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A vibrating magnet antenna shows promise as an efficient, compact source for ultralow frequency (ULF) electromagnetic waves.
ULF signals are able to penetrate through earthen materials, making this regime desirable for subterranean communication and
detection of subterranean features. Oscillating a permanent magnet back and forth across a novel soft-magnet Y-stator projects a
switching magnetic field capable of kilohertz frequencies. Arrays with multiple oscillators are favored due to energy scaling and
parasitic losses. The permeability of magnetic circuits can be adjusted to change the potential energy of the magneto-mechanical
oscillator, altering the natural frequency of vibration for frequency modulation. This article presents a theoretical justification of
the Y-stator design, a simulation study performed using COMSOL Multiphysics Modeling Software, and preliminary laboratory

results.

Index Terms— Antenna, magnet, mechanical, Y-stator.

I. INTRODUCTION

LTRALOW frequency (ULF) electromagnetic waves

from 300 Hz to 3 kHz penetrate effectively through
earthen materials that deny megahertz-frequency radio sig-
nals [1]-[3]. An electrically small sub-kilohertz wire antenna
with human-sized dimensions has low radiation resistance
and high loss resistances, resulting in low radiation ecffi-
ciency [4], [5]. This makes traditional antenna designs
impractical [2] for many applications in which ULF sig-
naling is desirable. In contrast, a magnetic dipole can
be mechanically oscillated to directly produce a propa-
gating electromagnetic wave. Crucially, Srinivas et al. [6]
demonstrate that mechanical magnetic antennas can attain a
much higher radiation efficiency than conventional antenna
designs.

This article describes a novel design for a mechani-
cal magnetic antenna capable of transmitting ULF signals.
Soft-magnet stators project magnetic fields generated by per-
manent magnets which vibrate such that the overall magnetic
dipole moment switches direction each cycle. Potential com-
munication applications include low-bitrate radio transmission
to and from subterranean machines, underwater vehicles, and
people in mines. The device also has potential applications
as a source for active magnetic sensing. When an oscillating
magnetic field encounters a subsurface anomaly, there is a
change in the induced magnetic field which is detectable with
a magnetometer. It is possible to use an oscillating mag-
netic field to detect non-ferromagnetic materials by measuring
induced eddy currents [7], [8]. This kind of active magnetic
sensing has both terrestrial and extraterrestrial applications [9]
including the ability to detect and inform about unexploded
ordnance (UXO) [10], [11], underground infrastructure [12],
soil composition, and ice [13].
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Fig. 1. Y-stator configuration with a single bar magnet oscillator.
II. CREATING AN OSCILLATING FIELD WITH
A VIBRATING MAGNET

Rotating a magnet demonstrates the principle of an oscillat-
ing magnetic field for low frequencies, but rotation above 1000
Hz is energy-intensive [1] and makes frequency modulation
(FM) difficult due to the inertia of the system. Mechanical
vibration is easier to achieve at kilohertz frequencies, but
vibrating a magnet produces spatial displacement of a mag-
netic field, not field reversal. However, coupling a vibrating
magnet with soft-magnet stators can produce magnetic ficld
reversal. Permalloy is a soft magnetic nickel—iron alloy that
has high magnetic permeability and low hysteretic energy
loss associated with field reversal. These properties enable
permalloy to shape and project magnetic ficlds while incurring
low energy losses. Fig. 1 illustrates permalloy (dark gray)
arranged in a novel Y-stator configuration. A sprung permancnt
bar magnet oscillator moves back and forth, inducing poles
in the permalloy stators. Vibration can be induced by the
electromagnetic force generated from a solenoid (not shown)
acting on the sprung magnet. Fig. 2 demonstrates the direction
of the oscillating ficld changing due to the movement of the
magnet.
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Fig. 2.

Diagram of field oscillation due to Y-stator.

III. Y-STATOR ARRAYS

The strength of the projected magnetic field increases when
vibrating a stronger magnet or when vibrating a larger volume
of magnetic material. Kinetic energy requirements decrease
for arrays of small synchronized vibrating magnets compared
with a single large magnetic oscillator. Because each magnet is
small, less displacement is required to reverse each magnetic
ficld, which saves energy. The kinetic energy 7' of an array
of N rectangular bar magnets of density p with a length L
twice the width and oscillating with an amplitude equal to L
at frequency f is

1
T = ngLS(an)Z. (1)
The total volume V of the magnets is
V- NL? )
T4

This leads to an expression of kinetic energy in terms of
number of magnets in the array
r P 2,72

V_T _2pL @rf) L-. 3)
The kinetic energy requirement increases as a square of
the length of an oscillator, so minimizing this length saves
significant energy even as the number of oscillators increases.

The coupling of oscillators in an array is controlled by the
interaction strength between oscillators [14], the similarity of
natural frequencies in a population [15], and the phase differ-
ence between individual oscillators [16]. If the range of natural
frequencies decreases sufficiently, or if the relative coupling
increases beyond a critical measure, a portion of the population
of oscillators spontaneously couples [14]. An entirely coupled
population of magnetic oscillators produces a coherent oscil-
lating magnetic field.

IV. FM BY RESONANCE CHANGE

In addition to projecting an oscillating ficld, the permal-
loy soft-magnet stators increase the natural frequency of the
vibrating permanent magnet oscillator. It takes work to move
a magnetic field through the permalloy stators since doing
so forces the magnetic field to extend through air. This work
increases the magnetic potential energy (and therefore the total
potential energy) of the mechano-magnetic system

1
U = zkeff.xz. (4)
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Fig. 3. COMSOL model of Y-stator device in position (a) and position (b).
Lines are field lines; arrows are field direction and magnitude at points of
interest.

An increase in potential energy raises the effective spring
constant, kefr. Increasing kefr necessitates an increase in natural
frequency, w,, according to

kett
m

oy = 5
where m is the mass of the oscillating element.

A resonant oscillator vibrates at its natural frequency, w,,
a low-energy state. Changing the natural frequency of a
system is a low-energy method for FM since the frequency of
vibration will spontaneously converge to the natural frequency.
A Y-stator magnetic source could encode information by FM
accomplished with resonance change. Adjusting a bias current
in the permalloy soft magnetic stators changes the effective
magneto-elastic stiffness of each oscillator, thereby changing
its natural frequency.

V. Y-STATOR SIMULATION STUDY

COMSOL Multiphysics Modeling Software was used to
simulate the Y-stator magnetic source. The model space
was filled with air (relative permeability u, = 1) and an
iron magnet (u, = 4000) was magnetized lengthwise at
750000 A/m. Soft-magnet stators (ux, = 800000) were
assigned the preloaded material “nickel steel supermalloy.”
The closest approach between the magnet and permalloy sta-
tors was set to 1 mm, as a conservative estimate of tolerances
in a future first prototype of the device.

Fig. 3 shows a Y-stator with three permalloy stators and a
single bar magnet oscillator. Thin lines trace the magnetic ficld
paths. Arrows begin at points of interest and aim according to
ficld direction and magnitude. Fig. 3(a) shows the bar magnet
in its first position. The two permalloy stators adjacent to the
bar magnet project the field as expected, as indicated by the
two topmost magnetic vector arrows. Fig. 3(b) shows the bar
magnet in its second position. The projected ficld has reversed
direction, as indicated by the two bottommost magnetic vector
arrows. [There is also a slight angle change to the topmost
vector in Fig. 3(b). Edge effects of the air box could be the
cause.] Interestingly, the “extra” stator farthest away from the
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Fig. 4. COMSOL model of Y-stator array in position (a) and position (b).

Lines are field lines; arrows are field direction and magnitude at points of
interest.

magnet projects a field in the opposite direction of the net field
[bottom arrow in Fig. 3(a) and top arrow in Fig. 3(b)]. It has a
parasitic effect on the strength of the net projected oscillating
field.

Fig. 4 shows the simulation results for a Y-stator array
with three oscillators. While the field exhibits some off-axis
angling, the net projected ficld shows good reversal. Note there
is still only one “extra” stator projecting a parasitic field: the
bottom arrow in Fig. 4(a) and the top arrow in Fig. 4(b). In the
three-oscillator Y-stator array, one-in-seven stators projects a
parasitic ficld compared with one-in-three stators in the case of
the single-oscillator Y-stator. This leads to the conclusion that
Y-stator arrays with more oscillators may provide improved
device performance.

VI. EXPERIMENTAL EVIDENCE SUPPORTS
Y-STATOR DESIGN

A simplified Y-stator was built to verify the effect of
permalloy stators on the natural frequency of a permanent
magnet oscillator. Fig. 5(a) shows an accelerometer and a
permanent magnet attached to a plate suspended by guitar
strings. Two permalloy stators (visible at the bottom of the
image) are located so that they do not interact with the
magnet. Accelerometer spectral measurements determine that
this system has a natural frequency of 8.25 Hz, shown in
Fig. 5(b). Fig. 5(c) shows the permalloy stators in a half-Y
configuration so that they project the magnetic field. Fig. 5(d)
shows that the addition of permalloy stators increases the
natural frequency of the vibrating system to 10.0 Hz. The
narrowness of this peak indicates low damping, as expected
for permalloy stators which have high magnetic permeability.
The decrease in amplitude of the 10.0 Hz feature, compared
with the 8.25 Hz feature in Fig. 5(b), is due to unequal input
forces used to initiate free vibration. Even though this simple
experiment is conducted at frequencies far below ULF range,
experimental demonstration of this frequency shift provides
important validating evidence for the design of the Y-stator
vibrating magnet antenna.

8001704

'
N

8.25Hz

'
w

'
o

Accelerometer

' Stator

Log1 0 Amplitude (V)
E-S

&
o

5 10 15 20 25
Frequency (Hz)

(2) (®)

'
N

'
w

10 Hz

Log10 Amplitude (V)
& A

Accelerometer

éj

&

—

o

5 10 15 20 25
Frequency (Hz)

© (d)

Fig. 5. (a) Permanent magnets and an accelerometer are attached to a metal
plate and (b) with a natural frequency of 8.25 Hz. (c) Permalloy stators are
introduced in a half-Y configuration and (d) natural frequency increases to
10.0 Hz.

VII. LIMITATIONS OF THIS INQUIRY

This inquiry has limitations which will need to be consid-
ered to develop the Y-stator vibrating magnet antenna into a
fully functional prototype. First, a radio frequency (RF) model
should be created to compute far-field radiation patterns for
selected Y-stator arrays. Determination of effective radiated
power (ERP) will be crucial for optimizing the size, shape, and
number of magnetic oscillators. A potential software solution
is the COMSOL RF Module; however, as the design moves
forward, care should be taken to avoid overlooking certain phe-
nomena. For example, the current COMSOL simulation study
does not take into account the Barkhausen effect [17], [18],
in which the magnetization of a material changes discontinu-
ously as magnetic domain walls move over material defects.
In the event these discontinuities arc significant enough to
degrade the spectral quality of the Y-stator oscillators, it may
be necessary to replace permalloy with an engineered soft
magnetic material such as NANOPERM [19].

Finally, more work is needed to characterize the behavior of
oscillators in Y-stator arrays. As seen in Fig. 5, the presence
of soft-magnet stators introduces frequency nonlinearities that
may complicate coherent coupling of the oscillators. Indeed,
models for coupled oscillators such as those developed by
Kuramoto [16] and Winfree [20] consider a population of
oscillators with different natural frequencies, but not different
nonlinearities.

VIII. DISCUSSION

This work is intended to demonstrate the feasibility of the
Y-stator vibrating magnet antenna as a low-power, compact
source for ULF radio signaling. A theoretical basis for device
operation is described, including generation of oscillating
ficlds, energy scaling, and FM. A COMSOL simulation study
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is presented to demonstrate the concept of field switching with
permalloy Y-stators. A key finding of the simulation study is
the cffect of the “extra” stator in generating a parasitic field—
this further reinforces the cfficiency advantage of Y-stator
arrays with multiple oscillators.

A promising application for the vibrating magnetic transmit-
ter is as a source for through-the-earth (TTE) communication
systems used by coal miners in emergency scenarios. In emer-
gency situations, it is important to have a portable means
of communication with the surface that does not depend on
large-scale mine infrastructure, which could become damaged
in a disaster [21]. A vibrating magnet array could be both
compact and low-power, making it appealing for this appli-
cation. Furthermore, the existing TTE systems are generally
low-bitrate and operate between 300 and 8000 Hz [21], [22],
frequencies and throughput for which a vibrating magnet array
may be well-suited. Continued development of the vibrating
magnet transmitter prototype may provide more evidence for
the usefulness of the technology for this and other applications.
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