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SUMMARY

Mechanical antennas (MAs) directly use the mechanical motion of electric or mag-
netic charges to excite electromagnetic waves. The radiation distance of rotating
magnetic dipole type mechanical antennas is related to the volume of the radia-
tion source, so the volume of the radiation source is too large for long-distance
communication. To solve the above problem, we first establish the magnetic field
model and differential equations of motion of the antenna array. Then, we design
the prototype of antenna array with operating frequency of 75–125Hz. Finally,
we experimentally established the radiation intensity relationship between a
single permanent magnet and an array of permanent magnets. The results
indicate that our driving model reduces the tolerance of the signal by 47%.
Through 2FSK communication experiments, this article verifies the feasibility of
extending the communication distance in the form of an array, which provides
an important reference for long-distance low-frequency communication.

INTRODUCTION

Owing to their low attenuation in lossy media, superlow frequency (SLF) band electromagnetic waves have

great application potential in ultra-long distance communication, air-water cross-domain communication, nav-

igation, positioning, and other fields.1–4 The traditional electrically small antenna (ESA) relies on the oscillating

current in the conductor to excite electromagnetic waves. Its physical size is proportional to the wavelength,

which makes the ESA low-frequency electromagnetic transmission system have problems such as large an-

tenna size, complex equipment, low radiation efficiency, and large energy consumption.5

A rotating permanent magnet mechanical antenna does not need an impedance matching network and is

not limited by the theoretical limit of ESA. It directly converts mechanical energy into electromagnetic

energy through the mechanical drive structure. Also, the mechanical antenna uses permanent magnetic

material as the radiation source, which can store constant electromagnetic energy,6 further reducing the

power demand of the input system.

Scholars from both home and abroad have conducted preliminary research and developed primary verifi-

cation prototypes to evaluate the radiation ability of the super low frequency mechanical antenna. Gong

et al. of Xidian University studied the radiation field and propagation coefficient of the antenna and the

propagation law in different media.7 Shi Wei et al. of the 63rd Research Institute of the National University

of Defense Technology deduced the analytical formula of electromagnetic radiation from rotating perma-

nent magnets8,9 and verified through experiments that the magnetic field strength can be increased by

3 dB after two permanent magnet arrays. Hunter C. Burch et al. of the University of Florida demonstrated

that mechanical antennas could generate time-varying magnetic fields by creating a prototype and

conducting experiments,10 as well as examining the relationship between magnetic field attenuation

and communication distance. Selvin et al. of UCLA studied the electromagnetic radiation mechanism of

permanent magnet rotation and the constraint relationship between the mechanical energy and magnetic

energy of the antenna11,12 and gave the corresponding limit formula of Q value. James A. Bickford et al. of

Tufts University analyzed the field distribution of several mechanical antennas13 and compared the perfor-

mances of mechanical antennas, traditional ESAs, and coil transmitters through simulation, finding that the

former’s performance is more than 8 orders of magnitude higher. Matthew J. Brandsema et al. of the ARL

have derived an accurate field mathematical model of a rotating oscillating charged thin spherical shell

radiating low-frequency electromagnetic waves, which can be used to analyze radiation patterns, radiation

efficiency, and spectral output.14
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For the scheme of designing low frequency mechanical antenna using new piezoelectric andmagnetostric-

tive materials, domestic and foreign scholars have also conducted related research. A team from Beijing

University of Posts and Telecommunications has studied piezoelectric mechanical antennas, and they de-

signed mechanical antennas using piezoelectric ceramic rings15 and relaxed ferroelectric ceramics (PMN-

PT),16 respectively, and verified the performance of the antennas through experiments. The team from

Northeastern University studied the magnetoelectric mechanical antenna. They investigated the antenna

with three-layer stacked structure17 and suspended ferromagnetic/piezoelectric thin-film heterostruc-

ture,18 established the analytical model of radiation field versus distance, and demonstrated experimen-

tally that their antenna can improve the antenna gain by 50 dB. Compared with the rotating permanent

magnet type mechanical antenna, the driving source of magneto-mechanical-electric coupled mechanical

antenna is piezoelectric or magnetoelectric material, the main research focus is on the heterogeneous

structure of multiple materials, and the requirements for new materials are higher.

In general, the mechanical antenna is still in the laboratory research stage. Through the use of a small

volume permanent magnet, each team preliminary validated the feasibility of using mechanical antennas

for super-low-frequency communication.19 The radiation distance of a rotating permanent magnet

mechanical antenna is limited by the performance parameters and volume of permanent magnet materials.

At present, the performance of NdFeB and other third-generation rare-earth permanent magnetic mate-

rials has approached its theoretical limit.20,21 However, increasing the permanent magnet volume will bring

great challenges to the permanent magnet technology and antenna drive system. Therefore, this article

proposes to decompose a single large-volume permanentmagnet intomultiple small-volume components

to form an antenna array for ultra-long-distance low-frequency communication.

In the first section of this article, the radiation field model of the antenna array is derived, and the influence

of key array parameters on the near-field radiation efficiency of the antenna is analyzed. In the second

section, the kinematic differential equation of the system is established, the torque model of the electro-

mechanical drive system of the antenna is optimized, and the frequency tolerance of the communication

signal is reduced. In the third section, the experimental prototype of an antenna array is developed. The

influence of array parameters is explored through experiments, and the electromechanical performance

of the system’s stable driving model and 2FSK modulation communication are verified.
Array radiation field model

Based on the radiation theory of permanent magnet mechanical antenna unit, when the receiving sensi-

tivity is 100 fT@75Hz and 5 km distance communication is realized in the air domain, a permanent magnet

with a volume of 200 dm3 and a remanence of 1.5T is required.22 This brings great challenges to the pro-

cessing technology of permanent magnets and electromechanical drive systems.23 To solve the above

problems, this article proposes a method of using multiple small permanent magnets to form an antenna

array to achieve remote communication.

The main form of antenna array is a plane array. As shown in Figure 1, the separable rectangular grid rect-

angular boundary plane array can be seen as some linear arrays arranged in rows or columns. Linear array

analysis is the basis of planar array analysis. It includes two basic linear arrays: the array whose rotation

planes are parallel to each other is called parallel linear array and the array whose rotation planes are

coplanar is called coaxial linear array. The magnetic field coupling of each element of the latter is more

complex, so the next step will focus on this array form.

In this chapter, the radiation field model of permanent magnet array is derived by using the inverse solution

of position and attitude in space and the vector superposition theory. Based on this model, the influence of

the antenna element spacing and the number of elements on the total radiation field intensity is analyzed,

and the spatial propagation directivity of the radiation field of the antenna array is explored.

Analytical model of radiation field of coaxial linear array

According to the basic theorem of electromagnetic field and the perturbation theory of static magnetic

field, the magnetic induction intensity expression of the radiation field of the rotating magnetic dipole

in space can be obtained as:24
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Figure 1. The basic morphological decomposition of a planar array of separable rectangular grids with rectangular boundaries
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BmrotðtÞ
�����!

=
B0V

4pR3
½2 sin q cosð4+utÞ aR�! � cos q cosð4+utÞaq! � sinð4+utÞ a4�!� (Equation 1)

Where: B0 is the remanence of the permanent magnet material; V is the volume of the permanent magnet

array; R is the distance between the observation point and the rotation center of the permanent magnet; q

is the polar angle, which is the included angle between the measuring point and the positive direction of

the z axis after connecting it with the origin; 4 is the azimuth angle, which is the included angle between the

projection on the xy plane and the positive direction of the x axis after the line between the observation

point and the rotation center of the permanent magnet; aR
�!, aq

!, and a4
�! are the unit vectors corresponding

to the lower corner parameters in the spherical coordinate system, respectively.

The analytical model of coaxial array is shown in Figure 2, with the element spacing d and the number of ele-

ments n. Establish the global coordinate systemO-xyz, and the local coordinate systemO(i)-x(i)y(i)z(i) (i = 1,2,

/,n) rotating with each magnet array. Both the z axis of the global and local coordinate systems is vertically

facing outward, and the origin of the local coordinate system is the geometric center of the magnet. The

center of rotation of each element is in the positive x axis direction of the global coordinate system, and the

first element is at the origin of the global coordinate system. The angle between the permanent magnet

array element at the initial position and the positive x axis direction of the global coordinate system is

b(i) (that is, the initial phase angle). Therefore, when the elements rotate around their respective axes of

rotation z(i) at angular velocity u to the tmoment, the positive angle with respect to the x axis of the global

coordinate system is:

gðtÞðiÞ = ut + bðiÞ (Equation 2)

This gives the time-varying magnetic field generated by any array element i in its local coordinate

system as:

BrotðtÞðiÞ
�����!

=
B0V

4pR3

h
2 sin q cos

�
4ðiÞ +gðtÞðiÞ

�
aR
�! � cos q cos

�
4ðiÞ +gðtÞðiÞ

�
aq
! � sin

�
4ðiÞ +gðtÞðiÞ

�
a4
�! i

(Equation 3)

To analyze the regulation effect of element spacing and number of elements on the radiation field intensity,

it is necessary to establish a superimposed radiation field model of the coaxial array linear array based on

the radiation model of the single rotating element mentioned above.
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Figure 2. Analytical model of coaxial linear array
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The static magnetic field strength of a permanent magnet in any position in free space can be equivalent

to decompose into a horizontal magnetic field strength and a vertical magnetic field strength.25 A sta-

tionary permanent magnet whose magnetic induction intensity B is line integral along any closed path

is equal to the algebraic sum of the individual currents enclosed by this closed path multiplied by the

permeability. From this, it can be deduced that the vertex is located at the origin of the coordinates

of a stationary permanent magnet, and the expression of the magnetic induction intensity of P(x,y,z)

at any point in space is:

B
!

= Bx i
!

+ By j
!

+Bz k
!

(Equation 4)

Where the magnetic induction intensity in the three orthogonal directions of point P is:268>>>>>>>>>>>>>><>>>>>>>>>>>>>>:
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(Equation 5)

Where J0 is the mode of the residual magnetic vector of the material; i, j, and k are the coordinate vectors in

the x, y, and z directions, respectively; x1 = x; x2 = x-a; y1 = y; y2 = y-b; z1 = z; z2 = z-h; a, b, and h are the side

lengths of the rectangular permanent magnet in the x-, y-, and z axis directions, respectively.

According to the above analysis, the static magnetic field of any permanent magnet in space is only related

to its size and magnetization direction, and the interaction of external magnetic fields of multiple perma-

nent magnets conforms to the linear superposition law.27 Therefore, after establishing the analytical

formula of the magnetic field of a single rotating permanent magnet, and according to the feasibility of

the magnetic field vector decomposition, the magnetic field of each array element is decomposed and

superposed, and the radiation field model of the antenna array can be established.

Under the coordinate system of the linear array shown in Figure 2, the local coordinate system of the ith

rotating permanent magnet array element is equivalent to the global coordinate system obtained by

one translation and one rotation. Let P(x0,y0,z0) be a point under the global coordinate systemO-xyz, which

corresponds to point P(i)(x0
(i),y0

(i),z0
(i)) under the local coordinate system O(i)-x(i)y(i)z(i) (i = 1,2, /,n) of each

array element. According to the simplified calculation formula of the Boschal model of three-dimensional

coordinate transformation, it can be obtained that the transformation equation of point P(x0,y0,z0) inverse

transformation into point P(i)(x0
(i),y0

(i),z0
(i)) is:
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0
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(Equation 6)

This leads to the fact that the coordinate form of P(i) is:

PðiÞ�x0ðiÞ; y0ðiÞ; z0ðiÞ� =

24 x0 � y0b
ðiÞ � d cos

�
bðiÞ

�
ði � 1Þ

y0 + x0b
ðiÞ +d sin

�
bðiÞ

�
ði � 1Þ

z0

35 (Equation 7)

By introducing the transformed coordinate P(i) into the element radiation theoretical formula, the magnetic

field of the array element at P(x0,y0,z0) in the global coordinate system can be obtained. By analogy, the

time-varying magnetic field intensity of each array element can be obtained. The magnetic field intensity

is combined by three components after vector superposition, that is, the total time-varying magnetic field

intensity of the rotating permanent magnet array with n elements under the global coordinate system

P(x0,y0,z0) is:

BðPÞ��!
=

B0V

4pRðiÞ3

"Xn

i = 1

2 sin q cos
�
4ðiÞ +gðtÞðiÞ

�
aR
�! �

Xn

i = 1

cos q cos
�
4ðiÞ +gðtÞðiÞ

�
aq
! �

Xn

i = 1

sin
�
4ðiÞ +gðtÞðiÞ

(Equation 8)

Optimization of key parameters of coaxial linear array

Based on the above analytical model, the radiation field of the planar array is mainly influenced by the num-

ber of elements n, the element spacing d and the physical parameters of the permanent magnet material

itself. Because the permanent magnet material imposes higher requirements on material science, we will

use the control variable method to investigate the first two separately.

Optimization of array element spacing. According to Equation 8, arrays of one array element, two array

elements, three array elements and four array elements are used for the study. The initial phase difference

of the array elements is 0. The size of the permanent magnet array element in the two-array element is 603

30 3 30 mm. Keep the total volume of the permanent magnets in the other array groups the same as the

two-array element array. The magnetization direction of the permanent magnets is all chosen in the length

direction, the rotation frequency is chosen to be 75Hz, and the array element spacing is chosen to be 90–

1200 mm (3/2a�20a, a is the length dimension of the permanent magnet array element). The relationship

between the array element spacing and the time-varyingmagnetic field strength at 50m is plotted as shown

in Figure 3. The ordinate represents the first derivative of the total time-varyingmagnetic field intensity with

respect to the array element spacing.

According to Figure 3, the time-varying magnetic field strength of the rotating permanent magnet array

decays as a power-of-two function with the linear increase of the array element spacing. And the decay co-

efficient increases with the increase of the number of array elements. The maximum time-varying magnetic

field strength is 86 pTwhen the spacing of the array elements is 90mm (3/2a), which is approximately 99% of

the time-varying magnetic field strength of a single rotating permanent magnet with the same total volume

under the same conditions. Themagnitude of the rate of change of themagnetic field strength is only 10�13

when observed at 50m using the permanent magnet array with the above parameters. Therefore, the effect

of spacing can be disregarded when the ratio of spacing to communication distance is less than 0.02, but

this parameter cannot be ignored when the ratio is larger (larger volume of individual permanent magnets,

larger array element spacing, and closer communication distance).

Optimization of the number of array elements. Using permanent magnets with the same parameters

as in the previous section, the array element spacing was selected to be 420 mm (i.e., 7a), 540 mm (i.e., 9a),

and 660 mm (i.e., 11a). The number of array elements is 1–200, and the relationship between the number of

array elements and the radiation gain (the radiation gain represents the gain value compared to the first

group of "whole permanent magnet of the same volume") is plotted in Figure 4.
iScience 26, 106741, May 19, 2023 5



Figure 3. Relationship between the array spacing observed at 50 m for three sets of array element numbers
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According to Figure 4, the number of permanent magnet array elements is roughly inversely proportional

to the radiation gain. As the array element spacing increases, the radiation gain changes more rapidly.

When the radiation gain reaches -3dB, the radiation field strength enhanced by the permanent magnet

array is only half of the radiation strength of a single rotating permanent magnet of the same volume. In

this case, an antenna array with a spacing of 7a can have up to 163 array elements, and an antenna array

with a spacing of 11a can only have up to 104 array elements. Therefore, in the case of mechanical condi-

tions allow, the smaller the array element spacing, the stronger the radiation capacity. If the number of array

elements continues to increase, then the radiation efficiency will not reach 50% with respect to the same

volume of individual permanent magnet. And it will increase the mechanical load, but the increased radi-

ation intensity is very small. Therefore, we believe that the radiation gain reaches -3dB, which is the design

limit of the number of array elements of the coaxial linear array.

Antenna array directivity. According to the radiation theory of permanent magnet mechanical antenna

unit, the optimal radiation direction of its radiation field is distributed in the rotating plane, and the

radiation field intensity decreases sharply in other directions perpendicular to the rotating plane.28 In addi-

tion, when the receiving device uses a coil magnetic sensor, it is required to have good central symmetry for

the incident wave. Therefore, to have better communication quality under the same radiation field, the

radiation field directivity of antenna array is studied in this article.
Figure 4. Relationship between the number of array elements observed at 50m for the three sets of array spacing
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Figure 5. The relationship between the intensity of time-varying field and angle in the three orthogonal manifolds

of the coaxial array element linear array

(A) Schematic diagram of the orthogonal three-part plane of the rotating permanent magnet array.

(B) The relationship between the intensity of the time-varying magnetic field in the xy-plane and the angle of 4.

(C) The relationship between the intensity of the time-varying magnetic field in the xz-plane and the angle q.

(D) The relationship between the intensity of the time-varying magnetic field in the yz-plane and the angle q.
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Select the center of the transmitting antenna element as the origin of the pattern. The spacing of array

elements is 90 mm. Select a circle with a radius of 500m as the standard circle. The antenna array pattern

in polar coordinate system is shown in Figure 5.

According to the pattern, the intensity of the radiation field of the antenna array in the rotating plane is

independent of the angle. In two planes perpendicular to the rotation plane, the position of the maximum

radiation field appears at q =90�. Therefore, for the super-low frequency transmitting antenna of coaxial

linear array, the best receiving direction of the magnetic induction receiving sensor is the direction perpen-

dicular to the rotating plane.
Array dynamics model

Unlike the electromagnetic wave radiated by the ESA antenna which is directly provided by the input

modulated electrical signal, the electromagnetic wave radiated by the rotating permanent magnet

mechanical antenna is mainly provided by the inherent remanence of the permanent magnet, and the auxil-

iary system only plays the role of signal modulation. Therefore, the stability of the antenna modulation sys-

tem drive will directly determine the modulation quality of the communication signal.

The static magnetic field of the permanent magnet can form an input signal source similar to the excitation

port of the electric antenna through mechanical rotation. Owing to the high remanence of permanent

magnet, strong time-varying magnetic torque will be generated between adjacent elements behind the

array, which is not conducive to the stable rotation of the array elements. And if the natural frequency of

the antenna system is within the communication frequency range, it will cause resonance of the entire

mechanical device, which is also unfavorable to the stable rotation of the element.
iScience 26, 106741, May 19, 2023 7



Figure 6. Physical model of permanent magnet array element and its equivalent motion model

(A) The array element is subjected to the inverse magnetic moment when the range q3
�
0;p2

�
.

(B) The array elements are subjected to positive magnetic moments when the range q3
�
p
2;p

�
.
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In this chapter, differential equations of antenna system kinematics are established based on the theorem

of moment of momentum, and then the resonance characteristics of the system are analyzed to optimize

the input torque model of the system’s smooth drive. Finally, through the optimization of model parame-

ters, the stable driving of antenna system is realized, the signal quality of communication is improved and

the frequency tolerance of communication signal is reduced.

Analysis of the magnetic moment of the array element

Taking the array of three elements as an example, themechanical analysis of the antenna array is carried out

in the common rotating plane. The N-pole of each element is horizontally to the right as the initial position,

and the phase synchronization of the element is kept during rotation, and the rotation angle of each

element relative to the x axis is q. During the motion of the q3ð0;pÞ cycle, the magnetic moment between

the elements is shown in Figure 6. In the second half of the q3ðp; 2pÞ cycle, the force of each array element

is the same as in the first half cycle.

When the distance between the rotating centers of the array elements is d, the magnetic field force

between two adjacent array elements can be expressed in the form of magnetic dipole field as:

Ba
�!

=
m0m

4p

ð3 sin q bd � bmÞ
d3

(Equation 9)

where m0 is vacuum permeability;m is the magnetic dipole moment; d is the spacing of adjacent elements.

The magnetic moment of adjacent array elements received by each array element is:

Ta
�!

= � Bmaxm
3 sin 2q

4
bz (Equation 10)
8 iScience 26, 106741, May 19, 2023
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where Bmax is the maximum magnetic field force subjected to during the movement of the array element,

and its value can be determined by:

Bmax =
m0m

2pd3
(Equation 11)

In the above array form, the middle element receives the force of the elements on both sides at the same

time, and the magnitude and direction of the force are the same. From this, it can be deduced that the total

magnetic moment of the middle array element is:

Tb
�!

= 2 Ta
�!

= � BmaxMsV
3 sin 2q

2
bz (Equation 12)

where Ms is the saturation magnetization strength.

System resonance frequency analysis

When the permanent magnet is polarized along the side length a direction, its rotational inertia Ja about

the zi axis passing through the center of mass is:

Ja =
1

12
ma

�
a2 + b2

�
(Equation 13)

wherema is the permanent magnet mass; a is the polarization direction length of the permanent magnet; b

is the cross-sectional edge length of the polarization direction of the permanent magnet.

During the rotating motion of the permanent magnet, Equation 14 can be deduced according to the the-

orem of moment of momentum:

Ja€q = Tb +Te (Equation 14)

where Tb is the total magnetic moment experienced by the intermediate magnet; Te is the external drive

torque.

After rectification, the second order differential equation of the system can be obtained as:

€q +
9m0VMs

2

prd3
�
a2 +b2

� sin 2q =
12Te

rV
�
a2 +b2

� (Equation 15)

Substituting the initial conditions: qð0Þ = 0, _qð0Þ2pf , solving this second-order differential equation gives

the equation of motion of the array element as:

qðtÞ = Te

3BmaxMsV
� e� s3 ðTes4 + s2 + s1Þ

6BmaxMsVs4
+
es3 ðs2 � Tes4 + s1Þ

6BmaxMsVs4
(Equation 16)

Among them,

s1 = p BmaxMs V f b2 ma (Equation 17)
s2 = p BmaxMs Va
2f ma (Equation 18)
s3 =
6ts4

maa2 +mab2
(Equation 19)
s4 =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�BmaxMsVma

�
a2 +b2

�r
(Equation 20)

Then, the natural vibration frequency of the array element is:

fn =
un

2p
=

3Ms

pd

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m0V

2pdr
�
a2 +b2

�vuut (Equation 21)

where r is the density of the magnet; m0 is the vacuum permeability.
iScience 26, 106741, May 19, 2023 9
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Substituting the parameters of the permanent magnet, we can obtain the intrinsic frequency of the system

as fn = 19Hz.

It can be seen from the above analysis that the natural frequency of the rotating permanent magnet is

inversely proportional to the array element spacing d, and is related to the volume parameters a, b, h of

the permanent magnet. When the natural frequency of the antenna system is within the communication

frequency range, the system will form a resonance state. In this state, the interference of the magnetic tor-

que between the array elements on the rotation speed is enhanced, and the stability of the array element

rotation is sharply reduced. This state is unfavorable for stable communication. Therefore, the natural

frequency of the system can be changed by adjusting the above parameters to make the communication

frequency of the antenna system far away from the natural frequency fn.

Analytical optimization model for drive torque

When the rotating permanent magnet antenna array uses 2FSK modulation mode for communication,

theoretically, the modulation torque should be a square wave function. However, because of the large

magnetic torque between the array elements, it is necessary to further optimize the modulation torque.

According to the analysis in the previous chapter, we can divide the driving moment Te of the array element

into two parts: One part is the resonant wave moment with the same frequency and complementary ampli-

tude as the total magnetic moment received by the array element, and the other part is the velocity mod-

ulation moment. It can be expressed as:

Te =
3BmaxMsV

2
sin 2q+ T0 (Equation 22)

where T0 is the torque used for binary frequency shift keying modulation. By controlling the frequency and

amplitude of T0, the torque condition required by the drive system and the code rate required by commu-

nication can be achieved.

The second order differential equation of the antenna system is modeled, as shown in Figure 7. In the initial

state of the system, increase a starting torque. The modulation torque T0 of square wave function type is

input during operation, and the simulation results are shown in Figure 8A. The motion of the system

fluctuates greatly. The modulation torque T0 and the resonant complementary torque are combined

into Te, which is used as the input of the total driving torque model. The simulation results are shown in

Figure 8B.

The black line in Figure 8 reflects the torque of the rotating permanent magnet, including the external

driving torque and the magnetic torque between the permanent magnet elements. The red line reflects

the angular velocity change when the array element rotates. Because the second order differential equa-

tion of the system determines the acceleration and deceleration characteristics of the array element, the

angular velocity of the array element will reach the specified communication angular velocity after a period

of velocity change time, and finally realize the 2FSK modulation of the signal.

According to the simulation results, because of the addition of the resonant complementary torque, the

force situation and the stability of the movement during the rotation of the array element have been greatly

improved. The above analytical model of the system driving torque has feasibility and practical

significance.
Experimental verification

Based on the above theoretical analysis, the overall communication system structure model of the super-

low frequency mechanical antenna array is built as shown in Figure 9. The communication signal is modu-

lated by 2FSK, and the signal generator is used to load the modulated signal on the carrier. Then the signal

is sent to the frequency converter to drive the motor to realize the direct modulation of the signal. The

magnetic field receiving sensor is designed as a three-axis orthogonal receiving coil based on electromag-

netic induction effect. After the received signal is processed by the low noise signal processing module in

the front end, the non-coherent demodulation of the super-low frequency communication signal is finally

realized by cooperating with the digital processing circuit and the upper computer.
10 iScience 26, 106741, May 19, 2023



Figure 7. Simulink modeling simulation of the second order differential equations of motion
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Three axis quadrature receiving coil can be equivalent to RLC circuit. Because the time-varying magnetic

field generated by the rotating permanent magnet is a sinusoidal signal, the induced voltage generated by

the terminal receiving coil can be determined by:29

Va = NaAauB cosðutÞ = 2pfNaAaB cos q (Equation 23)

where Na is the number of turns of the coil, Aa is the area of the single-turn coil, u is the angular velocity of

the permanent magnet’s rotation, f is the operating frequency, q is the angle between the direction of inci-

dence of the time-varying magnetic field and the axis of the coil.

Based on the above system structure model, the principal prototype of super-low frequency mechanical

antenna is built as shown in Figure 10. The prototype is mainly composed of signal modulation drive

module, rotating permanent magnet array antenna, signal receiving module and signal acquisition and

processing module. The signal generator provides the driving signal for the high-voltage inverter, which

constitutes the first part; The synchronous belt series drive rotating mechanism drives a plurality of

permanent magnets to move, forming the second part; A three axis quadrature receiving coil with an

impedance of 1U-1mH is designed as the signal receiving module; The fourth part is composed of the

front low-noise signal amplifier and high-resolution oscilloscope, which collect the coil data and send

it to the upper computer.

Calibration experiment of model parameters

Because the systematic error of the permanent magnet, coil, experimental environment and other exper-

imental conditions will affect the accuracy of the experimental results, this section calibrates the undeter-

mined parameters, environment and process correction coefficients in the antenna array radiation model

by measuring the parameters of the permanent magnet at the transmitting end and the induced voltage of

the receiving coil, and then determines the parameters of the permanent magnet material and the equiv-

alent parameters of the coil as the benchmark for the next experiment.

Use the oscilloscope to collect the voltage signal received by the coil and obtain the frequency domain

signal through FFT transformation. Thus, the presence of signals in each frequency band can be deter-

mined. Then, the signals in the communication frequency band are intercepted by band-pass filtering.

The peak-to-peak value of filtered signal is determined by data statistics. According to the peak-to-peak
iScience 26, 106741, May 19, 2023 11



Figure 8. Comparison of simulation results of system drive torque model modulation

(A) Direct torque modulation simulation.

(B) Simulation of complementary torque modulation.

ll
OPEN ACCESS

iScience
Article
value of the signal, the equivalent time-varying magnetic field intensity detected by the coil can be

obtained. Owing to the relative mechanical motion error of the prototype, such as slipping, there is a

certain error in the actual measured communication frequency. The time-domain and frequency-domain

signals measured in the experiment are shown in Figure 11 below.

A single rotating permanent magnet with magnetic brand N52 is used as the calibration object, and the

rotation frequency is set to 75Hz. Use a coil with 21 turns and 0.6m side length to detect electromagnetic

waves. The signals of time-varying magnetic field were detected at the places 2, 4 and 6 m away from the

permanent magnet respectively, and they served as the control group. Specific experimental data are

shown in Table 1.

On the one hand, there are errors in the physical parameters of permanent magnet materials, and on the

other hand, the coils wound by hand are not arranged neatly, which will cause errors in the original param-

eters. According to the permanent magnet radiation model and coil detection model, each equivalent

parameter can be recalibrated to calibrate the parameters of the analytical model. The equivalent

coefficients under experimental conditions are shown in Table 2.
12 iScience 26, 106741, May 19, 2023



Figure 9. SLF mechanical antenna array communication system composition
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Experiment on the influence of array element spacing

To verify the influence of array element spacingon the time-varyingmagnetic field intensity of coaxial linear array

radiation, the experimental scheme is designed as follows. The receiving coil is placed on the vertical plane of

the rotating plane of the permanent magnet array element. Keep the initial phase difference of the elements as

0, and change the spacing of the elements in turn. Using the oscilloscope and the pre-low-frequency amplifier,

obtain the induced potential U of the three-axis orthogonal receiving coil. Five groups of time-varyingmagnetic

field signals with different array element spacing d (d = 3/2a�9a, a is the length of permanent magnet array

element) are analyzed, and their time-varying magnetic field intensity is calculated. The relationship between

array element spacing and time-varying magnetic field intensity is shown in Figure 12.

Based on the experimental results, it can be concluded that the time-varying magnetic field strength

decays by a third power as the detection distance increases. And with the increase of the spacing of the
iScience 26, 106741, May 19, 2023 13



Figure 10. Rotating permanent magnet type super-low frequency mechanical antenna array prototype physical

diagram

(A) Coaxial linear array transmitter.

(B) Three-axis orthogonal receiver.
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array elements, the total time-varying magnetic field strength after the array decreases. However, with the

increase of detection distance, the influence of element spacing on the total magnetic field strength

decreases.

Now define the array attenuation rate as K, which represents the absolute value of the difference between

the time-varying magnetic field strength under the two array parameters as a proportion of the original

time-varying magnetic field strength, and the expression is:

K =
jB1 � B2j

B1
(Equation 24)

According to the experimental results, when the observation distance is 0.5m, and the spacing difference

between the two groups of elements is 7.5 times the length size of the permanent magnet (that is, the

element spacing changes from 3/2a to 9a), the array attenuation rate Kz62%. When the observation range

increases to 4m, Kz1.5%. Therefore, when the communication distance is close, the component spacing

has a greater influence on the strength of the total radiated magnetic field. However, when the communi-

cation distance reaches 1 km, the array decay rate K will theoretically converge to zero.

Experiment on the influence of the number of array elements

To verify the influence of the number of elements on the time-varying magnetic field intensity radiated by

the coaxial linear array, the experimental scheme is designed as follows. The receiving coil is placed on the

vertical plane of the rotating plane of the permanent magnet array element. Keep the initial phase

difference of array elements as 0, the spacing of array elements as 90 mm, and the observation distance

as 4m. Increase the number of array elements n in turn to form experimental control group 1. Keep other
14 iScience 26, 106741, May 19, 2023



Figure 11. Rotating permanent magnet radiation time domain signal and FFT frequency domain signal

(A) Receiving coil time domain voltage.

(B) Frequency domain amplitude after FFT transformation.
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experimental conditions unchanged, increase the number of array elements n in turn, adjust the observa-

tion distance of each group, so that the time-varying magnetic field intensity of observation points is

1.4183 10�9 T, forming experimental control group 2. Compare the data obtained from experiment group

1 and experiment group 2 with a single rotating permanent magnet with a volume of n times to obtain the

relationship between them, as shown in Figure 13.

According to the experimental data analysis, when the number of elements is small, the superimposed time-

varying magnetic field strength of the permanent magnet array increases linearly with the number of elements.

The third power of the observed distance increases linearly with the number of elements. The array attenuation

rate Kz23.56% because of the permanent magnets is broken into multiple individuals. When the sensitivity of

the detection reaches 50 fT@75Hz, the volume of a single rotating permanentmagnet required for 1 kmcommu-

nication is about 500 cm3. When this level of communication is performed using the array scheme of this exper-

iment, the total volume of permanent magnets required is approximately 654 cm3.

Drive torque model experiment

The existing ESA antenna generally controls the output voltage and current frequency through a modu-

lator. However, the mechanical antenna can directly change the movement state of the radiation source
Table 1. Experimental data on radiation from individual permanent magnets

Permanent

magnet size/mm

Detection

distance/m

Detecting coil

voltage amplitude/V

Experimental

time-varying magnetic

field strength/T

30 3 30 3 60 2 1.32 3 10�4 5.93 3 10�8

4 1.641 3 10�5 7.36 3 10�9

6 4.913 3 10�6 2.19 3 10�9
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Table 2. Equivalent calibration parameters of the permanent magnet radiation model

Calibration parameters Calibration coefficient value

Equivalent coefficient of remanent magnetization

of permanent magnet materials

0.73

Receiving coil size equivalence factor 0.83

Receiving coil turns equivalence factor 0.59
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to achieve signal modulation and information loading. For this working property, the direct modulation

method with constant envelope, such as FSK andMSK, is mainly used at present. The accuracy and stability

of the mechanical movement of the permanent magnet array will directly affect the quality of the digital

signal. Therefore, high requirements are put forward for the stable driving of the antenna system.

To verify the drive torquemodel optimized in this article and the influence on the stability of themechanical

system drive of the antenna array, the constant torque square wave function drive model and the harmonic

complementary modulation torque drive model are used in turn to provide 75Hz frequency drive torque for

the antenna array system, forming an experimental control group. The implementation of the harmonic

complementary modulation drive can be divided into three steps. First, a pre-designed harmonic comple-

mentary modulation torque function model (one cycle) based on the operating frequency is generated us-

ingMATLAB software; Second, the generated waveform data is imported into the signal generator, and the

signal period and peak range are set to generate a drive signal with a peak within G10V; Third, the inverter

is set to the external signal drive mode and the signal from the signal generator is fed to the inverter to

control the rotational motion of the motor according to the pre-designed drive model. Use an oscilloscope

to collect the data received by the induction coil, observe the time-frequency domain diagram of the signal

through STFT transformation, and compare the stability of the signal. The experimental results are shown in

Figure 14.

From the analysis of the experimental data, when the drive model is driven by a constant-torque square-

wave function, the frequency of the signal jitters around 75Hz, and the frequency-domain tolerance of

the signal is about 17Hz. When the optimized torque model is introduced, the jitter of the signal frequency

around 75Hz is reduced significantly. The frequency-domain tolerance of the signal is only 9Hz, which
Figure 12. Relationship between array element spacing and array time-varying magnetic field strength
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Figure 13. Relationship between the number of array elements and the array time-varying magnetic field

strength and observable distance

(A) Radiation intensity of the array at the same observation distance.

(B) Observation distance for the same radiation intensity of the array.
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improves 47%. The optimized driving model improves the signal stability, reduces the load of the motor

when the whole device is working, and improves the communication efficiency of the antenna. From the

aspect of signal stability, the validity and feasibility of the modulation drive torque built in this article are

verified.

2FSK digital frequency communication experiment

To verify the information loading capability of the antenna array and the feasibility of digital communica-

tion, a coaxial linear array of four array elements is used as the radiation source and the time-varying

magnetic field signal is detected at 76m using a three-axis orthogonal receiver coil. Constant envelope

modulation is achieved by real-time control of the permanent magnet speed, in other words, the frequency

modulation corresponds to the control of the average speed n to achieve.
Figure 14. Time and frequency domain diagram of the measured signal of the modulated torque drive model
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Figure 15. Schematic diagram of speed control signal generation with 2FSK
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Based on the control mode for the average speed n, Figure 15 shows a schematic diagram of the speed control

signal generated from the 2FSK codemetadata. In the 2FSKmodulationmode, the control waveformof the rota-

tional speed is a square wave function. The first rpm n1 and the second rpm n2 are 4500rpm (f1 = 75Hz) and

7500rpm (f2 = 125Hz), respectively. The duration of each RPM is 0.5s and cycles alternate.

Figure 16 is the time-frequency domain diagram of the time-varyingmagnetic field signal obtained in the exper-

iment, which mainly includes 75Hz, 125Hz and 50Hz power frequencies and their higher harmonic components.

Myguess as to the reason for the apparent variation in the received voltage amplitudeduring themeasured time

is as follows. According to the law of electromagnetic induction, the magnitude of the induced voltage gener-

ated by the coil is proportional to the operating frequency. In addition, the magnitude of the time-varying mag-

netic field generated by the permanent magnet type mechanical antenna is independent of the operating fre-

quency. Therefore, when detecting the same strength of magnetic field at the same point, the amplitude of the

induced voltage will be different for different operating frequencies. Second, because the coil sensor can be

equated to an RLC circuit, it will generate electromagnetic oscillations during operation, which turns the outer

envelope of the two operating frequency signals into a sinusoidal form.

From the STFT results, it can be seen that the trend of the waveform of the signal is consistent with that of

the speed control signal. Because the speed of the drive motor is transient, there is a change process when

the frequency changes Dt. In the time-frequency domain diagram, the frequency changes are shown as

diagonal lines. According to the experimental results, the rise time of frequency is 0.12s, the fall time of

frequency is 0.14s, and the total change time is Dt = 0.26s。 Therefore, in the 2FSK communication system

of this experiment, the bit error rate of the signal is 6.19%, and the communication code rate is 1bps. The

experimental results show the same trend with the preset conditions, and verify the effectiveness and

feasibility of the super-low frequency mechanical antenna communication scheme based on the rotating

permanent magnet array described in this article from the practical application level.
Results and discussion

Aiming at the problems of large size, large power consumption, low efficiency, and complex structure of tradi-

tional low-frequency antennas, this article proposes a large-scale array super-low frequency antenna based on

rotating permanent magnets. The array parameters and motion equations of the permanent magnets are intro-

duced to establish the relationship between the antenna array parameters and the radiation’s time-varyingmag-

netic field strength. By analyzing the dynamics of the antenna array, themechanical drive model of the system is

established, and finally, the tolerance of the communication signal is reduced. Based on the directivity of the

transmitting antenna, a prototype antenna array was made using permanent magnets with dimensions of

303 303 60mm, and the time-varyingmagnetic field within a range of up to 76mwas detected. A triaxial quad-

rature coil is used as a magnetic field sensor to receive electromagnetic wave signals. By fitting the detected

signal with the theoretical model, the method proposed in this article to construct large-scale antenna arrays

to achieve ultra-long-distance low-frequency communication is verified.

According to the theoretical and experimental results of this article, some characteristics of the coaxial array

element linear arrays obtained from the decomposition of the basic grouping of planar arrays are derived.
18 iScience 26, 106741, May 19, 2023



Figure 16. Time-frequency domain diagram of the measured signal corresponding to 2FSK
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1) The antenna array propagates in its plane of rotation and has no directionality; Propagating in two

planes perpendicular to its plane of rotation, the direction of the largest electromagnetic wave

occurs at the intersection of the plane of rotation.

2) The spacing of the array elements is inversely proportional to the quadratic of the total intensity of

the array’s time-varying magnetic field, and the attenuation coefficient increases with the increase in

the number of elements.

3) The number of permanent magnet array elements is roughly inversely proportional to the radiation

gain (the radiation gain represents the gain value compared to the ‘‘whole permanent magnet of the

same volume’’). As the array element spacing increases, the radiation gain changes more rapidly, so

the saturation point of the array is advanced. When the radiation gain reaches -3dB, the radiation

field strength enhanced by the permanent magnet array is only 50% of the radiation strength of a

single rotating permanent magnet of the same volume.

4) In near-distance super-low-frequency communication, the array element spacing has a greater

impact on the overall radiation efficiency. However, when the communication distance reaches

1 km, there is almost no effect. When the observation distance is 4 m, the loss caused by the array

spacing of 7.5 times the length of the permanent magnet can reach 1.5%. But this loss will tend to

zero when the observation distance reaches 1 km.
iScience 26, 106741, May 19, 2023 19
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5) When the total volume of permanent magnets is the same, the total number of split elements has a

great influence on the total radiation efficiency of the array. When five elements are used to detect at

10m, the loss is about 23.56%.

6) By optimizing the drive torque model of the antenna mechanical system, the tolerance of the

antenna communication signal is improved by 47%. Through the direct modulation of the antenna

radiation source speed, constant envelope modulation such as FSK and MSK can be realized, and

information loading can be completed to realize super-low-frequency communication.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

MATLAB, version 2018b MathWorks, Inc. RRID:SCR_001622

Origin, version 9.8.0.200 OriginLab Corporation RRID:SCR_014212

SOLIDWORKS, version 2020 Dassault Systemes RRID: AB_2313773
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Xiaoyu Wang (xiaoyuw@djtu.edu.cn).
Materials availability

This study did not generate new unique reagents.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
METHOD DETAILS

Themagnetic grade of the permanent magnet material is N52. The dimensions of the individual permanent

magnets used in the experiments were 30330360mm. The permanent magnet jig is made of aluminum

alloy and machined to shape. The detection coil uses a 1mm diameter copper wire. The side length of

the coil is 600mm and the number of turns is 21 turns. The crucial array parameters analysis in optimization

of key parameters of coaxial linear array and the driving torque simulation in analytical optimization model

for drive torque were computed using MATLAB software. The experimental data filtering, FFT transforma-

tion, and STFT transformation of experimental verification were computed using Origin software. The

prototype’s structural design for experimental verification was created using SOLIDWORKS software.
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