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ABSTRACT: Taking into account the radiation characteristics of rotating permanent magnet antennas, the influence of the spatial distribu-
tion of molecular magnetic moments on the radiation characteristics was verified by performing theoretical calculations and simulations.
First, the magnetic field distribution of arbitrarily shaped permanent magnets was derived based on the Biot-Savart Law, and the con-
centration degree of the molecular magnetic moments to the connection of the two magnetic poles and the comprehensive performance
evaluation index were defined. The theoretical model to analyze the performance of permanent magnets was also established as above.
Second, by controlling volume and rotational inertia to be the same, three types of permanent magnets were calculated. Finally, the
optimization design process was proposed. Three preferable solutions were systematically compared and analyzed taking radially mag-
netized cylindrical permanentmagnets as an example. Ourwork provides valuable insights into the design ofmechanical antenna radiation
sources.

1. INTRODUCTION

Low frequency electromagnetic waves are widely used in
both communication and navigation [1, 2]. However, tradi-

tional transmitting antenna is limited by electric size and low ra-
diation efficiency [3], which has reached the development limit
at this stage. To realize the miniaturization and light weight
of low-frequency transmitting antennas, since the Defense Ad-
vanced Research Projects Agency (DARPA) proposed the “A
MEchanically Based Antenna” project in 2017 [4], permanent
magnets have become the preferred object for the fabrication
of mechanical antennas due to the rather high magnetic energy
density [5]. Furthermore, rotating permanent magnet anten-
nas are expected to generate efficient ELF-VLF radiation with
portable systems [6].
To evaluate the radiation characteristics of mechanical an-

tennas, theoretical studies have been conducted in the literature
from different perspectives [7–12]. In the form of mechani-
cal motions, the rotating mechanical antenna can achieve two
times the radiated power output of the vibrating mechanical an-
tenna [13]. The equations of the electromagnetic field distri-
bution of the rotating permanent magnets can be summarized
by analogy with the circular current [14]. It has been demon-
strated that the maximum radiation direction of the cylindrical
rotating permanent magnet antenna is its radial direction, and
the minimum radiation direction is the direction of the rotation
axis. Besides, with an appropriate reduction of the radius and
increase of the height, the rotational inertia can be reduced, and
the need for motor torque can be reduced [15]. However, a gen-
eral method based on the intrinsic factors of radiating sources
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is lacking to enhance the radiation strength of mechanical an-
tennas.
Along these lines, in this work, the molecular magnetic mo-

ment method was used to obtain the expressions for the mag-
netic field of arbitrarily shaped permanent magnets by calcu-
lating the current density on the surface of permanent magnets.
Moreover, the expressions for the magnetic field components
of cylindrical, spherical, and cuboid permanent magnets were
obtained. Simulations were also performed to verify the va-
lidity and feasibility of the proposed method. Considering the
requirements for motor torque [15], the comprehensive perfor-
mance evaluation index was defined to provide theoretical in-
sights for obtaining a comprehensive performance of the differ-
ent types and different sizes of permanent magnets.

FIGURE 1. An arbitrarily shaped permanent magnet.

2. PERFORMANCE EVALUATION MODELING

2.1. Arbitrarily Shaped Permanent Magnets
As shown in Figure 1, a three-dimensional right-angle coordi-
nate system was constructed with the center of mass of an arbi-
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trarily shaped permanent magnet as the origin. Its magnetism
can be explained by an atomic model, where each molecule (or
atom) of the permanent magnet is equated to a toroidal current,
which is called molecular current, and its magnetic moment is
called molecular magnetic moment, defined as [16]

pm = i∆S (1)

where i is the molecular current, and ∆S is defined as ∆S =
en∆S, referring to the area element vector enclosed by the
molecular current, whose direction en is in a right-handed spiral
relationship with the direction of i.
The vector sum of molecular magnetic moments per unit

volume of magnetic medium is magnetization intensity vector,
which can be defined as follows:

M = lim
∆V→0

∑
i

pmi

∆V
(2)

where pmi denotes the magnetic moment of the ith molecule in
the volume ∆V .
Assuming that the permanent magnet is uniformly magne-

tized along the z direction, the magnetization intensity vector
can be expressed as follows:

M = ezM (3)

where ez is the z-coordinate unit vector, and M stands for the
magnitude of the magnetization intensity vectorM.
When a magnetic medium is magnetized, a macroscopic cur-

rent distribution, which is called magnetization current, may
appear inside and on the surface. The magnetization current
density inside a permanent magnet that is uniformly magne-
tized along the z-direction can be estimated as follows [16]:

JM = ∇×M = 0 (4)

Parallel to the xOy plane, a thin layer element with a thick-
ness of dz was taken from the permanent magnet, and a cur-
rent element Idl was taken from a source point (x, y, z) at the
boundary of the thin layer. The current density vector of the
magnetization surface can be calculated as follows [16]:

J SM = M× en (5)

where en is the normal unit vector of the surface of the perma-
nent magnet.
Taking a line element ds perpendicular to the direction of cur-

rent flow, the magnitude of the bound current on the boundary
can be expressed as follows:

I = JSMds (6)

where JSM is the magnitude of the magnetization surface cur-
rent density vector J SM .
According to the Biot-Savart Law, the magnetic induction

produced by the current element Idl at any point (x1, y1, z1)
outside the permanent magnet can be estimated as follows:

dB1 =
µ0

4π

Idl× R
|R|3

=
µ0

4π

JSMds · dl× R
|R|3

=
µ0JSMds

4π

∣∣∣∣∣∣∣
i j k
dx dy 0

x1 − x y1 − y z1 − z

∣∣∣∣∣∣∣[
(x1 − x)

2
+ (y1 − y)

2
+ (z1 − z)

2
] 3

2

=
µ0JSMds

4π

(z1 − z) dyi− (z1 − z) dxj
+ [(y1 − y) dx− (x1 − x) dy] k[

(x1 − x)
2
+(y1 − y)

2
+(z1 − z)

2
] 3

2

(7)

The magnetic induction generated by the entire thin layer at the
point (x1, y1, z1) can be expressed as follows:

dB=

∮
L

dB1

=

∮
L

µ0JSMds

4π

(z1 − z) dyi− (z1 − z) dxj
+ [(y1 − y) dx− (x1 − x) dy] k[
(x1−x)

2
+(y1−y)

2
+(z1−z)

2
] 3

2

(8)

Themagnetic induction generated by the entire permanentmag-
net at the point (x1, y1, z1) can be calculated as follows:

B=

∫
dB

=

∫ ∮
L

µ0JSMds
4π

(z1 − z) dyi− (z1 − z) dxj
+ [(y1 − y) dx− (x1 − x) dy] k[
(x1−x)

2
+(y1−y)

2
+(z1−z)

2
] 3

2

(9)

According to Faraday’s Law of Electromagnetic Induction, the
induced electromotive force is proportional to the changing rate
of themagnetic flux in time through the area enclosed by the cir-
cuit. Likewise, the magnitude of the magnetic moment of a per-
manent magnet is constant, and to produce radiation, the direc-
tion of the magnetic moment must be changed during the mo-
tion. Taking into account that the magnetic flux density reaches
its maximum at the two poles and is opposite in direction, and
the magnitudes of the rotational inertia directly affect the mo-
tor torque required to rotate the antenna [15], the rotation axis
should be perpendicular to the line of the two magnetic poles
combined with practical application. At the same time, the mo-
ment of inertia of the permanent magnet is minimized, and the
problem can be simplified to compare the magnetic flux density
on the extension line of the two magnetic poles.
For the same permanent magnet, the rotational inertia is dif-

ferent when the rotation axis is different, and the rotational in-
ertia for the x-axis can be calculated as follows:

Jx =

∫
V

r2dm (10)

where dm represents the mass of a mass point on the permanent
magnet, and r stands for the distance from the mass point to the
rotation axis.
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Similarly, the concentration degree of the molecular mag-
netic moments to the connection of two magnetic poles can be
defined as follows:

K =
1∫

V

r21dm1

(11)

where dm1 is the mass of a molecule in the permanent magnet,
and r1 states the distance between the molecule and the line
connecting the two magnetic poles.
Different types and sizes of permanent magnets have differ-

ent radiation characteristics and rotational inertias. To facilitate
quantitative comparison, the comprehensive performance eval-
uation index can be defined as follows:

H =
K

J
(12)

where K denotes the concentration degree of the molecular
magnetic moments to the connection of two magnetic poles,
and J represents the rotational inertia of the permanent mag-
net.

2.2. Magnetic Field Distribution of Different Types of Perma-
nent Magnets

2.2.1. Cylindrical Permanent Magnets

As can be seen in Figure 2, the height of the cylindrical perma-
nent magnet is h, and the radius is R. The geometric center is
located at the origin of the right-angle coordinate system, and
the axis coincides with the x-axis. Parallel to the xOy plane, a
thin layer element with a thickness of dz is taken. According to
the calculation method presented in Section 2.1, the magnitude
of the bound current density on the cylinder bottom surface is
M , and the magnitude of the bound current density on the side
of the cylinder is M cosϕ. Additionally, the magnitude of the
bound current on the entire thin layer boundary isMdz, whose
direction is in a right-handed spiral relationship with ez . The
x, y, and z components of themagnetic flux density at any point
(x1, y1, z1) outside the permanent magnet can be estimated as
follows:

Bx =
µ0M

4π

∫ R

−R

dz
∫ √

R2−z2

−
√
R2−z2 1[

(x1 − h/2)
2
+ (y1 − y)

2
+ (z1 − z)

2
] 3

2

− 1[
(x1 + h/2)

2
+(y1 − y)

2
+(z1 − z)

2
] 3

2

(z1−z) dy (13)

By =
µ0M

4π

∫ R

−R

dz

∫ h/2

−h/2

 1[
(x1−x)

2
+
(
y1−

√
R2−z2

)2
+(z1−z)

2
] 3

2

− 1[
(x1−x)

2
+
(
y1+

√
R2−z2

)2
+(z1−z)

2
]3
2

(z1−z)dx (14)

Bz =
µ0M

4π

∫ R

−R

dz
∫ √

R2−z2

−
√
R2−z2

− (x1 − h/2)[
(x1 − h/2)

2
+ (y1 − y)

2
+ (z1 − z)

2
] 3

2

+
x1 + h/2[

(x1 + h/2)
2
+ (y1 − y)

2
+ (z1 − z)

2
] 3

2

dy

+
µ0M

4π

∫ R

−R

dz
∫ h/2

−h/2

−
(
y1 −

√
R2 − z2

)[
(x1 − x)

2
+

(
y1 −

√
R2 − z2

)2
+ (z1 − z)

2
] 3

2

+
y1 +

√
R2 − z2[

(x1 − x)
2
+

(
y1 +

√
R2 − z2

)2
+ (z1 − z)

2
] 3

2

dx (15)

The comprehensive performance evaluation index can be de-
fined as follows:

H =
24

π2ρ2R6h2 (3R2 + h2)
(16)

where ρ represents the density of the permanent magnet.

2.2.2. Spherical Permanent Magnets

As can be seen in Figure 3, the radius of the spherical permanent
magnet is R. The center of the sphere is located at the origin
of the right-angle coordinate system. Parallel to the xOy plane,
a thin layer element with a thickness of dz is taken. The mag-
nitude of the bound current density on the surface is M sin θ.
Additionally, the magnitude of the bound surface current is
Mdz, whose direction is in a right-handed spiral relationship
with ez . The x, y, and z components of the magnetic flux den-
sity at any point (x1, y1, z1) outside the permanent magnet can
be expressed as follows:

Bx =
µ0M

4π

∫ R

−R

dz

∫ √
R2−z2

−
√
R2−z2

1[(
x1 −

√
R2 − y2 − z2

)2

+ (y1 − y)
2
+ (z1 − z)

2

] 3
2
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FIGURE 2. Schematic illustration of a cylindrical permanent magnet. FIGURE 3. Schematic illustration of a spherical permanent magnet.

− 1[(
x1 +

√
R2 − y2 − z2

)2

+ (y1 − y)
2
+ (z1 − z)

2

] 3
2


(z1 − z) dy (17)

By =
µ0M

4π

∫ R

−R

dz

∫ √
R2−z2

−
√
R2−z2 1[

(x1 − x)
2
+

(
y1 −

√
R2 − x2 − z2

)2
+ (z1 − z)

2
] 3

2

− 1[
(x1 − x)

2
+

(
y1 +

√
R2 − x2 − z2

)2
+ (z1 − z)

2
] 3

2


(z1 − z) dx (18)

Bz =
µ0M

4π

∫ R

−R

dz

∫ √
R2−z2

−
√
R2−z2

−
(
x1 −

√
R2 − y2 − z2

)
[(

x1 −
√
R2 − y2 − z2

)2

+ (y1 − y)
2
+ (z1 − z)

2

] 3
2

+
x1 +

√
R2 − y2 − z2[(

x1 +
√
R2 − y2 − z2

)2

+ (y1 − y)
2
+ (z1 − z)

2

] 3
2

dy

+
µ0M

4π

∫ R

−R

dz

∫ √
R2−z2

−
√
R2−z2

−
(
y1 −

√
R2 − x2 − z2

)[
(x1 − x)

2
+
(
y1 −

√
R2 − x2 − z2

)2
+ (z1 − z)

2
] 3

2

+
y1 +

√
R2 − x2 − z2[

(x1−x)
2
+
(
y1+

√
R2 − x2 − z2

)2
+(z1−z)

2
]3
2

dx (19)

The comprehensive performance evaluation index can be de-
fined as follows:

H =
225

64π2ρ2R10
(20)

FIGURE 4. Schematic illustration of a cuboid permanent magnet.

2.2.3. Cuboid Permanent Magnets

As can be ascertained from Figure 4, the length, width, and
height of the cuboid permanent magnet are a, b, and h, respec-
tively. The geometric center is located at the origin of the right-
angle coordinate system, and the direction of the height is par-
allel to the z-axis. Parallel to the xOy plane, a thin layer ele-
ment with a thickness of dz is also taken. The magnitude of the
bound current density on the surface is M , and the magnitude
of the bound surface current is Mdz, whose direction is in a
right-handed spiral relationship with ez . The x, y, and z com-
ponents of the magnetic flux density at any point (x1, y1, z1)
outside the permanent magnet can be defined as follows:

Bx =
µ0M

4π

∫ h/2

−h/2

dz
∫ b/2

−b/2 1[
(x1 − a/2)

2
+ (y1 − y)

2
+ (z1 − z)

2
] 3

2

− 1[
(x1 + a/2)

2
+(y1 − y)

2
+(z1 − z)

2
] 3

2

(z1−z) dy (21)

By =
µ0M

4π

∫ h/2

−h/2

dz
∫ a/2

−a/2 1[
(x1 − x)

2
+ (y1 − b/2)

2
+ (z1 − z)

2
] 3

2
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− 1[
(x1 − x)

2
+(y1+b/2)

2
+(z1 − z)

2
] 3

2

(z1 − z) dx(22)

Bz =
µ0M

4π

∫ h/2

−h/2

dz
∫ b/2

−b/2

− (x1 − a/2)[
(x1 − a/2)

2
+ (y1 − y)

2
+ (z1 − z)

2
] 3

2

+
x1 + a/2[

(x1 + a/2)
2
+ (y1 − y)

2
+ (z1 − z)

2
] 3

2

dy

+
µ0M

4π

∫ h/2

−h/2

dz
∫ a/2

−a/2

− (y1 − b/2)[
(x1 − x)

2
+ (y1 − b/2)

2
+ (z1 − z)

2
] 3

2

+
y1 + b/2[

(x1 − x)
2
+ (y1 + b/2)

2
+ (z1 − z)

2
] 3

2

dx (23)

The comprehensive performance evaluation index can be ex-
pressed as follows:

H =
144

ρ2a2b2h2 (a2 + b2) (b2 + h2)
(24)

3. CALCULATION AND SIMULATION
The NdFeB permanent magnet was selected as the radiating
source of the mechanical antenna here, and the residual mag-
netic flux density was Br = 1.4T. Taking the cuboid Nd-
FeB permanent magnet as an example, according to the re-
lationship between the surface bound current density and the
residual magnetic flux density [3], the surface bound current
density was calculated as Jm = Br/µ0 ≈ 1114084.6A/m,
and the magnitude of the magnetization intensity vector was
M = 1114084.6A/m from Equation (5). Under the saturation
magnetization condition, the magnitudes of the magnetization
intensity vector of the cylindrical and spherical permanent mag-
nets were the same as that of cuboid permanent magnets. To
compare and verify the radiation characteristics of the different
forms of permanent magnet antennas, cylindrical and spheri-
cal permanent magnets of the same material were selected for
comparison.

3.1. Radiation Characteristics of Different Types of Permanent
Magnets
Based on the theory in Section 2, the magnitudes of the mag-
netic induction at the desired field points were calculated by
performing numerical integration. Cuboid, cylindrical, and
spherical permanent magnet simulation models were built in

the COMSOLMULTIPHYSICS software package to verify the
correctness of the theoretical results. The surrounding medium
space was set as a spherical vacuum domain, and the NdFeB
permanent magnet model was uniformly magnetized along the
z-direction. To improve the calculation efficiency, different de-
grees of refinement meshes were constructed for the permanent
magnets and the vacuum domain, respectively. The radiation
field strength is proportional to the magnetic moment provided
by the antenna, and the magnetic moment of the permanent
magnet can be defined as follows [15]:

mmagnet =
Br

µ0
· V (25)

where Br represents the residual magnetic flux density, µ =
4π× 10−7 H/m the vacuum permeability, and V the volume of
the permanent magnet.
To compare the radiation characteristics of the different types

of permanent magnets, the permanent magnet magnetic mo-
ment (in practice, the volume) and the rotational inertia were
set to be the same by the variable-controlling method.
Table 1 lists the dimensional parameters of the different types

of permanent magnets, taking the density value ρ = 7.5 g/cm3.
Table 2 gives the magnitudes of the magnetic induction on the
extension of the line connecting the twomagnetic poles at a dis-
tance. As can be seen, the magnitudes of the magnetic induc-
tion of cuboid and spherical permanent magnets were slightly
larger than that of the cylindrical permanent magnets. The com-
prehensive performance evaluation indexes were maximum for
spherical and minimum for cuboid, implying that for the same
volume, spherical permanent magnets were able to maintain
a larger radiation field strength when the rotational inertia is
smaller.
Figure 5 displays the magnitudes of the magnetic flux den-

sity on the extension line of the two magnetic poles at the close
distance, which is the same as the law at the far distance, and the
values of the corresponding positions of the cuboid and spher-
ical permanent magnets were slightly larger than those of the
cylindrical permanent magnets.
According to the calculated and simulated results, when the

magnetic moments are the same, there are differences in the
magnitudes of the magnetic flux density on the extension line
of the two poles of different types of permanent magnets. This
effect indicates that the radiation performance is not only re-
lated to the magnitudes of the whole magnetic moment of the
permanent magnet on themacroscopic level, but also connected
with the distribution of the molecular magnetic moments on the
microscopic level, and it is more obvious at close distances.
In fact, it can be assumed that permanent magnets of different

types but the same volume contain the same number of molec-
ular magnetic moments, and there is also a conservation rela-
tionship between the numbers of the emitted magnetic induc-
tion lines on the closed sphere that surrounds the permanent
magnets. Although in this work only the magnitudes of the
magnetic flux density on the extension line of the two magnetic
poles were compared, the difference reflects the change in the
spatial distribution of the magnetic induction lines of the vari-
ous types of permanentmagnets. Table 2 and Figure 5 show that
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TABLE 1. Dimensional parameters of the different types of permanent magnets.

No. Type Geometric Dimensions Rotational Inertia

1 Cuboid
b = h = 62.13mm
a = 69.95mm

V = 270016.58mm3

J = 1.3029× 10−3 kg·m2

2 Cylindrical
R = 35.87mm
h = 66.80mm

V = 270015.74mm3

J = 1.3028× 10−3 kg·m2

3 Spherical
R = 40.1mm

V = 270098.22mm3
J = 1.3030× 10−3 kg·m2

TABLE 2. The magnitudes of magnetic induction on the extension line of two magnetic poles at a distance for different types of permanent magnets.

Distance/m Distance/m

(a) (b)

FIGURE 5. The magnitudes of magnetic induction on the extension of the line connecting the two magnetic poles at the near distance for different
types of permanent magnets. (a) 0.05–0.4m, (b) 0.41–1m.

the laws of the magnetic flux density are the same for the dif-
ferent types of permanent magnets at long and close distances.

3.2. Radiation Characteristics of Different Size Permanent
Magnets of the Same Type

In practical applications, when optimizing the design of perma-
nent magnets is used in mechanical antennas, the constraints to

be considered include equipment size, motor torque, radiation
field intensity, rotational stability, etc. The proposed optimiza-
tion process is described in Figure 6.
Taking the cylindrical permanent magnets as an example,

the upper limit of the radiation source size was set to 120mm,
and three groups of preferred solutions were selected accord-
ing to the optimization process. The permanent magnet size
parameters are presented in Table 3, taking the density value
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TABLE 3. Parameters related to the different sizes of cylindrical permanent magnets.

No. Geometric Dimensions Rotational Inertia

1
R = 26.76mm
h = 120mm

V = 269962.44mm3

J = 7.2495× 104 kg·m2

2
R = 32.74mm
h = 80.18mm

V = 270005.91mm3

J = 1.0853× 103 kg·m2

3
R = 46.35mm
h = 40mm

V = 269966.17mm3

J = 2.1749× 103 kg·m2

Y

N

N

Y

FIGURE 6. Optimization process of the permanent magnet size.

TABLE 4. Performance comparison of the different sizes of cylindrical permanent magnets at long distances.

No.
Magnitudes of Magnetic Flux Density/T

H/T·kg−2·m−4

1m 10m 100m 1000m
1 4.1321× 10−5 4.1461× 10−8 4.1462× 10−11 4.1462× 10−14 4.9404× 105

2 5.0888× 10−5 5.0933× 10−8 5.0933× 10−11 5.0933× 10−14 5.6611× 105

3 8.9246× 10−5 8.9242× 10−8 8.9242× 10−11 8.9242× 10−14 3.3873× 105

ρ = 7.5 g/cm3. Table 4 calculates the magnitudes of the mag-
netic flux density on the extension line of the two magnetic
poles.
Under the current constraints, permanent magnet No. 1 ex-

hibited the smallest rotational inertia; permanent magnet No. 2
had the largest comprehensive performance evaluation index;
and permanent magnet No. 3 possessed a larger radiation field
strength. The radii of permanent magnets Nos. 1, 2, and 3 in-
creased in turn. Although the magnitudes of the magnetic flux
density at the same distance also increased in turn, the com-

prehensive performance indexes showed a tendency to increase
and then decrease due to the simultaneous increase in rotational
inertia. Thereby, it can be inferred that permanent magnets of
the same type and the same magnetic moment have different
radiation characteristics and requirements for motor torque at
different sizes, which requires comprehensive consideration.
Figure 7 plots the magnitudes of the magnetic induction on

the extension of the line connecting the two magnetic poles at
close distances for cylindrical permanent magnets of different
sizes, which is reflected as increasing in order with the number.
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Distance/m

FIGURE 7. Magnitudes of magnetic induction on the extension line of
two magnetic poles at a close distance of cylindrical permanent mag-
nets of different sizes.

For the same type, same volume, and different sizes of per-
manent magnets, the enhanced concentration of the molecular
magnetic moments around the two pole lines leads to a larger
magnitude of the magnetic induction on the extension of the
two pole lines. On top of that, the increased concentration of
the mass elements around the rotation axis yields a smaller ro-
tational inertia. Since the two poles are perpendicular to the
rotation axis, the distribution of the mass elements, i.e., the size
of the permanent magnet, needs to be comprehensively opti-
mized.
The differences in the magnitudes of magnetic induction in

Figure 7 are more pronounced than those in Figure 5 because of
the greater dissimilarities in the concentration of the molecular
magneticmoments with respect to the two pole lines of the three
permanent magnets used on a microscopic level. This effect is
reflected in greater differences in the size of the cylinders on a
macroscopic level.
The volume of the permanent magnet used in Section 3.2 was

the same as that in Section 3.1. However, the cylindrical perma-
nent magnet with the largest comprehensive performance eval-
uation index still has a smaller index than the spherical perma-
nent magnet.

4. CONCLUSION
In this work, the influence of the molecular magnetic moment
distribution on the radiation characteristics of a rotating per-
manent magnet antenna was thoroughly studied. The external
magnetic field distribution of the permanent magnets was the-
oretically derived. The concentration degree of the molecular
magnetic moments to the connection of two magnetic poles and
the comprehensive performance evaluation index was also de-
fined.
The magnitudes of the magnetic induction on the extension

line of the two poles of cuboid, cylindrical, and spherical per-
manent magnets with typical dimensions were calculated and
consistent with the simulation results. From the calculated and
simulated outcomes, the following conclusions can be drawn:
(1) As far as the magnetic flux density is concerned, the values

of cuboid and spherical were slightly larger than the cylindri-
cal permanent magnets, and the differences increased with the
distance. Comparedwith the radiation field intensity that is pro-
portional to the magnetic moment provided by the antenna as
pointed out in work [15], it was demonstrated that the radiation
characteristics are also related to the spatial distribution of the
molecular magnetic moments inside the antenna. (2) Taking
three radially magnetized cylindrical permanent magnets with
the same volume but different dimensions as an example, the
existence of a larger radius leads to a bigger magnetic flux den-
sity on the extension line of the two magnetic poles. However,
the comprehensive performance evaluation index may be re-
duced because of the larger rotational inertia.
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