
IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 12, DECEMBER 2025 17569

Letters

An Underwater Simultaneous Wireless Power and Analog–Digital Hybrid
Signal Transfer System

Bo Luo , Mengyao Wang, Jie Tang, Tiantian Wang, Longlei Bai , and Jiang You

Abstract—An underwater simultaneous wireless power and
analog–digital hybrid signal transfer system is proposed in this
letter to meet the needs of analog and digital signal transmission in
underwater sensor networks in seawater. The system transmits two
digital signals and one analog signal through the same coil, meeting
the practical needs of multiple signal transmissions, improving the
communication rate, and retaining the precision and continuity
of analog signals as well as the accuracy of digital signals. The
system uses a coaxial coil coupling structure, with the outer ring
for power transmission and the inner ring for signal transmission,
featuring a simple and compact design. The experimental platform
achieved a 400 W output power, 1 Mbps bidirectional digital signal
transmission, and 20 kHz unidirectional analog signal transmission
in seawater, with a transmission efficiency of 90.8%, verifying the
feasibility of the proposed theory.

Index Terms—Analog–digital hybrid signal transmission,
coaxial coils, simultaneous wireless power and data transfer
(SWPDT), wireless power transfer.

I. INTRODUCTION

W IRELESS power transfer has been increasingly adopted
in underwater power supply applications, such as un-

manned underwater vehicles and deep-sea sensors, owing to
its flexibility, safety, and convenience [1], [2]. To enhance the
system’s efficiency and stability, power transmission should
be integrated with information interaction, including control
feedback signals and real-time monitoring data exchange.

Conventional electromagnetic communication methods (e.g.,
Wi-Fi, Zigbee, and Bluetooth) exhibit high latency and severe
signal attenuation in underwater environments. To overcome
these limitations, researchers have developed various simul-
taneous wireless power and data transfer (SWPDT) schemes,
which can be classified into two strategies based on coil-
sharing configurations. The first strategy utilizes all or part of
the power channel’s coupled coils for data transmission. For
example, Wu et al. [3] employed the entire power channel’s
coupled coils for communication, whereas Li et al. [4] injected a
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high-frequency data carrier into a subsection of the power coil
using a tap method. While this approach improves system in-
tegration and flexibility, it introduces higher interference and
operational complexity. The differences in carrier frequency
and current magnitude between the power and communication
channels lead to different requirements for the parameters of
the Litz wire. The second strategy adopts separate coupled
coils for power and data channels. Da et al. [5], for instance,
implemented double-D-shaped (DD) coils for power transmis-
sion and Q coils for communication. This configuration reduces
transmission difficulty and cross-channel interference but in-
creases structural complexity. In addition, the square shape of the
double-D quadrature (DDQ) coils leads to an uneven magnetic
field distribution, which can cause energy losses.

Existing studies on SWPDT focus exclusively on digital
transmission, which is insufficient for control systems requiring
real-time analog feedback. For example, underwater sensors
can transmit continuous analog signals (e.g., temperature and
pressure) [6] to the power supply device, while simultaneously
exchanging control data between the sensor and the power
supply device. Digital-only solutions impose strict analog-to-
digital converter (ADC) tradeoffs: high sampling rates waste
bandwidth, while low rates lead to signal distortion. Higher ADC
resolution improves accuracy but increases power consumption.
This approach not only degrades analog signal fidelity but also
raises system complexity and bandwidth demands.

Considering the above challenges, this letter proposes an un-
derwater simultaneous wireless power and analog–digital hybrid
signal transmission system with the following three key contri-
butions. 1) A novel analog–digital mixed-signal SWPDT system
is proposed, which allows digital signals and analog signals to be
independently transmitted after digital modulation and analog
modulation, respectively. It reduces the additional ADC module,
occupies a small bandwidth, and maintains the accuracy and con-
tinuity of the signal. 2) A planar coaxial coupled coil design with
separate power/ communication coils, offering easy fabrication,
reduced crosstalk, and improved stability. 3) Experimental val-
idation showing 400 W power transfer, 1 Mbps bidirectional
digital communication, and 20 kHz analog transmission.

II. SYSTEM OVERVIEW

Fig. 1 shows the schematic diagram of the proposed under-
water simultaneous wireless power and analog–digital hybrid
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Fig. 1. Schematic diagrams of the proposed system.

Fig. 2. Equivalent circuit. (a) Power channel. (b) Communication channel.

signal transmission system. The system consists of a power
channel and a communication channel, where the inner and
outer rings of the coaxial coil are employed for power and
signal transmission, respectively. The power channel utilizes
a double-sided LCC compensation network to achieve con-
stant current output and block high-frequency communication
signals [7]. The communication channel employs a dual-sided
capacitor-inductor-capacitor network (CLC) compensation net-
work to enhance communication carrier transmission and isolate
power interference [8].

The resonant frequency of the power channel is much lower
than the communication frequency, resulting in high impedance
at communication frequencies. Compared with the current trans-
mitted by the power channel, the current induced in the power
coil by the communication channel is very small, and the impact
of the communication carrier on power transmission is negligi-
ble. However, the power carrier induces a significant current in
the communication coil, interfering with communication trans-
mission. Therefore, it is necessary to reduce the crosstalk from
the power channel to the communication channel.

A. Power Channel

This letter utilizes the superposition theorem for circuit anal-
ysis. When analyzing the power channel independently, the
equivalent circuit is presented in Fig. 2(a). In this configuration,
Rpp and Rps denote the equivalent internal resistances of the
power coils, encompassing both the ac internal resistances and
the eddy current losses induced by the coils in seawater. The
compensation topology satisfies the following conditions:⎧⎨

⎩
ωpLp1 = 1/(ωpCp1), ωpLp2 = 1/(ωpCp2)
ωpLpp = 1/(ωpCp1) + 1/(ωpCpp)
ωpLps = 1/(ωpCp2) + 1/(ωpCps).

(1)

B. Communication Channel

For the isolated analysis of the communication channel,
Fig. 2(b) depicts the equivalent circuit model of the signal
transmission path. Rsp and Rss denote the equivalent internal
resistances of the communication coils, comprising both the
ac internal resistances and the eddy current losses induced
by the coils in seawater. To simplify analysis and design, the
communication channel’s circuit parameters are designed to
be symmetrical. To ensure the stability and reliability of the
communication system, the carrier frequency for forward digital
signal transmission is used as the resonant frequency for circuit
design. The carrier frequency for forward data transmission is
selected as ωs, and expressed as follows:⎧⎨

⎩
ωsLs1 = 1/(ωsCs1), ωsLs2 = 1/(ωsCs2)
ωsLs1 + ωsLsp = 1/(ωsCsp)
ωsLs2 + ωsLss = 1/(ωsCss).

(2)

Fig. 3 shows the frequency response characteristics of the
circuit gain Gs versus coil inductance L and operating frequency
f. The results indicate that Gs exhibits a negative value at the
power carrier frequency fp, while demonstrating a positive value
at the communication frequency fs. Furthermore, Gs maintains
high gain levels for frequencies above fs. These characteristics
verify that the dual-sided CLC compensation network effectively
enhances data carrier transmission while suppressing power
interference.

C. Digital–Analog Hybrid Signal Transmission System

The signal transmission scheme of the proposed system
is shown in Fig. 4. The system utilizes minimum shift key-
ing (MSK) modulation for digital signals and amplitude mod-
ulation (AM) for continuous monitoring signals, as illustrated
in Fig. 5(a) and (b). The digital signals are modulated by the
field-programmable gate array (FPGA), while the analog signals
are processed by the signal generator. These modulated signals
are then connected to Cs1 and combined at the input of the com-
munication CLC topology to form a composite signal source.
Through careful selection of different carrier frequencies, the
two signal types occupy separate frequency bands, enabling
simultaneous transmission via frequency division multiplexing.
At the receiver, the composite signals are separated in the
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Fig. 3. Influence of parameters on Gs. (Rsp = Rss = 237 Ω, Lsp = 8.28 µH,
Lss = 8.07 µH, and Rsignal = 20 kΩ).

Fig. 4. Analog–digital signal hybrid transmission scheme.

Fig. 5. Process of signal modulation and demodulation. (a) MSK modulation.
(b) AM modulation. (c) MSK coherent demodulation. (d) AM envelope detection
demodulation.

frequency domain, filtered to remove noise components, and
demodulated through MSK and AM demodulation processes
shown in Fig. 5(c) and (d), respectively. The bandwidth of the
MSK modulated signal is 1.5×Rb. Rb is the symbol transmission

Fig. 6. Equivalent mathematical model of system.

rate. The bandwidth of the AM modulated signal is 2×fmax. fmax

is the highest frequency of the analog signal.

D. Analysis of Power Interference on Communication

Fig. 6 reveals mutual interference phenomena between power
and communication coils, as indicated by the mutual inductance
parameters M13(M31), M14(M41), M23(M32), and M24(M42).
The analysis primarily focuses on power channel-induced in-
terference affecting the communication channel.

The voltage–current relationship can be derived as expressed
in (3), where A denotes the coefficient matrix. The current vector
I and voltage vector V are mathematically represented by (5) and
(6), respectively

AI = V (3)

Equation (4), shown at the bottom of this page.

I = [i2, i3, i4, if1, if2, if3, if4]
T (5)

V = [US, Uin_signal, 0, 0, 0, 0, 0, 0]
T. (6)

In which⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

a = 1/sCpp + sLpp +Rpp + 1/sCp1

b = 1/sCps + sLps +Rps + 1/sCp2

c = sLp2 +RL + 1/sCp2

d = 1/sCsp + sLsp +Rsp + sLs1

e = 1/sCss + sLss +Rss + sLs2

f = 1/sCs2 +Rsignal + sLs2.

(7)

A =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

−1/sCp1 0 0 0 sLp1 + 1/(sCp1) 0 0 0

0 0 −sLs1 0 0 0 sLs1 + 1/(sCs1) 0

a sM21 sM31 sM41 −1/(sCp1) 0 0 0

−sM12 b −sM32 −sM42 0 −1/(sCp2) 0 0

0 −1/(sCp2) 0 0 0 c 0 0

sM13 sM23 d sM43 0 0 −sLs1 0

−sM14 −sM24 −sM34 e 0 0 0 −sLs2

0 0 0 −sLs2 0 0 0 f

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (4)
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Fig. 7. Experimental platform.

To simplify the system design, the circuit parameters on both
sides are designed to be symmetrical⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

Lpp = Lps = L1, Lsp = Lss = L2

Lp1 = Lp2 = L3, Ls1 = Ls2 = L4

Cp1 = Cp2 = C1, Cpp = Cps = C2

Cs1 = Cs2 = C3, Csp = Css = C4

Rpp = Rps = R1, Rsp = Rss = R2.

(8)

Therefore, a = b and d = e. Using Cramer’s rule, the solution
to the equation can be found. Let s = j·ωp, and from (3), the
power-to-data interference coupling can be derived as follows:∣∣∣∣UR_signal(jωp)

Us(jωp)

∣∣∣∣ = Rsignal

|A| L2
2L1

2(jωp)
2 L4L3√

L1L2

· |B|

≈k ·
(
1 +

L4

L2

)√
(RLk12k24)

2+

[
k14

(
R1RL

ωpL1
+
L3

2ωp√
L1

)]2
.

(9)

Matrix B is represented as (10), shown at the bottom of this

page. Among them,k =
s2RsignalL4

|A1|C1C3
and|A1| = |A|

L1

√
L1L2

√
L2

.
To ensure communication gain Gs and power transmission

efficiency, L1– L4, RL, and R1 remain constant, and k is a
constant. From the simplified results, the main interference to
the communication part comes from the direct effect k14, and the
indirect effect k12, k24 from the power primary coil to the power
secondary coil and then to the communication secondary coil. To
improve power transmission efficiency, k12 should be increased.

TABLE I
PARAMETER VALUES FOR PROPOSED SYSTEM

Fig. 8. Planar coaxial coils.

At the same time, to reduce the impact of power transmission on
the communication channel, k24 and k14 can be decreased. By
increasing the distance between the power and communication
coils on the same plane, the coupling coefficients k24 and k14
are reduced.

III. EXPERIMENTAL RESULTS AND COMPARISON

A. Experimental Setup

To verify the feasibility of the proposed underwater SWPDT
system, an experimental platform is established, as shown in
Fig. 7. The experiment used simulated seawater with conduc-
tivity of 5.8 S/m, and the water temperature was maintained at
around 25 °C. The experiment was conducted in an indoor water
tank with dimensions of 40 cm × 30 cm × 40 cm, and the height
of the simulated seawater was approximately 28 cm.

For the communication channel, ZYNQ-7000 FPGAs are
used. The coil distance is 2 cm. The parameters of the power
and communication channels are shown in Table I. Fig. 8 is the
front view of the coaxial coil. Points A (a), B (b), C (c), and D (d)
correspond to the nodes in Fig. 1. To reduce interference between

B =⎡
⎢⎢⎢⎢⎢⎢⎣

0 1/(jωp · C3) + jωp · L4 0 0 −(jωp · L4)/
√
L2

(jωp · L3)/
√
L1 0 −jωp · k12 R1/L1 −jωp · k23

RL 0 0 (jωp · L3)/
√
L1 0

0 −(jωp · L4)/
√
L2 jωp · k13 jωp ·k23 1/(jωp · C4 · L2)+jωp+R2/L2+jωp ·(L4/L2)

0 0 −jωp · k14 −jωp · k24 −jωp · k34

⎤
⎥⎥⎥⎥⎥⎥⎦
.

(10)
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TABLE II
COMPARISON WITH PREVIOUS WORK

Fig. 9. Trend of impedance Z variation with frequency f.

Fig. 10. Waveforms of power transmission and simultaneous analog–digital
hybrid signal transmission.

analog and digital signals, the frequency bands are reasonably
allocated. As shown in Fig. 9 , the carrier frequencies for digital
signal transmission, fdf and fdr, are set to 4 and 9 MHz. The
actual circuit input return loss impedance S11 as a function of
frequency f, measured by a network analyzer, is shown in Fig. 9.
From Fig. 9, S11 reaches its minimum values at 4 and 17 MHz,
indicating that the system achieves impedance matching at these
frequencies. Therefore, the carrier frequency fa for the analog
signal is set to 17 MHz.

Fig. 11. Signal waveforms. (a) Bidirectional digital signal transmission wave-
forms. (b) Analog signal transmission waveforms.

Fig. 12. Spectrum. (a) Spectrum of URXs. (b) Spectrum of URXp.

B. Experimental Results

The waveforms for power transmission and simultaneous
transmission of analog–digital hybrid signals in the SWPDT
system are shown in Fig. 11. The input power of the system is
420.0 W, the output power at the load ends is 381.6 W, and the
system efficiency is 90.8%

The oscilloscope displays the forward and reverse transmis-
sion of digital signals, as shown in Fig. 11(a). The transmission
rate of the digital signals is 1 Mbps, with a transmission delay of
4.98 μs. The waveforms of AM modulation and demodulation
are shown in Fig. 11(b), where Us1 is the output waveform after
AM modulation, directly generated by the signal generator. Us2

is the analog signal output after envelope detection demodula-
tion. The delay for AM modulation and demodulation is 2.31μs.
The spectrum of the received signal in the SWPDT system is
shown in Fig. 12. The gain of the power transmission channel is
below −40 dB.
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The experimental results indicate that power transmission
does not interfere with communication transmission, and the
system can achieve distortion-free transmission of both analog
and digital signals while power is being transmitted.

C. Comparison With Other Methods

The comparison between the proposed system and previous
studies is shown in Table II. Compared with other studies, the
proposed system achieves the transmission of two digital signals
and one analog signal while transferring power.

IV. CONCLUSION

This letter proposes an underwater simultaneous wireless
power and analog–digital hybrid signal transmission system
based on coaxial coils. Compared with conventional systems,
it achieves simultaneous transmission of both analog and digital
signals while maintaining the high accuracy of digital signals and
the continuity of analog signals. The use of analog modulation
and envelope detection for analog signal modulation and de-
modulation reduces the need for additional ADCs, significantly
decreases the occupied bandwidth, and improves bandwidth uti-
lization efficiency. The system is structurally simple and has cer-
tain feasibility and cost-effectiveness in practical applications.
The adopted coaxial coil structure offers advantages of simple
fabrication and easy assembly. Experimental results demonstrate
successful implementation with 400 W power transmission,
1 Mbps bidirectional digital communication, and 20 kHz uni-
directional analog signal transmission. The system effectively
eliminates interference between power transmission and signal
communication channels.
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