a) Primary side. (b) Secondary side.

Fig. 31. Interference of power channel to data channel under double-side
LLCC compensation when no data is being transferred. (a) At the moment of
the falling edge of uAB. (b) At the moment of the rising edge of uAB.

Fig. 32. Interference of power channel to data channel under double-side LCC
compensation. (a) Primary side. (b) Secondary side.

channel at the instant of switching on the primary and secondary
sides when using traditional double-side LCC compensation.
The SNR is −10.9 dB. The double-side LLCC compensation
proposed in this article suppresses CM interference and im-
proves SNR significantly.

The comparison between some typical reported and proposed
SWPDT systems are listed in Table III. The proposed USWPT
system realizes 518 W output power with PTE of 92% and 500
kbps/700 kbps full-duplex communication mode. The withstand
voltage of transceivers is reduced and the number of components
connected with the power channel is only four, which can
improve the reliability of the system. The proposed LLCC com-
pensation can significantly suppress the CM interference to the
data channel without increasing the size and loss of the system.

VIII. CONCLUSION

This article proposed a novel USWPDT system. The double-
side LLCC compensation topology with the same size as double-
side LCC topology and limited extra loss is proposed to suppress
CM interference to the data channel generated from the power
channel. The novel system structure reduces the voltage stress
of the data channel and the number of components directly con-
nected with the power channel. The design method of the power
and data transfer channel is proposed. Finally, the prototype
realizes the synchronous transfer of power and data with an
output power of 518 W, efficiency of 92%, and 500 kbps/700
kbps full-duplex communication.
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