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Abstract—This article presents a simple, compact, low-power 

method for generating extremely low frequency (ELF) radio 
signals below ~500 Hz. This research is motivated by the 
prohibitively large size and low efficiency of conventional antennas 
operating in this frequency range. The successful generation of 
time-varying magnetic fields produced by the physical rotation of 
a 3 cm3 permanent magnet is demonstrated. Ground plane and 
receiver orientation effects are analyzed both theoretically and 
experimentally. Observations as a function of distance from the 
source indicate that the fields are dominated by the static 
component, rather than by the radiation component, of the 
generated field. Based on these observations, the electromagnetic 
radiation emitted by a spinning magnet source is predicted to be 
weak. Nevertheless, static magnetic signaling using this technique 
is proven to be both possible and practical at frequencies below 
~500 Hz and at distances in excess of 100 meters. 

Index Terms—radio Transmitters, permanent magnets, 
magnetic field measurements 

I. INTRODUCTION 
Radio waves in the extremely low frequency (ELF, 3-3,000 

Hz) band exhibit two propagation characteristics that are 
important for very practical applications: they can propagate 
to large distances around the globe with relatively low 
attenuation (~1 dB/1,000 km) and they can penetrate 
relatively deeply (10's of meters) into weakly conducting 
media, such as sea water [1-3]. The generation of propagating 
radio waves in the ELF band thus has important application 
for communications, navigation, and remote sensing at a 
global scale [4-8]. More localized applications—such as 
underground or underwater communication, position, 
navigation, and timing—could also benefit from the non-
radiative near-fields produced by compact ELF sources. 

It is difficult to efficiently excite ELF waves due in part to 
the extraordinarily large wavelengths (100-100,000 km) 
involved [9]. Magnetic loop antennas are typically considered 
to be poor ELF radiators due to their relatively low radiation 
resistance [9]. As a result, in the ELF frequency range, so-
called "conventional" transmitters are anything but 
conventional. For example, the initial installation of the Siple 
transmitter at Siple Station, Antarctica in 1973 consisted of 
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two 23-km long crossed dipole antennas laid out horizontally 
on the ice [10]. Because the ice sheet was 2 km thick at that 
location (producing an effective elevation above ground near 
2 km), the Siple transmitter was able to radiate ~100 W at 2 
kHz with a ~0.1% radiation efficiency [10, 11]. To efficiently 
radiate at lower frequencies, below 100 Hz, special antenna 
geometries are required. Wait [2] theoretically evaluated and 
Project Sanguine implemented [12] an ELF transmitter below 
100 Hz using 3,600 km2 of crossed horizontal wires with 
grounded tips. The grounded-tip concept requires large areas 
of low conductivity and leverages the resulting ground loops 
of electrical current to radiate at the desired ELF frequency 
with radiated power on the order of 1 W [2].   

Due to the low efficiency and large resource requirements 
for conventional ELF transmission, generating ELF waves 
using unusual techniques is an active area of research. For 
example, naturally occurring electrical currents in Earth's 
lower ionosphere can be modulated so that they radiate in the 
ELF range. Modulated high-power radio wave heating of the 
lower ionosphere modifies the conductivity, and in turn 
modulates the electrical currents flowing in the region. 
Ionospheric heating experiments have been successfully 
performed at the HAARP [14], HIPAS [14], EISCAT [15], 
Arecibo [16], and SURA [17] facilities. In terms of radiated 
power, ELF waves (at 2125 Hz) generated by ionospheric 
heating using the HAARP facility were experimentally shown 
to produce 10-30 Watts of radiated power [18]. Signals at 575 
Hz were somewhat lower in amplitude and were likely 
radiated at smaller power levels.  

Each of the ELF generation techniques described above 
uses electrical currents as the field source and focuses on the 
generation of radiation fields. However, electrical currents are 
not the only possible method for generating an ELF wave. 
Dynamically moving electrical charges and/or magnetic 
dipoles can also be employed. For example, a permanent 
magnet, with no external power, can sustain a magnetic 
moment and produce a magnetic field equivalent to a solenoid 
carrying physical currents of several kiloamperes [19]. 
Physically rotating the magnet produces a time-varying 
magnetic field (or equivalently, accelerating charge), thereby 
generating an oscillating static magnetic field as well as a 
propagating electromagnetic wave. For example, spinning 
magnet transmitters have been previously simulated [20, 21], 
and low-data-rate communication has experimentally been 
demonstrated over distances <1 m [22]. Arrays of spinning 
magnets are also being explored [23,24].  

In comparison to these other recent publications, this article 
focuses on the experimental characterization of a rotating 
magnet transmitter in an outdoor environment over distances 
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of tens of meters. It is shown that the quasi-static magnetic 
near-field component is readily detectable at distances beyond 
100 m for a simple centimeter-sized magnet rotated by an off-
the-shelf motor. Practical issues associated with the 
orientation of the rotating transmitter are also investigated. 
These demonstrations experimentally confirm the utility and 
practicality of near-field signaling in the ELF band. The 
measurements also provide a baseline for future investigation 
of the feasibility of using spinning magnet dipoles to produce 
radiated power levels on the order of “conventional” ELF 
transmitters. While it may be physically difficult to produce 
Watts of radiated power using spinning magnets, attempting 
to do so using large volumes of rapidly spinning magnetic 
material is arguably less exotic than heating the Earth’s 
ionosphere, as in the case of HAARP. 

Section II presents the experimental setup and procedures 
for generating and measuring ELF fields. Section III presents 
the experimental results along with extensive discussion. 
Conclusions and an outlook are provided in Section IV. 

II. EXPERIMENTAL SETUP 
In order to evaluate the efficacy of the spinning magnet 

method for ELF signal generation, a field test is performed 
using a spinning magnet ELF source and a magnetic loop 
antenna receiver. This section presents the implementation 
details for the experiments. 

A. ELF Source 

The ELF source comprises a cylindrical permanent magnet 
that is spun by an electrically powered hand-held rotary tool 
(Craftsman), as shown in Fig. 1. The magnet is a grade N42 
Nd-Fe-B (K & J Magnetics, model RA2ADIA), with 
dimensions of 15.9 mm OD x 3.2 mm ID x 15.9 mm length 
(5/8” OD x 1/8” ID x 5/8” length), and a magnetic remanence 
Br = 1.3 T. The magnet is magnetized diametrically, so that 
when rotated about its axis, it produces a rotating stray 
magnetic field. For a total magnet volume of 3 cm3, this 
corresponds to an equivalent magnetic dipole moment of M0 = 
(Br / µ0)·VOL = 3.1 A·m2. This dipole moment is 
substantially larger than the 0.4 A·m2 magnetic cylinder 
simulated in [21] and the three-magnet array with a net 
moment estimated to be 0.7 A·m2 evaluated in [24]. The 
magnet has an open bore, into which a steel shaft is press fit. 
The shaft is then mounted into the collet of the rotary tool. 
The rotary tool is powered by a standard 120 VAC wall outlet 
(via ~60 m extension cord), and it rotates the magnet at 
speeds up to ~30,000 RPM (corresponding to ~500 Hz). The 
rotary tool is rated at 138 W. 

B. Radio Receiver 

The portable ELF receiver, shown in Fig. 2, consists of 
three orthogonal 1 Ω−1 mH square-loop antennas with a 
matched, low-noise amplifier for each channel. All three 
channels are recorded using a battery-powered Tascam data 
recorder with a 24-bit analog-to-digital converter and a 96 
kHz sampling frequency. The complete receiver has a noise 
floor on the order of 1 fT/√Hz at 1 kHz (-55 dB-pT for the 
integration times used in this work) and a flat frequency 
response between 135 Hz and 45 kHz, meaning that the 

output is proportional to the incident B-field in this frequency 
range. Amplitude calibration is performed by injecting 
controlled signals across the antenna terminals. 

 

  
Fig. 1. A close-up picture of the magnet and rotary tool (inset); the arrow 
denotes the direction of the magnetic moment. 

 
Fig. 2. The portable 3-axis magnetic field receiver. 

C. Experimental Procedures 

Measurements were performed on 8 August 2016 at Hume 
Field on the University of Florida campus (Gainesville, FL), 
as shown in Fig. 3. Hume Field is a flat, grassy recreational 
field away from roads and power lines.  During the 
experiment, the ELF source remained stationary, positioned at 
one corner of the field, while the receiver was moved away 
from the source at intervals of ~9 m. At each location, 
approximately 1 min of data was recorded during which time 
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the rotary tool spun up, ran for approximately 30 s, and then 
spun down, so that each data file recorded both isolated 
background noise and the full spinning magnet ELF 
transmission. Data sets were also collected at both 9 m and 
37 m with the rotary tool switched off (background) and with 
the rotary tool running without a magnet inserted. These 
control experiments confirm that the measured signals are 
predominantly generated by the spinning magnet, and not by 
the rotary tool or other interference sources. 

 
Fig 3. Test site on athletic field (Hume field) at the University of Florida. 

 
For all experiments, the rotating magnet source was held by 

hand approximately 2.2 m above the ground. Except where 
noted, the axis of rotation of the magnet is vertical (i.e. 

“lighthouse” orientation), as shown in Fig. 4a. However, for 
comparison, several additional experiments were conducted 
with the axis of rotation transverse to the line from the source 
to the receiver (i.e. “bulldozer” orientation), shown in Fig. 4b, 
in order to understand the directionality of the generated 
fields. Assuming the convention of a typical radio source, a 
cylindrical coordinate system (r, φ, z) is used with the origin 
placed at the source. Consequently, the x-coil is assumed to 
measure the radial field component Br produced by the 
source; the y-coil, the azimuthal field component Bφ; and the 
z-coil the vertical field component Bz.  

From the recorded time-series data, spectrograms were 
calculated using the MATLAB specgram function. The 
data was segmented using a 215 data-point (0.341 s) Hanning 
window with 90% overlap. Sample spectrograms are shown 
in Figs. 5, 6, and 8, which are calibrated to represent B-field 
strength (color) in dB relative to 1 pT (denoted dB-pT) as a 
function of time (x-axis) and frequency (y-axis). Because the 
background ambient environmental noise was typically 
around -35 dB-pT, the color scales in the spectrogram plots 
were clipped on the lower end to -20 dB-pT or -30 dB-pT for 
visual clarity. Vertical lines are associated with lightning 
flashes (impulsive signals), whereas the horizontal lines near 
multiples of 60 Hz are associated with the local power grid. In 
a typical experiment, the frequency of the generated B-field 
was observed to increase with time, settle near ~500 Hz for 
~30 s, and then decrease as the rotary tool spins down. It is 
worth noting that the spindle speed of the handheld rotary tool 
is not very stable or precise, which leads to drift in the speed 
over the duration of the recording as well as some variation in 
average speed from test to test. The typical “steady-state” 
speed ranged from 490 Hz to 530 Hz. 

To compare the signal amplitudes and relative phases 
generated in each case, a simple frequency-tracking filter was 
implemented to tightly follow the signals as a function of 
time. Amplitudes and phases were calculated by mixing down 
to baseband and low-pass filtering to a 0.5-Hz bandwidth. To 

 
Fig. 4. Schematics of the orientation of the rotating magnet ELF source (in two different orientations) and the 3-axis receiver coils. 
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mitigate the effect of impulsive noise (due to lightning), the 
"steady-state" amplitudes and phases were sorted and the 
central 20% of data were averaged to produce impulse-free 
amplitude and phase measurements. Noise levels are assessed 
by repeating the signal processing using the same frequency-
tracking filter with an offset of 30 Hz, so that only noise and 
none of the generated signal is within the pass band of the 
noise measurement. The reason for this “offset” approach is 
because the background noise is non-stationary and varies 
over consecutive trials. 

III. EXPERIMENTAL RESULTS 
The experimental results are presented in three sub-sections: 

(a) control experiments to confirm the measured signals are 
generated by the rotating magnet; (b) measurements of the 
signal amplitude vs. distance; and (c) comparison of different 
source orientations. 

A.  Control Experiments 

In order to establish a baseline and to account for possible 
interference from the motor of the rotary tool, two control 
experiments were conducted at source-to-receiver distances of 
9 m and 37 m. Example Br measurements at 37 m are shown 
in Fig. 5 (similar results are obtained for Bφ and Bz, and also at 
9 m distance). In Fig. 5, power line hum at multiples of 60 Hz 
have been falsely colored (covered) to improve visual clarity.  

Fig. 5a shows the recorded data without the tool running; 
Fig. 5b shows the recorded signals with the motor running, 
but with no magnet inserted; Fig. 5c shows the data with the 
magnet installed in the tool. The signal ramp-up, steady-state 

operation, and ramp-down are clearly observed in Fig. 5c. The 
background in-band noise level is essentially the same as that 
with the tool running, indicating that the rotary tool alone 
does not generate appreciable electromagnetic fields in this 
band. In contrast, the signal strength from the spinning 
 

 
Fig. 5. Spectrograms of radial magnetic field components (Br) measured 37 m 
from the source in “lighthouse” orientation: (a) rotary tool off, (b) rotary tool on 
without magnet present, (c) rotary tool on spinning the magnet. 

 
Fig. 6. Spectrograms of radial magnetic field components (Br) measured at distances ranging from 18 m to 128 m in “lighthouse” orientation. 
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magnet is 25 dB-pT and is observed with ~50 dB signal-to-
noise ratio. These results, and similar data collected at 9 m 
distance, confirm that the received signals are produced by the 
rotating magnet, and not by the rotary tool motor or other 
external interference.  

It is worth mentioning that the signal strength in this small 
frequency range (100−500 Hz) is approximately constant with 
frequency, as can be seen during the ramp-up and ramp-down 
segments. The signal strength appears to be larger during the 
steady-state segment, but this visual effect is an artifact of the 
215-point integration window. 

B.  Results with Varying Distance (Lighthouse Orientation) 

Fig. 6 shows example spectrogram measurements of Br for 
increasing source-to-receiver distances. The signal strength 
decays with distance, but clear signals are readily evident up 
to 91 m. Even in the 128 m case, one can observe the steady-
state signal above the background. Fig. 7 summarizes the 
signal strength vs. distance for all three field components in 
lighthouse mode (log-log plot). Standard error bars derived 
from the noise analysis are shown, and in many cases are 
smaller than the marker.  

Fig. 7. Signal measurements versus distance from ELF source compared with 
the fields theoretically produced by a 3.1 A-m2 spinning magnet source over a 
perfectly conducting ground plane. 

 
In Fig. 7, the data for each field component falls on a nearly 

straight line, indicating a power-law relationship between 
signal amplitude and distance. More specifically, the signal is 
observed to decrease with a rate of ~60 dB-pT/decade, which 
indicates that the magnetic field signal amplitude is decaying 
as 1/r3. This relationship matches the expected roll-off 
behavior of a magnetic dipole. For a single static magnetic 
dipole in free-space aligned with the z-axis, the B-field in 
spherical coordinates (r, θ, φ) is given as [24]: 
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where M0 is the magnetic moment of the dipole. The quasi-
static fields that are produced by a rotating dipole can be 
calculated by assuming two orthogonally oriented dipoles that 
are oscillating 90° out-of-phase. Specifically, the fields 

produced at the receiver location by a rotating magnet 
transmitter in either lighthouse orientation (x- and y-directed 
moments, rotating around the z-axis) or bulldozer orientation 
(x- and z-directed moments, rotating around the y-axis) can be 
calculated for two ideal cases: 1) free-space condition, and 2) 
perfectly conducting half-space condition (which doubles the 
tangential B-field and zeros the vertical B-field at the ground). 
The phasor-form of these ideal fields may be expressed: 
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Lighthouse Orientation with Perfect Ground Plane: 
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Bulldozer Orientation in Free-Space: 
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Bulldozer Orientation with Perfect Ground Plane: 

𝐵! =  !!
!!
𝑀!

!
!!
𝑒!"/!,    𝐵! = 0,      𝐵! = 0                 (5) 

 
These equations, whether the free-space form (2) or the 

conducting half-space form (3), explain the 1/r3 dependence 
on distance, as well as the observed ~6 dB difference between 
the radial and azimuthal components shown in Fig. 7.  They 
do not explain the relatively strong z-directed component, 
however, which is not 0. The non-zero z-component likely 
results from a combination of effects: the finite conductivity 
of the actual ground plane is not infinite and may vary with 
depth, the receiving antenna is slightly above the ground 
plane, rather than exactly at the ground, so that the fields do 
not exactly cancel, and the plane of the antenna may not be 
perfectly horizontal. 

Evaluating the fields produced by an oscillating source 
above a lossy half-space is a complicated but tractable 
problem [26, 27]. Without knowing the properties of the lossy 
ground, it is reasonable to estimate that the field will behave 
somewhere between the free-space solution and the perfect 
conductor half-space solution. Using the ideal field equations, 
(2)–(3), the signal strengths observed in the radial direction at 
source distances <40 m are consistent with a source magnetic 
moment ranging from a lower bound of 2 A·m2 (assuming the 
perfectly conducting half-space solution) to an upper bound of 
4 A·m2 (assuming free-space solution). This range straddles 
the 3.1 A·m2 specification of the magnet employed.  

The phase difference between Bφ and Br (not shown) is also 
reliably observed between −84° and −94° as a function of 
distance, nearly exactly as expected (−90°) for two phased 
sources representing the oscillating magnetic moment of 
lighthouse mode. The phase difference between Bz and Br is 
more complicated: it varies from 0° at short range to −90° at 
large distances, likely due to the interference between the ELF 
source and its image in the lossy half-space. 

C.  Results with Different Source Orientation 

Measurements comparing lighthouse (vertical) and 
bulldozer (horizontal) source orientations are presented in Fig. 
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8 and shine further light on the orientation dependence and 
ground-plane questions. In lighthouse mode, the amplitude of 
Br is largest (25 dB-pT), followed by the Bφ (19 dB-pT), and 
then Bz (9 dB-pT). Bφ is 6 dB smaller than Br, as expected in 
this case. The non-zero Bz component, which is 16 dB smaller 
than Br, is again not consistent with either the free-space or 
the conducting half-space equations, (2) and (3); both predict 
zero vertical B-field. As described in Section III.B., the non-
zero Bz component thus cannot be attributed to a finite ground 
conductivity. Instead, the non-zero Bz likely results from the 
antenna being slightly above the ground plane and not being 
perfectly aligned parallel to the ground. 

In bulldozer mode, the amplitude of Br is again largest (25 
dB-pT), but here Bz (18 dB-pT) is larger than Bφ (7 dB-pT). 
The vertical magnetic field is significantly larger than zero, 
but this is not entirely unexpected, as the free-space 
formulation (4) contains a strong vertical component. In this 
case, the ground appears to be only weakly conducting so that 
Bz  is not cancelled.  Note that Bφ is expected to be zero for 
both the free-space formulation (4) and the lossy half-space 
formulation (5), and yet the signal is clearly detected with 
approximately 40 dB signal-to-noise ratio. Again, this effect 
is likely due to subtle offsets and misalignments in the 
experimental setup, along with non-uniformity in the ground 
plane. 

To summarize, in both orientations, the largest magnetic 
field component is radial from the source and the smallest is 
parallel to the axis of rotation. Differences are also observed 
in the phases of the signals. An important ramification of 
these observed orientation effects is that the receiver may be 
able to determine its physical orientation relative to the source 
based on analysis of the vector field amplitudes. 

IV. CONCLUSIONS 
This work experimentally validates that time-varying 

magnetic fields in the ELF band can be generated by spinning 
magnets at the frequency of interest. In the experiments, the 
measured fields decayed with 1/r3 dependence and ranged 
from 58 dB-pT (~800 pT) at 10 m down to -2 dB-pT (~800 
fT) at 100 m. This work suggests that communications by 
signaling at ELF frequencies over distances of ~100 m are 
possible by rotating a relatively small permanent magnet 
using a simple, compact electrical motor. Additionally, 
because the source produces an electromagnetic field with a 
certain geometric “polarization,” detection of the source 
orientation may also be possible via measurement of the 
relative strengths of the orthogonal field components.  

Such compact signaling, ranging, and orienting capabilities 
could be very useful for data communication and/or 
position/navigation/timing in underground or underwater 
applications. In future efforts, methods for modulation and 

  
Fig. 8. Signal spectrograms for all three field components, comparing “lighthouse” and “bulldozer” magnet spin orientations at distance of 37 m. 
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then data encoding can also be developed. Constellations of 
sources could also be used for a receiver to determine its 
position and orientation within a given space. Arrays of 
receivers could also be used together with constellations of 
spinning magnets for specific types of imaging applications. 
The compact and low-power nature of the device thus 
provides exciting opportunities to develop new applications 
using ELF signals.  

Further analysis is required to investigate the efficacy of 
this method for generating propagating electromagnetic waves 
in this frequency band. The fact that the experimentally 
evaluated dipole moment of the ELF source matches the 3.1 
A·m2 specification of the magnet is encouraging for the 
evaluation of far-field radiation. However, this dipole moment 
is several orders of magnitude smaller than the dipole 
moments associated with the conventional transmitters 
described in the Introduction. Assuming similar radiated 
power calculations [2], in order to produce 30 W of radiated 
power, a spinning magnet made of the same material used 
herein would need to be a cube of 2.5–5.0 m on a side, instead 
of ~1.4 cm on a side. While spinning essentially a room full 
of magnetic material at 100 Hz seems particularly 
unreasonable today, we note that many of the “conventional” 
ELF sources listed in the introductory section were considered 
unreasonable at one point in time as well. 
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