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Abstract: This paper proposes a rotating shutter antenna that can directly generate 2FSK signals in the
ULF band and it is expected to be used as the transmitter for magnetic induction (MI) underground
communication systems. The antenna was modeled using ANSYS Maxwell and the magnetic field
distribution was simulated. The results show that the interaction between the high-permeability
shutter and the mutual cancellation of magnets decreased the transmitting magnetic moment of
the antenna. A prototype antenna was manufactured and the time and frequency properties of the
measured B; field were the same as the simulated results, while the magnitude of the measured signal
was larger. The propagation characteristics of the antenna in air-soil-rock were simulated using
FEKO and the results show that the signal strength was greater than 1 fT at a depth of 450 m from the
antenna whose magnetic moment as 1 Am?. The relationship between different magnetic components
and azimuth could be used to enhance the signal strength. The formula of the B, field was derived
using the measured magnitude versus distance and the path loss was also analyzed. Finally, the 2FSK
modulation property of the antenna was verified by indoor communication experiments with a code
rate of 12.5 bps in the ULF band.

Keywords: ultra-low-frequency communication; mechanical antenna; layered media; rotating
shutter antenna

1. Introduction

The electromagnetic waves at radio frequencies have short wavelengths and poor
penetrating capabilities, which make them lose part of their energy in a complex electromag-
netic environment [1]. For example, the permittivity and conductivity of soil have a great
relationship with the water content, which causes significant attenuation of high-frequency
electromagnetic waves. This leads to the fact that radio-frequency communication cannot
be widely used in underground communication. To overcome this problem, magnetic
induction communication technology with ultra-low-frequency magnetic fields is widely
used in underground communication, such as Through-The-Earth communication [2]. The
permeability of non-magnetic materials is almost the same, which provides a relatively
stable channel for the propagation of magnetic field signals and the stable channel enables
the magnetic induction communication to avoid the shortcomings of multipath propaga-
tion, large propagation delay and high bit error rate of acoustic transmission through the
ground [3].

Normally, magnetic inductive communication systems use coils to generate and receive
magnetic field signals in near-field zone [4]. However, in the ultra-low-frequency band, the
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size of the coil is also very large, which brings great inconvenience to the placement and
layout of the system [5,6].

To overcome the shortcomings of traditional low-frequency antennas, such as large
size, low efficiency and high-power consumption, in 2017, the US Department of Defense
Advanced Research Project Agency (DARPA) proposed the AMEBA plan [7]. Different
from traditional antennas, AMEBA mainly generates alternating electromagnetic waves
directly through electrical charges or magnetic moments in mechanical motion, which is a
process of converting mechanical energy into electromagnetic energy [8,9]. As a kind of
mechanical antenna, the rotating permanent magnet antenna (RPMA) drives the permanent
magnet to rotate so as to obtain an alternating magnetic field. It is likely to be used as the
transmitting antenna in the magnetic induction communication system.

After AMEBA was proposed, many researchers have become interested in RPMA and
began to study it, including field generation and measurement [10,11] and radiation power
analysis [12]. Skyler Selvin et al. analyzed the efficiency of RPMA and proposed a method
to build an RPMA array to improve antenna efficiency [13]. Srinivas Prasad M.N. et al.
proposed a prototype consisting of an array of magnetic pendulums in oscillatory motion
at ULF. The transmission efficiency of the magnetic pendulums array is higher than a bare
coil through the measurement in the near field [14,15].

The communication system which uses RPMA as the transmitter mostly adopts direct
antenna modulation (DAM). For example, we can obtain an OOK signal by controlling
the driver switch and an FSK signal by controlling the speed of motion [16-20]. Besides,
Refs. [21-24] proposed that amplitude and phase modulation can be achieved by using
an external modulator. However, these methods require additional energy to control the
modulator in real time, which is difficult to implement.

To effectively avoid the limitation of the motor to the antenna’s operating frequency
range, we used a rotating shutter antenna as our transmitting antenna, which could obtain
a magnetic field signal that is four times the rotating frequency. ANSYS Maxwell was
used to analyze the magnetic field distribution of the rotating shutter antenna and the
results show that the interaction between the high-permeability shutter and the mutual
cancellation of magnets decreased the transmitting magnetic moment. A prototype antenna
was manufactured and the experimental results are in great agreement with the simulated
results, while the magnitude of the measured signal was larger. FEKO was used to analyze
the propagation characteristics of the RPMA in air-soil-rock media and the simulated
results show that the B,-field at a depth of 450 m away from the antenna on ground with
a magnetic moment of 1 Am? was 1 fT. The formula of the B,-field was derived using
measured magnitude versus distance and the path loss was also analyzed. The formula
shows that the path loss of the rotating shutter antenna in free space was 303 dB at a
distance of 570 m, while the signal strength was 1 fT. The prototype antenna was also used
to carry out indoor communication experiments with a code rate of 12.5 bps in the ULFE.
This paper is organized as follows: In Section 2, the principle and simulation of the rotating
shutter antenna are presented. The simulation of RPMA in layered media is shown in
Section 3. In Section 4, the prototype and the experimental results are presented. Finally,
Section 5 draws the conclusion.

2. Principle and Simulation of the Rotating Shutter Antenna

The radiation principle of the rotating permanent magnet antenna can be summarized
as follows: the motor drives the magnet to rotate so that its static magnetic field is con-
verted to an alternating magnetic field. The corresponding relationship between the signal
frequency and the motor speed n can be expressed as

n
f:@ (1)

When the speed n of the drive motor is greater than 18,000 rpm, the frequency of
the signal obtained is greater than 300 Hz, which is difficult for common servo motors on
the market.
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The rotating shutter antenna was proposed by M. Golkowski in 2018 [25] and the
prototype mainly consists of magnets and a shutter made of soft magnetic materials,
such as permalloy, whose relative permeability is significant. Assuming that the number
of openings is N, the antenna needs two N magnets of different polarities which are
alternately placed to form a circle. During the working process, the shutter rotates to
block the permanent magnets of different polarities to generate an altering magnetic field,
whose frequency is N times the rotating fundamental frequency. The relationship between
frequency and speed can be expressed as

n
f=g'N ()

Compared with RPMA, the rotating shutter antenna can reduce the speed to n/N.

The block diagram of the antenna principle when N = 4 is shown in Figure 1.

the shutter

[0 D]

Signal

0<t< r
16
Figure 1. Block diagram of the rotating shutter antenna when N = 4.

ANSYS Maxwell was used to analyse a rotating shutter antenna with N = 4; the
parameters of the simulation are shown in Table 1. A free-space sphere with a radius of
4 m was established and the boundary adopted natural boundary conditions, which made
the magnetic field continuous inside and outside the simulation area. The magnetic field
produced by the permanent magnets was used as excitation and the effects of eddy current
induced on the shutter were considered. Regardless of mechanical damping, a band area
with a set rotation speed of 4800 rpm was used to simulate the rotation of the shutter,
which corresponded to a fundamental rotation frequency of 80 Hz, so the frequency of the
magnetic field signal was, theoretically, 320 Hz.

Table 1. The parameters of the simulation.

Parameters Values Parameters Values
radius of the magnet 10 mm magnetic remanence 147T
height of the magnet 100 mm thickness of the shutter 1.5 mm
openings of the shutter 4 rotating speed 4800 rpm

We placed a point at the position of 3 m in the axial direction of the rotating shutter
antenna and obtained the B,-field. The simulated results are shown in Figure 2. Figure 2a
shows the signal with an amplitude of 3.5 nT at the point 3 m away from the transmitter,
which is much smaller than the theoretical value. The corresponding spectrogram is shown
in Figure 2b, which represents B,-field strength as a function of time and frequency. It
can be clearly seen the signal whose frequency is 320 Hz in the spectrogram and multiple
harmonics are visible.
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Figure 2. (a) Field at the point 3 m away from the shutter antenna. (b) Spectrogram of field.

The magnetic field intensity distribution on the rotating shutter at different times
is shown in Figure 3. It is clear that a large part of the energy was concentrated on the
shutter, which may be one of the reasons for the field strength being smaller than the
theoretical calculation.
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Figure 3. B-field distribution on the rotating shutter at different times: (a) t =0's; (b) t = 0.667 ms;
(c) t=1.67 ms.

The side view and top view of the distribution of the B-field by intercepting different
planes in the simulation are shown in Figure 4. The fast attenuation of the signal can be
ascribed to both the interaction of the high-permeability shutter and the mutual cancellation
of magnets.
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Figure 4. B-field distribution from different viewing angles: (a) side view; (b) top view.

3. Propagation Characteristics in Layered Media

It is promising that RPMA can be used as the transmitting antenna in magnetic induc-
tive underground communication and it is particularly important to study the radiation
characteristics of RPMA in layered media. Layered media cause interface emission loss
and transmission medium loss because of different permittivity and conductivity.

This paper used FEKO to construct an equivalent model of a rotating permanent
magnet antenna that rotated vertically on the ground and analyzed its magnetic field
characteristics in three-layer media, such as air—soil-rock. The simulation parameters are
shown in Table 2.

Table 2. The parameters of the simulation.

Parameters Values
frequency 320 Hz
antenna moment 1 Am?
depth 1500 m
soil permittivity 10
conductivity 0.01S/m
permittivity 10
rock conductivity 0.01S/m

The curves of magnetic flux intensity versus distance are shown in Figure 5 and it
is clear that the maximum penetrating depth could reach 450 m for magnetic induction

communication.
108 -
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Figure 5. Change in magnetic flux density with the distance at different depths.
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The curves of B, and B, with azimuth at different depths shown in Figure 6 show that,
at the same depth, the phase between the two magnetic field components was constant. If
we used a two-axis magnetic field sensor to receive, we could obtain an enhanced signal
by shifting the ¢-direction component with a constant phase and then adding it to the
r-direction component.
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Figure 6. Change in B, and B, with azimuth at different depths: (a) depth = 0 m; (b) depth = 150 m;
(c) depth = 300 m; (d) depth = 450 m.

4. Experimental Results

The experimental results are presented in two sub-sections, i.e., (a) measurement of
the rotating shutter antenna and (b) communication based on the rotating shutter antenna.

4.1. Measurement of the Rotating Shutter Antenna

A prototype, as shown in Figure 7, with the same size as shown in Table 2 was
manufactured and magnets were fixed on an aluminum plate through an aluminum alloy
cover. The YASKAWA servo AC motors with model SGM7J-01AFC6S were used as the
driver, which could provide a rated torque of 637 mN-m and a rated power of 200 W. The
rotation axis of the shutter antenna and the ULF receiver shown in Figure 8 were placed in
line to measure the B,-field. The distance between the antenna and the receiver was 3 m, as
that in simulation. In the communication experiment, the information symbols were sent
to the servo through software named MPE720 Ver. 7 to control the rotating shutter antenna
in real time.

The portable ULF receiver, shown in Figure 8, consisted of a magnetic sensor and an
NI collector. The conversion coefficient of the magnetic sensor was 8 mV /nT, so we could
directly convert the received voltage signal into field strength. The NI collector was utilized
to digitize and store the received signal with a sampling rate of 3 Ksps.
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(b)

Figure 8. ULF receiver: (a) magnetic sensor; (b) NI sampler.

The measured result shown in Figure 9 shows that, when the motor speed was set to
4800 rpm, the frequency of the signal obtained was in good agreement with the simulated
result, but the amplitude was larger than that obtained in the simulation, which may be
ascribed to the fact that the material in the simulation was not consistent with our prototype
and the metal substances in the experimental environment may also have had a certain
influence on the signal strength. From the spectrogram of the field shown in Figure 9b, we
can clearly see the 320 Hz signal.

15 simulated 600

’E“ SR
= 400 Y 320
: S) fr————————
=~ 5

5 200

m o

1 2 3 4
Time (s)

(b)

Figure 9. (a) Field at the point 3 m away from the shutter antenna. (b) Spectrogram of field.
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We measured the B;-field by placing the receiving antenna along the axis direction
of the rotating shutter antenna and changing the distance between them (such as 0.6 m,
1.2m, ..., 4.8 m and 5.4 m); the variation in the field strength with distance is shown in
Figure 10. The propagation characteristic curve was fitted using MATLAB and the result is
also shown in Figure 10. The fitting curve can be expressed as

B.(nT) = 120 3)

3
The intensity of the B,-field is inversely proportional to the third power of the distance,
which is in line with the attenuation law of the near-field signal. However, different from
the rotating permanent magnet antennas (B, = %)/ the expression of the magnetic flux
density of the rotating shutter antenna shown in Equation (3) cannot find the similar law
related to the magnetic moment.

3L
10 O  Experimental data points
Experimental fitting curve
102 L
-
A=)
N
o)
101 L
109 E ' ' ' L ' J
0 1 2 3 4 5 6

r (m)
Figure 10. The change in B,-field with distance.

In MI communication, the rotating shutter antenna is used as the transmitter. The path
loss can be defined as

B
PL =20lg Bi ~ 137.4 + 601g(r) )
V4

where B, is the remanence of the permanent magnet and B; is given in Equation (3).

The path loss determined by the propagation range was simulated, as shown in
Figure 11. The point with path loss of 303 dB (the received magnetic field was about 1 fT
for B, = 1.4T ) is marked with red lines in Figure 11. If the receiver can handle magnetic
field signals of 1 fT, the MI communication distance of up to 570 m could be achieved.
The antenna prototype shown in Figure 7 was equivalent to an RPMA with a transmitting
magnetic moment of 0.94 Am?. If the antenna was used as the transmitting antenna in the
magnetic induction communication, a two-unit antenna array would be required to make
the maximum detection depth reach 450 m. The synchronization between the elements
would also be difficult. Searching for a new method to enhance magnetic moments will be
the focus of our research work.
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Figure 11. Path loss versus propagation range.

4.2. Communication Based on the Rotating Shutter Antenna

We changed the distance between the transmitter and the receiver antenna to 4.5 m,
while the other experimental parameters were the same as those mentioned above. Using
control software to rotate the motor between 4800 rpm and 4950 rpm, we theoretically
obtained 320 Hz and 330 Hz signals, which can represent different binary information
symbols such as ‘1’ and ‘0’. The time required for the motor to switch between different
speeds was set to 100 ms and the time for a constant rotation was 80 ms, which determined
the code rate of communication.

The modulated signal after bandpass filtering is shown in Figure 12a. Its corresponding
spectrum, shown in Figure 12b, demonstrates that the frequency of the 2FSK signal did not
reach the theoretical value, which may have been due to insufficient control accuracy. In
addition, there was a very obvious frequency component between the frequency spectra of
the 303.7 Hz and 316.2 Hz signals, which was introduced during the motor speed switching
process. This problem could be solved by increasing the constant speed time of the motor,
but this would reduce the communication code rate.

Modulated signal f, =304Hz Spectrum of signal ,=304Hz
Modulated signal f2:316Hz Spectrum of signal f2=316Hz
10°
e z
N N—"
e >
107
0 1 2 3 4 5 0 200 400 600
time (s) Frequency (Hz)
(a) (b)

Figure 12. (a) Modulated signals at the point 5.4 m away from the rotating shutter antenna;
(b) spectrum of signals.

It can be clearly observed from the spectrogram shown in Figure 13a that the signals
with frequencies of 303.7 Hz and 316.2 Hz appeared alternately in sequence, which means
that the information symbol “1010101..." was received. The received signal is processed by
filtering out the power—frequency signal, passing through bandpass filtering and extracting
the envelope of the filtered signal; then, the information symbol shown in Figure 13b can
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be obtained through amplitude judgment. It was found, from the demodulated infor-
mation, that there were 12.5 symbols in one second, which means that the code rate of
communication was 12.5 bps.

1.5
400 3
N S 1
Z 300 g
> =
£ 200 5 03
=) E
= 100 g 0
e R SEra &)
0 ,....&.J»,-unt-.. -~ _05
1 2 3 4 1 2 3 4 5
Time (s) Time (s)
(a) (b)

Figure 13. (a) Spectrogram of 2FSK signal; (b) demodulated code.

Table 3 summarizes the performance comparison between the previously proposed
systems and the system adopted in this paper. It can be found that the frequency of the
signal, the communication rate and the communication distance could not be taken into
account simultaneously in the existing research study. Our system mainly considers a
higher communication code rate, but the communication range was not the longest, which
is also a focus for our future research work.

Table 3. Performance comparison of rotating permanent magnet antennas.

Reference Frequency Data Rate Detection Distance
Ref. [10] 500 Hz / <130 m
Ref. [11] 22 Hz 8 bps 0.7m
Ref. [14] 1.03 kHz 2 bps 30 m
Ref. [17] 100 Hz 0.25 bps 5m
Ref. [20] 30 Hz 5bps 100 m
Ref. [22] 40 Hz <2 bps 5m
Ref. [23] 50 Hz 40 bps 0.25m
Our work 320 Hz 12.5 bps 5m

Since the antenna operates in its near-field region, the signal strength decays with
the third power of the distance, which limits the maximum communication distance of
the communication system. Similarly, due to the low carrier frequency of the system, the
data rate cannot be too high, which limits the diversity of communication. For example,
the communication rate is only suitable for message transmission. In addition, an array
with more shutter antennas would be a good choice to increase the magnetic moment, but
assuring the control accuracy of the motor would be necessary and difficult to achieve.

5. Conclusions

This paper used ANSYS Maxwell to analyze the magnetic field distribution of the rotat-
ing shutter antenna and the results show that the interaction between the high-permeability
shutter and the mutual cancellation of magnets decreased the transmitting magnetic mo-
ment. A prototype was manufactured; the measured results are in great agreement with
the simulated results, while the magnitude of the measured signal was larger. We used
FEKO to analyze the propagation characteristics of RPMA in air-soil-rock and the sim-
ulated results show that the signal strength was greater than 1 fT at a depth of 450 m
from the antenna, whose moment was 1 Am?. Since the phase difference between B, and
By remained constant at £90°, we could use a multi-directional receiver to receive the
multi-directional field components; then, the signal strength could be enhanced by shifting
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the phases of the B,-field component and adding it to another component, such as a B,,-field
component. The formula shows that the path loss of the rotating shutter antenna at 570 m
was 303 dB, which means that the signal strength was 1 fT. The rotating shutter antenna
was equivalent to an RPMA with a transmitting magnetic moment of 0.94 Am?. If the
antenna was used as the transmitting antenna in the magnetic induction communication,
a two-element antenna array would be required to make the maximum detection depth
reach 450 m. The synchronization between the elements would make the control of the
system very difficult. Finding a new method to increase the transmitting magnetic moment
and the synchronization of the elements will be the focus of our next research studies. FSK
modulation could be realized by controlling the motion state of the motor and the constant
time of the motor determined the symbol rate. The prototype was used to achieve indoor
communication with a code rate of 12.5 bps in the ULE.
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