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Very low-frequency (VLF) and ultralow-frequency (ULF) electromagnetic waves have the advantage of high penetration and low
propagation loss in wireless communication systems and are mainly used for underwater and underground communications, as
well as for earthquake and lightning forecasting. At present, VLF and ULF antennas are mostly bulky and require hundreds of
antennas and more to be set up, which is costly and inefficient. In this paper, we propose to generate VLF and ULF signals by
rotating a multilayer multipair electret thin-film electret driven by an excitation device, which improves the problem of low
radiation efficiency of VLF and ULF signals and the large size of conventional low-frequency transmitting antennas. Based on a
multilayer, multipair electret film mechanical antenna, a magnetic field propagation model is developed, and the relationship
between the magnetic flux density mode and the number of layers of electret films, as well as the relationship between the antenna
emission frequency and the motor rotation frequency and the number of pairs of electret films, is analyzed. /e selection of a
suitable model for practical situations based on conditions such as antenna size and propagation distance is illustrated. /e
research work is of great importance for guiding the design of mechanical antennas and optimizing antenna structures.

1. Introduction

High-frequency wireless communication has the advantages
of large bandwidth, fast communication rate, and low la-
tency; compared to high-frequency wireless communica-
tion, the low-frequency electromagnetic wave has the
characteristics of high communication reliability, strong
penetration, and longer communication distance. When
electromagnetic waves are propagated in other media such
as water and underground, high-frequency electromagnetic
waves will attenuate very quickly, resulting in poor com-
munication quality in other media such as underwater and
underground, while very low-frequency and ultralow-fre-
quency electromagnetic waves can propagate over longer
distances in other media such as underwater and under-
ground due to their excellent penetration [1].

/e size of the low-frequency transmitting antennas
currently used in the world is extremely large; for

example, a wireless transmitter operating at 300 Hz re-
quires an antenna equivalent to one-eighth to one-half
the length of the wavelength, i.e., 100 to 500 km long. As a
result, existing ultralow-frequency communication de-
vices are expensive, have large systems, and are char-
acterized by high power consumption. To address the
shortcomings of conventional low-frequency transmit-
ting antennas, such as their large size and low efficiency,
in 2017, the US Department of Defense Advanced Re-
search Projects Agency (DARPA) proposed the
(AMEBA) program, which aims to develop a portable
low-frequency wireless transmission system capable of
generating carriers below 30 kHz [2]. Once developed,
this technology could enable ground-penetrating or
underwater communications in mines and on the ground
in the civilian sector; in the military sector, VLF and ULF
communications could enable communication between
submarines. After the AMEBA project was proposed, a
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lot of research was started at home and abroad. So far,
both domestic and international research on mechanical
antennas has made some progress. Reference [3] pro-
posed a VLF (Very Low-Frequency) transmitter based on
a piezoelectric crystal, the scheme used adds AC to the
two ends of the piezoelectric crystal, the piezoelectric
crystal is machined into a quadrilateral shape, when an
electrical signal is added to the two ends of the crystal,
the crystal will stretch and deform according to the law of
the added electrical signal, the reciprocal stretch and
deformation belong to mechanical vibration, and the
mechanical vibration of the piezoelectric crystal will
generate a changing electromagnetic field around it [3].
In [4], the team of Cui Yong and Wang Chen invented
the patent of “A rotating electret-type mechanical an-
tenna low-frequency communication system” in 2018,
including a low-frequency electromagnetic signal gen-
eration module and a magnetic signal reception module,
in which the transmitter adopts a rotating electret
scheme; in [5], the low-frequency magnetic field is ex-
cited by the changing electric field by rotating parallel
placed, differently charged pole plates to cause relative
motion. In [6], a new modulation method—polarization
modulation—is proposed based on a rotating permanent
magnet type mechanical antenna, which avoids the high
load on the motor caused by frequent adjustment of the
motor frequency; in addition, it is proposed in [7] that,
from a macroscopic analysis, the effect of rotating a
uniformly magnetized permanent magnet is equivalent
to applying a current to its surface, and a model based on
this theory is established and relevant theoretical cal-
culations and formulae are derived.

Mechanical antenna technology offers the possibility
of miniaturization of low-frequency antennas; however,
most of the current research is focused on permanent
magnet mechanical antennas; compared to permanent
magnet mechanical antennas, electret mechanical an-
tennas have a slower decay rate, and with the increasing
maturity of organic electret technology, mechanical
antennas based on flexible electret materials have the
advantages of a lightweight, high plasticity, and con-
trollable charge compared to permanent magnet me-
chanical antennas. /e advantages of electret materials
are as follows. As the name suggests, an electret is an
object that remains in a polarised state under external
excitation and is also known as a permanent electrode
[8–10]. /e increasing maturity of electret material
fabrication technology has brought greater possibilities
for the research of electret-type mechanical antennas
[11, 12]. At present, electret films can be made below the
millimeter level and have a high charge storage capacity,
which can effectively reduce the size of low-frequency
transmitting antennas. /e number of layers of the
electret film also has an impact on the radiation intensity
of the mechanical antenna, and the amplitude can be
adjusted by increasing the number of layers of the

electret film; the use of electret film type mechanical
antenna can effectively reduce the size of the low-fre-
quency transmitting antenna and, at the same time, make
the mechanical antenna designed as a wearable device.
/e use of electret film mechanical antennas can effec-
tively reduce the size of low-frequency transmitting
antennas, while making the mechanical antennas
designed as wearable devices, bringing great convenience
to the staff concerned. In summary, changing the charge
distribution pattern by varying the number of layers and
pairs of electret films brings great possibilities to change
the radiation frequency and increase the propagation
distance of mechanical antennas, which brings great
possibilities to the research of mine communication,
submarine communication, and wearable low-frequency
transmitting antennas. Moreover, the research on elec-
tret mechanical antennas is relatively small and belongs
to a new field. At the same time, since low-frequency
communication is of great significance to military fields
such as timing and navigation systems, this paper is a
study of the multilayer multipair electret mechanical
antenna. /erefore, in this paper, the characteristics of
multilayer multipair electret thin-film mechanical an-
tennas are studied and analyzed.

2. Two-Dimensional Magnetic Field
Propagation Model for Electret-Type
Mechanical Antennas

/e basic structure of an electret mechanical antenna is
shown in Figure 1, where an electret film with a hetero-
geneous charge is symmetrically attached to the antenna
housing and a low permeability material is used for the
antenna support to ensure the normal passage of the
magnetic field signal in the multilayer electret film. When
the motor drives the cylindrical structure, the electret film
rotates to produce two toroidal currents in opposite di-
rections, so that the changing electric field excites a changing
magnetic field [13]. For the entire cylindrical electret film,
the magnetic field generated can be calculated by super-
imposing the magnetic field generated by each of the planar
rings. A two-dimensional planar torus is shown in Figure 2,
assuming that the electret film is thin enough to neglect its
thickness and that the entire cylindrical support is
uncharged.

According to the Biot-Safar law [13], the magnetic in-
ductance generated by the current microelement in each
transmitting antenna is

Bmic � B
→

mic



 �
μ0
4π

I ·△ s
→

× l
→

D
2




, (1)

where μ0 is the magnetic permeability, I is the current
through the microelement, △ s

→ is the length of the mi-
croelement, and l

→
is D the unit direction vector.
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According to the relationship between current and
charge, the relationship between current and moving charge
is

IΔ s
→

� nqS v
→Δs, (2)

where n is the number of charges, S is the cross-sectional area
of the microelement, q is the amount of charge, v is the
velocity vector of charge motion, and the charge density is
σ � nqS.

From the relationship between current I and charge
density, the magnetic induction generated by each current
microelement can be calculated as

Bmic � B
→

mic
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μ0σ
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→

D
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. (3)

Loop integration of the magnetic induction microele-
ment gives

B � | B
→

| � lim
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 B
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. (4)

When ignoring the size of the transmitting antenna and
assuming that D is equal to the distance to the origin x, using
the symmetry theorem, we get

B � Bn + Bn � 2Bn � 2 
π/2
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(5)

When the antenna is turned by a certain angle, the
magnetic fields shaded in Figure 3 on the x-axis will cancel
each other out, so equation (5) can be converted into (where
ωis the angular velocity of the rotation of the circle, and t is
the rotation time)

B � 2Bn � 2 
π/2−ωt

−π/2+ωt

μ0σ
4π

·
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D
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2 cos ωt.

(6)

If the receiving point of the signal is not x on the axis but
anywhere in the plane, x − y, the magnetic fields generated
by the shaded part of the transmitting antenna in Figure 3 at
the receiving point will cancel each other out, and now
ωt � 0, so that equation (5) will be transformed into

B � 2 
(π/2)−2β

−π/2
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·
v
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× l
→

D
2 R dθ




�
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�
μ0σωR

2

2πx
2 (cos 2 β + 1),

(7)

Let cos φ � (cos 2 β + 1)/2; then, equation (7) becomes

B �
μ0σωR

2

πx
2 cos φ. (8)

Compared to the magnetic induction on the x axis, the
magnetic induction at any position increases only by the

Figure 1: Basic structure of an electret thin-film mechanical antenna.
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Figure 2: Principle of two-dimensional magnetic field propagation in an electret thin-film mechanical antenna.
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initial phase angle φ, and the initial phase angle x on the axis
is φ � 0.

Combining equations (5)–(8), the magnetic induction at
any point in time in the plane is calculated as follows x − y.

B �
μ0σωR

2

πD
2 cos(ωt + φ), (9)

where β � arctan(y/x), and φ � arccos(cos 2 β + 1/2).
It can be seen from equation (9) that when ignoring the

effect of antenna size, the magnetic x − y induction vector
mode at any point in the plane varies with time according to
the cosine function, and the maximum value of the magnetic
induction mode at the same distance to the source D is the
same./erefore, it is easy to know x − y that the direction of
the normal of the equivalence line in the plane is the di-
rection of the axis x.

In summary, the study of the D variation of magnetic
induction with distance can be reduced to the variation of

the magnetic induction mode with x the horizontal coor-
dinate on the axis.

3. Three-Dimensional Magnetic Field
Propagation Model for Electret-Type
Mechanical Antennas

/e magnetic field generated by a flat circular ring is in-
tegrated over the height (as shown in Figure 4) to obtain the
magnetic field propagation model for a three-dimensional
cylindrical antenna, which is discussed below for neglecting
the transmitting antenna size and considering the trans-
mitting size, respectively [13].

When ignoring the size of the transmitting antenna, for
any signal reception point in space P(x, y, z), it is known
from equations (3)–(5) that
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Figure 3: Receiving condition when the receiving point is on the x-axis; receiving condition when the receiving point is not on the x-axis.
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where H is the height of the cylinder, σ is the charge density
on the outer surface of the cylinder, and R is the radius of the
cylinder.

From equations (13) and (14), we can see that when the z

coordinates are 0 (i.e., when the signal reception point is in
x − y the plane), the components of the magnetic induction
vector in both y and x directions are 0, and the modulus of
the magnetic induction is the magnitude of the component
in the corresponding z direction. /erefore, it is advanta-
geous to simplify the problem and reduce the computational
effort when the signal reception point is x − y in the plane.
Based on the discussion of the two-dimensional case in the
previous section, it is found that the variation of the max-
imum value of the modulus of magnetic induction at dif-
ferent locations on the x axis is the same as the variation of
the maximum value of the modulus of magnetic induction at
any point in space with distance D (perpendicular to the
equivalence plane), so the problem can be further simplified
by discussing the variation of the maximum value of the
modulus of magnetic induction at different locations on the
axis x.

4. Numerical Simulation of a Cylindrical
Electret Mechanical Antenna

COMSOL Multiphysics is a multiphysics finite element
analysis software, used in the simulation of various engi-
neering problems, including structural mechanics module
(structural mechanics), RF module (RF), AC/DC module,
micromotor module (MEMS), magnetic field module
(magnetic field module), acoustics module (acoustics), and

optical module. In this paper, the electret mechanical an-
tenna simulation uses the 3D magnetic field module, which
can do 2D and 3D simulations of low-frequency electric and
magnetic fields [6].

5. Simulation and Analysis of Single-Pair and
Multipair Electret Thin-Film
Mechanical Antennas

Because the object of study is a low-frequency transmitting
antenna, and the antenna transmitting frequency is related
to the motor speed, we take the motor speed as
ω � 1000π rad/s; i.e., f � 500Hz.

According to data published by the US DARPA Bureau
Mechanical Antenna Project [14], the electret surface charge
density is taken, σ � 3400 nC/cm2 , the electret cylinder
outer diameter is R� 1 cm, the height is H� 3 cm, and the
magnetic permeability is set approximately equal to the
magnetic permeability in a vacuum μ0 � 4π × 10− 7. Finally,
a probe with an axis is added to the calculation area for
extracting the variation of the magnetic field at a point with
time and the variation of the magnetic induction intensity
with distance.

For the sake of simplicity, this paper first simulates a
single-layer, single-pair electret film mechanical antenna
and then increases the number of layers and pairs of electret
films in turn to investigate a multilayer, multipair electret
film mechanical antenna.

Firstly, the geometric model of the mechanical antenna
can be modeled as shown in Figure 5, Figure 6 shows a 3D
model of a single-layer single-pair electret mechanical

B

P (x,0,0)

D

H

R

z

ω

y

x

O

Figure 4: Schematic diagram of three-dimensional electret magnetic field propagation.
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antenna, and the single-layer single-pair electret thin-film
mechanical antenna can be studied by introducing the pa-
rameters such as electret surface charge density, polarization
mode, and magnetic permeability, and the magnetic field
cloud can be obtained as shown in Figure 7.

Simulation of the data at the probe and the axis
according to the parameters set in advance, the simulation
results are the data set, and the data obtained at the probe
and the axis can be imported into the Origin drawing

software to obtain the variation of the magnetic induction
intensity at the probe with time and the variation of the
magnetic induction intensity B at the axis with distanceD for
a single layer and a single pair./ough the calculation can be
derived from the S parameter changes as shown in Figure 8, a
known electret-type mechanical antenna radiates circularly
polarized waves, and setting the radiation field in the far area
can obtain the E-plane gain and H-plane gain as in Figures 9
and 10.

According to the data obtained from the probe, the
image of the change of magnetic induction intensity at the
probe with time is drawn in Figure 11, from which it can be
seen that the change of magnetic induction intensity at the
probe with time is a sinusoidal regular periodic change;
doing Fourier transform on the data in Figure 11, we can get
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Figure 5: COMSOL 3D simulation diagram.

Figure 6: Structure of a single-layer single pair (a� 1, b� 1) electret
thin-film mechanical antenna.
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Figure 7: Magnetic field cloud at a� 1 and b� 1.
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Figure 12, from which we can see that when the electret film
log a� 1, the frequency of the electromagnetic wave emitted
by the antenna is equal to the motor rotation, both at 500Hz;
according to the data obtained from the axis, the image of
the variation of magnetic induction intensity B with distance
can be obtained as shown in Figure 13, which shows that the
maximum value of the magnetic flux density mode B is
inversely proportional to the distance D.

Keeping all other conditions constant, changing only the
value of a to 2 changes the number of electret pairs from a
single pair to a double pair, its 3D model will change to

Figure 14, as shown in Figure 15, and the simulation yields a
magnetic field cloud for the single-layer double pair case, as
shown in the diagram, and again from the data obtained at
the probe and the axis yields Figures 16 and 17, S11 pa-
rameters as shown in Figure 18 can be obtained through
calculation, and the E-plane gain and H-plane gain are
shown in Figures 19 and 20, respectively.

It can be seen from the figure that after changing the
number of electret film pairs a� 2, the frequency of magnetic
induction intensity at the probe increases with time, and by
performing the Fourier transform in Figure 16, we can
obtain Figure 21, and by observation, it is found that when
the number of electret film pairs becomes two pairs, the
frequency of the electromagnetic wave emitted by the
transmitting antenna changes from 500Hz to 1000Hz,
which is twice the rotation frequency of the motor;
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Figure 13: Variation of magnetic flux density mode with distance
for a� 1 and b� 1.

Figure 14: Structure of a single-layer two-pair (a� 1, b� 2) electret
thin-film mechanical antenna.
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observation of the axes Figure 17 drawn from the data at the
axis shows that the maximum value of the magnetic flux
density mode amplitude is still inversely proportional to the
position d from the transmitting point, but the change of the
magnetic flux density mode with distance is not obvious
with a� 1 and b� 1. We will compare the specific rela-
tionship later on.

Based on the analysis of the magnetic field generated
by the mechanical antenna for a � 1, b � 1; a � 1, b � 2, we
conjecture that the variation of the magnetic field gen-
erated by the mechanical antenna will have the same
pattern when a is constant and b � 3 and b � 4. /erefore,
the electret film logarithm was adjusted to b � 3 and b � 4,
respectively, the model is shown in Figure 22, while
keeping other parameters constant, and the following

images were obtained by extracting the data at the probe
and the axis, respectively. From the images, it can be seen
that our conjecture is confirmed; at the probe, the
magnetic induction intensity still varies sinusoidally and
periodically with time; at the axis, the maximum value of
the magnetic flux density mode amplitude is still in-
versely proportional to the position D from the emission
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Figure 21: Fourier transform image at a� 1, b� 2.
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Figure 22: Structure of a single-layer three-pair (a� 1, b� 3)
(a) and single-layer four-pair (a� 1, b� 4) (b) electret thin-film
mechanical antenna.
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point. In the following, the electret thin-film mechanical
antenna is modeled and analyzed for the two cases of
a � 1, b � 3 and a � 1, b � 4. /e geometrical models are
shown in Figure 22, respectively, and the magnetic field
analysis is carried out for the above two geometrical
models to obtain the magnetic field clouds for the two
cases of a � 1, b � 3 and a � 1, b � 4 as the left and right
plots in Figure 23, respectively. Separate Fourier trans-
form of Figure 24 can be obtained from Figure 25; from
the Fourier transform diagram, it can be seen that when
the electret film pairs are b � 3 and b � 4, respectively, the
frequency of electromagnetic waves emitted by the
transmitting antenna is 1500 Hz and 2000 Hz,

respectively, three times and four times the frequency of
motor rotation.

/rough COMSOL finite element simulation, S11 pa-
rameters, E-plane gain, and s-plane gain at a� 1 and b� 3
and 4 as shown in Figures 26–28 can be obtained.

Respectively, a� 1, b� 1; a� 1, b� 2; a� 1, b� 3; a� 1,
b� 4 when the mechanical antenna at the probe magnetic
induction intensity as a function of time is plotted on a graph
such as Figure 29; from the graph, it can be clearly seen that,
with the increase in the number of electret film log b, the
transmitting antenna emitted electromagnetic wave fre-
quency higher and higher, respectively, leading to the four
frequencies of the sine curve to do Fourier transform. /e
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Figure 23: Magnetic field clouds for a� 1, b� 3 (a) and a� 1, b� 4 (b)
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Figure 24: Plot of magnetic induction intensity versus time for a single three-pair (a� 1, b� 3) (a) and a single four-pair (a� 1, b� 4) (b).
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relationship between the number of electret film pairs b, the
initial frequency f0, and the frequency of the emitted
electromagnetic wave can be easily observed in Figure 30,
where b is the number of electret film pairs and f0 is the
frequency of the emitted electromagnetic wave of the
emitting antenna when a single pair of electret films is used,
which can also be said to be the frequency of the motor
rotation. Figure 31 is difficult to see the relationship between
the maximum value of the flux density mode and the

distance d when different pairs of electret film. We will
change Figures 13, 17, and 31 to a graph to get Figure 32.
From Figure 32, it is easy to see that, with the increase in the
number of electret pairs, the maximum value of the flux
density mode amplitude at the same point decreases, and
with the increase in curvature, the maximum value of the
flux density amplitude decreases. /e rate of decrease of the
maximum value increases accordingly as the curvature
continues to increase.
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Figure 25: Fourier transform plots for a single three-pair (a� 1, b� 3) (a) and a single four-pair (a� 1, b� 4) (b).
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Figure 26: S11 parameters for a single layer of three pairs (a� 1, b� 3) (a) and a single layer of four pairs (a� 1, b� 4) (b).
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6. Simulation and Analysis of Single-Layer and
Multilayer Electret Thin-Film
Mechanical Antennas

/e previous subsection analyzed the variation of the
magnetic induction B of the mechanical antenna with time
as well as the distance D for a� 1 and b� 1, 2, 3, and 4,
respectively. /is subsection builds on the previous sub-
section to analyze the radiation of a multilayer multipair
electret thin-film electret antenna. Figure 33 shows a three-
dimensional model of a two-layer multipair from the first to

the fourth from the left, and Figure 34 shows a three-di-
mensional model of a three-layer multipair from the first to
the fourth from the left.

/emagnetic field distribution for each of Figures 33 and
34 was analyzed by COMSOL to obtain the following
magnetic field distribution for each of the eight pairs of
figures. And Figures 35 and 36 show the magnetic field
nephogram when a� 2, b� 1, 2, 3, 4 and a� 3, b� 1, 2, 3, 4,
respectively.

/rough the COMSOL simulation software, the finite
element analysis of the above eight models is carried out,
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Figure 27: E-surface gain diagram for a� 1, b� 3 (a) and a� 1, b� 4 (b).
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Figure 28: H-plane gain diagram for a� 1, b� 3 (a) and a� 1, b� 4 (b).
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Figure 34: /ree-dimensional model of the mechanical antenna for a� 3, b� 1 (a); a� 3, b� 2 (b); a� 3, b� 3 (c); a� 3, b� 4 (d).
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respectively, and the data obtained at the probe and the axis
are plotted on a graph, respectively, and Figures 37 and 38
can be obtained. Observing Figure 37, it is easy to see that the
frequency of antenna emission is only related to the loga-
rithm B of the electret film but has nothing to do with the
layer a of the electret film. It can be seen from Figure 37 and
Figure 38 that when a is larger, that is, the number of layers
of electret film is more, and B is smaller, that is, the number
of pairs of electret film is less, the magnetic induction at the

probe is stronger, and the attenuation of magnetic flux
density mode is slower.

7. Attenuation of Electret-Type Mechanical
Antennas in Different Media

If the properties of the medium are changed and the fre-
quency is kept constant, Figure 39 plots the variation curve
of magnetic induction B with distance in three different
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Figure 35: Magnetic field clouds for a� 2, b� 1 (a); a� 2, b� 2 (b); a� 2, b� 3 (c); a� 2, b� 4 (d).
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Figure 36: Magnetic field clouds for a� 3, b� 1 (a); a� 3, b� 2 (b); a� 3, b� 3 (c); a� 3, b� 4 (d).
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Figure 37: Plots of magnetic induction intensity versus time for a� 1, b� 1; a� 2, b� 1; and a� 3, b� 1.
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media, air, seawater, and soil, for the cases a� 1 and b� 1.
Here, the relative permittivity of soil is 4, and the con-
ductivity is 0.015 S/m; the relative permittivity of seawater is
81, and the conductivity is 4 S/m. It can be seen that the
magnetic induction intensity decays violently in seawater
but relatively slowly in air and soil. When used in seawater,
the magnetic induction can be increased by increasing the
number of layers of the electret film, but it is also important
to avoid increasing the number of electret film pairs too
much to avoid increasing the emission frequency and thus

causing the magnetic induction to decay too quickly in
seawater.

8. Conclusions

/rough comsolmodeling and analysis, it can be concluded that
the increase of the number of electret pairs will inevitably in-
crease the emission frequency of the mechanical antenna and
make the emission frequency proportional to the number of
electret pairs and, at the same time, lead to the decrease of the
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Figure 38: Plots of magnetic flux density modes with distance for a� 1, 2, 3, b� 1; a� 1, 2, 3, b� 2; a� 1, 2, 3, b� 3; a� 1, 2, 3, b� 4.
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magnetic flux density mode, i.e., the larger b is, the higher the
radiation frequency of the mechanical antenna is, the lower the
magnetic flux density is, the faster the corresponding magnetic
field strength decays, and the shorter the propagation distance is.
In order to improve the magnetic induction strength, we can
increase the number of layers of electret film, that is, the larger a,
the greater the magnetic induction strength, in the mechanical
antenna volume making the range can moderately increase the
value of a in exchange for the increase in magnetic induction
strength. To sum up, the mechanical antenna electret film layer
and the number of pairs should be selected according to the
actual transmission efficiency and transmission distance, in
order to realize the good performance of themechanical antenna
in frequency and distance./e electret-type mechanical antenna
is several orders of magnitude smaller than the traditional low-
frequency transmitting antenna, which has better concealment
in wartime, and at the same time, the electret-type mechanical
antenna can be designed as awearable device, which brings great
convenience to the relevant staff; by changing the number of
layers and logarithms of the electret film to change the charge
distribution mode, it brings the great possibility of changing the
radiation frequency of the mechanical antenna and improving
the propagation distance. /is has opened up great possibilities
for research into mine communication, submarine communi-
cation, and wearable low-frequency transmitting antennas.
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