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Abstract

The hELlenic Seismo‑ElectroMagnetics Network  (ELSEM‑Net, http://elsem-net.uniwa.gr) is a 
network of telemetric stations spanning all over Greece for the monitoring of fracture-induced 
electromagnetic emissions (FEME), often also referred to as electromagnetic radiation (FEMR). 
At the laboratory scale, it has been proved that FEME/FEMR are produced by opening cracks in a 
wide frequency spectrum ranging from the MHz to the kHz bands as the general (macroscopic) 
fracture is approaching, rendering them precursors of general fracture that permit the monitoring 
of the gradual damage of stressed materials. FEME/FEMR is also observed at the geophysical scale, 
preceding strong earthquakes (EQs) with epicenters on land or near the coast‑line. Based on the 
idea that MHz‑kHz FEME/FEMR should also permit the monitoring of the gradual damage of 
stressed materials in the Earth’s crust, as it happens in the laboratory experiments, ELSEM‑Net 
was gradually developed from 1992 to 1998 and currently comprises 11 stations installed in 
various locations in Greece. Here we present the instrumentation that has been specifically 
designed for ELSEM‑Net, both hardware and firmware/software, as well as a web‑based system 
for the management of the field stations, the recorded data, and the automated preliminary 
analysis results. Finally, we present the analysis of selected observations associated with recent 
strong earthquakes that hit Greece, using a most recently introduced time series analysis method. 
Our presentation aims to communicate in detail the experimental infrastructure behind our 
almost 30 years of research in geophysical scale FEME/FEMR so that other interested research 
groups around the world can take advantage of it and have the opportunity to install similar 
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stations/networks in other locations of the world for the study of pre‑EQ processes associated 
with natural or man‑induced seismicity.

Keywords: Earthquakes; Fracture-induced electromagnetic emissions; Fracture-induced 
electromagnetic radiation; Seismo-electromagnetics; Ground-based observatories’ network

1. Introduction

Earthquakes (EQs) are perceived as sudden, violent tremors of the Earth’s surface, which, depending on the 
hypocenter location and the magnitude, can have multiple devastating consequences to the society and economy, 
such as material damages (to infrastructures, company losses, personal properties, etc.) and injuries or even loss of 
lives, [e.g., Yuan, 2008; Kazama and Noda, 2012; Kalligeris et al. 2022; Dolu and İkizler, 2022; Naddaf, 2023; Nature 
Editorial, 2023]. Due to their potentially catastrophic consequences, EQs attract the interest of the society and 
scientists, as it happens for all natural disasters, e.g., [Keller and DeVecchio 2019].

The preparation of an EQ involves various interrelated complex processes, not all of which are yet fully understood, 
not all of them offering direct observables, while the regularity of direct or indirect EQ‑related observables is not 
yet clear, [e.g., Li et al., 2021; Elliott et al., 2020; Ke et al., 2022; Li and Cai, 2022; Brener and Bouchbinder, 2021]. 
The understanding of EQ preparation through the study of possibly EQ‑related phenomena that offer observables, 
[e.g., Pulinets et al., 2022; Picozza et al., 2021; Pritchard et al., 2020; Chelidze et al., 2018; Pulinets and Ouzounov, 
2018; Hayakawa et al., 2022; Martinelli, 2020; Zhao et al., 2021], is a challenging task for the scientists working 
in this interdisciplinary research field. Although several hypotheses have been formulated about the involved 
physical/chemical mechanisms, and some of them are supported to a greater or lesser degree by observables 
and their analysis, it could be said that the topic is still considered controversial [Geller, 1997; Joffe et al., 2017; 
Vance, 2018]. However, a way to achieve, at some point, credible and precise EQ forecasting might be to gain the 
maximum understanding of EQ preparation and EQ‑related phenomena. In our opinion, this requires the study of 
all available observables and the combination of the information acquired from all possible sources through the 
wide osmosis between scientists of different disciplines investigating these phenomena from different points of 
view. In this direction, it is of key importance the accumulation of adequate amounts of data over time that will 
eventually allow for statistical evaluation of the possible correlation between the occurrence of certain types of 
phenomena, as manifested by their observables and their analysis, and the occurrence of an EQ. This view led to 
the deployment and long (> 20 years) operation of the hELlenic Seismo-ElectroMagnetics Network (ELSEM‑Net, 
http://elsem-net.uniwa.gr (last accessed on 14 May 2023)), a network of telemetric stations spanning all over Greece 
for the monitoring of fracture-induced electromagnetic emissions.

The field known as ‘‘seismo-electromagnetics’’, covers various electromagnetic phenomena possibly related 
to EQs, [e.g., Zhao et al., 2022; Huang et al., 2020; Venegas‑Aravena et al., 2019; Sharma et al., 2020; Sorokin et al., 
2020; Zhang et al., 2023a; 2023b; Schekotov et al., 2021; Hayakawa et al., 2002; 2010; Hayakawa, 2019; Huan et al., 
2009; Uyeda et al., 2009a, 2009b; Pulinets and Boyarchuk, 2005; Varotsos, 2005; Molchanov and Hayakawa, 2008; 
Hattori, 2013; Eftaxias and Potirakis, 2013; Uyeda, 2013; Hayakawa, 2015]. Fracture-induced electromagnetic 
emissions (FEME), often also referred to as electromagnetic radiation (FEMR), hereafter quoted as FEME/FEMR, 
when studied at the geophysical scale, are also classified in this research field. FEME/FEMR presents some very 
interesting features:
a)	 They are found in different scales of fracture, namely, at the small/ laboratory scale (fracture experiments), at 

the large/geophysical scale (natural EQs), as well as in intermediate scale failures (man‑induced EQs related to 
mining, fracking, land sliding, etc.), [e.g., Sharma et al., 2020; Das et al., 2020; Lacidogna et al., 2010; Hadjicontis 
et al., 2011; Carpinteri et al., 2011; Rabinovitch et al., 2017; Li et al., 2022; Daniliev et al., 2022; Frid et al., 2006; 
2020a, 2020b, 2021; Frid and Vozoff, 2005; Song et al., 2018; Martinelli et al., 2020; Lin et al., 2021; Yoshida 
and Ogawa, 2004; Lei and Satoh, 2007; Guo et al., 2021; Gokhberg et al., 1982; Enomoto and Hashimoto, 1990; 
Fraser‑Smith et al., 1990; Carpinteri and Borla, 2017; Yoshiro, 1991; Gershenzon et al., 1989; Greiling and 
Obermeyer, 2010; Nomikos et al., 1997; Nomikos and Vallianatos, 1998; Vallianatos and Nomikos, 1998; Eftaxias 
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et al., 2001; 2002; 2004; 2018; Contoyiannis et al., 2005; Contoyiannis and Potirakis, 2018; Potirakis et al., 2016; 
2019a; 2021; 2022].

b)	 An important feature, observed both at laboratory and geophysical scale FEME/FEMR, is that the MHz radiation 
systematically precedes the kHz one, [e.g., Ohnaka and Mogi, 1982; Qian et al., 1994; Kumar and Misra, 2007; 
Eftaxias et al., 2002 (and references therein), 2004; Kapiris et al., 2004a; 2004b; Contoyiannis et al., 2005; Baddari 
and Frolov, 2011; Lacidogna et al., 2010; Eftaxias et al., 2018].

c)	 Although the geophysical scale FEME/FEMR signals have been much more intensively studied than the 
FEME/FEMR at other fracture scales, there are already indications that they may present similar features in terms 
of complex systems time series analysis (where, of course, such analysis methods can be applied to FEME/FEMR 
at different fracture scales, e.g., due to limitations in the duration of the phenomenon, available sampling rate, 
and different kind of used instrumentation), [e.g., Mastrogiannis et al., 2020; Potirakis and Mastrogiannis, 2017; 
Potirakis et al., 2021].

d)	 In both laboratory and geophysical scales FEME/FEMR silence appears before the global rupture, [e.g., Eftaxias 
et al., 2013; 2018; Eftaxias and Potirakis, 2013; Lacidogna et al., 2010, and references therein].

e)	 In both laboratory and geophysical scales FEME/FEMR silence appears after the global rupture, [e.g., Eftaxias 
et al., 2018; Eftaxias et al., 2013; Eftaxias and Potirakis, 2013, and references therein].

Although the FEME/FEMR at the intermediate scale is not so intensively studied, one cannot ignore the above-
mentioned analogies between fractures at different scales. So, one cannot exclude the possibility that the mechanism 
of EQs is some sort of laboratory fracture process, as it has already been early suggested [Eftaxias and Potirakis, 2013, 
and references therein]. At this point it should be mentioned that FEME/FEMR, as well as acoustic emissions (AE) are 
both detected at the laboratory scale [e.g., Ohnaka and Mogi, 1982; Yoshida and Ogawa, 2004; Lacidogna et al., 2010; 
Hadjicontis et al., 2011; Carpinteri et al., 2011; Carpinteri and Borla, 2017], while AE can be considered analogous 
to foreshock seismicity [Eftaxias et al., 2018; Eftaxias et al., 2013; Eftaxias and Potirakis, 2013]. On the other hand, 
it is highlighted that it is often difficult to study the kinetics of brittle rocks’ fracture in the laboratory, due to the 
rapid unstable fracture growth in the last and more interesting stages. At the laboratory scale, the fault growth 
process normally occurs violently in a fraction of a second. Therefore, crucial information probably is lost. A major 
difference between laboratory and natural processes is the order‑of‑magnitude differences in scale (in space and 
time), allowing the possibility of experimental observation at the geophysical scale, for a range of physical processes, 
which are not observable at the laboratory scale. Thus, the idea that field observations by means of FEME/FEMR will 
probably reveal features of the last crucial stages of EQ generation, which are not clearly observable at the laboratory 
scale, in principle, cannot be excluded.

Under the above-mentioned assumptions, the acquisition of electromagnetic field variations in the MHz and kHz 
bands by ELSEM‑Net and the multidisciplinary analysis of the acquired time series by multiple methods, aiming at 
the identification of specific statistical and dynamical characteristics which render particular time series excerpts 
valid MHz or kHz FEME/FEMR, has been the focus of our research. Published results over the past > 20 years indicate 
that the MHz‑kHz FEME/FEMR precursors recorded by ELSEM‑Net contain rich information about the last stages of 
an ensuing seismic event, vindicating the assumptions which led us to develop the specific experimental network 
for the study of fracture at the geophysical scale. Summarizing our research results on this field, a four‑stage model 
for EQ generation (FSMEG) in terms of FEME/FEMR has recently been proposed, [e.g., Contoyiannis et al., 2005; 
2015; Donner et al., 2015; Eftaxias et al., 2013; 2018; Potirakis et al., 2019a; 2022]:

First stage:
The initially observed MHz FEME/FEMR is due to the fracture of the highly heterogeneous system that surrounds 
the formation of strong brittle and high‑strength entities  (asperities) distributed along the rough surfaces of 
the main fault sustaining the system. The MHz FEME/FEMR can be described by means of a second‑order phase 
transition in equilibrium. The appearance of the symmetry-breaking phenomenon signifies the departure from 
the critical state.

Second stage:
The appearance of tri‑critical behavior in the final stage of MHz FEME/FEMR, or in the initial stage of kHz 
FEME/FEMR, or in both, signalizes a next, distinct, state of the EQ preparation process towards a first‑order phase 
transition.
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Third stage:
The finally abruptly emerging strong sequence of kHz FEME/FEMR avalanches originates in the stage of stick–
slip‑like plastic flow, namely, the fracture of asperities themselves. The burst‑like kHz FEME/FEMR does not present 
any footprint of a second-order transition in equilibrium but, beyond their other features, present first-order phase 
transition characteristics.

Fourth stage:
Finally, the systematically observed EM silence in all frequency bands before the time of the EQ occurrence is sourced 
in the process of preparation of the dynamical slip which results in the fast, even super-shear, mode that surpasses 
the shear wave speed and corresponds to the observed EQ tremor.

The proposed model has been tested, in a series of relevant publications, [e.g., Eftaxias et al., 2001; 2004; 2008; 
2018; Potirakis et al., 2011; 2012a; 2012b; 2012c; 2013; 2015; 2016, 2019a; 2019b; 2021; 2022; Kapiris et al., 2004a; 
Karamanos et al., 2006; Papadimitriou et al., 2008; Contoyiannis et al., 2005; Eftaxias and Potirakis, 2013; Minadakis 
et al., 2012a; 2012b], by means of: (i) recent laboratory studies; (ii) statistical physics, especially phase transitions, 
critical phenomena, Lévy and Gauss statistics, and non‑extensive statistical physics, (iii) self‑similarity, which 
is a basic feature of fracture and faulting offering universal fingerprints that should be included in a candidate 
precursor; (iv) theoretical model of EQ dynamics and numerical studies; (v) fractal electrodynamics; (vi) tools from 
information theory; (vii) memory effects; (viii) friction phenomena at seismic slip velocities, which is now a frontier 
in tectonophysics; (ix) their agreement with other precursors coming from other disciplines.

In this paper, the ELSEM‑Net is for the first time thoroughly presented, so that more research groups around the 
world could take advantage of it and have the opportunity to install similar stations/networks at other locations of 
the world for the study of pre‑EQ processes associated with natural or man‑induced seismicity in terms of MHz‑kHz 
FEME/FEMR. Specifically, in the rest of the paper: Section 2 briefly presents the development history and current 
status of ELSEM‑Net. Section 3 presents in detail the hardware (HW) used in the field stations, including specifically 
designed receivers (see Section 3.1), antennas (see Section 3.2), and a new “Single‑Board Computer – Expansion 
Board” architecture datalogger (see Section 3.3). The ELSEM‑Net software (SW) is presented in Section 4, i.e., the 
website that is specifically designed to act as a collaboration platform (see Section 4.1) and the data management 
scheme (see Section 4.2). Section 5, presents an example of the analysis performed on ELSEM‑Net recordings using 
a most recently introduced analysis method, while the conclusions are summarized in Section 6.

2. The network ELSEM‑Net: Development history and current status

During 1992‑1995, the first pilot network comprising 4 remote telemetric stations for the recording of 
electromagnetic variations in the MHz and kHz bands was put in operation along the Island of Crete, south Greece, 
while since 1994, an exemplary telemetric station has been operating on Zakynthos (Zante) Island (Greece) (see 
supplementary downloadable material of [Potirakis et al., 2015]) under the guidance of Prof. C. Nomicos and 
Prof. K. Eftaxias, mainly aiming at the detection of MHz‑kHz EME/FEMR (see Section 1). From 1995 to 1998 the 
telemetric network was gradually expanded all over Greece, mostly installed at the field facilities (seismic stations) 
of the Hellenic Seismic Network (HL), which is operated by the Institute of Geodynamics of the National Observatory 
of Athens (NOA‑IG) (https://bbnet.gein.noa.gr/HL/) (last accessed on 14 May 2023). The number of ELSEM‑Net 
stations has been changing (increasing or decreasing) over the years since new locations are evaluated and others 
were assessed as inefficient after a few years of operation. The latest years 11 ELSEM‑Net remote telemetric stations 
are in full unattended operation (see Table 1).

The specific frequencies at which the narrowband sensing of the kHz magnetic field and the MHz electric field 
is performed resulted after exhaustive field investigations to find “quiet” (of low man‑made electromagnetic noise) 
frequency slots. Indeed, according to the official National Frequency Allocation Table (NFAT) [Department of 
National Defense and Department of Transport and Communications, 2006], the selected kHz frequencies (3 kHz 
and 10 kHz) should be “quiet”. Specifically, 3 kHz have not been allocated, whereas 10 kHz have been awarded 
either to low‑power, short‑range applications or to rarely exercised applications (industrial, scientific, and medical 
applications, as well as radio navigation), ensuring minimum electromagnetic interference  (EMI) sourced from 
human activities. Unfortunately, the MHz band is stuffed by FM radio broadcasting (87.5‑108 MHz). However, the 
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locations of the remote telemetric stations have been selected to be in the range of kilometers away even from 
residential areas, usually in isolated mountainous sites. Moreover, as it has been verified by field measurements, 
there is very low human-made electromagnetic noise at the selected MHz frequencies of 41 MHz and 46 MHz 
(according to [Department of National Defense and Department of Transport and Communications, 2006], these 
frequencies are reserved for defense systems). At this point it should be mentioned that one should periodically 
check for man‑made electromagnetic noise at the monitored frequencies, since human activities continuously 
expand, while new “noisy” devices burden the electromagnetic environment, such as LED road lights, etc.

The equipment used in these stations was gradually developed up to the form that we present here. Although 
hints about the early receiver designs can be found in some early publications of Prof. Nomicos’ team [Vallianatos 
and Nomikos, 1998; Nomikos et al., 1995, 1997; Nomikos and Vallianatos, 1998; Koulouras et al., 2005a; Stavrakas 
et al., 2007], this is the first time that the ELSEM‑Net instrumentation for the reception of the electromagnetic field 
variations in the MHz and kHz bands, with the aim of detection of geophysical scale FEME/FEMR, is presented in a 
complete and detailed way (see Sections 3 and 4).

Examples of MHz and kHz FEME/FEMR that have been acquired by ELSEM‑Net are shown in Figure 1. An amazing 
coincidence between the behavior of the FEME/FEMR measured during laboratory fracture experiments and the 
pre‑seismic ones observed by ELSEM‑Net, regarding the sequential appearance of the MHz FEME/FEMR, followed 
by the kHz FEME/FEMR, and the finally observed electromagnetic silence after the kHz FEME/FEMR and before 
the fracture/EQ occurrence, as well as after the EQ occurrence, has been repeatedly verified (see Section 1). Note 
that, as it has repeatedly been clarified, all the pre‑seismic FEME/FEMR that have been detected by ELSEM‑Net are 
associated with shallow EQs that occurred on‑land or near the coastline, [e.g., Eftaxias and Potirakis, 2013; Eftaxias 
et al., 2018], and references therein.

No. Station
Code Station Location Latitude

(° N)
Longitude

(° E)
Altitude

(m)

1 T Komotini 41.1450 25.5355 116

2 K Kozani 40.3033 21.7820 791

3 J Ioannina 39.6561 20.8487 526

4 M Agia Paraskevi, Lesvos Island 39.2456 26.2649 130

5 H Atalandi, Lokrida 38.6495 22.9988 185

6 F Valsamata, Cephalonia Island 38.1768 20.5886 402

7 Z Fterini‑Aghios Leon, Zakynthos Island 37.7658 20.7430 461

8 O Ithomi, Mesinia 37.1787 21.9252 423

9 A Archangelos, Rhodes Island 36.2135 28.1212 148

10 V Vamos, Crete Island 35.4070 24.1997 225

11 E Neapoli, Crete Island 35.2613 25.6103 288

Table 1. �Locations of the remote FEME/FEMR stations of ELSEM‑Net spanning all over Greece (see also Figs. 19 and 23 
for the locations’ depiction on the map).
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3. ELSEM‑Net Hardware

The block diagram of a standard telemetric field station of ELSEM‑Net is presented in Fig. 2. It comprises of 
four small loop antennas, with corresponding receivers for the monitoring of two components, East‑West (E‑W) 
and North‑South (N‑S), of the variations of the magnetic field at 3 kHz and 10 kHz, respectively, as well as two 𝜆�2 
electric dipole antennas for the monitoring of the electric field variations at 41 MHz and 46 MHz, respectively. All 
receiver outputs are simultaneously sampled by a multichannel datalogger once per second, i.e., with a sampling 
frequency of 1 Hz. At this point, it should be mentioned that an extended version of the above-described field station 
setup, with two more kHz channels, one more MHz channel, as well as other electromagnetic sensors, was installed in 
the exemplary telemetric station of Zakynthos (Zante) Island (Greece) (see supplementary downloadable material of 
[Potirakis et al., 2015]). The acquired time series, in the form of appropriately structured ASCII text or CSV files, are 
transferred through the internet to a network-attached storage (NAS) device, physically located in the University 
of West Attica (UniWA), Athens, Greece, for storage and management. Detailed information on all components of 
the specific setup is provided in the following Sections.

It has to be mentioned that very recently, new features of the ELSEM‑Net have been briefly presented in Politis 
et al., [2023], but herein both the new features, as well as those that are successfully operating for many years, and 
are presently still in use, are presented in detail in Sections 3 and 4.

Figure 1. �Characteristic signals acquired by ELSEM‑Net. The specific signals were acquired prior to the Kozani‑Grevena 
EQ, which occurred on 13/05/1995 in Northern Greece with a magnitude of 6.5. The specific signals have been 
analyzed in several publications, [e.g., Eftaxias et al., 2002; Potirakis et al., 2013; Eftaxias and Potirakis 2013; 
Contoyiannis et al., 2005; 2013], and references therein. It is worth noting that unlike the burst, avalanche‑like, 
kHz FEME/FEMR, the MHz FEME/FEMR cannot be visually identified, but need elaborated non‑linear time series 
analysis to be identified.
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3.1 Receivers Design and Implementation

The ELSEM‑Net receiver-related HW is based on two parametric‑HW, custom designed, receivers, one for 
the kHz frequencies and one for the MHz frequencies, which use low‑cost commercial components. By choosing 
specific passive components each receiver is working at one of the two, kHz or MHz, desired frequencies using the 
appropriate antennas (cf. Sec. 3 and Sec. 3.2). Figure 3 shows the main units and subunits of the receiver-related 
HW of a standard ELSEM‑Net station. Note that the implemented printed circuit boards (PCBs) are portrayed by 
blocks of different colors in Fig. 3. A full receiver system comprises two units, the kHz receiver unit, and the MHz 
receiver unit.

In each one of these units a regulated power supply subsystem, as well as the receiver subsystems are implemented. 
The receiver subsystems are realized on daughterboard PCBs, each of them carrying the receivers for a specific kHz 
or MHz frequency. Specifically, the kHz receiver unit comprises two 3‑channel kHz PCBs on which the kHz receivers 
are implemented, by being populated with the appropriate for each kHz frequency passive components, for the 
reception of the magnetic field of the East‑West (E‑W), North‑South (N‑S), and Horizontal (H) directions of the 
electromagnetic field, at 3 kHz or 10 kHz, respectively (left‑hand side of Fig. 3). Similarly, the MHz receiver unit 
comprises two 1‑channel MHz PCBs on which the MHz receivers are implemented, by being populated with the 
appropriate for each MHz frequency passive components, for the reception of the electric field at 40.455 MHz or 
45.485 MHz, respectively (right‑hand side of Fig. 3). Note that during the pilot operation of the MHz receivers, the 
40.70 MHz and 45.95 MHz frequencies were used. Therefore, in the initial publications the specific MHz frequencies 
were referred to as “41 MHz” and “46 MHz”, respectively. For this reason, and since the results are not notably 
influenced by a slight change in the center frequency of the monitored narrowband, the “41 MHz” and “46 MHz” 
were retained in the published works, where the signals acquired by these receivers are analyzed, even after the 
final frequency selection (40.455 MHz and 45.485 MHz), [e.g., Eftaxias et al., 2001; 2004; 2008; 2018; Potirakis et al., 
2011; 2012a; 2012b; 2012c; 2019a; 2022; Kapiris et al., 2004a; Karamanos et al., 2006; Papadimitriou et al., 2008; 
Contoyiannis et al., 2005; Eftaxias and Potirakis, 2013; Minadakis et al., 2012a; 2012b]. Note also that, based on the 
same kHz receiver design, 2‑channel PCBs have also been developed, since in some remote telemetric stations we 
measure only the E‑W and N‑S components at 3 kHz and 10 kHz.

Figure 2. Block diagram of a standard ELSEM‑Net telemetric station.
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The block diagram of each channel of the kHz receiver design is given in Fig. 4. The first module is a capacitor 
bank for the matching of the corresponding loop antenna during the initial installation, as well as during the periodic 
maintenance of the station where the system is used.

Figure 4. �Block diagram each channel of the kHz receiver design. The main functional blocks along with basic characteristics 
information are depicted. The output of the receiver is a slowly varying signal, proportional to the root mean 
square (rms) value of the magnetic field strength . This is sent to the datalogger where it is sampled at a 
rate of 1 sps (  = 1 Hz).

Figure 3. �Block diagram of the antennas and receivers of a standard ELSEM‑Net. The organization of the units on PCB 
level is indicated by blocks of different colors, while the associated antennas are also shown. Please cf. to the 
text (Sec. 3.1) for a detailed description.
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Figure 5. �Latest kHz receiver design schematics: (a) Input stages, comprising antenna matching, input protection and 
preamplification circuits; (b) Signal conditioning stages, comprising narrowband band-pass filtering, rms‑to‑dc 
and post amplification. The receiver circuits continue from (a) to (b) as indicated by the network names and 
corresponding comments. The comments “TO CONDITIONING” in (a) denote signals continuing to (b), whereas 
the comments “FROM INPUT” denote signals coming from (a). By selecting passive component values, dip‑switch 
positions, and using jumpers one can define whether each receiver channel will be a 3 kHz or a 10 kHz receiver, 
change the gain and match the corresponding antenna.
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By a simple in‑situ test procedure, the appropriate capacitance is selected each time. The next stage is a 
preamplifier with very low noise and distortion that amplifies the signal by a factor of 100 (or more). Successively, 
the amplified signal passes through two identical cascaded narrowband band‑pass filters tuned at the frequency of 
interest (3 kHz or 10 kHz). Finally, the filtered signal passes through an rms (root mean square) to dc (direct current) 
stage to produce the slowly varying output signal. This is proportional to the rms value of the received magnetic field 
strength . The output signal is directed, as it happens for all the output signals of the receivers of our system, to 
an appropriate datalogger and transmission system [Koulouras et al., 2005b; Tsiriggakis et al., 2005; Tassoulas et al., 
2010], where they are sampled at a rate of 1 sps (  = 1 Hz). Figure 5 shows the schematics of the latest kHz receiver 
design, while Fig. 6 shows typical input‑output characteristic measurements for the kHz receivers. It is noted that 
the outputs CHxDIR (x = 1,2,3) appearing at the rightmost end of Fig. 5b are currently not used but provide the 
option to directly provide the original signal reaching the antennas (without any filtering or other pre‑processing) 
to the datalogger for future experimentation. Moreover, the comments “TO ADC” appearing in Fig. 5b indicate 
the outputs of the receiver towards the analog to digital conversion unit of the datalogger, whereas the comments 
“TO CONTROLLER” in Fig. 5a indicate optional control signals that can be provided by a micro-controller to soft-
set the gain instead of short-circuiting the appropriate pins of J2, J4 and J6 (using jumpers) to hard-set the gain of 
the programmable gain amplifiers.

Figure 6. �Example of measured input-output characteristics for two typical kHz receivers. The linear region of operation, 
as well as the gain slope of ~10,000 V/V can be easily identified.

The block diagram of the MHz receiver design is given in Fig. 7. This is based on a typical heterodyne receiver of a 
standard intermediate frequency (𝐼𝐹 = 455 kHz). The low‑noise/low‑distortion preamplifier is succeeded by a mixer 
where the local oscillator frequency  and the received frequency  produce the 𝐼𝐹 frequency as  . 
Then, all other frequencies, except  , are filtered‑out and  passes through a pair amplifier/limiter. The useful 
output in our case is the received signal strength level that is estimated by the RSSI stage followed by a very low 
frequency first‑order passive low‑pass filter (cf. Fig. 7). The MHz receiver design is built around the SA605D NXP 
Semiconductors integrated circuit (IC), as shown in Fig. 8. Note that the specific design is ~30 years old, and as a 
result the specific IC is currently at “end‑of‑life” status, while some other key components, such as the 45.030 MHz 
crystals are now very difficult to find. Therefore, we are already planning to design a replacement MHz receiver soon.

As in the case of the kHz receivers the output signal is directed to an appropriate datalogger system [Koulouras 
et al., 2005b; Tsiriggakis et al., 2005; Tassoulas et al., 2010] where it is sampled at a rate of 1 sps (  = 1 Hz). Figure 9 
shows typical input-output characteristics’ measurements for the MHz receivers.
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Figure 7. �Block diagram of the MHz receiver design. The main functional blocks along with basic characteristics information 
are depicted. The output of the receiver is a slowly varying signal, proportional to the level of the electric field 
strength  . This is sent to the datalogger where it is sampled at a rate of 1 sps(  = 1 Hz).

Figure 8. �MHz receiver design. By changing one capacitor’s value at the antenna matching circuit (15 pF or 10 pF) and the 
crystal (40.000 MHz or 45.030 MHz) the two MHz receivers (“41 MHz” or “46 MHz”, respectively) are implemented.
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The implementation of our special purpose system for the monitoring of electromagnetic field variations in the 
MHz and kHz bands that is based on the above-presented receivers is shown in Fig. 10. A typical installation of the 
complete system from one of our remote telemetric stations, along with the PCB of one of the MHz receivers (inset 
photo), is depicted. The presented receivers are (gradually since 1995) in operation at 11 remote telemetric stations. 
The cost of the 2‑channel MHz receivers unit is estimated to be ~€100, while the cost of the 6‑channel kHz receivers 
unit is estimated to be ~€500, in current commercial prices.

Figure 9. �Measurements of the input‑output characteristics for two typical MHz receivers. The linear region of operation, 
as well as the gain slope of ~26 mV/dBuV can be easily identified.

Figure 10. �A typical installation of ELSEM‑Net remote telemetric station instrumentation (receivers along with one of 
the employed dataloggers) at Archangelos, Rhodes Island (36.2135° N, 28.1212° E), station code “A”. The inset 
photo depicts the PCB of a MHz receiver unit.



The hELlenic Seismo-ElectroMagnetics Network

13

3.2 Antennas Design and Implementation

For the MHz receivers, two standard 𝜆�2 dipole antennas [Kraus and Marhefka, 2002] were designed for the 
reception of the variations of the electric field at the 2 distinct frequencies mentioned above, namely at 40.455 MHz 
and 45.485 MHz. These antennas were manufactured using two co‑linear 𝜆�4 aluminum rod strains and are connected 
to a RG58, 50 Ohm, feeding cable via an appropriate coaxial (RG58) matching balun of appropriate length. Table 2 
summarizes the specifications of the dipole antennas parts.

Frequency
(MHz)

Wave‑length
𝝀 (m)

Aluminum rod length 
= 0,95 ∙ 𝝀�4 (m)

Coaxial Balun length 
= 0,66 ∙ 𝝀�4 (m)

40.455 7.42 1.76 1.22

45.485 6.60 1.57 1.09

Table 2. �Dipole antennas construction / functional characteristics. Balun shortening (velocity) factor of RG58 (0.66) has been 
taken into account in balun design. In case another coaxial cable is used its velocity factor should be used instead.

The rms value of the voltage  induced by an incoming 𝐸‑field with a polarization that is collinear to the 
axis of the dipole and with an angle of arrival that is perpendicular to the axis of the dipole, is calculated by Eq. (1) 
[Kraus and Marhefka, 2002]:

	  ,� (1)

where  is the rms value of the electric field strength and 𝜆 denotes the wavelength.
The use of 𝜆�2 dipole antennas for the reception of the variations of the geo‑electromagnetic field at the kHz 

band is prohibitive due to the excessive dipole lengths required (50 km and 15 km for 3 kHz and 10 kHz, respectively). 
Therefore, for the sensing of the electromagnetic variations at the kHz band, two standard small loop antennas 
[Volakis, 2007] tuned at 3 kHz and 10 kHz, respectively, were designed. These low‑frequency small loop antennas 
are usually referred to as “magnetic loops” to denote that they are sensitive to magnetic field variations. Table 3 
summarizes the construction and functional characteristics of the designed antennas.

These loop antennas are indeed “small” since their perimeter is much smaller compared to the wavelength and, 
thus, the magnitude current spatial distribution may be considered to be a constant number [Balanis, 2005]. For 
small loop antennas it can be shown that the rms value of the induced voltage  is calculated using Eq. (2) or 
equivalently by Eq. (3) [Carr and Hippisle, 2012]:

	  ,� (2)

or

	  ,� (3)

where 𝐴 is the total area of the antenna, 𝑁 is the number of revolutions of the winding wire, 𝑄 is the quality factor 
of the antenna,  and  are the rms values of the electric and magnetic field strength, respectively, at the 
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center of the antenna, 𝜆 is the wavelength, and 𝜃 is the angle between the antenna plane normal and the magnetic 
field lines; 𝑐 is the speed of light, 𝜇0 is the permeability of vacuum (4𝜋10–7 H/m), and 𝜇𝑟 is the relative permeability 
of the medium (for the air ). We usually define the effective height  measured in (m), as 
a measure of the sensitivity of the loop antenna.

Parameter Value for 3 kHz antenna Value for 10 kHz antenna

Frequency (kHz) 3 10

𝑄 12.04 12.16

𝑅𝑖𝑛 (Ohm) 149.6 44.4

𝐿 (H) 0.0956 0.0086

𝐶 (pF) 29,475.0 29,475.0

Perpendicular eff. Height ℎ𝑒 (m) 0.10 0.10

Antenna diameter 𝐷 (m) 1.0 1.0

Area 𝐴 (m2) 0.785 0.785

Wire (copper) diameter 𝑑 (mm) 0.28 0.28

𝑁 (revolutions) 168.5 50.0

Table 3. Loop antennas construction / functional characteristics.

Figure 11. �A typical ELSEM‑Net remote telemetric station antennas installation at Neapoli, Crete Island (35.2613° N, 
25.6103° E), station code “E”. Left mast: the two 10 kHz small loop antennas (black); middle mast: the two 
3 kHz small loop antennas (red); right mast (top): the 46 MHz 𝜆�2 dipole antenna; right mast (bottom): the 
41 MHz 𝜆�2 dipole antenna.
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Both the 𝜆�2 dipole and loop antennas have been implemented and are in operation (gradually since 1995) 
at 11 remote telemetric stations for the measurement of electromagnetic field variations and the detection of 
FEME/FEMR. A typical antennas installation of an ELSEM‑Net station is shown in Fig. 11. The cost for the construction 
of the dipole and loop antennas in current commercial prices is ~€40 and ~€100 per antenna, respectively.

3.3 A new “Single‑Board Computer – Expansion Board” Datalogger

ELSEM‑Net has been using for many years  (> 20 years) two kinds of dataloggers; in each station either the 
commercially available Campbell CR10X (https://www.campbellsci.com/cr10x) (last accessed on 14 May 2023), or 
the specifically designed for the needs of ELSEM‑Net “Mega Datalogger” [Koulouras et al., 2005a; 2014] is used. 
However, on the one hand, both of them are already outdated, with no support both in terms of SW updates and in 
terms of HW maintenance/repairs, while, on the other hand, the situation in network availability (both wired and 
wireless), internet access, and the data volume transfer capabilities have vastly changed during the last 20 years 
rendering simpler and much more cost‑effective solutions feasible. Based on these grounds, it has become obvious 
that a new datalogger solution is necessary for the progressive replacement of the legacy dataloggers of ELSEM‑Net.

The MHz and kHz receivers of ELSEM‑Net are designed to output a voltage signal in the range of 0 V‑2 V. These 
signals must in the next stage be digitized, stored, and finally transferred from each receiving station to a central 
data server, in our case a network-attached storage (NAS) device (see Section 4.2). For this purpose, a new datalogger 
has been designed based on a Raspberry Pi single‑board computer  (Raspberry Pi 4 Model B/4GB, (https://www.
raspberrypi.com/products/raspberry-pi-4-model-b/) (last accessed on 14 May 2023), equipped with the “Waveshare 
Raspberry Pi High-Precision AD/DA Expansion Board” (https://www.waveshare.com/product/raspberry-pi/ 
hats/ad-da-audio-sensors/high-precision-ad-da-board.htm) (last accessed on 14 May 2023)  (see Fig. 12), since 
there is no high precision analog to digital conversion (A/D) capabilities on the Pi GPIO interface. Note that, the 
expansion board’s digital to analog conversion (D/A) part is currently not used. The Raspberry Pi platform was 
chosen because of its impressive capabilities, the availability of many expansion boards, the availability of a wide 
variety of open‑access software, and its low price. However, the same datalogger setup can easily be implemented 
by other Linux‑operated single-board computers of similar capabilities, such as Banana Pi, Orange Pi, Cherry Pi, 
AML‑S905X‑CC (Le Potato), NanoPi M1 plus Allwinner H3 etc., while the above-mentioned expansion board can 
easily be reproduced or replaced by any other A/D expansion board of equivalent or better features.

The proposed datalogger setup can log up to 8 analog single-ended or 4 differential channels. Its precision 
is 24‑bit and is based on the ADS1256 A/D IC. The sampling rate is adjustable from 1 sps to 30 ksps. A standard 
ELSEM‑Net datalogger is currently using 6 of the 8 available single-ended analog inputs to convert the voltage 
output signals of the standard 6 receivers to digital signals, using a sample rate of 1 sps (  = 1 Hz). An appropriate 
program has been written in Python language that captures signals’ amplitudes of all local receivers connected 
to the datalogger and locally stores them in daily files of recordings, while, by an appropriate script, all previous 
day’s daily files are once per day transferred to the NAS device from each datalogger (see Fig. 12 and Section 4.2 
for information about the data files format and the data management scheme). The local storage of daily files of 
recordings is done on an external USB storage device for data security reasons (see Fig. 13).

Figure 12. �On every station six receivers deliver their outputs (voltage amplitude) to an A/D converter which captures the 

signals, and a Raspberry Pi‑type single-board computer process these data and stores them locally. Every 24 hours 

two daily files (in two different formats) from every station are sent to a NAS for storage and further processing.

https://www.campbellsci.com/cr10x
https://www.raspberrypi.com/products/raspberry-pi-4-model-b/
https://www.raspberrypi.com/products/raspberry-pi-4-model-b/
https://www.waveshare.com/product/raspberry-pi/hats/ad-da-audio-sensors/high-precision-ad-da-board.htm
https://www.waveshare.com/product/raspberry-pi/hats/ad-da-audio-sensors/high-precision-ad-da-board.htm


Filopimin Malkotsis et al.

16

Figure 13. �The new ELSEM‑Net advanced and low‑cost datalogger consists of a Raspberry Pi‑type single‑board computer, 
a high-precision A/D expansion board designed for Pi. An external USB storage device is added to the design 
for the safe keeping of data in case of failure of computer’s SD‑type RAM.

Raspberry Pi does not have a real-time clock (RTC) system on board, whereas accurate time is mandatory for the 
constant synchronization of all the ELSEM‑Net stations, since all recordings are timestamped. Therefore, all new 
dataloggers are equipped with an external RTC expansion board based on the DS3231 IC, as well as an external USB 
GPS receiver connected to the Raspberry Pi. All communications of the new dataloggers are conducted through a 
private virtual network (VPN) (see Section 4.2). There is a NAS device in the VPN, which is uninterruptedly connected 
to the internet, acting as a network time protocol (NTP) server on which all dataloggers are synchronized. The GPS 
receiver and the RTC are filling the accurate time determination gap between the wake‑up from power failure and 
the connection to VPN or during any communication failures. RTC has been used as a backup solution, in case of a 
GPS receiver failure. An appropriate SW is written in Python to ensure accurate synchronization to real time for the 
datalogger at all times using the above-mentioned three timestamp inputs and considering the following hierarchy: 
(i) NTP, (ii) GPS, (iii) RTC (see Fig. 14).

Figure 14. �Three ways to synchronize a Raspberry Pi to real time. External RTC, GPS receiver, and through the network 
from an NTP server.

To check the new datalogger’s performance, an experimental station was installed in a mountainous region close 
to UniWA according to the setup presented in Fig. 15. As shown in Fig. 15, a legacy Campbell CR10X datalogger and 
a new Raspberry Pi‑based datalogger were recording the same signals in parallel. After an experimental operation 
of 3 months, the specific setup proved that the new datalogger not only outperforms the legacy datalogger in 
measurement accuracy, as shown in Figs. 16‑18, but is also consumes much less power, which is also very important 
in remote installations without connection to the power network. Specifically, the recordings of the two dataloggers 
are in general in very good agreement as Fig. 16 shows, although a slight time shift is observed (see Fig. 16 inset). 
The observed time shift was found to be due to the poorly synchronized internal clock of the legacy datalogger (see 
Fig. 17). If one shifts the two recordings to compensate for the clock difference, and rounds the Raspberry Pi‑based 
datalogger recordings to the accuracy of measurement of the legacy one since the former ones are of much higher 
accuracy than the latter ones (24 bits vs. 13 bits), the two recordings are practically identical, especially for low 
voltage amplitudes (input < 700 mV).
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Figure 15. �The six ELSEM‑Net receivers’ outputs are connected in parallel to a legacy datalogger Campbell CR10X and the 
new Raspberry Pi datalogger in order to evaluate the performance of the new datalogger.

Figure 16. �The recordings of the 3 kHz E‑W receiver’s signal on 01/01/2022 by the legacy datalogger Campbell CR10X and 
the new Raspberry Pi datalogger (presented on a common time axis), where a slight shift time is observed (see 
inset). This time shift is due to the poorly synchronized internal clock of the legacy datalogger (see also Fig. 17).

Figure 17. �PC208W SW (Campbell Scientific proprietary software) report window. The yellow arrows indicate the poor 
synchronization of the internal clock of the used Campbell CR10X datalogger to the clock of the Advantech 
APK‑10‑U0A3 fanless mini‑PC (which was synchronized to the same NTP server as the new Raspberry Pi‑based 
datalogger).
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In order to investigate what happens for higher input values, we applied voltage ranging from 0 mV to 2800 mV 
from an external high-stability DC power supply in parallel to one input of the Campbell CR10X and one input of the 
Raspberry Pi‑based datalogger, while in parallel measuring the input voltage by a high‑accuracy bench multimeter. 
The results are depicted in Fig. 18, showing that the difference between the applied and recorded voltage for the new 
Raspberry Pi‑based datalogger was very low, < ±10 mV for the whole range of the input voltage. On the other hand, 
the Campbell CR10X, although showed excellent performance up to 700 mV, for higher input values the difference 
between input and recorded value was worse than that of the Raspberry Pi‑based datalogger, and monotonically 
increasing, reaching up to 85 mV difference for 2800 mV input. From Fig. 18, it is clear that, in contrast to the legacy 
datalogger, the Raspberry Pi‑based datalogger curve is well approximated by a linear function, which renders its 
calibration far easier, just by a linear trend compensation.

Finally, the Raspberry Pi‑based datalogger is consuming only 0.9 W when acquiring data and works at 20% of 
the computing power, while in the 100% computing power state its consumption is only 3 W. On the other hand, 
the legacy datalogger setup (Campbell CR10X and Advantech APK‑10‑U0A3 fanless mini‑PC running Campbell 
Scientific proprietary SW) consumes ~36 W during data acquisition.

Figure 18. �Difference between the applied and recorded voltage vs the applied voltage for the Campbell CR10X and the 
new Raspberry Pi‑based datalogger. The new Raspberry Pi‑based datalogger presents a very low, < ±10 mV, 
difference for the whole range of the input voltage, while the legacy Campbell CR10X presents excellent 
performance up to 700 mV, but worse than that of the Raspberry Pi‑based datalogger for higher input values. 
The new datalogger curve presents a linear trend, unlike the legacy one.

4. ELSEM‑Net Software

The key information concerning the software (SW) used for the ELSEM‑Net is presented in the following Sections. 
Specifically, Section 4.1 presents the website developed for ELSEM‑Net and Section 4.2 presents data management 
issues.

4.1 The website: A Collaboration Platform

ELSEM‑Net website (http://elsem-net.uniwa.gr) (last accessed on 14 May 2023) is a solution created to 
communicate and support the research related to the specific network of ground-based telemetric stations for the 
monitoring of FEME/FEMR in Greece (see Fig. 19). It serves as the central information hub of the general information 

http://elsem-net.uniwa.gr
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regarding ELSEM‑Net, such as geographical allocation via interactive maps, photos and recent recordings of each 
station, status per station, research team, research results, relevant publications, news, and current activities. 
Moreover, it is also a platform which the researchers of ELSEM‑Net can use to have easy and versatile access, for 
both visualization and download, to decades of signals recorded by the telemetric stations, preliminary (automated) 
analysis results, etc. (see Fig. 20). Specifically, the website consists of a public section that anyone can access, an 
approved-members-only section where all ELSEM‑Net researchers, as well as authorized collaborating researchers, 
can access via login, and the admin panel via a login which is there as a GUI (Graphics User Interface) for detailed 
information stored in the associated database. Each page corresponds to the equivalent admin panel where someone 
with access can add or remove content.

Multiple technologies are used in order to make a website work as expected, especially now that it needs to be 
displayed in multiple devices. The frame of the website is constructed in Hyper Text Markup Language (HTML) which 
is the standard markup language used when displaying documents on a web browser. With the help of Cascading 
Style Sheets (CSS) this document is presented in a way that a user can easily navigate. When using CSS there are 

Figure 19. �Screen‑shot of the ELSEM‑Net home page. Only part of the home page is presented; more information on 
the motivation of this research, the network and stations’ structure, and key research results are available by 
scrolling down.
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frameworks that reduce the code that needs to be written, improving functionality, and provide useful templates for 
the website and Bootstrap was the open‑source framework of choice, due to its responsive, mobile‑first, approach. 
JavaScript is a language that provides the functionality of the website, such as what each button does and much 
more complex functionalities. On top of the website functionality, Leaflet open‑source library was used for maps, 
and Highcharts for the time series plots. Since the website needs to be dynamically produced, PHP was used. 
It provides logic and through certain conditions, produces the content that the user needs to see. Some examples 
are: populating a table with stations or showing news in their individual templates. The ELSEM‑Net website is hosted 
in a virtual machine server, while all information appearing in the website is stored in a database, physically hosted 
in a network‑attached storage (NAS) device. Both the virtual machine of the server and the NAS are installed in the 
UniWA and is part of the infrastructure of the Electronics and Computer Technologies Lab (ECTLab, http://ectlab.
eee.uniwa.gr/index.php/en) (last accessed on 14 May 2023).

MySQL was chosen as the SQL language that enables to retrieve, transform and delete data through the use 
of queries because the used NAS device uses MariaDB as an open‑source relational database, which in turn uses 
MySQL. This database management system offers a secure way to handle data, as it can set permissions to users, 
denying the request to delete or overwrite the data. Since the database stores all the information that is needed for 
the proper functionality of the website, many different tables are accessed depending on what the user requests 
while browsing. If a user for example opens the “Stations” page, a request is sent to the database and the database 
returns a list of all available stations along with their information (see Fig. 21).

Figure 20. �Screen‑shot of the ELSEM‑Net “Data” page, which is available only to ELSEM‑Net researchers, as well as 
authorized collaborating researchers. Only part of the “Data” page that fits the browser window is presented. 
From this page one can have access to the recorded data, as well as preliminary analysis results, both for 
visualization and download.

http://ectlab.eee.uniwa.gr/index.php/en
http://ectlab.eee.uniwa.gr/index.php/en
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(a)

(b)

Figure 21. �(a) Screenshot of the ELSEM‑Net “Stations” page (only part of the “Stations” page is presented). (b) Database 
information requested by the website when one opens the Stations page.
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4.2 Data Management

Currently, a hybrid data management scheme is adopted to serve both legacy and new dataloggers, until all the 
legacy dataloggers of the network are replaced by the new ones (see Section 3.3).

Concerning the management of the legacy dataloggers’ data, each station’s data are first automatically hourly 
transmitted to a dedicated server hosted in a virtual machine of the Institute of Geodynamics of the National 
Observatory of Athens (NOA/IG), using a communications and data transfer scheme implemented by custom SW 
modules running both at the legacy dataloggers and the server of NOA/IG [Kefalas et al., 2011]. Each legacy hourly 

(a)

(b)

(c)

(d)

Figure 22. �(a) A few lines of a legacy hourly file (day 306, 03:00:00‑03:00:03), where data are stored in a tab‑separated format. 
(b) A few lines of a legacy daily file (day 306, 00:00:59‑00:01:01), where data are stored in a comma‑separated 
format. (c) A few lines of a new .csv daily file (data recorded at the station with codename “A” during the day 68 
of 2016, 00:00:00‑00:00:04), the filename is shown on top of the data and follows the legacy daily files naming 
convention. (d) The folder structure for storage of daily files, organized first by year and then by station.
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file is an ASCII text file with file extension “.dat”, named according to the following naming convention: Each name 
consists of eight alphanumeric characters, the first one is the letter representing the codename of the station, the 
next three represent the day number (day of the year), and the last four represent the hour of the day. For example, 
the file “O3540300.dat”, contains the data of the 354th day (of the specific year), from 03:00:00 to 03:59:59 UT, 
recorded by the station with codename “O” (see Fig. 22a for a sample of the data contained in an hourly file). At the 
NOA/IG server, all the received hourly files of each station produced during a specific day are stored in a single folder, 
named according to the following naming convention: each folder name consists of four alphanumeric characters, 
the first one being the letter representing the codename of the station and the next three representing the day 
number. For example, the folder “A306” contains all hourly files of the 306th day (of the specific year), containing 
data recorded by the station with codename “A”. Each of these folders’ contents are automatically daily added to one 
.zip file (one .zip file per station is produced), named after the corresponding folder’s name (e.g., “A306.zip”) and 
later on all previous day’s .zip files are synchronized to the NAS device located at UniWA. At the NAS, each .zip file is 
unzipped and all the hourly files contained are used to automatically produce a corresponding legacy daily ASCII text 
file with the file extension “.dat”, named according to the following naming convention: Each name consists of eight 
alphanumeric characters, the first one is the letter representing the codename of the station, the next four represent 
the year and the last three represent the day number (day of the year). For example, the file “F2022168.dat”, contains 
the data of the 168th day of the year 2022, recorded by the station with the codename “F” (see Fig. 22b for a sample 
of the data contained in a legacy daily file). Then, the legacy daily files are used to automatically (by an appropriate 
Python script) produce daily files in a new the new CSV format (see Fig. 22c), which is appropriate for direct access 
by many contemporary visualization and analysis SWs, as well as for direct import to databases. Finally, both kinds 
of daily files (legacy .dat and new .csv) are organized in folders according to the scheme presented in Fig. 22d.

Concerning the management of the new dataloggers’ data, all new dataloggers store locally only daily files both of 
the legacy .dat and new .csv formats (see Figs. 22b and 22c) and along with the NAS device are members of a private 
virtual network (VPN), implemented using the “WireGuard” communication protocol, a free and open‑source SW 
that uses state‑of‑the‑art cryptography (https://www.wireguard.com) (last accessed on 14 May 2023). Once per day, 
the previous day’s daily files, both legacy .dat and new .csv, from all new dataloggers are transferred to the NAS device 
using the “rsync” open‑source utility available for Linux (https://rsync.samba.org) (last accessed on 14 May 2023), 
and organized in folders according to the scheme presented in Fig. 22d.

5. Analysis of Fracture‑Induced Electromagnetic Emissions

As an example of the analysis performed on ELSEM‑Net recordings, in the following we present the analysis of 
MHz signals recorded in different stations of ELSEM‑Net prior to three significant EQs that recently occurred in 
Greece. The presented analysis aims at the reveal of criticality indications prior to each one of these EQs, using a 
recently introduced time series analysis method that relies on wavelet analysis to achieve a coarse-graining that 
permits the extraction of dynamics information from noisy data [Contoyiannis et al., 2020]. Indeed a few days before 
each one of the studied EQs criticality was found in the MHz recordings of a relatively close‑in‑distance ELSEM‑Net 
station. Section 5.1 provides information about the studied EQs, the analysis method is presented in Section 5.2, 
while Section 5.3 presents the analysis results.

5.1 Recent Earthquakes Information

As already mentioned in the Introduction Section of this article, in this subsection we study three recent 
significant EQs ( ) that occurred in 2020 and 2023 in Greece. All the necessary details of each of one of the 
three EQs have been acquired from European-Mediterranean Seismological Centre, EMSC‑CSEM (https://www.
emsc-csem.org/, last accessed on 14 May 2023), and are given in Table 4. Based on the magnitude of the EQ, the 
critical radius (𝑅𝑐𝑟 = 100.44∙𝑀𝑊–0.78) has been calculated in km for each one of the studied EQs [Bowman et al., 1998]. 
Figure 23 shows a satellite image of the part of the area of the southeastern Mediterranean that includes Greece, in 
which the locations of all ELSEM‑Net stations are marked. Each one of the three studied EQs’ epicenter is shown on 
the map along with its date of occurrence and magnitude. In addition, the “critical zone” as defined by the critical 
radius of each EQ is also shown on the map. Note that, in all studied cases the corresponding critical zone includes 

https://www.wireguard.com
https://rsync.samba.org
https://www.emsc-csem.org/
https://www.emsc-csem.org/
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land parts. This fact, according to the reasoning presented in detail in [Eftaxias and Potirakis, 2013; Eftaxias et al., 
2018], renders the hypothesis that FEME/FEMR is launched to the atmosphere reasonable, and thus FEME/FEMR 
can be detectable by ELSEM‑Net stations. It is also worth mentioning that the analyzed signals were recorded by 
the ELSEM‑Net station closest to the epicenter of each studied EQ (see Section 5.3). Especially for the case of the 
2020 Crete EQ, it has to be clarified that station “E”, which is the closest one, was temporarily malfunctioning, so 
we used the recordings of the next closest station (station “V”), also located on Crete Island.

EQ herein 
referred to as Epicenter location

Time of 
occurrence 

(UT)

Magnitude 
(MW)

Depth 
(km)

Latitude 
(° N)

Longitude 
(° E)

Critical 
radius 
(km)

2020 Crete EQ
97 km S of Ierapetra, 

Crete Island
02/05/2020 
12:51:05.4

6.6 10 34.14 25.70 133

2020 Samos EQ
18 km NNE of Karlovasi,

Samos Island
30/10/2020 
11:51:25.7

7 10 37.91 26.84 200

2023 Rhodes EQ
69 km SE of Lindos, 

Rhodes Island
25/01/2023 
12:37:06.4

5.9 35 35.75 28.54 65.46

Table 4. Information about the EQs under study as taken from EMSC‑CSEM.

Figure 23. �Satellite image of a part of the area of the southeastern Mediterranean that includes Greece. ELSEM‑Net 
stations are indicated by yellow diamonds (station codes are also shown). The three pentagrams (cyan, light 
green and orange) depict the epicenter locations of the three studied EQs, whereas the dates of occurrence and 
magnitudes are also shown. Moreover, the circles (dashed circumferences), centered at the epicenter of each 
EQ, indicate the “critical zone” of each EQ as results from the corresponding calculated critical radius (km). 
Finally, the tectonic boundaries are shown with red solid curves [Bird, 2003].
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5.2 Criticality Analysis by Wavelet Analysis

A very important source of information about the dynamics of a system recorded in the time domain, in the 
form of a time series, is the distribution of the waiting times of the time series. In case this distribution is expressed 
mathematically as an exponential distribution with a negative exponent, then this signifies the cutting off of the 
large correlation scales of the parts comprising the system, which is equivalent to a complete absence of dynamics 
[Contoyiannis et al., 2004, 2005]. Such a case is the generator of random numbers. At the opposite end of the 
dynamics spectrum is the power‑law distribution where all the scales are present. Such a case is the critical state for 
every system [Schuster, 2005; Contoyiannis et al., 2002]. Most natural systems, and not only these, are organized in 
the time domain by means of the dynamics of intermittency. The term “intermittency” denotes an alternation, in 
which regions of low fluctuations (phase of “laminar regions”) are interrupted by regions of intense outbreaks (phase 
of “bursts”). Due to the presence of the laminar regions, the intermittency presents stationarity characteristics. 
A “laminar region” is defined as the zone of the time series amplitude values between a specific, low enough, value 
of time series, the “start of the laminar region”, and a higher value that delimits the transition to the phase of the 
bursts, the “end of the laminar region”. The waiting times for which the time series values continuously remain 
within this zone are known as “laminar lengths”. Therefore, finding the distribution of waiting times is related to 
finding the distribution of laminar lengths, as previously defined.

The most fundamental element for the calculation of the laminar lengths is the so‑called “fixed point”, which 
serves as the start of the laminar region and remains constant during laminar lengths’ calculations. This is determined 
as the time series value for which the peak of the distribution of the time series values appears. In practice, this 
corresponds to the point, around the peak of the values’ distribution, at which the steepest end of the distribution 
is observed. On the other hand, the end of the laminar region is treated as a free parameter and is located on the 
smooth side of the peak of the distribution of the time series values. Thus, the range of time series values around 
the peak of the values’ distribution which is delineated between these two points is defined as the laminar region.

As already mentioned, the end of the laminar region is treated as a free parameter, so, by changing its position, 
it is possible that for a range of ends of the laminar region the corresponding laminar lengths’ distributions can 
closely approach a power‑law distribution, if of course such a power‑law behavior is really embedded in the time 
series under analysis.

Given the table of values of the laminar lengths, one can find the laminar lengths’ distribution as well as the 
corresponding exponent if it turns out to be a power‑law. According to the method of critical fluctuations (MCF), 
if the exponent of the power‑law lies in the range [1,2), then the system which creates the time series is in critical 
state [Potirakis et al., 2018; 2019b; 2021]. To calculate the laminar lengths’ distribution as well as the exponent, 
if there is a power‑law, in the following analysis examples we use a method that has recently been introduced, 
specifically, the wavelet‑based detection of scaling behavior in noisy experimental data [Contoyiannis et al., 2020]. 
As it is explained in the following, this method has significant advantages in detecting scaling behavior over standard 
curve fitting‑based methods.

Any function can be expanded on a wavelet basis, while wavelet expansion is suitable for phenomena that exhibit 
self‑similarity, such as critical phenomena, manifested by power‑law behavior. In discrete form, the mother wavelet 
function,  , undergoes two transformations, the change of the scale 𝑗 and the displacement 𝑘, with  , 
producing the wavelet basis elements:  , with  and  , 
whereas the wavelet analysis coefficients are denoted  . For  one gets the coarse‑graining description of 
the analysis. In the framework of this description, the coefficients of the analysis can and do ignore the noise of the 
signal to be analyzed [Contoyiannis et al., 2020]. This behavior has been used to develop an algorithm that applies 
to any discrete distribution,  ,  , associated with real or numerical time series. This algorithm can and 
does answer the question of whether the analyzed distribution embeds a power‑law behavior, how close or far is it 
from the power‑law, and calculates the corresponding power‑law exponent 𝑝. In other words, it provides a kind of 
“fitting” result that can be applied to laminar lengths’ distribution, without carrying the pathogeny of standard curve 
fitting-based methods due to noise in the experimental data, especially at the high values of the laminar lengths. 
In standard curve fitting, for a fitting function to avoid the tail of distributions where the strong noise makes the 
results vague, one usually keeps only the short scales for an analysis of the laminar lengths’ distribution. But this is 
not correct because it brutally removes any information that the long scales may carry. In most cases of calculating 
the power‑law from distributions of waiting times 𝐿 presented in the literature, this is done on long scales ( ). 
Thus, long scales carry important information and cannot be excluded from the analysis. The wavelet basis used to 
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develop the specific algorithm is the Haar wavelet. The mother function of the Haar wavelets is defined, using the 
Heaviside step function,  , as:

	  ,� (4)

for  ], while the wavelet analysis coefficients for the expansion of a power‑law function (appropriate for a 

finite system)  can be written as [Contoyiannis et al., 2020]:

	  ,� (5)

where 𝑐 is a normalization constant and [𝑧] stands for the integer part of a variable 𝑧.
One can then define the following quantities [Contoyiannis et al., 2020] for the discrete case:

	 � (6)

and

	  ,� (7)

with  .
The proposed method for revealing the criticality and finding the exponent of the power‑law of the distribution 

of laminar lengths comprises the following steps:
1)	 We apply Eq. (6) to calculate 𝜆 as a function of Δ up to a value  . We plot 𝜆 vs Δ, and since we are interested 

in the convergence of 𝜆 [Contoyiannis et al., 2020], we focus on the right-most part of the plot (for large Δ), while 
up to the last 10 points, i.e.,  (see also Eq. (8)) are enough to deduce a conclusion. The value 
of  is determined in the tail of the distribution of laminar lengths according to the next criterion.

2)	 We quantify the previous step by calculating the distance of 𝜆 from the value  , which denotes a perfect 
power‑law, by calculating the quantity:

	  .� (8)

The closer the  is to the value 0 the closer to the power‑law is the distribution. So, the position of  is 
located where the quantity  comes closest to zero.

3)	 Then, we produce the 𝑅 vs 𝛥 plot, using Eq. (7). From the convergence region of the plot, i.e., for  
(see Eq. (8)), a mean value,  , is obtained for the quantity 𝑅.

4)	 We consider the test function ,  , where  is a constant factor, and by putting  in 
place of  , we solve Eq. (7) numerically for the given  value with respect to 𝑝, to estimate the value of 𝑝 
exponent which corresponds to  .
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The power‑law test function mentioned in Step 4 is used only when  , which indicates an 
exact power‑law, and further if  this indicates that the underlying system is in critical state. In case 
that  , this indicates that the examined laminar lengths’ distribution is close to 
power‑law. In this case, in Step 4 we can use a truncated power‑law test function , 
where  is a constant factor, instead of a power‑law test function  , to further investigate. So, we quantify a 
power‑law with an exponential correction, and if the exponents are found to be  and  , this indicates 
that the underlying system is in critical state. In cases that  turns out to be higher than the  there is 
no power‑law distribution.

5.3 Analysis Results

The purpose of the wavelet‑based analysis presented in Section 5.2 is to investigate: (a) if a time window of the 
MHz recordings (a MHz time series excerpt) of a station close to the epicenter of an EQ indicates that the underlying 
EQ preparation system is in critical state, or how close or how far from it is, and (b) in case that it is in critical state, 
to calculate the exact exponent of the power‑law that describes the distribution of laminar lengths (waiting times). 
The calculation is considered accurate because it takes into account all the scales of the laminar lengths’ distribution, 
especially it provides accurate calculations for large scales, in which the results of standard curve fitting-based 
methods are unreliable: (a) due to the small statistics in the tail of the distribution, and (b) due to the large noise 
in the tail region. In the following we present a few examples of MHz signals’ analysis possibly related to the recent 
significant EQs presented in Section 5.1.

5.3.1 2020 Samos EQ

Figure 24 shows the 41 MHz signal (of 172800 sec duration) recorded by the “M” station located in Agia Paraskevi, 
Lesvos Island (see Table 1 and Fig. 23), during a time period of two days from 27/10/2020 to 28/10/2020, 3‑2 days 
before the 2020 Samos EQ  (see Table 4 and Fig. 23). Here, the measured quantity, denoted by  𝜙  (a.u.), is the 
amplitude of the 41 MHz receiver’s voltage output. Following the steps of the wavelet-based criticality analysis 
method presented in Section 5.2, it was found that the blue‑colored excerpt of the specific MHz signal of Fig. 24 (of 
90000 sec duration, i.e., ~3 days before the EQ) presents criticality characteristics. Figure 25a shows the amplitude’s 

Figure 24. �Temporal evolution of 41 MHz time series (27/10/2020‑28/10/2020), recorded by station M before the occurrence 
of the 2020 Samos EQ (see Table 4 and Fig. 23). The blue‑colored excerpt of the time series, according to the 
analysis performed, presents critical behavior (see text).
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distribution of the analyzed blue‑colored excerpt of Fig. 24. The laminar region for the construction of laminar 
lengths’ distribution  (see Fig. 25b) was found to be  . In the next step, using the laminar lengths’ 
distribution, we calculated the 𝜆 as a function of Δ using Eq. (6), the plot of which for the last 10 values of Δ (the 
last value is ) is shown in Fig. 26. From this, we found that  (see Eq. (8)), which is <10–3, 
indicating an exact power‑law laminar lengths’ distribution (see Section 5.2). Moreover, in order to calculate the 
exponent 𝑝 of the power‑law, the quantity 𝑅 was computed as a function of Δ (see Eq. (7)). In Fig. 27, the plot of 𝑅 vs Δ 
is depicted for the last 10 values of Δ, used to estimate the mean value of 𝑅 at the convergence region as  . 
Finally, by using the test function  ,  and solving Eq. (7) numerically for with respect to 𝑝, 
it was found that  (i.e.,  ), confirming the existence of criticality.

a) b)

Figure 25. �(a) Amplitude values’ distribution of the blue‑colored excerpt of the time series presented in Fig. 24. (b) The 
distribution of laminar lengths of the corresponding excerpt, considering the laminar region  .

Figure 26. �Plot of 𝜆 vs Δ (blue dots) for the last 10 values of Δ, as computed (see Eq. (6)) for the distribution of laminar 
lengths shown in Fig. 25b. The horizontal black dashed line corresponds to the criterion 𝜆 =1, which denotes 
a perfect power law distribution.
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Figure 27. �Plot of 𝑅 vs Δ (blue dots) for the last 10 values of Δ, as computed (see Eq. (7)) for the distribution of laminar 
lengths shown in Fig. 25b. The mean value of these 10 values is  .

5.3.2 2020 Crete EQ

Another example of ELSEM‑Net time series excerpt for which criticality was detected is the case of the 2020 
Crete EQ (see Table 4 and Fig. 23). More specifically, in Fig. 28 a 41 MHz time series excerpt, spanning the dates 
28/04/2020‑02/05/2020 is shown, recorded 4‑0 days prior to the occurrence of the EQ by the “V” station located in 
Vamos, Crete Island (see Table 1 and Fig. 23). The blue‑colored part of the specific signal, with a duration of 185000 
sec, i.e., 4‑2 days before the EQ, was found to present criticality characteristics.

Figure 29a depicts the amplitude’s distribution of the analyzed (blue‑colored) excerpt of Fig. 28. The laminar 
region for the construction of laminar lengths’ distribution (see Fig. 29b) was found to be  . Figure 30 

Figure 28. �Temporal evolution of the 41 MHz time series (28/04/2020‑02/05/2020), recorded by station V before, during 
and after the occurrence of 2020 Crete EQ (see Table 4 and Fig. 23). The blue‑colored excerpt of the time series, 
according to the analysis performed, presents critical behavior (see text). The red arrow marks the time of the 
occurrence of the EQ.
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portrays the last 10 values of 𝜆 as a function of Δ ( ), calculated for laminar lengths’ distribution of 
29b using Eq. (6), which indicates that laminar lengths’ distribution is very close to a power‑law distribution. 
Specifically, using Eq. (8), we found that  . According to Section 5.2, this means that the value of   is 
of order of 10–3, and therefore the laminar lengths’ distribution is very close to (but not exactly) power‑law, therefore 
we used a truncated power‑law test function  ,  instead of a power‑law test function 
to numerically solve Eq. (7). In order to determine the exponents  and  , we need first to determine  . In Fig. 31 
the plot of 𝑅 vs Δ is provided for the last 10 values of Δ, used to estimate the mean value of 𝑅 at the convergence 
region as  . Finally, by using the test function  and solving Eq. (7) numerically for  with 
respect to  and  , it was found that  (i.e., ) and  (i.e., ), confirming the existence 
of criticality.

a) b)

Figure 29. �(a) Amplitude values’ distribution of the blue‑colored excerpt of the time series presented in Fig. 28. (b) The 
distribution of laminar lengths of the corresponding excerpt, considering the laminar region  .

Figure 30. Same as Fig. 26 for the distribution of laminar lengths shown in Fig. 29b.
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Figure 31. �Same as Fig. 27 for the distribution of laminar lengths shown in Fig. 29b. The mean value of these 10 values 
is  .

5.3.3 2023 Rhodes EQ

The last analysis example concerns an EQ which occurred east‑southeast to Rhodes Island in Greece on 
January 2023 (see Table 4 and Fig. 23). In Fig. 32 we present the temporal evolution of the 41 MHz signal recorded 
3‑0 days (22/01/2023‑25/01/2023) before the specific EQ, as received by the ELSEM‑Net station with station code “A” 
located in Archangelos, Rhodes Island (see Table 1 and Fig. 23). The different colors of excerpts of the time series, as 
shown in Fig. 32, correspond to the different dynamics. As proved by the analysis results presented in the following, 
the blue‑colored excerpt was found to present criticality 3‑2 days before the occurrence of the EQ. However, in the 
red‑ and green‑colored excerpts critical dynamics are absent. On the other hand, as indicated by its amplitudes’ 
distribution (not shown here), in the black‑colored excerpt a “phase transition” is embedded, which is characterized 
as the “symmetry-breaking phenomenon”, explained in detail in Contoyiannis et al. [2018]. In such time series, as 
the specific black‑colored excerpt, the wavelet-based criticality analysis method employed here (see Section 5.2) 
is not possible to be applied due to the lack of stationarity of the time series, so such time series are analyzed as 
in Contoyiannis et al.  [2018]. Finally, the last excerpt of Fig. 32 (violet‑colored), which was recorded after the EQ 
occurrence, also doesn’t present any indication of criticality, implying that another strong EQ was not expected to occur 
close after the 2023 Rhodes EQ, as indeed happened. It has to be mentioned here that similar behavior, i.e., departure 
from critical state before the EQ occurrence and no critical dynamics after the EQ occurrence, was found (not presented 
here) for the MHz recordings related to the cases of the 2020 Samos EQ and the 2020 Crete EQ. It is noted that the 
specific behavior is fully compatible with the four‑stage model for EQ generation (FSMEG) presented in Section 1.

Figure 33 portrays the amplitudes’ distributions of the colored excerpts of Fig. 32 (except for that of the 
black‑colored for the above-mentioned reason). In Fig. 34 the corresponding laminar lengths’ distributions of the 
colored excerpts of Fig. 32 are shown. The chosen laminar regions of each laminar lengths’ distribution (Figs. 34a‑34d) 
were found to be  ,  ,  and  , respectively. In Figs. 35a‑35d, 
the 𝜆 vs Δ (see Eq. (6)) plots are shown for the corresponding laminar lengths’ distributions of Figs. 34a‑34d, as 
calculated for the last 10 values of Δ, while the  values were 218, 201, 170 and 123, respectively. By using the 
Eq. (8), the corresponding  values for the above-mentioned  values were found to be , , 

 and , respectively. Thus, only the blue‑colored excerpt of Fig. 32, resulted to a  value lower than 
 ( ). So, according to Section 5.2, only the specific excerpt of 41 MHz recordings 

presents criticality, with an exact power law laminar lengths’ distribution. For the specific time series excerpt, using 
Eq. (7), the quantity 𝑅 was calculated for the last 10 values of Δ, from which it was found that  . Finally, 
using the test function ,  and solving Eq. (7) numerically for  with respect to 
𝑝, it was found that  (i.e., ), confirming the existence of criticality.
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Figure 32. �Temporal evolution of the 41 MHz time series (22/01/2023‑25/01/2023), recorded by station A before, during and 
after the occurrence of 2023 Rhodes EQ (see Table 4 and Fig. 23). The blue‑colored excerpt of the time series, 
according to the analysis performed, presents critical behavior (see text). The red‑ and green‑colored excerpts 
don’t present critical dynamics, while the black‑colored excerpt is a “symmetry‑breaking window” (see text). 
The violet‑colored excerpt, recorded after the occurrence of the EQ, also doesn’t present critical dynamics. The 
red arrow marks the time of the occurrence of the EQ.

(a)

(c)

(b)

(d)

Figure 33. �Amplitudes’ distributions of the correspondingly-colored excerpts shown in Fig. 32 (the amplitude distribution 
of the black‑colored excerpt is not presented).
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(a)

(c)

(b)

(d)

Figure 34. �Laminar lengths’ distributions of the correspondingly‑colored excerpts shown in Fig. 32. The considered laminar 
regions for each laminar lengths’ distribution are: (a) 410‑460, (b) 430‑458, (c) 405‑428, (d) 400‑422.

(a)

(c)

(b)

(d)

Figure 35. �Same as Fig. 26 for the distributions of laminar lengths shown in: (a) Fig. 34a, (b) Fig. 34b, (c) Fig. 34c, (d) Fig. 34d. 
Only Fig. 35a indicates a power‑law laminar lengths’ distribution.
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6. Conclusion

In this paper, we presented, for the first time in detail, the structure, instrumentation, and management of 
the hELlenic Seismo‑ElectroMagnetics Network (ELSEM‑Net, http://elsem-net.uniwa.gr), a network of telemetric 
stations covering Greece and operating for > 20 years for the detection of MHz‑kHz FEME/FEMR prior to strong EQs 
with epicenters on land or near the coast‑line. Given the fact that the used instrumentation is not commercially 
available, but has been specifically designed and implemented by the research team of ELSEM‑Net for the purposes 
of that particular network, we hope that the provided detailed presentation would be a valuable contribution to 
any interested research teams around the world (focusing either to natural or man‑induced EQs, i.e., to global 
fractures at the large and intermediate scale) to install and operate their own networks. Such a perspective would 
be very important for the in‑depth research of this kind of observables and the associated processes, as it will allow 
the accumulation of directly compatible data, possibly associated with different kinds of EQs from different parts 
of the world. Yet another, important contribution of the provided information is that allows for the integration of 
MHz‑kHz FEME/FEMR to the future development of multi-observables-based EQ forecasting systems, which will 
combine information from a wide range of ground-based and space‑born direct or indirect EQ‑related observables. 
It should also be mentioned that we intend to further develop ELSEM‑Net’s website (http://elsem-net.uniwa.gr) 
(last accessed on 14 May 2023), so that any scientist can have free access to updated information related to the 
instrumentation used by ELSEM‑Net, since we intend to continue the instrumentation development.

Finally, in this article, we presented for the first time the application of a very recently introduced time series 
analysis method, which relies on wavelet analysis to achieve a coarse-graining that permits the accurate extraction 
of dynamics information from noisy data, to MHz FEME/FEMR. From the results obtained for three cases of recent 
significant EQs ( ) that occurred in 2020 and 2023 in Greece, it is concluded that criticality was reached 
a few days (4‑2 days, depending on the case) prior to each EQ. Specifically for the last presented case of the 2023 
Rhodes EQ, we also showed that the MHz recordings following the MHz time series excerpt which was found to 
follow criticality dynamics, don’t present critical dynamics, either these precede or follow the occurrence of the 
specific EQ, which is fully compatible with the four‑stage model for EQ generation (FSMEG) presented in Section 1.
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