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Abstract

The HAARP HF antenna array was employed to modulate
overhead ionospheric currents and transmit an FSK signal
below 3 kHz for communication purposes. The basic
properties of the successfully observed signal at a distance
of 37 km from HAARP are presented. The outcomes of
the experiment showcase this method of producing lower
radio frequency emissions as a viable means of
communication with submarines or in underground mines,
with possible ameliorations in bit rate or modulation type.

1. Introduction

Generation of radio signals below 30 kHz by modulated
heating of the ionosphere has been investigated since
1974, usually for the characterization of the ionospheric
and plasmaspheric environment. The most powerful
facility used for such activities is the HAARP (High
Frequency Auroral Research Program)  facility in
Gakona, Alaska, delivering up to 3.6 MW of radiated
power within 2.9-9 MHz radio frequency range and with
the capabilities for active beamforming and beam
steering. The HAARP facility allows the radio
illumination of the auroral electrojet — natural currents
appearing in the ionosphere at certain latitudes — which
significantly enhances the radiated low frequency radio
emissions that are modulated on the HF carrier [1, 2].
HAARP-generated low frequency emissions have the
reported range up to 4400 km [3] and were registered
outside of the Earth-ionospheric waveguide by numerous
spacecraft (e.g. DEMETER [4] or Cluster [5]).

For the cases where the electrojet is negligible (e.g. on the
medium latitudes), nonlinear ionospheric interactions with
incoming radio signals can manifest themselves in
increased signal attenuation for lower frequencies and
cross-modulation (i.e. the Luxembourg-Gorki effect) [6] —
as the ionized layer absorbs one signal and can transfer its
modulation to another one that is reflecting from, or
propagating close to, the same layer. [7].

It would be therefore possible to hypothesize that the
sufficiently strongly excited and modulated ionosphere /
electrojet — strongly enough to cause the observable
generation of the radio emissions below 30 kHz, could be

effectively used as a viable mean of transmitting useful
information [2, 8]. This frequency range is used for radio
communication with submarines and mines but its
exploitation is, unfortunately, limited by the required
physical sizes of the radiating structures and maximum
voltage limits [9, 10]. A natural ‘ionospheric antenna
system’ would allow these requirements to be bypassed —
the emissions would be radiated from the upper layers of
the atmosphere, excited by a significantly smaller and
strategically safer array of high frequency dipoles with
active beamforming which also allows a certain choice
(within practical limitations) of the illuminated area.

A pioneering experiment of using HAARP to generate
QPSK-modulated signals was carried out in 2012 at the
fundamental re-emission frequency of 1510 kHz (ITU:
Ultra Low Frequency / ULF band, 0.3-3 kHz [11]) with
numerous harmonics reaching up to VLF band (3-30 kHz)
[11]. Different bit rates (100-800 bps) and investigation
of the BER (Bit Error Rate) parameter were explored
[12]. It was shown that the higher bit rates result in a
significant widening of the signal’s bandwidth, greatly
reducing the SNR.

In the experiment described here, a different type of
angular signal modulation has been chosen for the
ionospheric illumination [13], in order to demonstrate
effective information transmission without a significant
band dissolution / with the highest possible SNR and to
provide an initial experimental prequel to the signal
modulations used almost exclusively in the VLF band
(e.g. the Minimum Shift Keying [14]).

2. Experimental FSK transmission

The experiment using the HAARP antenna system was
carried out on 7" November 2023 between 05.45.00 and
05.59.30 UT, with the transmitter set for 2.8 MHz carrier
operating in X-mode (circular right-handed polarization)
vertical Double Broad Beam. With these parameters the
HF beam at ionospheric altitudes has diameter of
approximately 50 km [15]. The carrier wave frequency
was chosen in order to expose the carried modulating
signal to the maximized absorption in the lower
ionospheric layers to enhance the effect of the
demodulation.
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Figure 1. The spectrograms for the ionospherically re-
emitted FSK signal at 2115/2135 Hz, recorded at
Chistochina, 37 km away from the HAARP facility. The
data were recorded on two orthogonal magnetic field
antennas.

The modulating signal consisted of a Frequency Switch-
Keyed (FSK) message on 2.115 kHz and 2.135 kHz (20
Hz separation), composed of a continuous (without
spacers) string of Morse-encoded letters. The string was
repeated for a total duration of 60 seconds.

3. Recorded signals

The HAARP’s transmission has been received and
recorded in the receiving station in Chistochina, USA, 37
km away from the HAARP facility operated by
Univerisity of Florida. The magnetic field strength of the
re-emitted signal has been recorded on two directions —
N/S (north-to-south) and E/W (east-to-west). Figure 1
presents the spectrograms of the transmission for both
directions for the first part of the FSK message. Two
frequencies of the message can be easily noticed, with
reduced (e.g. exhibiting a similar frequency shifting)
harmonics, which is one of the main observations
distinguishing this experiment from the QPSK one [12].
The observable harmonic content of observed HAARP
generated ionospheric ULF/VLF signals generally
depends on the ionspheric conditions. Stronger generation
is usually associated with stronger harmonics. The
conditions on the day of the experiment were judged to be

favorable for ULF/VLF generation. The composition of
the FSK message is continuously maintained, with no
spectral artifacts produced during the frequency
switching, allowing a stable and unequivocal reception
and decoding.

The message had the decoded form of looped letter
configuration:VVVVVVVVVCQCQCQDEAXOAXLAX
OAXLAXOAXL100YRSPOLVLF19232023, designed to
commemorate the 100" anniversary of the Babice
Transatlantic Radio Station in Poland. The measured bit
rate of the transmission reached 10.9333 bit/s (41 WPM,;
one order of magnitude higher than predicted for the
Sanguine transmitting system [16] and in the same order
of magnitude for short-range VLF systems employing
mechanical rotating-magnet antennas [17]) and definitely
did not exhaust the possibilities of increase.

The amplitude (in normalized units) was measured as
values integrated over 30 seconds for both receiving
antenna directions for both FSK frequencies and is shown
in Table 1. The differences between the subsequent
amplitudes have their origin in the fact that the higher
frequency contained more continuous wave than the lower
frequency (asymmetrical composition of the encoding)
and that over the E/W direction the existing auroral
electrojet was the major contributor to the ionospheric re-
emission (being modulated by the incoming HAARP
signal).



Table 1. Comparison of amplitudes integrated over 30 s
for subsequent receiving antenna directions.

f [Hz] N/S amplitude [-] | E/W amplitude [-]
2115 1.78246 2.47424
2135 2.58716 3.72829

6. Conclusions

The presented experiment, similarly to the one from 2012
by Jin et al.,, [12] has successfully proved that the
utilization of the ionospheric re-emission of radio signals
below 30 kHz is a viable method for communication. In
this transmission however, a narrower and more
conventional modulation method was employed, similarly
to actual submarine communication signals, maximizing
the signal-to-noise ratio by the minimization of the
required bandwidth. The narrowing of the bandwidth
would also allow a better penetration of the water and
ground layers. The experiment can be considered as a
prequel to the employment of the Minimum Switch
Keying (MSK) modulation for the ionospherically-re-
emitted radio transmissions, allowing the employment of
this method to submarine- and mine communication with
higher bit rates.

References

[1] Gotkowski M., “HAARP — a unique facility for
geophysical research,” Geophys. Rev., LXVI, 3-4,
2019, pp. 287-302, doi:10.32045/PG-2019-010

[2] G. M. Milikh, K. Papadopoulos, M. McCarrick and
J. Preston, “ELF emission generated by the HAARP
HF-heater ~ using  varying  frequency  and
polarization,”  Radiophysics and  Quantum
Electronics, 42, 8, 1999, pp. 639-646

[3] R. C. Moore, U. S. Inan, T. F. Bell, and E. J.
Kennedy, "ELF waves generated by modulated HF
heating of the auroral electrojet and observed at a
ground distance of ~4400 km," J. Geophys. Res.,
vol. 112, paper  A05309, 2007. doi:
10.1029/2006JA012063.

[4] M. B. Cohen, U. S. Inan, D. Piddyachiy and M.
Gotkowski, “Magnetospheric injection of ELF/VLF
waves with modulated or steered HF heating of the
lower ionosphere,” Journal of Geophys. Res., 116,
A06308, 2011, doi: 10.1029/2010JA016194

[5] M. Platino, U. S. Inan, T. F. Bell, J. Pickett, E. J.
Kennedy, J. G. Trotignon, J. L. Rauch and P. Canu,
“Cluster observations of ELF/VLF signals generated
by modulated heating of the lower ionosphere with
the HAARP HF transmitter,” Annales Geophysicae,
22,2004, pp. 2643-2653

[6] D. J. Bem, “Antennas and propagation of radio
waves,” WN-T, Warsaw 1973

[7]1 P. T. de Boer and M. Vester, “Sideband asymmetry
in ionospheric cross modulation,” Radio Science, 53,
2018, pp. 640-655, doi: 10.1002/2015RS006525

[8]S. P. Kuo, “lonospheric very low frequency
transmitter,” Physics of Plasmas, 22, 022901, 2015

[91 A. D. Watt, “VLF Radio Engineering,” Pergamon
Press, Inc., 1967

[10] M. L. Burrows, “ELF Communications
Antennas,” Peter Peregrinus Ltd., 1978

[11] Recommendation ITU-R V.431-8 (08/2015):
“Nomenclature of the frequency and wavelength
bands used in telecommunications”,
https://www.itu.int/dms_pubrec/itu-r/rec/v/R-REC-
V.431-8-201508-1!'PDF-E.pdf [accessed on
10.01.2024]

[12] G. Jin, M. Spasojevic, M. B. Cohen an U. S.
Inan, “Utilizing nonlinear ELF generation in
modulated ionospheric heating experiments for
communication applications,” Radio Science, 48,
2013, pp. 61-68, doi: 10.1002/rds.20014

[14] M. Niedzwiecki, M. Rasiukiewicz, “Nonlinear
electronic analogue circuits,” WN-T, Warsaw 1994

[14] D. Wu, “Minimum Shift Keying,” Wireless
Communications Technologies — Lecture 11, Rutgers
University — Dept. of Electrical and Computer
Engineering, ECE559 (Advanced Topics in
Communication Engineering), 2002

[15] M. B. Cohen, M. Golkowski, N. G. Lehtinen, U. S.
Inan, and M. J. McCarrick, "HF beam parameters in
ELF/VLF wave generation via modulated heating of
the ionosphere," J. Geophys. Res., vol. 117, paper
A05327, 2012. doi: 10.1029/2012JA017585.

[16] S. L. Bernstein, M. L. Burrows, J. E. Evans, A.
S. Griffiths, D. A. McNeill, C. W. Niessen, I. Richer,
D. P. White and D. K. Willim, “Long-range
communications at extremely low frequencies,”
Proceedings of the IEEE, 62, 3, March 1974, pp.
292-312

[17] S.Yang, J. Geng, H. Zhou, K. Wang, X. Zhao, J.
Lu, R. Zhao, X. Tang, Y. Zhang, D. Su, A. Zhang,
H. Li and R. Jin, “Long-range EM communication
underwater with ultracompact ELF magneto-
mechanical antenna,” IEEE Transactions on
Antennas and Propagation, 71, 3, March 2023, pp.
2082-2097, doi: 10.1109/TAP.2022.3227799



