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A Rotating-magnet Based Mechanical Antenna (RMBMA)
for ELF-ULF Wireless Communication

Shuhong Gong1, *, Yu Liu1, and Yi Liu2

Abstract—This paper presents some theoretical and experimental analyses of the rotating-magnet
based mechanical antenna (RMBMA), a promising portable transmitting antenna for ELF-ULF (3–
3000 Hz) wireless communication. Based on the Amperian current model, a theoretical model is
developed to analyze the electromagnetic fields generated by RMBMA. A prototype is manufactured and
measured, and the measurements coincide well with the calculations based on the established theoretical
model. The results reveal that this new technique can create a constant channel condition in complex
propagation environment, and an RMBMA with a small size can produce an AC magnetic field of 1 pT
at hundreds of meters across lossy media, such as soil and sea water.

1. INTRODUCTION

Radio waves with frequencies from extremely low frequency (ELF, 3Hz–30 Hz) to ultra-low frequency
(ULF, 300 Hz–3 KHz) band have small path losses in water and soil; therefore, they play irreplaceable
roles in the fields of underwater and underground communication, such as submarine communication,
mine emergency communication, and earthquake prediction. However, a traditional ELF-ULF antenna
has a very large size due to the very long operating wavelength (102 km–105 km), which has hindered
its wide application [1, 2]. Recently, the Defense Advanced Research Projects Agency (DARPA) has
proposed A Mechanically Based Antenna (AMEBA), which generates low frequency electromagnetic
waves by mechanically moving charge carriers or magnetic materials [3–5]. Mechanical antenna is a
promising miniaturized antenna for low frequency (such as ELF-ULF) communication, since its size
does not need to be in the same order of magnitude as the operating wavelength to effectively carry the
standing current wave.

Rotating-magnet is a feasible structure for a mechanical antenna. In 2009, Liu was granted a patent
on a new antenna that uses rotating permanent magnets to generate low-frequency electromagnetic
waves [6]. Then in 2017, Majid proposed an underwater positioning system composed of at least three
mechanical antennas as reference points and a multi-dimensional vector magnetometer on the UUV
as the receiver [4]. Under the assumption that the magnetic field generated by a time-varying dipole
has the same spatial distribution as that of a static dipole, Madanayake et al. derived the magnetic
field expression of mechanically rotating dipoles, but their theoretical analyses ignore the conversion
between magnetic field and electric field [7]. In [8, 9], it is concluded that a spinning magnet system is
not subject to Chu Harrington limit in ULF communications, and the electromagnetic fields expression
in the far field is obtained, but there is no study of that in the near field.

Currently, researches on rotating-magnet based mechanical antennas are still in an exploratory
stage. No mature theoretical model has been formed yet, and there is no experimental measurement. In
this paper, a permanent magnet is equivalent to the Amperian current on its surface, and the direction
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and location of the current change along with the mechanical motion of the magnet. We first solve
the retarded potential generated by the time-varying electric current and then calculate the electrical
field and magnetic field using the retarded potential. According to the numerical analysis, we find that
most of the electromagnetic energy of the RMBMA is not really radiated, but it is statically stored
in the field surrounding the antenna, as a static field of a permanent magnet, it will not be reflected
on the interface between the two different media. An RMBMA can be used to communicate with a
receiving loop antenna by magnetic induction, which can create constant channel conditions when the
propagation media are air, water and most kinds of soil, since the magnetic permeabilities of these
media are similar [10, 11]. So the ELF-ULF band RMBMA is applicable to underwater communication,
underground communication and communication in mixed media of air, soil and water in the near field.

A prototype was manufactured using a permanent magnet with a size of 10 cm × 5 cm × 2 cm. Its
near-field pattern is measured by a ferrite-loaded loop in the plane through the shaft, and it coincides
well with the simulation results. The measurement in the propagation media of air and salt water shows
that the interface reflection is negligible.

The remainder of this paper is organized as follows. In Section 2, the mathematical expressions of
the electromagnetic fields generated by the RMBMA are derived. In Section 3, the range dependence
and directional dependence of the field generated by RMBMA are simulated and analyzed. In Section 4,
a prototype is manufactured and measured in the near field. Finally, the paper is concluded in Section 5.

2. THEORETICAL MODEL OF RMBMA

If a permanent magnet is mechanically moving, the magnetic field will change over time. According to
Maxwell’s equations, there will be a mutual conversion between magnetic field and electric field, and
then the electromagnetic wave is produced, which is how an RMBMA works. The Cartesian coordinate
system is established with the center of the magnet as the origin for convenience. The z-axis coincides
with the shaft, and the angle between the magnetization direction and z-axis at the beginning of rotation
is denoted by Φ0, as shown in Figure 1.

Figure 1. The sketch of the rotating magnet of the RMBMA.

According to the Amperian current model, from a macro perspective, a uniformly magnetized
permanent magnet is equivalent to the Amperian current on its surface [12–14], and the equivalent
surface current density α is given as

α = M× n̂ (1)

where M is the magnetization vector of magnetic body, and n̂ is the normal unit vector oriented from
magnetic body to transmission medium. (In this paper, the vector is represented by a boldfaced letter,
and the same letter in non bold format represents the magnitude of the vector.) Generally, the surface
current is quite high, but we need not worry that it will produce Joule heat, because it is not a real
current but a macroscopic performance of magnetic moments of the molecular or atomic particles in
permanent magnet material. In Figure 1, the surface current is distributed on the four square sides of



Progress In Electromagnetics Research M, Vol. 72, 2018 127

the cuboid magnet (labeled as 1, 2, 3, 4 in the Figure 1) parallel to the magnetization direction, and
there is no surface current on the other two sides.

To compute the radiation field generated by time-varying current, we can first calculate the
magnetic potential A of field point r at time t,

A(r, t) =
μ

4π

∫∫∫
V

J(r′, t − R/c)
R

dv′ (2)

where μ is the permeability of the transmission medium, R the distance between field point r and source
point r′, which is given by R = |r−r′|, c the speed of light, and J(r′, t−R/c) the volume current density
of source point r′ at time t′ = t − R/c. For a rotating permanent magnet as a source of radiation, the
equivalent current is only distributed on its surface, and the retarded potential A is given as [15]

A(r, t) =
μ

4π

∫∫∫
Ω(t)

α(r′, t − R/c)
R

ds (3)

The integral domain Ω(t) is the surface of the permanent magnet with equivalent current, i.e., the four
sides marked 1, 2, 3, 4 in Figure 1. The equivalent surface current density is a constant equal to M , but
the direction of current flow is time-varying. Assume that the cuboid permanent magnet has a length
of l, width of w, height of h, and it rotates at an angular velocity ω, as shown in Figure 1, then

A(r, t) = μα/(4π)
∫ w/2

−w/2

∫ h/2

−h/2
ẑ/|r− (−ll̂/2 + ξẑ + ζĥ)|dξdζ +

μα/(4π)
∫ l/2

−l/2

∫ h/2

−h/2
l̂/|r − (wẑ/2 + ξl̂ + ζĥ)|dξdζ −

μα/(4π)
∫ w/2

−w/2

∫ h/2

−h/2
ẑ/|r− (ll̂/2 + ξẑ + ζĥ)|dξdζ −

μα/(4π)
∫ l/2

−l/2

∫ h/2

−h/2
l̂/|r − (−wẑ/2 + ξl̂ + ζĥ)|dξdζ (4)

The four terms in Equation (4) correspond to the integrals in the four sides 1, 2, 3, and 4 of the
permanent magnet in Figure 1, respectively. ẑ, l̂ and ĥ are unit vectors along the z-axis, edge l and
edge h of the cuboid permanent magnet at time t′ = t−R/c, respectively, and l̂ and ĥ are functions of
time t

l̂ = (1, j, 0)e−jωt′−jΦ0 = (1, j, 0)ej(kR−ωt)−jΦ0 (5)

ĥ = (−j, 1, 0)e−jωt′−jΦ0 = (−j, 1, 0)ej(kR−ωt)−jΦ0 (6)
where k is the wave number, given by k = ω/c. Generally, the communication distance is much larger
than the size of the permanent magnet, i.e., r � r′, under this condition,

1
R

≈
[
1 +

r′ · r̂
r

]
(7)

ejkR ≈ ejkr(1 − jkr′ · r̂) (8)
The retarded potential A can be deduced by solving Equations (3)–(8):

A(r, t) = B0V e−jΦ0
ej(kr−ωt)

4πr3
[−ẑ(x + jy)+ (x̂ + jŷ)z(1 − jkr)] (9)

where B0 and V are respectively remanence and volume of the permanent magnet, and B0 = μM .
The magnetic field B(r, t) generated by RMBMA can be calculated using the definition of the

retarded potential A, and then the electric field E(r, t) can be derived by B(r, t)
B(r, t) =∇× A(r, t)

=
B0V ej(kr−ωt)

4πr3

{
−r̂(2j + kr)sinθ + θ̂(j + 2kr − jk2r2)cosθ+

φ̂ [−1 + (2jkr + k2r2)cos2θ]
}

ej(φ−Φ0) (10)
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E(r, t) =
j

ωεμ
∇× B(r, t)

=
ηMV ej(kr−ωt)

4πr3

{
r̂
3
2
(2 − jkr)sin2θ + θ̂(−2 + 2jkr + k2r2)cos2θ+

φ̂(−2j − 2kr + jk2r2)cosθ
}

ej(φ−Φ0) (11)

where η =
√

μ/ε is the wave impedance of transmission medium. For the convenience to analyze the
characteristics of fields, they are calculated in a spherical coordinate system, where θ is the polar angle
measured from the positive direction of z-axis, and φ is the azimuth angle of orthogonal projection of
radius vector r on x-y plane.

3. SIMULATION AND ANALYSES

The ELF-ULF band electromagnetic waves are more suitable than RF waves for lossy media, such as soil
and water, because of less skin effects due to the lower frequency. The complex dielectric permittivity
of conductive medium in ELF-ULF band is ε = ε′ + jσ/ω, where σ is the electrical conductivity of
medium. Accordingly, the wave number is also a complex number k = kR + jkI . kR and kI are given
by

kR = ω

√
με′

2

√√
1 +

( σ

ωε′
)2

+ 1 (12)

kI = ω

√
με′

2

√√
1 +

( σ

ωε′
)2 − 1 (13)

The B-fields in air, soil and sea water are evaluated using MATLAB according to Eqs. (10), (12)
and (13). The results are shown in Figure 2. In our simulation, the volume of permanent magnet is
0.0001m3, and its remanence is 1.2 T (tesla). The soil composition is set as follows. The proportion
of clay, silt, and sand is 13 : 29 : 58, and the volumetric water content is 15%, which are typical
values in nature, and its conductivity and real part of relative permittivity are about 0.015 S/m and
10, respectively [16, 17]. The parameters of sea water are set as follows. The salinity is 3.5%; the
temperature is 10 degrees Celsius; its conductivity and real part of relative permittivity are about
3.8 S/m and 81, respectively [18]. The magnetic permeabilities of air, soil and sea water are almost the
same as that of vacuum, which is 4π × 10−7 H/m. The ELF-ULF waves are usually received by small
receiving loops through magnetic induction, so the intensity of the magnetic field is used to evaluate
the electromagnetic wave generated by RMBMA.

In Figure 2, the magnetic fields generated by RMBMA are shown in pT (picotesla) versus the
transmission distance r with different media of air, soil and sea water. As expected, the path losses
caused by conduction currents are affected by media conductivity and operating frequency, the higher
the conductivity of the medium or the higher the operating frequency, the greater the path losses. On
the other hand, there is an anomaly that the B-field in the conductive medium is greater than that
in the air within a certain distance, because the module value of wave number k will be larger due to
the conductivity, then the path losses will be reduced according to Eqs. (10) and (11). However, as the
distance r is further increased, the losses due to the conduction currents will play major roles, and the
electromagnetic fields in the conductive medium will be rapidly attenuated.

Assume that the minimum signal intensity that the receiver can detect is 1 pT, when the operating
frequency is 30 Hz, the maximum communication distances are 238.2 m in air, 264.8 m in soil and 203.5 m
in sea water, respectively. When the operating frequency is 300 Hz, the maximum communication
distances are 238.2 m in air, 294.9 m in soil and 106.9 m in sea water, respectively. Some ELF-ULF
receivers reported can detect magnetic signal lower than 1 fT (femtotesla) [19, 20]. The maximum
communication distance will be up to 481.9 m in sea water at 30 Hz if the receiver sensitivity is 1 fT.
In a word, the simulation results show that the rotating-magnet based mechanical antenna with a
permanent magnet with the volume of 0.0001 m3 can achieve communication within hundreds of meters
in soil or sea water.
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Figure 2. AC magnetic fields of RMBMA with different operating frequency and propagation media.

From the above simulation results, it is known that the communication distances using an RMBMA
are much smaller than its operating wavelengths. Therefore, it is more valuable to study the near-field
characteristics of the antenna. According to Eqs. (10) and (11), in the near field (kr � 1), the Poynting
vector is almost perpendicular to the radial vector r̂, so most of the electromagnetic energy produced
by the antenna is not radiated far away, but it is statically stored in the field surrounding the antenna.
Therefore, the normalized near-field pattern of magnetic field rather than the radiation pattern is
simulated, and it is defined as the field strength at a constant radius divided by the maximum value.

B(θ, φ) =
B(θ, φ)

B(θ, φ)max
, when r = r0 � λ (14)

According to Eqs. (10) and (14), the near-field B pattern is drawn using MATLAB as shown in
Figure 3. As we can see from Figure 3, the B-field strength in the direction along the rotation shaft
(θ = 0◦) is minimum. As θ increases, the B-field gradually increases and reaches a maximum when the
θ = 90◦, and the ratio of the minimum and maximum magnetic field is

√
2/5. According to Eq. (8),

the angle φ does not affect the B-field intensity but its phase, which is caused by the symmetry of the
rotating-magnet body. Therefore, RMBMA is an omnidirectional antenna.

Figure 3. Simulated near-field B diagram of the RMBMA.
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Figure 4. Photograph of prototype and magnetic field receiver, including: (a) circuits of amplifier and
low pass filter, (b) a ferrite-loaded receiving loop with waterproof materials, (c) magnetic body, (d) DC
motor, (e) DC power supply.

4. EXPERIMENTAL VERIFICATION

A prototype of RMBMA is designed and manufactured, using a neodymium magnet with a remanence
of 1.2 T, with a size of 10 cm × 5 cm × 2 cm (volume: 0.0001 m3). A ferrite-loaded loop is adopted as
receiving antenna. The receiving signal is amplified 500 times and filtered by a four order Chebyshev
low-pass filter with a cutoff frequency of 100 Hz before being displayed on the oscilloscope. Figure 4
shows a photograph of prototype and magnetic field receiver. Figure 5 shows the waveform of receiving
voltage (with noise) in time domain.

The amplitudes of Br and Bφ are measured versus transmission distance r in a certain angle of
θ = 90◦ as shown in Figure 6. In the test, the salinity of salt water is 3.5%; the rotating-magnet
based mechanical antenna is located at 0.6 m above the water surface; the amplitudes of Br and Bφ

are measured from air to water by the ferrite-loaded loop. It can be observed from Figure 5 that the
measurements are well consistent with the calculations in both air and salt water, which validates the
theoretical model established in Section 2 to some extent.

It is noteworthy that there is no observable reflection of the magnetic field at the surface of the water.

Figure 5. Time domain waveform of receiving voltage generated by AC magnetic signal (with noise).
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Figure 6. The measured and calculated B-field in air-water mixed media.

(b)(a)

(d)(c)

Figure 7. The measured and simulated near-field pattern of field B and its three orthogonal
components: Br, Bθ and Bφ.
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This is because the transmitting antenna communicates with the receiving loop by magnetic induction,
which is mainly carried by the non-radiative magnetic field in the near-field. It exists as an energy
statically stored close to the transmitting antenna, such as the static magnetic field of a permanent
magnet, so it will not be reflected on the interface between two different media. On the other hand,
because the magnetic permeabilities of soil and water are similar to that of air, the magnetic field does
not refract when passing through the interfaces of theses media, and the channel conditions of these
media for magnetic induction communication are almost the same. These are the advantages of the
RMBMA in communication across different media.

The measured near-field B pattern is drawn, which refers to the normalized measured B-field at the
radius of 2 m versus θ, and the simulated pattern is plotted in the same figure for comparison, as shown
in Figure 7. In Figure 7(a), the measured amplitudes of B-field are drawn by asterisks and simulated
amplitudes of B-field drawn by a solid line (it has the same shape as the profile of Figure 3). All the
B-fields are normalized by being divided by the maximum simulated value. Figure 7(b), Figure 7(c) and
Figure 7(d) show the near-field patterns of Br, Bθ and Bφ, respectively, and all of them are normalized
by being divided by simulated value of Br in the direction of θ = 0◦, in order to compare the amplitudes
of the three components more intuitively. The measurements coincide well with the calculations, which
further validates the theoretical model established in Section 2.

5. CONCLUSION

The electromagnetic field expressions of rotating-magnet based mechanical antenna are derived based
on the Amperian current model. A prototype was manufactured using the magnet with the size of
10 cm × 5 cm × 2 cm, and the AC magnetic fields within 2 meters were measured, which coincide
well with calculations. According to the theoretical and experimental results of this paper, some
characteristics of the RMBMA are shown as follows.

• RMBMA is an omnidirectional antenna. A small size RMBMA can realize communication within
hundreds of meters in soil or sea water. For example, the RMBMA with a permanent magnet with
the volume of 0.0001 m3 and the remanence of 1.2 T can produce magnetic field signal of 1 pT at
264.8 m across soil (ε′ = 10ε0, σ = 0.015 S/m) and 203.5 m across sea water (ε′ = 81ε0, σ = 3.8 S/m),
when the operating frequency is 30 Hz.

• The channel condition is almost constant when RMBMA communicates with receiving loop by
magnetic induction in air, water and most kinds of soil, because the permeabilities of these media
are similar.

Currently, the study on RMBMA is still in an infant stage. There are still many problems to be
solved, such as the practical structure of the motion control system, signal loading technology, and
compatibility between RMBMA and traditional antenna in one wireless system.
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