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Abstract: The demand for pipeline inspection has promoted the development of pipeline robots
and associated localization and communication technologies. Among these technologies, ultra-
low-frequency (30-300 Hz) electromagnetic waves have a significant advantage because of their
strong penetration, which can penetrate metal pipe walls. Traditional low-frequency transmitting
systems are limited by the size and power consumption of the antennas. In this work, a new type of
mechanical antenna based on dual permanent magnets was designed to solve the above problems.
An innovative amplitude modulation scheme that involves changing the magnetization angle of
dual permanent magnets is proposed. The ultra-low-frequency electromagnetic wave emitted by the
mechanical antenna inside the pipeline can be easily received by the antenna outside to localize and
communicate with the robots inside. The experimental results showed that when two N38M-type
Nd-Fe-B permanent magnets with a volume of 3.93 cm3 each were used, the magnetic flux density
reached 2.35 nT at 10 m in the air and the amplitude modulation performance was satisfactory.
Additionally, the electromagnetic wave was effectively received at 3 m from the 20# steel pipeline,
which preliminarily verified the feasibility of using the dual-permanent-magnet mechanical antenna
to achieve localization of and communication with pipeline robots.

Keywords: mechanical antenna; ultra-low frequency; amplitude modulation; communication

1. Introduction

Oil and gas pipelines underground and underwater need to be tested to ensure
their safety, which necessitates the development of pipeline detection robot systems [1-3].
Achieving localization of and communication with cable-free pipeline robots is one of
the key problems to be solved [4]. There are several localization methods, including the
wheel odometer method, ray method, acoustic method, and electromagnetic wave method.
The wheel odometer method can only provide off-line position information, and skidding
between the wheels and pipe wall and wheel-locked situations result in accumulated
position errors [5]. To improve its accuracy, some signal-processing methods including the
prior-backtracking, data fusion, and point cloud registration methods have been proposed
and achieved good results [6,7]. The ray method uses rays released by radioactive elements
to achieve localization of robots. Although these rays can easily penetrate metal pipe walls,
they are harmful to biological systems and the environment [8]. The acoustic method uses
acoustic sensors to monitor the robot’s position, but it is susceptible to environmental
noise and requires high sensitivity of the acoustic sensors. Moreover, when a robot stops
running due to unexpected factors, it cannot be located [9,10]. The electromagnetic wave
method uses magnetic sensors to receive electromagnetic wave signals emitted by the
pipeline robots for localization with little external interference [11-13]. However, metal
pipelines shield high-frequency electromagnetic waves. In contrast, ultra-low-frequency
electromagnetic waves have low attenuation and can penetrate metal pipelines, making this
the preferred frequency band for localization of and communication with pipeline robots.
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Conventional low-frequency antennas generate electromagnetic waves through an
energized coil [14-16], and the power loss and volume of equipment are inevitably large.
Permanent-magnet-type mechanical antennas have recently received wide attention in
the field of underwater and underground communications. They can produce a strong
magnetic field by using a small permanent magnet of high magnetic energy density [17],
which provides a new method for the localization of and communication with pipeline
robots [18].

According to their structure, permanent-magnet-type mechanical antennas can be
mainly classified into three types. (a) Modulation is realized by changing the rotational
speed of the permanent magnets [19-22]. For example, the frequency of the signal can
be modulated by adjusting the speed of a three-phase induction motor. This type is easy
to implement, but the power consumption is large and the bandwidth is narrow due to
the inertia of the magnets. (b) The permanent magnet rotation speed is maintained as
constant and a modulator is added to achieve the signal modulation. For example, when
placing a cylinder with a coil wrapped around a spherical permanent magnet rotating at a
constant speed, the amplitude of the magnetic field can be modulated by controlling the coil
current [23,24]. The phase of the magnetic field can be modulated by changing the position
of two pairs of orthogonal bow-tie-shaped shielding layers [25,26]. Such schemes do not
require the speed of the motor to be changed, reducing the power consumption. However,
the additional modulator increases the complexity of the system. (c) The permanent magnet
is maintained at rest and signal modulation is realized through a special modulator. For
example, the frequency of the magnetic field can be modulated by varying the rotational
speed of a louvered rotary shutter structure made from soft magnetic materials which
periodically shields the magnetic field generated by the magnets [27]. This type reduces the
requirement for mechanical strength of the system, as the permanent magnets are stationary.
However, it has high demands regarding the structure and performance of the modulator.

Practical applications of the permanent-magnet mechanical antenna require the de-
sign of a suitable signal-modulation scheme considering the size, power consumption,
and communication bandwidth of the antenna. The common modulation schemes for
mechanical antennas are frequency modulation (FM), amplitude modulation (AM), and
phase modulation (PM). Among them, AM can provide sufficient bandwidth and its im-
plementation structure is not complex, but it is sensitive to noise [26]. In this work, a
new AM scheme is proposed using a dual-permanent-magnet mechanical antenna with
an innovative modulator. It has a large modulation depth which reduces the sensitivity to
noise and is more suitable for the localization of and communication with pipeline robots.
Its comparison with the existing modulation schemes is shown in Table 1.

Table 1. Comparison of the antenna in this work with previously published works.

Modulation Type Literature Implementation Characteristics

Simple structure
High power consumption
Low bandwidth

Change drive

™M [19-22] motor’s speed

Complicated structure
PM [25,26] Needs a modulator Insensitive to noise
Complex in demodulation

Normal in structure

[23,24] Needs a modulator L. .
Sensitive to noise

AM
Normal in structure

This work Needs a modulator . .
Lower sensitivity to noise

The rest of this paper is organized as follows. Section 2 describes the structure and
working principles of the new mechanical antenna. Section 3 presents its prototype and
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describes the experimental verification of its effectiveness in both air and pipelines. Finally,
Section 4 provides the conclusions and discussion.

2. Theoretical Analysis of the Novel Mechanical Antenna
2.1. Theoretical Fundamentals

As shown in Figure 1, a cylinder-shaped permanent magnet with uniform magneti-
zation along the radial direction is placed in infinite space. Its diameter and height are D
and h, respectively, and its magnetic moment my = MoV where M) is the magnetization
intensity and V is the volume. A single stationary magnet can be equivalent to a magnetic
dipole with the moment my when r >> max(D,h). If it rotates counterclockwise at a uniform
angular velocity w, the magnet can be equivalent to two time-varying dipoles orthogonal
in both time and space, and this moment m(t) = my(t)ex+ my(t)ey and ry = jm,,.
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Figure 1. Equivalent model of a single rotating permanent magnet.

In a spherical coordinate system, the magnetic flux density generated by the dipole m,
can be expressed as follows:

- . _ P‘Omyk3 —ikr j
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where k is the propagation constant and k = w /€gip in which pg and g are the permeability
and dielectric constant of the vacuum, respectively. The magnetic flux density generated
by the dipole m, can be expressed as follows:

By, (1,6, @, 1iy) = Bmy(” 6, §0+ ]my) ()

Therefore, the magnetic flux density generated by a single rotating permanent magnet
is as follows: . . '
Bs(r,0,¢) = By, (1,6, 9) + B, (7,6, 9) 3)
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Based on the magnetic field distribution of a single rotating permanent magnet, the
dual-permanent-magnet mechanical antenna model is presented, as shown in Figure 2. In
this model, the permanent magnets A and B rotate uniformly around the z axis with the
same angular velocity w, and their centers are both at a distance d from the coordinate
origin O. The dimensions of the permanent magnets are same as those in Figure 1, and
the angle between the magnetic moments is #. Assume that the magnetic flux densities
generated by A and B are expressed by B4 and By, and then the magnetic flux density
generated by the model shown in Figure 2 is as follows according to Equation (3):

Bd(x,y,z) = BA + ej”‘BB

. . 4
= Bs(x,y,z—d) + e*Bs(x,y,z + d) @)

Magnet A

Magnet B

Figure 2. Dual-permanent-magnet mechanical antenna model.

In particular, when r >> max(D,h,d), the impact of d is ignored and d ~ 0; thus,
B, (x,y,z) = (1+ef”‘>Bs(x,y,z). (5)

From Equation (5), the amplitude of B; changes when & changes and amplitude
modulation is achieved. Suppose that a message comprising code elements 0 and 1 must

be sent. When element 0 is sent, let « = 0 and By = ‘ZBS . When element 1 is sent, let &« =

a1, and By = |(1 + ¢/*1)Bg(x,y,z)|. Figure 3 shows the waveforms of the ideal amplitude



Sensors 2023, 23, 3228

50f12

modulation signal in the time domain. If the difference between By and B is not significant
and the ambient background magnetic field noise is large at the receiver, the quality of the
amplitude modulation signal will become poor, which increases the bit error rate during
demodulation. Here the modulation depth T}, is defined as in Equation (6). According to
Equation (5), Ty = 1 — cos(a1/2). Ty, can reach the value of 1 when a = 180°. The larger
the a1, the larger the T}, and the stronger the antinoise performance of the system and the
more reliable the communication.

B (x,y,z2—d) +B, (x,y,z2+d)

B, (x,y,zfd)Jrej“l B, (x,y,z+d) )f

T = ’BlB_OBO Bs(x,y,2—d)+Bs(x,y,2+d) ©)
Code A
ERE 0 i 0 1 1 it
a(?) A: ]
a
0 -
B(f) A
B
2 A r\U{\U{\U(\UﬂU{\U ARAAL

Figure 3. Waveforms of the amplitude modulation signal in an ideal case.

2.2. Effectiveness of the Analytical Formula

The derivation of Equation (4) requires that a single rotating permanent magnet be
equivalent to two time-varying magnetic dipoles. The effectiveness of this equivalence is
verified by maintaining the volume V of the cylindrical permanent magnet as a constant
and changing the outer dimension, i.e., the ratio of cross-sectional diameter to height D/h.
The magnetic field distribution obtained using Equation (4) is compared with that obtained
using finite-element calculations. Assume a radially magnetized permanent magnet is
N38M-type and its volume V = 3.93 cm?, and the rotation frequency f = 30 Hz. For different
values of (D/h), the magnetic field distribution along the y axis direction is shown in
Figure 4, in which the errors are considerable when the spatial position r is close to the
permanent magnets. However, when r/max(D,h) > 4, the errors between two methods are
approximately less than 5%, in which case the magnetic field calculated using Equation (4)
is more accurate and the influence of the magnets” dimensions can be ignored.
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Figure 4. Comparison of the results of the analytical solution in Equation (4) with those obtained via
the finite-element calculation for different ratios of cross-sectional diameter of the permanent magnet
to its height (D/h). Asterisks indicate simulation results and lines indicate analytical results.

3. Development of the Novel Mechanical Antenna
3.1. Dual-Permanent-Magnet Mechanical Antenna

The structure of the dual-permanent-magnet mechanical antenna is shown in Figure 5a
and the physical prototype of the antenna is shown in Figure 5b. It consists of a carrier
module, a modulation module, and a control and monitoring module. The carrier module
comprises a carrier motor, a rotating shaft, and permanent magnets A and B, in which the
carrier motor drives A and B through the rotating shaft to rotate at a constant speed so that
the magnetic field is radiated outward steadily. In Figure 5b, the carrier motor isa 12 V
RK-370CA permanent magnet DC motor with a maximum speed of 5400 rpm, and both A
and B are N38M-type radially magnetized permanent magnets with a remanence of 1.25T,
D =25mm, h =8 mm, and d = 32.5 mm. The modulation module comprises a modulation
motor, limiters, and brushes. The modulation motor is a 6 V geared motor rated at 300 rpm
which is used to adjust the angle & of magnetic moments between A and B, and the limiters
can limit the value of #. The modulation motor rotates along with the rotating shaft of
the carrier motor, and the brushes are installed to prevent the wires at the outlet of the
modulation motor from becoming entangled during the rotation process. The control and
monitoring module comprises an Arduino UNO microcontroller, an AQMH2407ND DC
motor driver, and a photoelectric sensor, which are used to control the rotation of the carrier
and modulation motors and collect their status information through the photoelectric
sensor. The power grid working frequency of 50 Hz should be avoided as the operating
frequency of the antenna. The smaller the operating frequency, the deeper the wave will
penetrate underground and underwater.
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Figure 5. Dual-permanent-magnet mechanical antenna: (a) principle of the structure; (b) physical
prototype.

3.2. Experiment in Air

The operating frequency of the antenna was maintained at 30 Hz. By switching «
between 0° and 120°, the antenna transmitted codes 0 and 1 at a rate of 1 bit/s. Figure 6a
shows the waveforms of the magnetic flux densities By, By, and B, measured at y =5 m
along the positive y axis using a three-dimensional symmetrical induction coil [28]. In
addition to the spectral component at 30 Hz, the components at 50 Hz and its harmonic
frequencies were also measured. The waveforms after filtering these components are shown
in Figure 6b. The distribution of magnetic flux density B and the modulation depth T},
along the positive y axis are shown in Figure 7 when « = 0 and & = 120°. It can be seen the
magnetic field reached 2.35 nT at y = 10 m when « = 0 and the values of T}, ranged from
50% to 60%.
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Figure 6. Three-dimensional magnetic flux density and its spectral characteristics: (a) before filtering;
(b) after filtering.
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Figure 7. The distribution of magnetic flux density B and modulation depth T,.
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3.3. Simulation and Experiments in Pipelines

Due to the shielding effect of the metal pipe wall, when the antenna is placed inside
a pipeline, the magnetic field signal will be weakened. To verify the effectiveness of
the antenna in a pipeline, finite-element simulations were conducted. The simulation
model is shown in Figure 8, wherein the mechanical antenna was placed at the center
of the pipeline. The pipeline’s outer radius rp = 0.07 m, length Zp =1 m, and thickness
hp = 0.005 m. The material of the pipeline was set to be air (no pipeline), aluminum, or
iron. The aluminum’s conductivity o a; = 3.77 x 107 S/m. The iron’s relative permeability
fire = 4000 and conductivity ope = 1.12 x 107 S/m. The magnets had a diameter D = 0.025
m, height /1 = 0.008 m, distance 2d = 0.065 m, and rotation frequency f = 30 Hz.

Pipeline

Permanent
magnets

Figure 8. The simulation model.

The distribution of magnetic flux density B is shown in Figure 9 when y = 0.2 m. It
can be seen that when the antenna was placed in the pipeline, B was about 10~° T and it
was attenuated due to the shielding effect of the pipe wall. The shielding effect of the iron
pipeline with high permeability was more obvious than that of the aluminum pipeline.

4 B Aluminum

2(m)

-0.5 0
x(m)

(a)

05 -05 0 05
X(m)

(b) (c)
Figure 9. The distributions of magnetic flux density: (a) air; (b) aluminum; (c) iron.

Pipelines made of 20# steel are mainly used for boilers and heat exchangers to transport
fluids, which are widely used in petrochemical, power stations, and large-scale equipment.
In the experiment, the antenna was placed in a practical 20# steel pipeline with an outer
radius of 180 mm, length of 1200 mm, thickness of 8 mm, and conductivity of about
4.22 MS/m, as shown in Figure 10. The measured results are shown in Table 2. It can be
seen that when a 20# steel pipeline was used, the magnetic flux density was effectively
received at 3 m from the carbon steel pipeline with a receiving antenna able to measure a
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magnetic flux density of as low as 0.15 pT. By, By, and B; all had high attenuation which
was consistent with the simulation results. When a was changed, the amplitudes of By, By,
and B, changed significantly, indicating a good modulation.

Figure 10. The mechanical antenna placed in an actual 20# steel pipeline.

Table 2. Measured results.

Condition a (°) Distance (m) B, (nT) By (nT) B, (nT)
Without pipeline 0 3 40.57 38.35 443
With pipeline 0 3 6.59 5.40 0.67
Without pipeline 120 3 19.17 18.16 2.83
With pipeline 120 3 2.88 251 0.46

4. Conclusions and Discussion

For pipeline robot positioning, compared with the wheel odometer, ray, and acoustic
wave methods, the proposed method utilizes ultra-low-frequency electromagnetic waves
with low attenuation, long transmission distance, and strong penetrability generated by the
new small mechanical antenna made of permanent magnets. In this method, the amplitude
modulation of the magnetic flux density is realized by changing the angle of the magnetic
moments between the two permanent magnets. The effects of the mechanical antenna
size on the magnetic field signal were studied using analytical theory and finite-element
simulations. When r/max(D,h) > 4, the influence of the magnets’ outer dimensions can be
ignored. The experimental results showed that using the developed antenna, the quality of
magnetic signal was satisfactory for communication at 10 m in the air and 3 m from a 20#
steel pipeline, which preliminarily verified the feasibility of the antenna for localizing and
communicating with pipeline robots.

The main factors affecting the communication quality of the proposed antenna can be
summarized as follows:

a. The magnetization My and volume V of the permanent magnet. According to (3)
and (4), the amplitude of the magnetic flux density increases linearly with My and V.
Thus, My and V affect only the strength of the magnetic field and do not affect the
modulation performance. Increasing My and V can improve the signal propagation
distance. However, if V is substantially large, the overall volume and rotational
inertia of the antenna will increase. Therefore, for a fixed propagation distance, a
permanent magnetic material with a larger M can be selected without increasing the
antenna volume.

b.  The spacing d between the permanent magnets affects the near-field distribution
and modulation performance of the antenna. When r >> max(D,h), the effect of d is
negligible.
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c¢.  The rotational speeds w of the carrier motor and w; of the modulation motor. Due
to the limits of power consumption and long communication distance in conductive
media such as underground or underwater, w cannot be too large. However, the
symbol transmission rate v (bit/s) depends on both w and wj. Assume the time
required for the change of a: @ =0 — a7 or « = a; — 0 is t;, which is the switch
time of the modulation motor from start to stop, and, to improve the demodulation
accuracy at the receiver, the conditions v << 1/t; and v < w/m should be satisfied.

The new dual-permanent-magnet mechanical antenna has many application prospects
in the field of communication through conductive media and finite space, such as in
pipelines, underwater, undersea, and underground. However, there is still much work to
be done before it can be applied. For the positioning of and communication with pipeline
robots, its size needs to be further reduced, which can be implemented by using permanent
magnets of higher magnetic energy density and optimizing the antenna structure. In
addition, the current amount of data for validation is not very large. The antenna should
be placed in industrial pipelines with different electromagnetic characteristics to test its
ability to function despite electromagnetic interference from low-frequency atmospheric
noise and noise from human sources, or the low-frequency magnetic field transmitted by
the robot itself. Moreover, we also need to study the high-efficiency receiving antenna and
the high-accuracy positioning algorithm based on the received signals. In the future, this
method will become more practical.

Author Contributions: Conceptualization, Y.D. and J.W.; methodology, ].W.; software, Y.D.; vali-
dation, J.W,, Y.D. and T.X,; formal analysis, Y.D. and X.Z.; investigation, ].W.; resources, Y.D.; data
curation, J.W.; writing—original draft preparation, Y.D.; writing—review and editing, ] W.; visualiza-
tion, Y.D.; supervision, ].W.; project administration, ].W.; funding acquisition, ].W. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China, grant
number 51777006.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1. Choi, H.R;; Ryew, S.M. Robotic system with active steering capability for internal inspection of urban gas pipelines. Mechatronics
2002, 12, 713-736. [CrossRef]

2. Murayama, R.; Makiyama, S.; Kodama, M.; Taniguchi, Y. Development of an ultrasonic inspection robot using an electromagnetic
acoustic transducer for a Lamb wave and an SH-plate wave. Ultrasonics 2004, 42, 825-829. [CrossRef] [PubMed]

3. Jang, H,;Kim, TY;; Lee, Y.C; Kim, Y.S.; Kim, J.; Lee, H.Y.; Choi, H.R. A review: Technological trends and development direction
of pipeline robot systems. J. Intell. Robot. Syst. 2022, 105, 59. [CrossRef]

4.  Izumikawa, T.; Yaguchi, H. Movement of a cableless in-piping magnetic actuator with a new propulsion module. IEEE Trans.
Magn. 2012, 48, 4196-4199. [CrossRef]

5. Okamoto Jr, J.; Adamowski, ].C.; Tsuzuki, M.S.; Buiochi, F. Autonomous system for oil pipelines inspection. Mechatronics 1999, 9,
731-743. [CrossRef]

6. Wang, Q.; Cai, M.; Guo, Z. An enhanced positioning technique for underground pipeline robot based on inertial sensor/wheel
odometer. Measurement 2023, 206, 112298. [CrossRef]

7. Xu, S.; Wang, G.; Wu, D. Research on internal positioning method of pipeline robot based on data fusion and point cloud
registration. In Proceedings of the International Conference on Electronic Information Technology (EIT 2022), Chengdu, China,
18-20 May 2022.

8. Chen, H,; Li, J.; Zhang, X.; Deng, Z. Application of visual servoing to an X-ray based welding inspection robot. In Proceedings of

the 2005 International Conference on Control and Automation, Budapest, Hungary, 26-29 June 2005.


http://doi.org/10.1016/S0957-4158(01)00022-8
http://doi.org/10.1016/j.ultras.2004.01.059
http://www.ncbi.nlm.nih.gov/pubmed/15047391
http://doi.org/10.1007/s10846-022-01669-2
http://doi.org/10.1109/TMAG.2012.2201919
http://doi.org/10.1016/S0957-4158(99)00031-8
http://doi.org/10.1016/j.measurement.2022.112298

Sensors 2023, 23, 3228 12 of 12

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Stary, M.; Novotny, F.; Horak, M.; Stara, M. Sampling robot for primary circuit pipelines of decommissioned nuclear facilities.
Autom. Constr. 2020, 119, 103303. [CrossRef]

Herbst, . Non-destructive testing of sewer pipes by an acoustical method. In Proceedings of the 19th IEEE Instrumentation and
Measurement Technology Conference, Anchorage, AK, USA, 21-23 May 2002.

Fujiwara, S.; Kanehara, R.; Okada, T.; Sanemori, T. An articulated multi-vehicle robot for inspection and testing of pipeline
interiors. In Proceedings of the 1993 IEEE/RS]J International Conference on Intelligent Robots and Systems, Yokohama, Japan,
26-30 July 1993.

Qi, H.; Ye, J.; Zhang, X.; Chen, H. Wireless tracking and locating system for in-pipe robot. Sens. Actuator A Phys. 2010, 159,
117-125. [CrossRef]

Qi, H.; Ye, J.; Zhang, X.; Chen, H. Tracing and localization system for pipeline robot. Mechatronics 2009, 19, 76-84. [CrossRef]
Chen, H.; Zhang, X.; Li, J. Ultra low frequency electromagnetic wave localization and application to pipeline robot. In Proceedings
of the 2006 IEEE/RS] International Conference on Intelligent Robots and Systems, Beijing, China, 9-15 October 2006.

Sheinker, A.; Ginzburg, B.; Salomonski, N.; Engel, A. Localization of a mobile platform equipped with a rotating magnetic dipole
source. [EEE Trans. Instrum. Meas. 2018, 68, 116-128. [CrossRef]

Tian, B.; Yang, Z.; Ji, S.; Chen, X.; Zhao, K. Numerical investigation on ELF electromagnetic field distribution of pipeline robot
tracking and positioning system using UAV. . Sens. 2022, 2022, 4247277. [CrossRef]

Lu, S.; Feng, ].; Wu, ]. A Time Weight Convolutional Neural Network for Positioning Internal Detector. In Proceedings of the 2019
Chinese Control and Decision Conference (CCDC), Nanchang, China, 3-5 June 2019.

Chen, Y.L.; Liu, Z.C.; Li, A.; Ning, D.; Hou, J.; Zhang, Z.; Gong, Y. Three-dimensional positioning method of pipeline robots based
on a rotating permanent magnet mechanical antenna. IEEE Sens. J. 2023, in press.

Madanayake, A.; Choi, S.; Tarek, M.; Dharmasena, S.; Mandal, S.; Glickstein, J.; Sehirlioglu, A. Energy-efficient ULF/VLF
transmitters based on mechanically-rotating dipoles. In Proceedings of the 2017 Moratuwa Engineering Research Conference,
Moratuwa, Sri Lanka, 29-31 May 2017.

Tarek, M.T.B.; Dharmasena, S.; Madanayake, A.; Choi, S.; Glickstein, J.; Liang, J.; Mandal, S. Power-efficient data modulation for
all-mechanical ULF/VLF transmitters. In Proceedings of the 2018 IEEE 61st International Midwest Symposium on Circuits and
Systems, Windsor, ON, Canada, 5-8 August 2018.

Burch, H.C.; Garraud, A.; Mitchell, M.F,; Moore, R.C.; Arnold, D.P. Experimental generation of ELF radio signals using a rotating
magnet. I[EEE Trans. Antennas Propag. 2018, 66, 6265-6272. [CrossRef]

Xu, Y,; Geng, J.; Zhao, X.; Zhuang, K.; Wang, K.; Wu, H.; Han, J.; Shen, J.; Jin, R.; Liang, X.; et al. Miniaturized super low frequency
transmitting antenna based on the three-phase induction motor. Chin. |. Radio Sci. 2019, 34, 287-294.

Strachen, N.D.; Booske, ].H.; Behdad, N. Mechanical super-low frequency (SLF) transmitter using electrically-modulated
reluctance. In Proceedings of the 2018 IEEE International Symposium on Antennas and Propagation & USNC/URSI National
Radio Science Meeting, Boston, MA, USA, 8-13 July 2018.

Strachen, N.; Booske, J.; Behdad, N. A mechanically based magneto-inductive transmitter with electrically modulated reluctance.
PLoS ONE 2018, 13, €0199934. [CrossRef] [PubMed]

Barani, N.; Sarabandi, K. A frequency multiplier and phase modulation approach for mechanical antennas operating at super low
frequency (SLF) band. In Proceedings of the 2019 IEEE International Symposium on Antennas and Propagation and USNC-URSI
Radio Science Meeting, Atlanta, GA, USA, 7-12 July 2019.

Barani, N.; Kashanianfard, M.; Sarabandi, K. A mechanical antenna with frequency multiplication and phase modulation
capability. IEEE Trans. Antennas Propag. 2021, 69, 3726-3739. [CrossRef]

Gotkowski, M.; Park, J.; Bittle, J.; Babaiahgari, B.; Rorrer, R.A.; Celinski, Z. Novel mechanical magnetic shutter antenna for
ELF/VLF radiation. In Proceedings of the 2018 IEEE International Symposium on Antennas and Propagation & USNC/URSI
National Radio Science Meeting, Boston, MA, USA, 8-13 July 2018; pp. 65-66.

Li, X.; Wu, J; Jin, H; Li, Y. Development of low-frequency three-dimensional magnetic field measurement system. J. Astronaut.
Metrol. Meas. 2021, 41, 33-37.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.autcon.2020.103303
http://doi.org/10.1016/j.sna.2010.02.021
http://doi.org/10.1016/j.mechatronics.2008.06.001
http://doi.org/10.1109/TIM.2018.2833978
http://doi.org/10.1155/2022/4247277
http://doi.org/10.1109/TAP.2018.2869205
http://doi.org/10.1371/journal.pone.0199934
http://www.ncbi.nlm.nih.gov/pubmed/29953525
http://doi.org/10.1109/TAP.2020.3044385

	Introduction 
	Theoretical Analysis of the Novel Mechanical Antenna 
	Theoretical Fundamentals 
	Effectiveness of the Analytical Formula 

	Development of the Novel Mechanical Antenna 
	Dual-Permanent-Magnet Mechanical Antenna 
	Experiment in Air 
	Simulation and Experiments in Pipelines 

	Conclusions and Discussion 
	References

