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Abstract: In this study, we present the design and implementation of a metal wall-proximity communication system that utilizes a

ferrite-core toroid and broadband power-line modem. Our simulation results, obtained using COMSOL, and communication experi-

ments using power-line modems demonstrate the potential of magnetic core toroid for magnetic field harvesting and through-metal

communication. Our proposed system achieves a bandwidth of 6 Mbps in a communication test performed on a 10-millimeter-thick

steel block, and real-time data communication was successfully achieved through a video transmission using an IP camera. These

results highlight the effectiveness of our system for communication through metal walls and indicate its potential for various applica-

tions such as underground communication and remote sensing in harsh environments.
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1. Introduction

The use of wireless sensors based on the Internet of Things
(10T) technology has become increasingly popular for monitor-
ing facility conditions and collecting environmental data in both
land and underwater metal structures. However, the communica-
tion of collected data through metal walls poses significant chal-
lenges. Existing wireless communication solutions, which rely
on high-frequency signals, suffer from poor penetration depth
into metal and high-power absorption by eddy currents. Moreo-
ver, the process of wiring through holes drilled into walls to build
internal communication networks can limit design freedom and
adversely affect mechanical strength, as well as result in manage-
ment problems due to electrical insulation and short circuits [1].

Ultrasound has attracted considerable attention as a wireless
communication method that can be applied to metal structures.
Ultrasonic waves are generated using piezoelectric transducers
attached to a metal surface; thus, their energy is easily transferred
to the metal wall. In [2], an acoustic modem unit called “Hull-
Com?”, which uses the ship’s hull or frame as an acoustic path to
transmit data, was unveiled. In [3], an ultrasonic transmission
system that transmits energy and data through a metal wall was
introduced. This system was designed to operate at a carrier fre-
quency of 3 MHz, and the experimental results revealed that the

system achieved increased robustness against structural noise
generated inside the aircraft and significantly reduced the size of
the transmission system. In [4], the authors presented a technique
used to significantly improve throughput in a high-speed ultra-
sonic communication system through a wall consisting of seven
parallel channels with a bandwidth of 4.28 MHz per channel.
They reported that using the measured channel data and combin-
ing the MIMO-OFDM approach with a crosstalk mitigation tech-
nique, the capacity performance reached 700 Mbps at a high-av-
erage SNR level.

Sound waves, unlike electromagnetic waves, must transmit
mechanical vibrations directly to the metal; therefore, the trans-
ducer must be in contact with the metal surface. Another method
is magnetic inductive coupling, which does not rely on metal-
surface contact. Magnetic fields can penetrate low-permeability
metals, such as iron, aluminum, and titanium, in a frequency-de-
pendent manner.

In [5], the principle and performance of magnetic induction
(MI) communication system were presented in terms of the effi-
ciency of transmitter and receiver topologies. At frequencies be-
low 1.4 MHz, the performance of the series-serial and series-par-
allel topologies is almost identical, but at high frequencies above

1.4 MHz, the series-parallel (transmitter-receiver) topology
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provides a more induced voltage to the receiver. In [6], a ferrite
material was added to the transducer design for Ml-based under-
water radio communication for autonomous underwater vehicles
(AUVs) to overcome the metal shielding effect of the hull and
improve the magnetic induction signal strength. Overall, higher
ferrite permeability results were obtained in a stronger magnetic
field. An antenna gain of more than 18 dB can be expected if
ferrite materials with relative permeability of more than 100 are
applied. In [7], the first research results were presented, showing
power and data transmission through aluminum using a small
coil with dimensions of 15 mm x 13 mm x 6 mm. In a commu-
nication test using a 1-millimeter-thick aluminum plate, a data
rate of 100 bps was obtained at a carrier frequency of 2 kHz. The
results showed a BER < 1 x 10-6 for the wireless power-trans-
mission data link through aluminum. In [8], a theoretical channel
model for through-metal communication in low-frequency bands
was developed to predict wireless communication performance,
and a 100 bps communication data rate with a centimeter-sized
coil and 1 kHz carrier frequency was reported. Reference [9] re-
ported that Ml communication is a reliable and flexible solution
for robot control in metal-constrained environments and that the
optimal carrier frequency for a 10-millimeter-thick metal is in the
low-kHz frequency band.

Transceivers used for through-metal communication have an
air-core toroid or a circular coil. This is effective for power trans-
mission achieved through a metal wall in a low-frequency region
of several hundred hertz or less, but it has a bandwidth limit for
high-speed data transmission. When a magnetic field is distrib-
uted around the magnetic material, the magnetic flux is concen-
trated in the direction of the magnetic core. Applying this to the
magnetic-core toroid can increase the bandwidth of magnetic
field communication.

In this study, a through-metal Ml communication system was
designed using a ferrite core toroid as a transceiver, connected to
a broadband power line modem. COMSOL was used to model
the transceiver and analyze the magnetic field distribution under
metal wall conditions, with the magnetic flux density distribution
visualized to compare relative attenuation as a function of carrier
frequency. Communication bandwidth measurements and data
communication verification were performed on a 10-millimeter-
thick steel block. Overall, the study presents a novel approach to
through-metal communication that has the potential to address
current challenges and limitations in wireless communication so-

lutions for metal structures.
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2. Analytical Model
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Figure 1: Configuration of through-metal MI communication.
(a) Basic diagram and (b) electrical equivalent circuit

Figure 1 shows the basic model and equivalent circuit of
metal-wall M1 communication. The two toroids are separated by
distance d, as shown in Figure 1 (a), and a wide metal wall of
thickness t is placed between them. The toroid facing the metal
wall is equivalent to an RLC series circuit, as shown in Figure 1
(b). where L denotes the self-inductance of the coil, C denotes
the resonance capacitor, and RL denotes the load resistance of the
output terminal. Reoil denotes the coil resistance considering the
AC resistance component at high frequencies, and is given by
Equation (1).

aN  |mifo 1)

where a denotes the radius of the coil and N denotes the number
of turns in the coil. ;,, 0,,, and p denote the radius, conductivity,
and permeability of the copper wire, respectively.

At very low frequencies, the reflection coefficients of the met-
als are almost negligible. However, as the frequency increases to
the kilohertz region, the mutual inductance between the two mag-
netically coupled toroids is given as a complex number, as shown
in Equation (2), because the transmission and reflection coeffi-

cients are considered simultaneously [8]:

M = 6A2\fie~(-Ntmfoom 2
T G-pmEfhomlalt @
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where A denotes the cross-sectional area of the coil, and o, de-
notes the conductivity of the metal. By taking the natural loga-
rithm of both sides of Equation (2), the absolute value of the

mutual inductance can be obtained, as shown in Equation (3).

In|M| = 21In(64) + 0.5In(u) — ln(m/anoam) -
4in(d) — ty/mufoom, 3

In Equation (3), the mutual inductance depends on the carrier
frequency and metal wall conditions. Because high-frequency
signals have a relatively small skin depth compared with low-
frequency signals, the magnetic field experiences a significant
phase shift as it penetrates the metal. This was manifested as a
shift in the resonant frequency. The high conductivity of the
metal also reduces mutual inductance.

When current | is applied to the transmitter, the maximum
power is delivered to the load under the condition that load re-
sistance RL matches coil resistance Reoil. The received power is
expressed by Equation (4). The received power is a function of

carrier frequency and mutual inductance.

_ Imfomi|?
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3. Numerical analysis
The geometric model built in COMSOL Multiphysics for the
finite element analysis is shown in Figure 2. To avoid boundary
reflection in the simulation space, the outer layer was set to an
infinite-element domain. The metal walls also extend to match
the outer layer.

AN
Infinite element
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| Wetal wall
=10 mm)
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Figure 2: Simulation model ((a) 3D illustration and (b) side view)

The transducer was modeled in a toroidal shape, in which the
copper wire was wound 25 times around the ferrite core with an
outer diameter of 60 mm, and it was located 5 mm from the wall
along the z axis. The copper wire had a radius of 0.5 mm and

conductivity of 5.998x107 S/m. For the metal wall, nickel-

chromium-molybdenum alloy steel (AISI 4340) was selected,
and its thickness and conductivity were 10 mm and 4.032x10°
S/m, respectively. The parameters used in the simulations are
presented in Table 1.

Table 1: Parameters and values

Symbol Value Symbol Value
d 20 mm a 20 mm
N 50 fo 100 Hz-10 MHz
T 0.5 mm A 150 mm?
h 10 mm | 1A
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Figure 3: Magnetic field distribution at several carrier frequen-

cies. Magnetic fields are displayed using a logarithmic scale

(log(H))

From the simulation results, we determined the extent to
which the magnetic field generated by the toroid penetrated the
metal wall. The visualized magnetic field distribution is shown
in Figure 3. A logarithmic scale function was used to better dis-
play the magnetic field strength. As shown in Figure 3 (a), a
magnetic field with a frequency of 100 Hz penetrates the metal
wall and is widely distributed in the opposite space. When the
frequency was increased to 1 kHz, the transmitted magnetic field
was concentrated around the metal wall in the opposite direction,
as shown in Figure 3 (b). As the frequency increased to the meg-
ahertz range, the penetrating magnetic field decayed quickly to
negligible levels, as shown in Figure 3 (c) and (d). A lower car-
rier frequency allows the magnetic field to penetrate the metal

wall more effectively, but a higher carrier frequency is required

Journal of Advanced Marine Engineering and Technology, Vol. 47, No. 2, 2023. 4 93



Kyung-Rak Sohn -

for strong magnetic coupling. Therefore, an appropriate carrier
frequency should be selected for magnetic field transmission and

inductive coupling.
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Figure 4: Magnetic flux density distribution in the z-axis direc-

tion, passing through the center of the toroid.
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Figure 5: Magnetic field distribution with a carrier frequency of
2 MHz. The magnetic field is displayed by using a logarithmic
scale, logio (H).

The flux density distribution in the z-direction, through the
central axis of the toroid, is shown in Figure 4. At low carrier
frequencies of approximately 1 kHz, the magnetic field distribu-
tion was approximately symmetrical with respect to the metal
wall. At this frequency, the metal walls appeared almost trans-
parent, allowing through-metal magnetic field communication.
As the frequency increased, the magnetic field was abruptly
blocked by the metal wall.

The channel bandwidth of MI communication is given as
Equation (5) [9].

BW=—— [*o ()

21, N A\ 4o
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This is proportional to the square root of the carrier frequency.
For high-speed data transmission, sufficient frequency band-
width must be secured using a high-frequency carrier.

As shown in Figure 5, we used ferrite-inserted toroid coils to
increase the radiated magnetic field in the transmitter and im-
prove its harvesting efficiency in the receiver. The air-core coil
is modeled as a magnetic dipole, where the magnetic moment is
given by m=NIA. For a magnetic core coil, the magnetic moment
multiplied by the magnetic permeability yields m=wNIA. The
strength of the magnetic field of the receiver at distance d is given
by Equation (6).
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Figure 6: Distribution of magnetic flux density in the z-axis di-

rection passing through the transmitting and receiving ferrite core

The simulation results at a current of 1 A are shown in Fig-
ure 6. Compared with the result shown in Figure 4, which is
an air-core toroid, the magnetic flux density around the toroid
increases by approximately 10 times. The internal magnetic
flux of the transmitting toroid is 103 times higher than that of
its surroundings. The magnetic field is rapidly attenuated by
the metal wall, but the receiving toroid exhibits a magnetic
flux density that is 10 times higher than that of the surround-
ing area. The flux energy stored in the toroid is calculated
using Equation (7).

_ B _p(Niay?
W= 2u” 8 (nd3) ' )
As the open-circuit voltage of the receiving toroid is given

by U=2nfoBNA, and it is controlled by the permeability of the

magnetic core.
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4. Experiment and results
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Figure 7: Ferrite-core toroid. (a) Measurement setup and (b) in-

sertion loss, S21.

Figure 7 (a) shows the toroid fabricated for the experiment.
The ferrite core used a soft magnetic material synthesized with
36.16 wt% of Fe, 16.10 wt% of Cu, 13.78 wt% of Zn, and 3.22
wt% of Mg. The outer diameter of the ferrite core is 60 mm, and
the number of turns is 25. The frequency response shown in Fig-
ure 7 (b) mainly depends on the material properties of the mag-
netic core. The cutoff frequency was approximately 40 MHz, and
the flat-band insertion loss was approximately 20 dB.
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Figure 8: Signal coupling characteristic. (a) Measurement

setup and (b) frequency response
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Figure 9: The output voltage of the receiver coil at resonant fre-
quency f, =35 MHz. (a) Measurement setup and (b) output

waveform

The signal coupling characteristics between the two toroid
were measured using a 10-millimeter-thick steel plate, as shown
in Figure 8 (a). The input-to-output signal ratio measured by the
network analyzer is plotted in Figure 8 (b). Strong signal cou-
pling occurs at approximately 38 MHz when there is no metal
block but switches to 35 MHz when there is a metal wall. This is
because a significant phase shift occurs when an electromagnetic
wave with a short wavelength passes through metal.

When a 35 MHz sine wave with a peak voltage of 2.5 V is ap-
plied to the toroid coil, the voltage induced at the output terminal
is approximately 0.15 V as shown in Fig. 9. The input-to-output
voltage ratio was -24 dB. At non-resonant frequencies, the signal
transmission was significantly reduced. Therefore, the operating

frequency band of the modem must include the toroid resonance

frequency.
Metal block
Coupler2 |P-CAM
[
PC(Jperf) lo @) | Modem H PC(Jperf) |
Portable battery A+ Coupler1 | Portable battery |

@

Coupler
(Ferrite, 25 turns)

|

(b)
Figure 10: Experiment setup ((a) Block diagram, (b) Lab-built
test bed)

A schematic of the magnetic-field communication system is
shown in Figure 10 (a). One toroid was installed inside the metal
block, and the other was placed outside the block. The coils of
the two toroids were connected to a broadband power-line com-
munication modem (MTR-MM-D200, Mattron, Korea). The mo-
dem's chipset is Intelon INT 6400 Homeplug AV, which supports
data rates of up to 200 Mbps on the physical layer and operating
frequencies of 2-35 MHz. A computer and an IP camera were
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connected to the modem's LAN port. JPerf, a program for meas-
uring the communication bandwidth, was used to test the connec-
tivity, and the IP camera transmitted real-time images. Both sys-
tems were powered by independent portable batteries to prevent
signal interference caused by power lines. A laboratory-built
testbed is shown in Figure 10 (b). The metal block consisted of
five steel plates with dimensions of 300x300 (mm?) and a thick-

ness of 10 mm. The IP camera is looking inside a metal block.

IP-camera

IP-camera

Jpert-- Bandwidtn & Jitter
e e T

=18 Mbps

o | cloarnow | i Cenr Outputor new pestum

(b)
Figure 11: Bandwidth measurement ((a) On the metal block and

(b) in free space)

The measurement results are shown in Figure 11 (a). Despite
the attenuation of the magnetic field by the metal walls, the av-
erage data rate was 6 Mbps. The IP camera captures an image of
the toroid inside the metal block. The test results after removal
of the metal block are shown in Figure 11 (b). The IP camera
image shows the toroid setup used in this experiment. The aver-
age data rate reaches 18 Mbps.

5. Conclusion
In this study, we proposed a novel through-metal communica-
tion system that utilizes a toroid and a power-line modem to over-
come the electromagnetic wave blocking effect of metals. We

demonstrated the flux-concentrating effect of the toroid core

Hyun-Sik Kim

through a COMSOL simulation and conducted a communication
experiment on a 10-millimeter-thick metal wall using a ferrite
core with copper wire wound 25 times. The results confirmed
that the communication bandwidth was 6 Mbps, and successful
data communication was achieved by transmitting video from an
IP camera. The proposed system has the potential to be an alter-
native solution to communication failures caused by metal struc-
tures that are difficult to apply to existing wireless communica-
tion technologies. The use of loT-based wireless sensors for in-
ternal monitoring of metal structures is an important application
that can benefit from our proposed system. Further research is
needed to optimize the system's performance and explore its po-

tential applications in various industries.
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