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Abstract

A method is proposed for recording and processing electromagnetic signals generated by nuclear
explosions, lightning discharges, oblique passive ionospheric sounding and space-weather monitoring
within the very-low-frequency (VLF) band. The architecture of a modernised radiotechnical monitoring
station for the VLF band is developed. Parallel analogue-to-digital conversion of measuring channels and
a GPS-disciplined oscillator are employed to synchronise geographically separated stations. Specialised
software is created to store and visualise the direction and location of electromagnetic signal sources.
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1. Introduction

Observation of the electromagnetic field in the very low frequency range (0.3 — 90 kHz) is used to
monitor the lower ionosphere, whose state governs the propagation conditions of natural
electromagnetic disturbances. Variations in the conductivity profile of the lower ionosphere
influence the amplitude and phase velocity of very-low-frequency (VLF) transmitters and can thus
be used to assess ionospheric conditions. Because wave-guide propagation in the Earth—ionosphere
cavity is extremely sensitive to small electron-density variations, amplitude and phase changes of
VLF signals serve as highly responsive indicators of anomalous ionisation. Continuous ionospheric
monitoring has numerous applications, including forecasting terrestrial and space-communication
conditions and satellite-navigation quality; anomalous ionisation may even precede earthquakes.
[1,2]. For investigating the physical processes of low-frequency signal propagation in the Earth—
ionosphere waveguide and for locating lightning discharges from a single station, it is sufficient to
record only one vertical electric and two horizontal magnetic components [3].

To carry out observations of the electromagnetic field in the low-frequency band, a three-
component data-acquisition system is used: electromagnetic radiation is simultaneously recorded
by two magnetic loop antennas oriented north-south and west—east, and by an omnidirectional
monopole antenna [4]. To increase measurement sensitivity, a fourth channel — a volumetric
vertical vibrator antenna—is added [5].

Several radiotechnical-monitoring stations at the Main Special Monitoring Center had outdated
electronic equipment. Specifically, the dynamic range amounted to only 80 dB, and pulse
registration was performed on paper media [6]. The purpose of this work is to develop a

“CITI'2025: 3rd International Workshop on Computer Information Technologies in Industry 4.0, June 11-12, 2025,
Ternopil, Ukraine
" Corresponding author.
"These authors contributed equally.
palamar.m.i@gmail.com (M. Palamar); alex_liashchuk@ukr.net (O. Liashchuk); m.strembitskyy@gmail.com (M.
Strembitskyi); chaikovskyi@gmail.com (A. Chaikovskyi); x.alantoo@gmail.com (A. Kondratiuk)
0000-0002-8255-8491 (M. Palamar); 0000-0002-8690-1808 (O. Liashchuk); 0000-0002-5713-1672 (M. Strembitskyi); 0000-

0002-0684-2052 (A. Chaikovskyi); 0009-0004-6544-6676 (A. Kondratiuk)

@ @ © 2025 Copyright for this paper by its authors. Use permitted under Creative Commons License Attribution 4.0 International (CC BY 4.0).



mailto:chaikovskyi@gmail.com
mailto:m.strembitskyy@gmail.com
mailto:alex_liashchuk@ukr.net
mailto:palamar.m.i@gmail.com

modernised system for registering and analysing ultra-long-wave electromagnetic radiation with
increased sensitivity and digital recording of measurements. [7, 8].

2. Mathematical representation

During numerical modelling, the following expressions were used for the vertical electric and
tangential magnetic-field components created in the spherical Earth-ionosphere surface by a
vertical point-dipole source [3]:
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The indicated field components are measured in V-s/m and A-s/m; they are presented in the
spherical coordinate system { } r, , 8 ¢ with its origin at the centre of the Earth. We use the
following notation:
a=6375 m - is the Earth’s radius,

M(w) - is the instantaneous moment of the source in A-s:m, the angular distance between the
source and observer in radians, o is the angular frequency in s™,

€ =8.854-10"? dielectric constant of vacuum F/m,

h = 6-10* m - is the effective height of the ionosphere, i =\/——1, i1 v © - is the dimensionless low-
frequency propagation constant.

We use the following heuristic frequency dependence of the propagation constant based on
experimental data:

f=2 f (3)

We employ the following zonal-harmonic expansions:
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where Pn(cosf) — is a Lagrange polynomial calculated by the recursion relations
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As a result, we obtain the following computational formulas for the field components:
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We apply a method for measuring the group velocity of an pulse to determine sources of
discrete atmospheric radiation. The stability and accuracy of numerical solutions for such systems
can be further analyzed using methods from differential equations with delays, as demonstrated in
biosensor and neural network modeling [9-13]. These approaches ensure robust parameter
estimation and error minimization, which are critical for reliable direction-finding calculations. To
calculate the angle of arrival of a wave we use the following relationships:
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where PX and PY - averaged components of the ultrasonic pulse propagation velocity, E,, Hx, Hy -
are the vertical electric and orthogonal horizontal magnetic-field components respectively, Re{Z}
denotes the real part of a complex quantity Z, the asterisk denotes complex conjugation, A - is the
power-flux azimuth in the observer’s coordinate system, and wuw ®wmax are the lower and upper
frequency limits of the receiver respectively.

Calculation of the median components of the ultrasonic pulse propagation velocity result for a
model of a distributed signal center in the exact direction toward the center from the observer.
When two distributed centres are applied in the source model, the resulting bearing of the source
falls between them, indicating an “effective centroid”. The “weight” of an individual centre depends
on its distance, source density and the amplitudes of its instantaneous moments. When the model
consists of several sources located at different distances from the observer, the frequency
dependence manifests itself in the angle of arrival of the wave. This is explained by the fact that the
contribution of the amplitude of a particular source to the power flux depends on its distance from
the observer. In this case, the daily variations in the source bearing depend on the ratio of the
maximum to the minimum of the individual centers, as well as on the position of the observatory

on the globe.

3. Development of the Detection System

Figure 1 shows the schematic of the reception-and-analysis apparatus used in measurements with
built-in pre-amplifiers [14].
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Figure 1: Structural diagram of the detection system.



The loop antenna (A2M) is oriented in the south-north and east-west directions in the
geographic coordinate system. The omnidirectional monopole antenna (A1) is used to obtain
direction. Antenna design optimization, such as dual-polarization Yagi arrays [15], could further
enhance directional sensitivity in future iterations of this system. To increase measurement
sensitivity, an antenna with a volumetric vertical vibrator (“Dunay”) is used.

The data-acquisition system implements four parallel channels of analogue-to-digital
conversion, which eliminates timing differences between channels that are inevitable for ADCs
using channel multiplexing. The system allows the measurement of analogue signals from
antennas in a frequency band up to 100 kHz with a dynamic range of 144 dB (a 24-bit sigma-delta
ADC AD7768 by Analog Devices with a sampling rate of 200 kS-s™* is used). To achieve the wide
dynamic range, complete galvanic isolation of the analogue and digital parts is applied. This
suppresses common-mode interference even when antennas are located several kilometres from
the ADC and eliminates the influence of “noisy” digital circuits on highly sensitive geophysical
converters. Rigid referencing to Universal Time simplifies the joint processing of signals obtained
at geographically separated stations. The time reference is established using a Trimble Thunderbolt
GPS disciplined oscillator (GPSDO). Time synchronization is paramount for multi-station signal
correlation. Recent advances in ROC analysis for regression models [16] highlight the importance
of precision in timestamping for predictive accuracy, which aligns with our system. The GPSDO
synchronises the frequency of its own 10 MHz quartz oscillator to the GPS signal with an RMS
error of +15 ns. The ADC clock frequency (25.6 MHz) is formed from the 10 MHz signal using a
programmable PLL AD9552. The start of analogue-signal capture is in turn synchronised with the
GPSDO one-pulse-per-second signal. The total time-stamp error of the ADC counts does not
exceed 1 ps. The digitised data are transferred from the ADC to an FPGA (Spartan-6) and an
STM32F407 microcontroller for time-stamp tagging. The resulting stream is sent via a 100Base-T
Ethernet interface to a personal computer for recording and analysis. Similar FPGA-based
architectures typically applied in telecommunication networks for radio signal detection [17],
underscoring their versatility in real-time signal processing.

4. Experimental results and discussion

Figure 2 shows the main window of the data-registration program. The program allows real-time
observation of the oscilloscope trace and spectrogram of the signal.

Figure 2: Graphical representation of the results of determining the object contours by maximum
levels.



The recorded “raw” signal waveforms are stored in four-channel WAV files for several days. At
the same time, the amplitudes of several carriers specified by the user are measured and registered.
The recorded amplitude-variation profiles of reference transmitters can be used to analyse the
condition of the ionosphere along the propagation path of electromagnetic radiation from the
source to the receiver.

In addition, by the ratio of amplitudes and phases of the signals received by the loop and
monopole antennas, the bearing of the signal source can be determined. Thus, electromagnetic
atmospheric discharges of natural and anthropogenic origin can be registered. By registering a
electromagnetic pulse with the aid of two or three geographically separated stations, the
coordinates of the signal source can be determined. Such a system can be used for monitoring
thunder-storm activity or above-ground and underground nuclear explosions.

Specialised software included in the complex is implemented as a software-mathematical
algorithm for processing the obtained data. Data processing consists of the automatic detection and
identification of useful pulse signals (from nuclear explosions, sferics, whistlers, etc.), estimation of
the direction to the signal source, and estimation of the main signal parameters. For the
ionospheric-monitoring subsystem, automatic and interactive detection of manifestations of solar
flares in the ionosphere is provided (Figure 3).

AmocepHUK
[NepernaHyTh NOBHY

iHdopmaLio

Figure 3: Graphical display of registered signals on the map.

Direction finding is performed by the discriminator method. Information about the detected
signals (time, amplitude, period, azimuth, type) is formed into daily text files that have a name
consisting of the station abbreviation, year and day of year. The files are stored in a separate
directory. Based on the results of daily registration, a daily summary should be formed concerning
the number and type of signals and the main (prevailing) azimuths to the signals. For joint
processing of data from several radiotechnical complexes, instantaneous transmission/reception of
information about a registered event is envisaged.

For the amplitude analyser, text files are named by channel, year and day number. The
information for a day from all channels is stored in one directory that bears the day number; in
turn, all daily directories are stored in a general directory named by year (Figure 4).
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Figure 4: List of registered signals.

When configuring the amplitude analyser (field-strength monitoring), filtering and change of
the sampling period are enabled. The possibility of recording the modified signal is provided.



Filtering for spectrogram display and filtering for the processing results of the analysers (a median
or similar filter for smoothing outliers) is implemented.

Conclusions

On the basis of modern components and software algorithms, a modernised hardware—software
complex of the K-120-R type has been created, making it possible to increase the sensitivity and
expand the functional capabilities of the system for registering and processing electromagnetic
signals in the extended ultra-long-wave frequency range. Specialised software has been developed
for joint processing of signals from several stations to determine the coordinates of a signal source
and to automatically recognise certain types of signals (sferics, whistlers, etc.). The program
ensures the control of information entered by the operator for admissible values with error
messages, protection of data from erroneous operator actions, protection of data from unauthorised
access, organisation of interaction with the operator by means of a dialogue using menus and
prompts, and keeping a log of operator actions. The specialised software makes it possible to
visualise and analyse signals in time and spectral forms, to scale signals with a change in scale and
with display of measurement units, provides functions for monitoring phase variations of very-
low-frequency transmitters, and ensures real-time transmission of received signals to one of the
stations for processing and analysis.

Further development and refinement of the specialised-software (SPZ) algorithms is planned in
order to automate the recognition of signal sources, to detect and identify new types of signals, and
to analyse the state of the ionosphere.
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