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Aiming at the application requirements of underwater cross-domain communication, based on the equivalent relationship
between the rotating permanent magnet and the orthogonal time-varying current loop, this paper establishes an air-seawater-
seabed three-layer medium model and analyzes the magnetic field distribution and propagation characteristics of the rotating
permanent magnet-based mechanical antenna (RMBMA). Based on the electromagnetic field simulation software FEKO, the
influence of vertical rotation and horizontal rotation of RMBMA on the radiation magnetic field is analyzed. The magnetic field
distribution and magnetic field attenuation characteristics of RMBMA at different depths are obtained by simulation. The
influence of RMBMA operating frequency and magnetic moment on the propagation characteristics is studied. The research
shows that the horizontal rotation of the magnetic source is better than the vertical rotation in the long-distance underwater
communication. When the magnetic source and the receiving point are close to the interface of the medium, the magnetic field
strength and the propagation distance can be relatively increased. With appropriate frequency and magnetic moment, the

magnetic field strength and communication distance can be further increased.

1. Introduction

Low-frequency electromagnetic wave has the characteristics of
good seawater penetration and long propagation distance [1-4],
which can be used to realize cross-media wireless communi-
cation. The existing low-frequency transmission system has
problems such as large antenna volume, low radiation effi-
ciency, and high energy consumption, which restricts its ap-
plication and development in related fields. The mechanical
antenna and the traditional antenna adopt different emission
methods. Through the mechanical rotation or vibration motion
of the electret or permanent magnet material, the alternating
electromagnetic field is emitted to convert the mechanical
energy into electromagnetic energy. The mechanical antenna
can realize information loading by changing the mechanical
motion characteristics. According to the different excitation
materials and motion modes, mechanical antennas can be

divided into vibrating electret, rotating electret, rotating per-
manent magnet, vibrating permanent magnet, and magneto-
electric composite [5-7]. Thanks to the development and wide
application of rotating servo drive technology and rare earth
permanent magnet materials, rotating permanent magnet
mechanical antenna is a research hotspot in the industry. The
mechanical rotation of a permanent magnet can directly
generate a static strong magnetic field, which is expected to
realize low power consumption and miniaturization of low-
frequency electromagnetic emission systems. The Sixty-Third
Institute of the National University of Defense Technology has
carried out systematic modeling analysis and theoretical re-
search on the radiation mechanism of rotating permanent
magnet mechanical antennas and analyzed the radiation dis-
tribution characteristics of RMBMA and the general analytical
expression of electromagnetic field distribution [8]. The Uni-
versity of California, Los Angeles, has realized the array of
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RMBMA, so that the antenna can have a large frequency ad-
justment range, which brings great convenience to signal
modulation [9].

Scholars in related fields have conducted a lot of research
on cross-sea medium communication [10, 11]. However, the
actual marine environment is complex and changeable, and
there are still many technical problems to be solved in
underwater wireless communication. For the underwater
communication of RMBMA, [8] equivalents RMBMA to
two orthogonally placed magnetic dipoles with a phase
difference of 90°, which is used to study the near-field, far-
field, and attenuation characteristics of RMBMA in infinite
air and seawater space. In [12], the equivalent relationship
between the rotating permanent magnet and the orthogonal
current loop was given. The cross-domain propagation of
RMBMA in the air-seawater two-layer medium and the
magnetic field distribution near the sea surface were ana-
lyzed by using the orthogonal magnetic current element
decomposition method and Sommerfeld integral. The au-
thors in [13] analyzed the magnetic field radiation attenu-
ation characteristics of horizontal rotation and vertical
rotation of magnetic sources in two-layer media. The authors
in [14] preliminarily analyzed the propagation characteris-
tics of RMBMA in an air-seawater-seabed three-layer me-
dium when the magnetic source and the receiving point are
located at different depths. The influence of frequency,
magnetic moment, and other factors on the propagation
characteristics has not been studied and analyzed.

For the underwater communication application of
RMBMA, based on the equivalent relationship between the
rotating permanent magnet and the orthogonal current
loop, an air-seawater-seabed three-layer medium model is
established. Based on the superposition principle of elec-
tromagnetic field, the analytical expression of RMBMA in
the three-layer medium is obtained. Based on the electro-
magnetic field full-wave simulation software FEKO, the
effects of the depth of the magnetic source and the receiving
point, the rotation direction of the magnetic source, the
frequency, and the magnetic moment of the permanent
magnet on the propagation characteristics are analyzed.
Through the comparative analysis of the propagation
characteristics and magnetic field distribution of RMBMA
under different conditions, it was found that the horizontal
rotation of RMBMA is better than the vertical rotation at
a longer communication distance. In cross-media com-
munication, the link loss can be reduced by the side wave.
When the magnetic source and the receiving point are

2 3
; 1 1 A
o —iyr . C o _
By = Bye {2[J<yr> +(—yr) ](cos@+]sm95m Q) |:<

where By = —p,y*mg/4m, my=B,V/y,, r is the propagation
distance, 0 and ¢ are the direction angles, y is the wave
number in the medium, which can be expressed as y = $-ja,
and o and f are the attenuation factor and phase shift factor,
respectively.
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located at the seabed or sea level, with the appropriate
frequency and magnetic moment, the communication dis-
tance and magnetic field strength can be further expanded.

2. The System Architecture of RMBMA

Figure 1 shows the system architecture of RMBMA [8],
which consists of a rotating magnetic source (permanent
magnet) and a rotating servo system (drive motor and
controller). The information loading of RMBMA is realized
by mechanical driving, and the symbol data are loaded into
the mechanical motion state of the magnetic source. At
present, the modulation of RMBMA mostly adopts a fre-
quency modulation scheme. The widely used signal mod-
ulation method is frequency-shift keying (FSK). The
radiation frequency corresponds to the rotation frequency.
By changing the rotation frequency of the motor, the data
signals “0” and “1” can be switched by switching the high and
low speeds of the motor. It can also represent multibit data
with multiple different frequencies to achieve multibit FSK
modulation, so only the energy of the magnetic source
motion state needs to be maintained or changed.

3. Propagation Characteristics in Infinite
Lossy Media

Figure 2 shows the equivalent relationship between the
rotating magnetic source and the orthogonal current loop.
When the cylindrical permanent magnet moves uniformly
around the center of the circle, it can be equivalent to two
orthogonally placed time-varying current loops with a phase
difference of 90°.

The external static magnetic field of the permanent
magnet is equivalent to a constant current loop [15], which
satisfies the following relationship: B, x V/u,=NxIx§,
where N is the number of turns of the current loop, y, is the
permeability in vacuum, I is the current, S is the area of the
current loop, B, is the remanence of the permanent magnet,
and V is the volume of the permanent magnet. For NdFeB
permanent magnet materials, the remanence can reach 1.4 T.
If the magnetic moment is 1000 Am?, the volume of the
corresponding cylindrical permanent magnet is 902.75 cm”.
From the equivalent relationship between the rotating
permanent magnet and the orthogonal current loop, it can
be obtained that the magnetic field component B, of the
magnetic dipole moment #1, in an infinitely large conductive
medium is [16]
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Figure 3 illustrates the magnetic field attenuation
characteristics of RMBMA in a uniform infinite lossy me-
dium. The magnetic moment is 1000 Am?. In this scenario,
the relative dielectric constant (¢,) and conductivity (o)
values for air, seawater, and seabed are 1, 4 S/m, 81, 10 S/m,
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and 0, 0.01 S/m, respectively. The magnetic source is located
at the origin, and the measured field point is located in the
horizontal distance of 20-10°m in the x direction. In
different media, with the increase of frequency and hori-
zontal distance, the near-field magnetic field has the same
attenuation rate, and the far-field magnetic field exhibits
different attenuation characteristics. In the near region, the
magnetic field strength is proportional to m,/r* and has
nothing to do with the propagation medium. For the far-
field magnetic field, the air is approximately a lossless
medium, and the far-field field strength is proportional to
my/r. The conductivity of seawater and seabed rock is not
0S/m, and the wavelength is compressed when the elec-
tromagnetic wave propagates in it, and the near-field range
becomes smaller. The attenuation rate of the magnetic field
in the far field is yae"\/m/r, the magnetic field strength
will decay rapidly as the distance increases, and the greater
the conductivity, the faster the attenuation.

4. Propagation Model Based on Air-Seawater-
Seabed Three-Layer Medium

Figure 4 shows the propagation model of RMBMA in the air-
seawater-seabed three-layer medium. The isotropic air-
seawater-seabed three-layer medium is considered. The
upper half space is air (insulating medium), the middle layer
is seawater (lossy medium), and the lowest layer is seabed
(lossy medium). In the cylindrical coordinate system, d is the
distance from the magnetic source to the sea level, z is the
distance from the receiving point to the sea level, h is
the depth of the seawater, and r is the horizontal distance
from the magnetic source to the receiving point, and the
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FIGUure 3: Simulation comparison of magnetic field attenuation
characteristics of RMBMA.

seawater-air interface is located at the horizontal plane at
z=0. The air layer and the seabed layer are semi-infinite
spaces. According to the different rotation axes, the per-
manent magnet has different rotation modes in space. Due
to the existence of the medium interface, it is mainly divided
into side wave, direct wave, and reflected wave propagation
paths. The field strength at the receiving point is a combi-
nation of multiple propagation paths.

Since the rotating permanent magnet can be equivalent
to two orthogonally placed magnetic dipoles, the magnetic
field of RMBMA in the three-layer medium can be syn-
thesized by the magnetic field of two orthogonal magnetic
dipoles in the three-layer medium. In the cylindrical co-
ordinate system, the total field is written as the sum of the
transverse electric field and the transverse magnetic field
[17-20], and the boundary conditions are satisfied on the
interface. The magnetic field of the horizontal magnetic
dipole in the three-layer medium is shown in formula (2),
where y, is the z-direction wave number in seawater and y,
is the radial wave number. H, (y,r) is the first-order Hankel
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function of the first kind, H,(y,r) is the derivative of
H, (y,r), ¢ is the horizontal angle of the magnetic dipole,
and C, (¢) and S, (¢) are the coeflicients associated with the
first-order sine and cosine functions. Z is the vertical

Hrhmd = J IY_Z (CeiyZZ - DeiiYZZ)Hll (Yrr)sl (?)d)’r + J

propagation distance of different propagation paths. A and B
are the amplitude of the TM wave and C and D are the
amplitude of the TE wave [21-23].
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Equation (3) is the magnetic field expression of the
vertical magnetic dipole in the three-layer medium [21],
where H, (y,r) is the zero-order Hankel function of the first
kind, and H (y,r) is the derivative of H;, (y,r). C' and D' are
the amplitude of the TE wave produced by the vertical
magnetic dipole, and the vertical magnetic dipole only
produces the TE wave, and the magnetic field component in
the ¢ direction is 0.
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Since the rotating magnetic source can be equivalent to
an orthogonal magnetic dipole, the magnetic field distri-
bution of the horizontal and vertical rotating magnetic
sources in the three-layer medium can be expressed as

) m
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5. Magnetic Field Distribution and Propagation
Characteristics in the Three-Layer Medium

In Figure 4, in addition to the direct wave and the interface
reflected wave transmission path, the radiation magnetic
field of the magnetic source in seawater also has the
propagation path of vertical sea level upward propagation to
the sea-air medium interface, then forward propagation in
the air in the form of side waves, and finally downward
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propagation to the receiving point, and the propagation path
that the vertical seabed interface propagates downward to
the seabed interface, then propagates forward in the form of
side waves in the seabed layer, and finally propagates upward
to the receiving point. The actual propagation path of the
radiated electromagnetic field should be a combination of
multiple paths. Because the magnetic field expression of
RMBMA in a three-layer medium has Hankel integral, this
kind of integral does not have an analytical solution, and the
calculation is more complicated. In this paper, the elec-
tromagnetic field full-wave simulation software FEKO is
used to establish a three-layer medium model for simulation
analysis. The simulation model is shown in Figure 5. The
space of air and seabed medium is infinite space. Two or-
thogonally placed red arrows represent the magnetic dipoles
with a phase difference of 90°, which are used to simulate
rotating permanent magnets. The field strength at any po-
sition can be calculated in the model.

5.1. The Influence of Magnetic Source Placement on Propa-
gation Characteristics. Figure 4 illustrates the horizontal and
vertical rotation of the magnetic source. In the rectangular
coordinate system, the horizontal rotation of the magnetic
source takes the z-axis as the rotation axis, and vertical
rotation takes the y-axis as the rotation axis. The frequency is
60 Hz, the magnetic moment is 1000 Am’, and the seawater
depth is 100 m. Figure 6 shows the magnetic field intensity of
the magnetic source located at 1 m above the water. The
horizontal distances from the receiving point to the mag-
netic source are 100m and 1000 m, respectively, and the
receiving points are located at 1m, 50m, and 99m un-
derwater, respectively. In the figure, the solid line represents
the horizontal rotation of the magnetic source and the dotted
line represents the vertical rotation. From the figure, we can
see that the horizontal rotation shows omnidirectionality on
the horizontal plane, and the vertical rotation shows di-
rectionality. At a horizontal distance of 100 m, the magnetic
field strength of the vertical rotation is the largest in the 180°
direction. At different receiving depths, the magnetic field
strength is 1.1 times, 1.5 times, and 1.7 times the horizontal
rotation, respectively. With the increase in receiving depth,
the multiple gradually increases. At a horizontal distance of
1000 m, the magnetic field of the vertical rotation is nearly
omnidirectional, and as the receiving point is located on the
seabed, the direction of the maximum magnetic field
changes from 180° to 0°. In addition to the magnetic field
strength, the vertical rotation of the magnetic source is
greater than the horizontal rotation in a certain direction as
the receiving point is located on the seabed, and in other
cases, the magnetic field strength is smaller than the hori-
zontal rotation of the magnetic source.

Figure 7 shows the magnetic field intensity as the
magnetic source is located at 99 m underwater. From the
figure, we can see that at a horizontal distance of 100 m,
the rotation direction does not change when the magnetic
source is placed on the seabed and rotates vertically, while
the relative position of the magnetic source and the in-
terface changes, so the direction of the maximum
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FIGURe 5: Simulation model of RMBMA in three-layer medium.

magnetic field becomes 0°. At different receiving depths,
the maximum magnetic field strength of the vertical ro-
tation of the magnetic source is 1.7 times, 1.5 times, and
1.1 times that of the horizontal rotation, respectively.
With the increase in the receiving depth, the multiple
gradually decreases. At the horizontal distance of 1000 m,
the magnetic field intensity of the horizontal rotation is
greater than that of the vertical rotation. In summary, the
vertical rotation field strength is larger at a small com-
munication distance, and there is a greater field strength at
the receiving point. The omnidirectionality of the mag-
netic field is more advantageous when the magnetic
source rotates horizontally at an underwater long-
distance communication, and the magnetic field in-
tensity of the horizontal rotation is greater than that of the
vertical rotation at a long distance.

5.2. The Influence of Transmitting Point Depth and Receiving
Point Depth on Propagation Characteristics. According to
the above analysis, the horizontal rotation of the magnetic
source is more advantageous in long-distance underwater
communication. Therefore, only the propagation charac-
teristics and magnetic field distribution of the horizontal
rotation are analyzed. Figure 8 shows the magnetic field
distribution of RMBMA in the vertical plane at different
positions in the infinite uniform seawater medium and the
air-seawater-seabed three-layer medium. The black dotted
line is the range of the magnetic field reaching 100 fT in the
infinite uniform seawater medium, and the red dotted line is
the range of the magnetic field reaching 100 fT in the three-
layer medium. The depth of seawater is 100 m, the air and the
seabed are semi-infinite spaces, the magnetic source rotates
horizontally, the frequency is 60Hz, and the magnetic
moment is 1000 Am>. Due to the different electromagnetic
parameters of the medium, the magnetic field distribution is
different as the position of the magnetic source changes. And
for different emission points and receiving points, there are
multiple magnetic field propagation paths. At the receiving
field strength of 100fT, the magnetic field can propagate
200-300 m in uniform seawater. In the three-layer medium,
due to the presence of side waves, the propagation distance
can be extended, and the magnetic field propagation can be
increased to more than 1000 m. The magnetic field generated
by RMBMA propagates in the air for a certain distance and
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then penetrates the air-seawater interface into the seawater
and propagates in the seawater medium when the magnetic
source is located on the sea surface. The magnetic field
attenuates greatly after a certain distance of propagation in
the seawater medium, but some energy still penetrates the
seawater-seabed interface into the seabed medium. Com-
pared with the magnetic field propagating in the uniform
seawater medium, the magnetic field can propagate in the air
for a certain distance and then enter the seawater, and the
attenuation is small, which can increase the magnetic field
strength in the seawater. The magnetic field can penetrate
the air-seawater interface and the seawater-seabed interface
into the air and seabed medium when the magnetic source is
located in seawater. Due to the low conductivity of air and
seabed medium, the attenuation of the magnetic field is very
small. After a certain distance of propagation, the magnetic
field penetrates the interface again and enters the seawater.
Due to the existence of a side wave propagation path, the
magnetic field in seawater can be enhanced, which is con-
ducive to expanding the underwater communication
distance.

Figure 9 shows the attenuation characteristics of the
magnetic field intensity with the horizontal distance at
different depths of the transmitting point and the receiving
point. The receiving point is located at different depths in the
seawater. The measured field point is located in the hori-
zontal distance of 20-5000 m in the x direction. The dotted
line indicates the attenuation characteristics in infinite air,
seawater, and seabed media. With the positions change of
the magnetic source and the receiving point, the magnetic
field propagation paths are different. The direct wave and
reflected wave propagating in seawater are the main
propagation paths at a small horizontal distance when the
magnetic source and the receiving point are located at 50 m
underwater, respectively. Since the vertical propagation
distances of sea-level side waves and seabed side waves in
seawater are equal, the two side wave propagation paths are
the main propagation paths at a large horizontal distance.
Due to the lossy characteristics of the seabed medium, the
side wave will decay rapidly when it propagates to the far
field. Therefore, as the horizontal distance continues to
increase, the magnetic field takes the sea-level side wave as
the main propagation path. The vertical propagation dis-
tance of different side waves in seawater and the main
propagation path will change when the depth of the mag-
netic source is constant and the receiving point is close to the
air-seawater interface or the seawater-seabed interface. The
side wave has the smallest propagation distance and the
smallest attenuation in the seawater when the magnetic
source is located on the sea surface or the seabed and the
receiving point is also located at the same depth. The side
wave can be fully utilized, and the magnetic field strength is
the largest. In summary, in order to achieve a greater
magnetic field strength or farther communication distance,
the placement of the magnetic source and the receiving point

needs to be able to use the side wave more effectively to
minimize the attenuation of the magnetic field on the
propagation path.

5.3. The Influence of Working Frequency on Propagation
Characteristics. Figure 10 shows the attenuation charac-
teristics of the magnetic field in the x direction at 99m
underwater at different frequencies. The magnetic source
rotates horizontally, the magnetic moment is 1000 Am?, the
seawater depth is 100 m, and the magnetic source is located
on the water at 1 m and underwater at 99 m, respectively.
The magnetic field strength decreases nonlinearly at the
same horizontal position with the increase in frequency
when the magnetic source is located at the sea level. The
frequency increases and the magnetic field strength
changes a little when the magnetic source is located at the
seabed. The linear propagation from the transmitting point
to the receiving point is the main path when the magnetic
source is located at 1 m above the water and the horizontal
distance is small. The vertical propagation distance of the
sea level side wave and the seabed side wave in the seawater
is equal, and the attenuation speed is equal at a large
horizontal distance. After the direct wave is attenuated, the
sea level side wave and the seabed side wave are the main
propagation paths. As the distance between the magnetic
source and the nearest receiving point is more than 100 m,
the direct wave propagating in the seawater has entered the
far-field area, so the magnetic field strength decreases with
the increase in frequency. The side wave also propagates in
the seawater for a certain distance, which also causes the
magnetic field strength to decrease with the increase in
frequency when the side wave is the propagation path in the
long distance. Due to the large propagation distance of sea
level side waves in seawater, the attenuation is large. The
seabed side waves are the main propagation path after the
attenuation of direct waves and reflected waves when the
magnetic source is located at 99 m underwater. Because the
magnetic source is located at the bottom of the sea, the
linear distance from the receiving point is small, and the
propagation distance of the seabed side wave in the sea
water is very small. The magnetic field intensity is greater
than that when the magnetic source is located at 1 m above
the water, and within this distance range, the seabed side
wave is still in the near-field area. The attenuation speed
when propagating in the seabed medium is consistent with
that in the air, and the field intensity does not change with
the frequency.

Figure 11 shows the variation of the magnetic field in-
tensity at the horizontal distance of 200 m and the horizontal
distance with frequency at 100fT. The magnetic field in-
tensity decreases nonlinearly with the increase in frequency,
and the magnitude of the decrease is getting smaller and
smaller when the magnetic source is located at the sea level.
The magnetic field strength changes a little as the frequency
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increases when the magnetic source is located on the seabed.
From Figure (b), we can see that if the receiving field
strength is 100 fT, the horizontal distance of the magnetic
source can reach more than 1000 m when it is located on the
seabed and up to 560 m when it is located at sea level. In
order to propagate a longer distance at a large vertical
distance between the magnetic source and the receiving
point, the working frequency can be considered to be re-
duced, but a too low frequency will lead to a narrower
bandwidth. The frequency has little effect on the magnetic
field strength and the propagation distance when the
magnetic source and the receiving point are located on the
seabed, and a higher working frequency can be selected, so it
needs to be considered comprehensively in the application.

5.4. The Influence of Magnetic Moment on Propagation
Characteristics. Figure 12 shows the variation of the mag-
netic field intensity at a horizontal distance of 200 m and the
horizontal distance at 100 T with the magnetic moment. The
magnetic sources are located at 1 m above the water and at
99 m below the water, respectively, with a frequency of 60 Hz
and a sea depth of 100 m. As shown in Figure (a), as the
magnetic moment increases, the magnetic field also in-
creases, and the increase of the magnetic moment is con-
sistent with the increase of the field strength, showing
a linear relationship. The magnetic field strength of the
magnetic source located at the seabed is much higher than
that when the magnetic source is at the sea level. The reason
is that the linear distance is larger when the magnetic source
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is located at the sea level, and the direct wave attenuates
greatly and the side wave also attenuates when it propagates
in seawater. The linear distance is small when both the
receiving and transmitting ends are located at the seabed,
and the direct wave attenuates little and the side wave has
a small attenuation. As shown in Figure (b), under the same
magnetic moment, the horizontal distance to reach 100 fT
when the magnetic source is located at 99 m underwater is
4 times that of the magnetic source located at 1 m above the

water. With the increase in the magnetic moment, the in-
crease in the horizontal distance when it reaches 100 {T is
getting smaller and smaller, gradually saturated, and has
a nonlinear relationship with the magnetic moment. In
order to obtain greater field strength at the receiving point,
the magnetic field can propagate farther, and the magnetic
source and receiver can both be located on the seabed. The
increase in the magnetic moment can obtain greater field
strength, and the increase in the magnetic moment is
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consistent with the increase of the magnetic field strength.
However, the increase in the magnetic moment will also
increase the volume and mass of the permanent magnet, and
the burden on the motor will also increase, which needs to be
considered comprehensively in the application.

6. Conclusion

In this paper, the propagation characteristics of a rotating
permanent magnet mechanical antenna in the air-seawater-
seabed three-layer medium are analyzed. Based on the
equivalent relationship of the constant current loop of the
static magnetic field of the permanent magnet, the radiation
propagation model of the rotating magnetic source in the
three-layer medium is established. The effects of the mag-
netic source placement method, the depth of the magnetic
source and the receiving point, the rotation frequency of the
magnetic source, and the magnetic moment on the prop-
agation characteristics of RMBMA in the three-layer me-
dium are analyzed. The summary is given as follows:

(1) It is omnidirectional on the horizontal plane when
the magnetic source rotates horizontally. It shows
a certain direction when the magnetic source rotates
vertically. When the position of the magnetic source
is different from the relative position of the medium
interface, the direction of the maximum magnetic
field intensity is also different. In underwater long-
distance communication applications, the horizontal
rotation of the magnetic source is better than the
vertical rotation.

(2) Due to the side wave effect, when the distance ex-
ceeds a certain distance, the magnetic field

attenuation of the rotating permanent magnet in
seawater is significantly lower than that of the infinite
seawater medium, which is conducive to expanding
the underwater communication distance. The side
wave has the smallest propagation distance in sea-
water when both the magnetic source and the re-
ceiving point are located at the seabed or sea level,
which can reduce the loss of magnetic field propa-
gation in seawater and achieve longer communica-
tion distance and greater magnetic field strength.

(3) When the vertical distance between the magnetic

source and the receiving point is large, the smaller
the working frequency, the greater the communi-
cation distance and the magnetic field strength, but
the low frequency leads to the decrease in the
communication rate. When the magnetic source and
the receiving point are close to the dielectric in-
terface, the size of the operating frequency has little
effect on the magnetic field strength, and a higher
operating frequency can be selected to improve the
transmission rate, so it needs to be considered
comprehensively in the application.

(4) The magnetic moment of the permanent magnet is

proportional to the magnetic field intensity, but as
the magnetic moment increases, the horizontal
distance to the 100fT receiving field strength in-
creases nonlinearly, and the increase is getting
smaller and smaller. Therefore, increasing the
magnetic moment of the permanent magnet can
increase the magnetic field strength at the receiving
position, but the communication distance will not
increase much. Limited by permanent magnet



12

materials and rotating drive technology, it is difficult
to achieve long-distance applications at present.
However, based on the advantages of miniaturiza-
tion and low power consumption, it has broad ap-
plication scenarios in underwater communication
and other fields.

The actual marine environment is complex and
changeable. There are many factors that are not analyzed in
this paper for the underwater application communication of
RMBMA, such as the influence of ocean waves, seawater
depth, and uneven seawater. In future research, it is nec-
essary to use the method of theoretical deduction or engi-
neering statistics according to the actual situation to obtain
a more suitable propagation model for the application
scenario.
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