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INTRODUCTION

The critical importance of high-frequency (HF) communications is underscored by its
indispensable role in areas where traditional communications infrastructures are either
lacking or compromised. These scenarios include remote geographical locations, maritime
environments and emergency and disaster relief missions, for which rapid deployment of
communications systems is vital.

However, despite its extensive applications, the field of HF communications faces
considerable challenges due to the highly unpredictable and variable nature of the
ionosphere. A number of factors, including solar activity, time of day and atmospheric
conditions, can have a significantimpact on the ionospheric propagation of HF signals, leading
to unpredictable quality and reliability of communications.

In the Ukrainian conflict, HF communications have been of great help, providing
reliable long-distance connectivity and resistance to electronic warfare tactics. Its versatility
and ability to integrate with modern communications systems improved operational
coordination and supported humanitarian assistance.

This PhD thesis aims to investigate state-of-the-art Software Defined Radio (SDR)
technology, which provides flexibility in configuration and control over radio functions and
parameters. The innovative use of SDR technology enables real-time monitoring and
adjustment of communication parameters, facilitating increased radio link performance
despite variable ionospheric conditions.

The work has 212 pages, representing the current state of knowledge and personal
contributions, structured in 9 chapters, 3 research directions, 8 studies, plus 128 figures, 5
tables and 99 bibliographical references.

The theoretical foundation of this research is based on the principles of
electromagnetic wave propagation in the ionosphere, a fundamental component of HF
communications. This involves understanding the complex interactions between radio waves
and ionospheric layers, which are affected by variables such as electron density,
electromagnetic fields and solar radiation. The main focus of this study is on the concept of
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Near Vertical Incidence Wave Propagation (NVIS). This technique uses radio waves with a
large angle of incidence, which are reflected back to the Earth by the ionosphere, allowing
reliable medium-range communications without the need for repeater stations.

Integrating orthogonal frequency division multiplexing (OFDM) into the theoretical
framework offers a substantial advantage. OFDM is an advanced digital modulation technique
that splits a radio spectrum into multiple orthogonal signals of closely spaced subcarriers,
each carrying a portion of the user's data. This method significantly improves bandwidth
utilization and minimizes interference, making it particularly effective in ionospheric
communications, where multipath propagation predominates. Further advances in this study
stem from the integration of digital signal processing (DSP) tools and techniques, which are
essential for analyzing and streamlining the signal processing tasks inherent in software-
defined radio (SDR) technology. The use of GNU Radio, a comprehensive set of open source
software development tools, allows practical application of complex DSP algorithms without
requiring extensive custom hardware. Combining this toolset with Python programming
allows researchers to rapidly prototype and test new communication strategies and
waveforms. This combination of GNU Radio and Python facilitates a dynamic and flexible
approach to the development and enhancement of SDR-based communication systems,
ensuring that they can effectively adapt to diverse requirements and operational
environments.

The synergy between DSP, GNU Radio, Python and SDR results in a solid platform for
the investigation and development of HF communications. By leveraging these technologies,
research can overcome the limitations of traditional radio systems, enabling efficient
communications capable of overcoming the specific challenges of the ionospheric
transmission environment. This comprehensive approach not only underpins the theoretical
aspects of the study, but also provides a practical way to implement advanced communication
solutions tailored to the particular requirements of HF ionospheric communications.

This paper presents three strategic research directions, and the personal contributions
aim at analyzing in detail the parameters underlying the development of applications that
systematically overcome the current limitations of ionospheric HF communications.

The first research direction focuses on the implementation of a complex SDR system
designed to assess and analyze HF noise and to examine the availability of ionospheric
channels over variable bandwidths. By developing a versatile platform for measuring and
analyzing the noise characteristics prevailing in ionospheric channels, the work will provide
essential information about the sources and impact of noise, thus paving the way for robust
HF communication strategies. In addition, this first approach also aims to investigate the
impact of bandwidth variability on noise profiles, thus enabling improved bandwidth
allocation for efficient HF communications.

Starting from the fundamental understanding of noise characteristics, the second
research direction focuses on the improvement of the signal-to-noise ratio (SNR), its detailed
analysis and the implementation of an adaptive system to keep the SNR values at an optimal
level. By exploiting the advantages of SDR technology, dynamic analysis and real-time
adaptation to SNR variations can be achieved. This active adaptation aims not only to
preserve but also to improve channel availability and data transfer, which are essential for
reliable HF communications.

The third and final research direction aims at using advanced technologies to evaluate
and test waveforms to improve data transfer rates under NVIS conditions. The objective is to
implement and test an SDR-based system using OFDM technique. By analyzing and making
OFDM waveforms more efficient, this study will attempt to overcome the limits achievable in



HF communications, aiming to significantly increase the data transfer rate and
communication quality.

The thesis contributes to research in the field of HF communication systems by
promoting the development of more robust and efficient communication technologies. The
results of this research have the potential to innovate HF communications, improving the
reliability and quality of long-distance communications. This work not only supports a wide
range of practical and scientific applications, but also lays a foundation for future innovations
in telecommunications and beyond, aligning with the continuing evolution towards more
connected and resilient communication networks.

In conclusion, this thesis presents a comprehensive approach to the implementation of
SDR technology to address the fundamental challenges posed by HF ionospheric
communications. By advancing knowledge in the field of noise analysis, SNR and waveform
enhancement, this work aims to set a new benchmark for the efficiency and reliability of HF
communication systems, contributing significantly to the development of applications in the
fields of telecommunication and radio technology.

Objectives and research directions

The research approach in this PhD thesis is structured around three main directions,
each of which is designed to explore and innovate the field of shortwave radio
communications using SDR technology. The overall objective is to improve the reliability,
efficiency and data handling capabilities of HF communication systems over the ionosphere,
with particular focus on NVIS propagation. The research will pursue various aspects of
ionospheric communication channels such as noise analysis, signal-to-noise ratio evaluations,
and the implementation of spectrally and power efficient waveforms to improve data
transmission rates and radio link reliability. The following details the objectives of each
research direction in this thesis.

Research direction 1: Implementation of an SDR system for HF noise assessment and
availability analysis of ionospheric channels with variable bandwidths

The first research direction focuses on the implementation and testing of an SDR
system for analyzing noise in ionospheric channels. This includes the following objectives:

v' Implementation and testing of an SDR system for noise analysis: Development of a versatile
SDR platform for measuring and analyzing the prevailing noise characteristics in
ionospheric communication channels. This system will be essential for the identification
of noise sources and their impact on the reliability of HF communications.

V' Analysis of existing noise in ionospheric channels with varying bandwidths: Investigate how
different bandwidths affect the noise profile of ionospheric channels. This will allow
determining the optimal bandwidths for different link scenarios, increasing the efficiency
of HF communications.

v' Analysis of ionospheric channel availability using channel noise level as a criterion:
Evaluation of ionospheric channel availability by examining how different noise levels
affect channel usability. This approach will present information about the reliability of



ionospheric channels under different conditions, contributing to the development of noise
mitigation strategies.

Research direction 2: Strategies to improve the efficiency of NVIS communications by
analyzing SNR using SDR technology.

The second research direction advances the research by focusing on analyzing the
variation of SNR as a function of different factors and implementing an adaptive system to
keep the SNR as high as possible in the ionospheric channels. Studies will include:

v' SDR-based SNR analysis: Implementation and testing of an SDR-based system to analyze
SNR variations within ionospheric channels. This analysis will form the basis for
strategies to improve the quality of received signals.

v' lonospheric channel availability as a function of SNR: Examining how SNR levels influence
ionospheric channel availability. This will help to understand the correlation between
SNR and ionospheric channel performance from the perspective of increasing data
transfer rate.

v' Adaptive system for SNR enhancement: Development of an adaptive system capable of
dynamically applying HF radio link realization strategies based on real-time SNR
evaluations. This system aims to ensure improved quality indicators for HF radio links
even under difficult ionospheric conditions.

Research direction 3: Deployment and testing of advanced waveforms to improve HF data
communications under NVIS propagation conditions.

The third research direction involves the implementation and testing of an SDR-based
system for HF data communications in NVIS propagation scenarios, with a focus on improving
data transfer rates and reducing error rates. The objectives are as follows:

v' SDR-based system for data communications in the HF range: Implementation and
evaluation of an SDR-based communication system designed for efficient data
transmission over ionospheric channels using OFDM top OFDM waveforms. This work
will examine the potential of SDR technology to improve reliability and data transfer rate
in the HF range.

v Analysis of OFDM waveforms in the context of HF propagation for speed improvement and
error reduction: design, implementation and testing of OFDM-based waveforms in the
context of HF propagation to increase the transfer rate and reduce packet errors. This
includes performance evaluation of OFDM technology in terms of the parameters
underlying its formation.

v’ Investigation of methods to increase packet throughput by increasing bandwidths in the
context of HF propagation: Implementation and testing of channel aggregation techniques
with the aim of increasing available bandwidths in ionospheric propagation, resulting in
increased throughput in HF communications. This research aims to improve the overall
reliability of communications by reducing the aggregation of multiple narrowband
channels into a single channel.

Through these interconnected research directions, the investigation in this PhD thesis
aims to substantially advance the understanding and usability of ionospheric channels for
reliable, efficient and high-quality HF communications. By harnessing the flexibility and



innovation potential of SDR technology, the study aims to address and overcome the inherent
challenges of ionospheric communications, paving the way for significant advances in global
communication systems in various domains.

Research Direction 1 - Implementation of an SDR system for HF
range noise assessment and availability analysis of ionospheric
channels with variable bandwidths e

Study 1 - Design and implementation of an HF band noise measurement
system based on SDR platforms

Materials and methods

A system based on software defined radio stations has been designed to record the
level of man-made noise (MMN). For a real time monitoring of the noise level, a high
performance SDR platform from National Instruments - Universal Software Radio Peripheral
(NI USRP) model 2932 and equipped with a LFRX RF LFRX board in the frequency band 0-
30MHz was chosen. The software component of the system was realized using a workstation
on which the Linux operating system (Ubuntu 20.04) was installed. A Rohde&Schwarz
broadband active antenna (HFH2-Z6E + IN600) was also used to measure the electric field
strength. In order to accurately determine the acquisition times and coordinates of the
location where the measurements were performed, a GPS module was connected to the SDR
equipment and its implementation was realized using a script developed in Python.

Results and discussions

[nitially, in the test part, a preliminary measurement was made using an acquisition
time of 2 seconds for each frequency, with a 2 second pause in between, and a repetition
interval of 10 minutes over a period of one hour. This means that four "name".dat files will be
saved every 10 minutes. The files were named with the date and time of acquisition and also
the center frequency, bandwidth and resolution. To process the data and display the results,
custom Python scripts were created to load the saved files and plot the results graphically.
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In the following figures, detailed comparative analyses between the spectral analyzer
and the proposed measurement system have been developed. In Fig. 1(a,b), the noise level
was measured for the frequency of 8.25 MHz with a frequency resolution (RBW) of 300 Hz.
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Figure 1 - Noise level at 8.25 MHz - (a) Spectrum analyzer, (b) SDR system (300 Hz RBW, 2.5 MHz bandwidth andd)
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Figure 2 - Noise level at 8.25 MHz - (a) Spectrum analyzer, (b) SDR system (1 Hz RBW, 2.5 MHz bandwidth)

In the second step (Figure 2), the noise level was measured for 1 Hz resolution. The
SDR system is limited due to the 8192 points in the FFT, but, using the same values, the
representation was normalized to 1 Hz by applying the formula 10-log10 (RBW). In both cases,
the values are comparable, resulting in the system displaying correct results for the next sets
of measurements.

In the measurement recommendations it is proposed to measure the WGN by using a
spectral analyzer equipped with an RMS type detector and applying the 20% method. Then,
the noise level be normalized to an RBW of 1 Hz and expressed in dB over kTB. The following

figures show the implementation results of this method using the system implemented with
SDR.
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Figure 3 - SDR noise measurement at 7.3 MHz (all samples)
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Figure 4 - SDR noise measurement at 7.3 MHz (a) lowest 20% of samples, (b) representation over kTB
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Figures 3, 4(a,b) show a measurement performed at 7.3 MHz. The representationhas a
bandwidth of 200 kHz. The resulting frequency resolution is approximately 25 Hz (at 8192
FFT points). The results shown are obtained after normalizing to a bandwidth of 1 Hz. As can
be seen, the band is not emission-free. In order to determine the correct noise level at this
frequency, the highest 80% of the samples were removed and only the lowest 20% were kept.

Study 2 - Amplitude probability density method for measuring high-
frequency noise in ionospheric channels

Materials and methods

The monitoring system implemented in this study consists of a Rohde&Schwarz FSVR
7 spectral analyzer, an R&S HFH2-Z6E active antenna and a laptop serving as the central
control unit. On this laptop a custom Python application was configured specifically designed
to manage the spectrum analyzer operations. This software not only facilitates control of the
device, but also streamlines the data collection process, making it more efficient by
automating data acquisition.

Results and discussions

Figure 5(a) shows the APD noise histogram for the center frequency of 4.8 MHz, for
which the three bandwidths of the ionospheric channel have been considered. Figures 6(b)
and 7 show similar representations for the center frequencies of the ionospheric channel at
6.8 MHz and 8.8 MHz, respectively. All these exemplified measurements were made in the
middle of the day at 13:40 local time.

As expected, it can be seen that as the channel bandwidth increases, the E-field
strength of the noise also increases. It should be noted that the values obtained are
comparable with similar results reported in the literature for urban areas [36]. At a channel
bandwidth of 3 kHz, a range of electric field level, E = (30-40) dBuV/m, is obtained. Ata 10
kHz bandwidth, E = (38-45) dBuV/m, and at a 20 kHz bandwidth, E = (43-48) dBuV/m.
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(a) (b)
Figure 5 - APD of HF noise electric field strengths in the ionospheric channel at center frequencies of (a) 4.8 MHz, (b) 6.8 MHz
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The shape of the APD plot was preserved in all the cases illustrated in Figures 5 and 6.
Figures 7 and 8 show the time evolution of the electric field strength E in the ionospheric
channel over 24 hours. Figs. 7(a) and 8(a) refer to a 3 kHz bandwidth, while Figs. 7(b) and
8(b) show a 20 kHz bandwidth. In the analyzed figures, two center frequencies were chosen,
as shown, 4.8 MHz and 8.8 MHz, respectively. For all the exposed cases, it can be seen that in
the time interval (05:00-21:00) the noise in the ionospheric channel exhibits a relatively
constant field strength. At the center frequency of 4.8 MHz and channel bandwidth of 3 kHz an
electric field strength of less than 40 dBuV/m is present, while in a channel with 20 kHz
bandwidth the field strength increases by about 10 dB. Similar behavior can be observed for
the 8.8 MHz center frequency. It is interesting to note that in the time interval (20:00-05:00)
significant variations in the E-field level occur. Relatively high field levels of about 70 dBuV/m
can also be observed. Consequently, this time range could create difficulties in achieving
reliable communications at the frequencies investigated. The maximum likelihoods extracted
from the APD histograms are at values of 0,023.
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Figure 7 - Variation of E field strength over 24 hours on a channel with a bandwidth of (a) 3 kHz (b) 20 kHz, at a
center frequency of 4.8 MHz
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If in Figures 5 and 6, for which the duration of the analysis was 2 minutes - in the
middle of the day, no noticeable differences were observed, when measurements were made
over 24 hours, essential differences were found between the different ionospheric channels.

Research direction 2 - Strategies to improve the efficiency of NVIS
communications by analyzing SNR using SDR technology

Study 3 - Design, implementation and testing of an automated system for
SNR assessment of ionospheric channels

Materials and methods

An SDR platform with real-time monitoring capability was used to monitor rapid
variations in signal level. Thus, an SDR platform from National Instruments - Universal
Software Radio Peripheral (NI USRP), controlled by an application developed in the GNU
Radio environment, was chosen.

The broadcasting system configuration was realized using a laptop running the Linux
operating system (Ubuntu 20.04) connected to a NI USRP 2932 platform, equipped with a
LFTX 0-30 MHz LFTX 0-30 MHz radio frequency transmitter board. The system also contains a
Rohde & Schwarz BBA 150 power amplifier and a Diamond W330 broadband dipole antenna
mounted in an inverted "V" shape. This antenna configuration was chosen for its NVIS
propagation characteristic.

Similarly, the receive setup used the same laptop-USRP configuration, connected to a
multi-band (3-30MHz) HF T2FD T2FD antenna, also arranged in an inverted "V" shape. The NI
USRP 2932 platform is equipped this time with an LFRX 0-30 MHz model LFRX 0-30 MHz
radio frequency receiver board. To improve the reception quality, a 9:1 balun and non-
inductive terminating resistors were used, achieving a VSWR of less than 2 over the entire HF
spectrum.

Results and discussions

The system evaluation was performed in three steps: (1) transmission and reception
calibration using reference spectral generators and analyzers, (2) back-to-back testing of the
system under controlled laboratory conditions, and (3) verification of the system operation
under real NVIS propagation conditions.

In the first phase, a signal generator was connected to a receive (RX) channel of the
USRP equipment with a coaxial cable. The R&S FSVR spectrum analyzer served as reference
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equipment for calibrating the amplitude levels. This setup allowed the amplitude and
frequency response of the SDR system to be evaluated. To accomplish this, the frequency of
the generated signal was varied between 3 and 30 MHz in 1 MHz steps, and the signal
amplitude was varied from -90 dBm to -30 dBm in 5 dB steps. Figure 9 shows the test stand
under laboratory conditions.

Laptop cu
aplicatia SNR

Analizor spectral in
Cablu FTP conexiune 3 timp real R&S FSVR

USRPlaPC

SDR
NI USRP 2932

Mini-Circuits
Splitter RF

Generator vectorial
R&S SMBV 100A

Cablu coaxial

Figure 9 - Test stand under laboratory conditions

The power level calibration was performed on a 3 kHz bandwidth, generating a
sinusoidal signal with different power levels. As can be seen, after adjusting the parameters,
the power level of the channel measured with the GNU Radio application is similar to the one
measured with the reference spectral analyzer.
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Mivelul semnalului receptionat
(dBm)
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Nivelul semnalului emis de generator (dBm)

=0 USRP =@= FSVR
Figure 10 - Comparative power measurement (FSVR-USRP) for an ionospheric channel with 3kHz bandwidth

Back-to-back testing involved connecting the USRP transmitter system directly to the
USRP receiver system with a coaxial cable. During this test, a series of 30 frequencies in the
HF range were transmitted over 2 hours. This procedure allowed a faithful synchronization of
the two systems and also ensured that the linearity of the signal amplitude was maintained at
the receiving end.
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The radio link under NVIS conditions for the real testing of the system was realized
between the transmitting point installed in Sibiu (coordinates: Latitude: 45.7828, Longitude:
24.1452) and the receiving point installed in Sangeorz-Bai (coordinates: Latitude: 47.3826,
Longitude: 24.6559), located at a distance of about 180 km in a straight line (Figure 11).

Moldova

Chigindu
B

Tim|}n:\v.\

Figure 11 - Transceiver system locations

In order to configure and verify the correct operation of the system, remote control of
the receiving system from the transmitter's location was chosen, using a "remote control"
application available for Linux operating systems. The transmission was realized using 2 HF
frequencies (6.7 MHz and 7.3 MHz), by generating a continuous unmodulated sinusoidal
signal, and amplified with a power of 60W. The transmit-receive duration for each frequency
was set to 2 seconds and the interval between two consecutive transmissions was set to 4
seconds. The frequency list, both transmit and receive, was repeated every 15 minutes for 6
hours.

Figure 12 shows the received power levels over 6 hours for the frequencies 6.7 MHz
and 7.3 MHz at 3 kHz bandwidth. It can be seen that the signal starts to decrease from 18:00
pm for the 6.7 MHz frequency and from 18:45 pm for the 7.3 MHz frequency. They also reach
the noise floor (-95 dBm) after 20:30 pm for the 6.7 MHz frequency and after 19:30 pm for the
7.3 MHz frequency.
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Figure 12 - Reception signal strength variation for 6.7 MHz and 7.3 MHz at 3 kHz channel bandwidth

Using the application realized in GNU Radio, the SNR value was calculated for the same
periods and for the same 3 kHz bandwidth. The results reflect SNR variations due to changes
in signal strength and noise. Considering an SNR level of at least 5 dB, it can be stated that, in
the time interval during which the measurement was carried out, for an ionospheric channel
with a bandwidth of 3 kHz, the channel availability is only between 16:00 pm and 18:00 pm
for the 6.7 MHz frequency and between 16:00 pm and 18:45 pm for the 7.3 MHz frequency.
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Figure 13 - Reception signal-to-noise ratio variation for 6.7 MHz and 7.3 MHz frequencies at 3 kHz channel
bandwidth

Figure 13 shows the variation of the measured signal-to-noise ratio for a 10-minute
continuous emission on the carrier frequency of 5.7 MHz using three different bandwidths. As
expected, the SNR decreases with increasing channel bandwidth. If we analyze the availability
of the ionospheric channel as a function of SNR value, it can be seen that, for a minimum SNR
value of 5 dB, the availability is about 95% for an ionospheric channel bandwidth of 3 kHz and
drops considerably to less than 50% for a channel bandwidth of 24 kHz. This underlines the
fact that extending the channel bandwidth to achieve a higher data transfer rate needs to be
analyzed very carefully from the SNR degradation perspective.

Study 4 - Evaluation of ionospheric channel availability under NVIS
conditions by signal-to-noise analysis

Materials and methods

For SNR analysis, the same SDR USRP platforms/systems as in previous studies were
used. The radio link under NVIS conditions for this study was also established between the
city of Sibiu, Sibiu county and the c1ty of Sangeorz-Baj, Bistrita- Nasaud county (Figure 14).
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Thus, both for the configuration of the transmitting and receiving system, a laptop/PC
was used on which the Linux operating system (Ubuntu 20.04) was installed, connected to a
NI USRP 2932 platform. Both systems were connected to dipole antennas installed in
inverted "V" for propagation under NVIS conditions.
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Results and discussions

In the first stage, measurements were performed using the 5.7 MHz frequency. A
sinusoidal signal with a power of 40 W was emitted on this frequency. The emission duration
was set to 2 seconds, with an interval between measurements of 5 minutes over 24 hours.
Reception monitoring was performed using the same parameters (frequency and time) for a
channel bandwidth of 3 kHz.

The signal emitted on this frequency was detected at reception only between 08.00 AM
and 17.00 PM. The ionospheric channel became unavailable immediately after sunset,
continued to be unavailable during the night and became available again after sunrise.
Therefore, this frequency is available in the intervals with increased ionization levels during
the daytime. At the same time, it was observed that the noise power level had little variation,
below 5 dB, throughout the measurements and remained below the -85 dBm threshold.

Using the application configured in GNU Radio to measure SNR, the variation over 24
hours was calculated for a 3 kHz bandwidth. It can be seen that this channel has periods of
time even during the day when availability is low. For an SNR threshold of 5 dB, the channel
availability during 24 hours was only 30% of the time, and for a threshold of 10 dB the
availability was 16%.
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@ 20
=
= 15
S 10
s
D U W wwuwuwmumuwumuwuymuwmuwmuwmuwmuwmuwmuwmuwmuwmuwmuwu;m
O WO WO UV WL O WO O WV VMO OO WMWO OO LW,y
2eeafoundodMMMuONNINNOS
N O ™N 0O O 1N O 1 AN M T N WO IO NM <
T el el et NN NDODOD O OO O OO O OO0 € «f i -
Timp (24h)

Figure 15 - SNR level measured every 5 minutes for 2 seconds - 24 hours
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Figure 16 - Signal power level (a) and noise power level (b) received every 5 minutes for 2 seconds - 24 hours

Next, a 3-hour time duration analysis was performed in the most favorable time slot
(09.00 AM - 12.00 PM). Figures 17 and 18 show the signal strength, noise power and SNR for
this time slot. A significant variation in channel power is noticeable. Also the SNR varies quite
a lot even for 5 minutes between measurements. As can be seen, between one measurement
and the next, in most cases there are significant differences. The SNR variation over the whole
range was between 2 dB and 20 dB. For a 5 dB threshold, the channel was available 78% of
the time, for a 10 dB threshold availability was 54%, and for a 15 dB threshold availability
was only 17%.
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Study 5 - Adaptive signal-to-noise based adaptive HF radio channels using
SDR technology

Materials and methods

The transceiver system has been designed to provide an adaptive radio link in the HF
range using SDR platforms. By controlling all parameters via software, the process of adapting
frequency, bandwidth and transmission power could be automated, which simplifies the
establishment of a stable and reliable communication link.

The radio communication system was configured using the NI USRP-2932 SDR
platform, capable of receiving and transmitting signals over a wide range of frequencies,
including HF. This SDR platform is an ideal solution for the development of an adaptive radio
link in the HF range, due to its superior flexibility and functionality, as well as low cost. Digital
signal processing has been realized with the help of a processing system and Python
programming language.

Results and discussions

This system has been developed to implement adaptive radio link technology using
SDR and to support the development of a software-defined radio station specific protocol to
improve the performance of radio communication systems, particularly in the HF domain. As
wireless networks continue to expand and evolve, there is an urgent need to develop
appropriate HF protocols for military, government and other applications. Adaptive
techniques play an important role in ensuring reliable and efficient operation of HF links.

This methodology, implemented in the present system, is the prerequisite for ensuring
the realization of data links at the highest possible data rates for radio links in the HF range.
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Based on the resulting parameters, established at each station, an OFDM communication
protocol adapted to these parameters will be implemented in the next development phase.

In order to verify the correct operation and the ability of the system to adapt according
to the SNR level in each situation, the system was tested in the laboratory for different
operational scenarios as follows:

Test 1: The radios were turned on randomly at different times (Figures 19 and 20).

In this case, the master station was started 5 minutes before the slave station. The
applications for both master and slave stations try to synchronize every minute. Since the
slave station was not turned on, the master station transmitted every minute, waiting for a
synchronization signal from the slave station. When the slave station was also turned on, it
measured the SNR level for the frequencies in the list and transmitted on the frequency with
the best SNR and frequency deviation corresponding to the optimal bandwidth.

Start emission on frequency 3.62 MH: at 27 64 2023 00 00:64
Start emission on frequency 3.75 MHz at 27 04 2023 00 00:08

Start emission on frequency 4.45 MMz at 27 64 2023 00 00:12
Start emission on frequency 4.7 MHz 3t 27 64 2023 60 00:16

Start checking sync on freguency 3.55 MHz at 27 64 2623 60 06:22
Start checking sync on freguency 3.62 MHz at 27 64 2023 00 00:26
Start checking sync on freguency 3.75 MHz at 27 64 2023 00 00:30
Start checking sync on frequency 4.45 MMz at 27 64 2023 60 00:34
Start checking sync on fregquency 4.7 MHz at 27 04 2023 00 00:38

There 1s no RX link available, Start check again
-« START ADAPTIVE RADIO LINK SYNCHRONIZATION --

Start emission on frequency 3.55 MMz at 27 64 2023 00 01:00
Start emission on frequency 3.62 MHz at 27 64 2023 00 01:04
Start emission on frequency 3.75 MHz at 27 064 2023 00 01:08
Start emission on frequency 4.45 MHz at 27 64 2023 00 01:12
Start emission on frequency 4.7 MMz at 27 04 2023 00 61:16

Start checking sync on freguency 3.55 MHz at 27 64 2023 60 01:22
Start checking sync on frequency 3.62 MHz at 27 64 2023 60 01:26
Start checking sync on frequency 3.75 MHz at 27 64 2023 00 01:30
Start checking sync on frequency 4.45 MHz at 27 64 2023 60 01:34
Start checking sync on freguency 4.7 MHz at 27 04 2023 00 01:38

Linked on frequency 3.75 MMz using 6KHz bandwidth with an average SNR=20,917427d8

Figure 19 - First synchronization performed to establish optimal link parameters
with the main radio station

As can be seen in the test case, the radios have established connection on 3.75 MHz
frequency and 6 kHz bandwidth. After the first synchronization, if the radios are not switched
off and remain in IDLE mode, they will re-synchronize after a predefined time, initially set to
30 minutes.

The date and time has been set to USRP from the external GPS.
Current date and time is 27-04-2023 00:09:52
-- START ADAPTIVE RADIO LINK SYNCHRONIZATION --

Checking SNR on all frequencies:

Start testing SNR on frequency 3.55 MHz at 27 64 2023 60 01:00
Start testing SNR on freéquency 3.62 MHz at 27 ©4 2023 00 01:04
Start testing SNR on frequency 3.75 MHz at 27 84 2023 60 01:08
Start testing SNR on frequency 4.45 MHz at 27 64 2023 80 01:12

Start testing SNR on frequency 4.7 MHz at 27 64 2023 09 01:16

There is no RX channel available for 24 KHz BW. The expected SNR level has been i
Start SYNC Link on frequency 3.75MHz using 6KHz bandwidth

Start sync on frequency 3.75 MHz at 27 04 _2023 00 01:22
Start sync on frequency 3.75 MHz at 27 64 2023 66 01:26
Start sync on frequency 3.75 MHz at 27 04 2023 00 0l:

Start sync on freguency 3.75 MHz at 27 64 2023 00 01
Start sync on frequency 3.75 MHz at 27 04 _2023 00 01:33

Linked on 3.75 MHz frequency and 6khz bandwidth with an average SNR=20.1626208

Figure 20 - First synchronization performed to establish the optimal parameters of the link to the slave radio

Test 2: The radios were randomly turned on at different times and perform the second
synchronization, being conditioned to change power.
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From the second synchronization, the system will also adjust its transmit power, trying
to go from the lowest power to the highest power that will provide 24 kHz bandwidth. If, even
at high power, there is not an acceptable SNR for the 24 kHz band, it will gradually reduce the
bandwidth to 3 kHz.

[No sync available

(There is no sync available. Start check again and set power to medium
Start emission on frequency 3.55 Mz at 26 64 2023 16 02:00

Start emission on frequency 3.62 Mz at 26 64 2023 16 62:04

Start enission on frequency 3,75 Mz at 26 04 2023 16 02:08

\Start emission on frequency 4,45 Miz at 26 64 2623 16 62:12

Start emission on frequency 4.7 Miz at 26 64 2023 16 02:16

Start checking sync on frequency 3.55 Miz at 26 64 2023 16 02:22
Start checking sync on freguency 3.62 Miz at 26 64 2623 16 62:26
Start checking sync on freguency 3.75 Mz at 26 64 2623 16 02:30
IStart checking sync on frequency 4.45 MHz at 26 64 2623 16 62:34
Start checking sync on frequency 4.7 Mz at 26 64 2023 16 02:38

Linked on frequency 4.45 Miz using 24KHz bandwidth with an average SNR=57.242448

Figure 21 - Second synchronization to establish the optimal parameters for the link to the main radio station,
including transmission power

As can be seen, the radios were automatically connected with medium transmit power
(because at low power the SNR was below the minimum SNR for the 24 kHz bandwidth),
using the optimal frequency of 4.45 MHz for an SNR that allows a 24 kHz bandwidth.

There 15 no RX channel available for 24 KHz BW. Start check again and set power to medium

Checking SNR on all frequencies:

Start testing SAR on frequency 3.55 MHz at 26 04 2023 16 02:00
Start testing SNR on frequency 3.62 MH2z at 26 64 2023 16 02:04
Start testing SAR on frequency 3.75 MHz at 26 4 2023 16 02:08
Start testing SNR on frequency 4.45 MH2z at 26 64 2023 16 02:12
Start testing SNR on frequency 4.7 MHz at 26 04 2023 16 02:16

Start SYNC Link on frequency 4.45MHz using 24KHz bandwidth

Start sync on frequency 4.45 MHz at 26 04 2023 16
Start sync on frequency 4.45 MHz at 26 04 2023 16

02:22
02:26
26 64 2023 16 02:38
02:34
02:38

Start sync on frequency 4.45 MHz at
Start sync on frequency 4.45 MHz at 26 04 2023 16
Start sync on frequency 4.45 MHz at 26 64 2023 16

Linked on 4.45 MHz frequency and 24khz bandwidth with an average SNR=41.63105408

Figure 22 - Second synchronization to set the optimal parameters of the link to the slave radio station, including
transmission power

Test 3: The radios were randomly switched on at different times and perform a third
synchronization and cannot establish the link on any frequency.

[t may happen that for a given resynchronization, the radio link cannot be established
even at full power. In this case, the synchronization attempt will be repeated every minute in
the same way as when a station is not turned on, but now all three power levels will be
checked: low, medium and high.

No sync available

There is no sync available. Start check again and set power to high
Start emission on frequency 3.55 MHz at 26 64 2023 16 09:00

Start emission on frequency 3.62 MHz at 26 64 2023 16 09:04

Start emission on frequency 3.75 MHz at 26 64 2023 16 09:68

Start emission on frequency 4.45 MHz at 26 04 2023 16 09:12

Start emission on frequency 4.7 MHz at 26 04 2023 16 09:16

Start checking sync on frequency 3.55 MMz at 26 04 2023 16 09:22
Start checking sync on fregquency 3.62 MHz at 26 64 2023 16 69:26
Start checking sync on frequency 3.75 MHz at 26 64 2023 16 69:30
Start checking sync on frequency 4.45 MHz at 26 04 2623 16 09:34
Start checking sync on frequency 4.7 MHz at 26 04 2023 16 69:38

There is no RX link available. Start check again
-- START ADAPTIVE RADIO LINK SYNCHRONIZATION --

Figure 23 - Repeat synchronization until an acceptable SNR level is identified - master radio station
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Research Direction 3 - Implementation, analysis and evaluation
of advanced waveforms for improved HF data communications
under NVIS propagation conditions

Study 6 - Implementation and testing of an SDR system for OFDM
transmissions under HF-NVIS propagation conditions

Materials and methods

GNU Radio is an open source software development kit for planning, simulating and
implementing different types of communication systems. It uses a block-based structure,
where each block performs a specific task, such as filtering, modulation or coding. Users can
modify the target configuration to suit their needs, combining these blocks to build complex
signal processing and communications workflows. While it can simulate entire
communications systems, GNU Radio's real potential is realized when combined with SDR
equipment such as NI/Ettus USRP. This hardware compatibility turns theoretical designs into
practical applications. Taking these advantages into account, the following experimental
research opted to implement the OFDM protocol using the GNU Radio software package.
Thus, the conditions are created to easily simulate the operation of the communication system
through software applications depending on different parameters, but also to perform tests
under real conditions by connecting to SDR equipment.

Results and discussions

In order to evaluate the packet error rate of the OFDM system for HF radio
communications with NVIS propagation, an application was designed to analyze the labeling
information of each received packet. This method allowed clear packet monitoring during the
reception process. A Python script was then used to parse this text file, calculating the total
number of packets received against the expected number of packets, which was deduced from
the value of the last packet received. The packet error rate was then calculated as the ratio of
the number of packets lost to the number of packets expected, expressed as a percentage.

Eee enil@enil-Vi-18:-$ python3 PER.py
Thput  Stroan: 00 Number of rececived packets :
Offset: 8 Sou / Key: packet ! : Highest packet_number that was received : 481

ARe AN \unber of packets lost @ 85
ps  Value: #[(6,0) | VITAR
(b)

Figure 24 - PER analysis: (a) Visualization of label information; (b) PER calculation

By varying the SNR values, the efficiency of the system was tested, with a focus on the
PER calculation as a function of the packet length and the modulation scheme used for the
OFDM subcarriers (BPSK, 8PSK, 16QAM).
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PER vs 8NE vs lungimea pachetului - BPSEK

PER %

SNE

Figure 25 - PER versus SNR versus packet length for OFDM with BPSK modulation

According to Figure 25, it can be seen that when using BPSK modulation for OFDM
subcarriers, data can be received if the SNR is at least 10dB. If the SNR is 15dB or higher the
data packets are received at 100%. However, for packet lengths greater than 20, it is observed

that the losses increase substantially.
PER vs 8NE vslungimea pachetului - SPSEK

-~ -

PER %

SNE

Figure 26 - PER versus SNR versus packet length for OFDM with 8BPSK modulation

Optimal packet lengths are about 20 when using 8PSK modulation. For higher or lower
values the PER increases considerably. As the modulation factor increases to 3, the minimum

detection level also increases to 12-13dB.
PER. vs 8NE vslungimea pachetului - 16QAM

PEER %

SNR
Figure 27 - PER versus SNR versus packet length for OFDM with 16QAM modulation

The next test revealed that the use of OFDM with 16QAM modulation also resulted in
variations of the PER with packet length. These variations increased with packet length
(Figure 27). The minimum detection level in this case was with an SNR of 13-14 dB.

PER vsLitime de bandi

Figure 28 - PER versus bandwidth for packet length =10, OFDM with 16QAM modulation and SNR of 18dB
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The next step was to analyze whether there are changes in PER when changing the
bandwidth, keeping the same SNR and packet length. The result shows that, in the simulation,
the variations are almost non-existent when increasing the bandwidth, if the same SNR is
maintained. However, in the real case, the varying characteristics of the ionospheric channel
may change the PER even if the transmit power is increased to maintain the SNR. This
hypothesis results from tests under real NVIS propagation conditions.

In order to realize the tests under real conditions, a proprietary transmission
application was realized using Python that integrated the script configured in GNU Radio. This
configuration was designed to transmit an OFDM modulated data file every 5 minutes over 24
hours. IQ data received during these transmissions was stored locally on the PC, while SNR
values were measured and stored in a *.csv file. The whole process was performed under real
conditions, using a USRP N210 transceiver configured with an ADC/DAC sampling frequency
of 200 kHz.

Canal OFDM Receptionat

,J,}M.,l«..hw‘w\*wb% "lww‘mhw.

Figure 29 - Frequency domain reception and visualization of an OFDM channel

Study 7 - HF-NVIS data communications: OFDM transmission testing and
optimization strategies

Materials and methods

The figure below illustrates the general framework of the OFDM technique
implemented in GNU Radio. It comprises numerous subcarriers, represented by the vertical
red lines in the middle of the blue lines. These subcarriers contain frequencies very close to
each other, which are used for data transmission. The term guard subcarrier refers to the
unoccupied spectrum present in an OFDM signal in order to prevent interference with
adjacent channels.

Figure 30 - Standard subcarrier allocation for an OFDM channel

In an OFDM system, pilot subcarriers are specially placed among the data subcarriers
and are used for specific purposes, such as channel estimation to correct for distortion or
fading that affects the signal during transmission. They provide a reference signal that can be
used by the receiver to determine how the channel is affecting the data subcarriers and to
adjust the receiver accordingly. The FFT dimension refers to the individual frequency slots
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within the OFDM signal, presented as the basis of each subcarrier line. Each FFT sample
contains information for a particular subcarrier, and the FFT is used to multiplex the
subcarriers at the transmitter and demultiplex them at the receiver.

There is also another component called guard interval in the time domain called cyclic
prefix (Figure 31). The cyclic prefix is a copy of the end of the OFDM symbol added to the
beginning of the OFDM symbol. It is used for two purposes. First, it provides a period during
which the receiver can synchronize itself without having to ensure symbol to symbol
switching. Second, the receiver receives a continuous signal representing the OFDM symbol,
even if the symbol is scattered in time due to multipath propagation effects.

Interval Durata Interval Durata
cl_e gardé‘ simbolului _dje gardé’l‘ simbolului .
Prefix Prefix
ciclic ciclic Timp

Figure 31 - Implementation of the guard interval in the time domain

A number of signal processing blocks are used to perform a variety of tasks in an
OFDM implementation using GNU Radio. Some blocks can be seamlessly integrated into a
signal flow graph and are provided as standard components within the GNU Radio library.
Extensibility and reconfigurability by using custom blocks written in Python is one of the
strengths of GNU Radio. This makes it possible to create specialized functions that cannot be
included in the standard set of blocks. These custom blocks are then inserted into the GNU
Radio flow similar to the standard blocks, providing a customized solution, while maintaining
overall system consistency.

The implementation of the OFDM transceiver in GNU Radio (Figure 32) is divided into
two main software applications: transmitter and receiver, adapted to the HF-NVIS
communication channel/link.

DATE DE TRANSMIS > RECEPTOR SDR
Comversia fluxulu de date = ‘
in flug etichatat Filware cwal
‘ (filtru trece jos bandd)
Se adaugi verificarsa = ‘
e ci PAYLOAD Scaderea frecventei de

H egantionare (dacimare)

Estimarez 1 corectares
decalajelor de timp 5 de
Fecvents

1 Se separi antetul de sarcina utild I
aversie in dameniul ds Canversie in domensul de
fracventi frecventi

Setarea simboiurilor
modulate l2

partitoarele corespunzitoare

Corvertirez din domeniul
Frecveth in domeniul timp

.
Adiugarea prefizului ciclic

y

Cregterea frecventei de
‘esantionare (interpolare)

v

Filtrare canal
(fileru trece jox/bandi)

!

TRANSMITATOR SDR

DATE RECEPTIONATE

Figure 32 - Flowchart implementation used in GNU Radio for an OFDM transceiver
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Results and discussions

Testing the performance of an OFDM channel with respect to packet error rate (PER)
requires the modification of a number of distinct variables, including the number of
subcarriers, the number of pilot signals, the amplitude of the pilot signals, the cyclic prefix
length, and the modulation techniques applied to the subcarriers. The table below presents a
set of variables for the purpose of OFDM system performance evaluation. The variables can be
modified to check their influence on the PER, which is a measure to quantify how often data
packets are not received correctly.

Total number Carriers assigned as Busy data . . Digital Carrier
. . . Cyclic prefix length \
of carriers pilots carriers Modulation

32 (-7,-4,4,7) 16 5-20 BPSK, QPSK, 8PSK,
(-21,-7,7,21)

64 (-23,-17,17,23) 48 5-20 BPSK, QPSK, 8PSK,
(-10,-4,4,10)

128 (-51,-8,8,51,) 112 5-20 BPSK, QPSK, 8PSK,

Table 1 - OFDM test specific settings

The test process allows a systematic variation of the analyzed parameters, while the
PER evaluation allows to determine the impact of each element. This solution can be applied
to achieve superior performance between data transfer rate and OFDM system reliability. In
the following, the results of the tests carried out according to the changes of the OFDM system
parameters are presented:

» Variation in cyclic prefix length

The cyclic prefix length is the length of the buffer region at the beginning of an OFDM
symbol. It is used to protect against the effects of intersymbol interference caused by fading
due to multipath propagation. Different sizes can be tested to identify the shortest usable
prefix that provides sufficient protection without reducing the data transfer rate.

Modulatie BPSK

100% t
80%

60%
40%

20%

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Rata de eroare a pachetelor
(PER)

Lungimea Prefixului Ciclic (CP)

Figure 33 - PER vs CP for BPSK OFDM modulation

Modulatie QPSK

100% .—.—e'\.
80%
- Na

40% \‘=-0-=r—0—0—r—o—o—4*f—o

20%

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Rata de eroare a pachetelor
(PER)

Lungimea Prefixului Ciclic (CP)
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Figure 34 - PER vs CP for QPSK OFDM modulation

Modulatie 8PSK
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Lungimea Prefixului Ciclic (CP)

Figure 35 - PER vs CP for 8PSK OFDM modulation

The above figures illustrate the packet error rate (PER) as a function of cyclic prefix
length for three distinct modulation schemes in an OFDM system: BPSK, QPSK and 8PSK.

In the case of BPSK modulation, the PER is about 100% when the CP length has value 5.
If the CP length increases to the value of 6, the PER decreases significantly, which
demonstrates that a minimum cyclic prefix length is required to achieve a lower error rate
using BPSK modulation. PER continues to decrease as the CP length increases, but the rate of
decrease slows down as the CP length extends beyond values 11 and 12, respectively.

QPSK modulation performed comparably to BPSK in terms of CP length. In contrast, for
8PSK modulation, there was a noticeable decrease in PER as CP length increased, but only
after CP length 10. The decrease in PER remained relatively constant after the threshold value
of 12, as for the other two modulations.

In conclusion, the value of the cyclic prefix length has to be adapted to both the
propagation conditions and the type of modulation used, since the effect of the environment
on the channel is different depending on the modulation.

» Distribution of pilot subcarriers

The graph labeled "PER vs. Pilot Subcarrier Distribution" illustrates the relationship
between PER and pilot subcarrier distribution in an OFDM system. The plot shows three
different sets of pilot subcarriers, each color-coded. The orange color is used to represent the
pilot subcarriers at positions -21, -7, 7, and 21, the blue color is used to represent the pilot
subcarriers at positions -23,-17, 17, and 23, and the green color is used to represent the pilot
subcarriers at positions -10, -4, 4, and 10.
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Figure 36 - PER vs Pilot subcarrier distribution

The first case, where the pilot subcarriers are arranged at positions -21, -7, 7, 21
(orange), characterizes a uniform distribution of the pilot subcarriers across the OFDM
spectrum. The second case, where the pilot subcarriers are -23, -17, 17, 23 (blue color),
expresses the situation where the four pilot subcarriers are placed at the two ends of the
OFDM spectrum. The last case, where the pilot subcarriers are -10, -4, 4, 10 (green color)
shows a higher concentration of pilot subcarriers around the middle of the frequency band. By
analyzing the three cases, it can be seen that a wide uniform dispersion of the pilot
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subcarriers over the entire OFDM signal range facilitates more accurate channel estimation,
which is beneficial in multipath environments. This can be seen by the PER value which is
lower (case of pilot subcarrier distribution, orange color) and is specific to a channel that has
arelatively uniform behavior in the frequency band.

> Test 3: OFDM subcarrier number variation

The figure below shows the correlation between PER and FFT size for three distinct
modulation types. The FFT size, which corresponds to the number of subcarriers in an OFDM
system, has a noticeable impact on the performance of the system, in particular in terms of its
ability to handle interference and multipath propagation effects.
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Figure 37 - PER vs FFT size for different digital modulations

The use of 32 subcarriers resulted in using the smallest FFT size with the highest error rates
for all modulation types addressed. In contrast, the PER is reduced when the number of subcarriers
is doubled from 32 to 64, regardless of the modulation type.

Study 8 - OFDM aggregation in HF communications using SDR technology:
design and validation under laboratory conditions

Materials and methods

The test system was built using two USRP N210 software defined radio stations,
connected back-to-back through a power attenuator to simulate communications under as
realistic conditions as possible. Two laptops, each equipped with GNU Radio software, were
used to develop and deploy the OFDM transmitter and receiver. This configuration allowed
precise control and monitoring of the transmit and receive processes, enabling a thorough
performance evaluation of the OFDM channel aggregation system in a controlled laboratory
environment. The GNU Radio programming environment was used to develop and test the
OFDM modulation and demodulation schemes required for efficient HF communication.

The channel aggregation OFDM technique was implemented using GNU Radio,
supplemented with Python blocks developed specifically for this study. Methods included
setting up the GNU Radio environment, building specialized computational blocks, and
integrating and debugging these components into a controlled OFDM system.
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Results and discussions

In the first adjacent aggregation experiment, the OFDM system was configured to
efficiently utilize the available bandwidth by dividing it into closely spaced channels. The
results show a clear and well-defined spectrum with no channel spacing, which indicates
efficient spectrum utilization, as seen through the QT GUI Frequency Sink QT blocks.
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Figure 38 - Adjacent aggregation of two OFDM channels

An insight into the flexibility of the system in avoiding spectral regions affected by
interference or regulatory constraints was provided by the non-continuous aggregation
configuration, in which case the channels are distributed with spectrum spacing. In dynamic
spectrum access scenarios, where certain frequency bands may be occupied or restricted, this
form of aggregation is particularly useful.
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Figure 39 - Non-adiacent aggregation of two OFDM channels

The performance and behavior of the OFDM receiver in terms of contiguous and non-
continuous aggregation are illustrated by visualizing the time-domain label with the received
data. The effect of the settings on the channels in the OFDM system is also demonstrated by
visualizing the time-domain label of the received data in the context of aggregation.

T

Channel 2 Tag Debug

2 8

Amplitude

T

80
Time (ms)

Channel 1 Tag Debug

=
s ocen: ¢ . ooy o ot
0 o 34 . om0
ofim oo offet; o OHMAMEHT. AN gy gng car offt: 0 = ”
| 'W 1 (il |
‘ 1 |
ofdm_snc_ J.JJT, 0 ofdm_ac el ofigt: 0 ofdm_acget ofief:0  ofdm sk dort offsd- 0 ofe t

packet_rluny: 2, sy 9 [ 3 89} Aurd: 899 A

80

Time (ms)

Amplitude

Figure 40 - Visualization of data received in the time domain by tag analysis

The test results demonstrate successful data reception using channel aggregation in
both adjacent and non-adjacent channel scenarios, as can be seen in the time domain labeling
plots, as well as in Figure 41 where both the transmitted and received data performed in a
test are shown. The system demonstrated consistent packet reception with stable
synchronization and minimal packet loss in both configurations.
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highly efficient modulation scheme used in modern wireless
communication systems. It divides the available spectrum

into multiple orthogonal subcarriers, each modulated with

a portion of the user data, allowing for parallel data transmission.
This approach increases data rates and improves spectral efficiency.
The orthogonality of the subcarriers ensures minimal interference
between them, even when they are closely spaced. OFDM is robust
against frequency-selective fading and multipath propagation,
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making it ideal for environments with significant signal reflections,
such as urban areas.

Figure 41 - Analysis of transmitted/received files on correct data remapping

The HF communication channel is highly variable and subject to many influences,
caused by the ionospheric environment, interference and noise. These factors cause different
levels of signal degradation for each channel. By using different modulation schemes on each
OFDM channel, it is possible to increase the data transfer rate and robustness to the specific
conditions of each channel. The overall spectral efficiency of the system can be maximized by
adapting the modulation type to the specific SNR of each aggregated channel. If the SNR is
high, higher order modulations can be used. This allows more efficient spectrum utilization
and increases the overall data throughput. The implementation of different modulation types
on each OFDM channel enables adaptive communication strategies.

With Adaptive Modulation and Coding (AMC), the modulation scheme can be
dynamically adjusted based on real-time channel evaluations. This adaptability ensures that
the system can respond to changing conditions, and continue to function and operate at
higher efficiency. It also allows better utilization of available bandwidth and power resources,
which is essential for long-distance HF communications. Figure 42 shows the results of an
OFDM aggregation test in an HF data link using different parameters on each channel. One
channel uses QPSK modulation and another channel uses 8-PSK modulation. The purpose of
the test is to analyze the performance and reliability of these two modulation schemes when
combined in a non-adiacent aggregation configuration for a fixed SNR of 15 dB.
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Figure 42 - Visualization of received time domain labels for QPSK (channel 1) and 8-PSK (channel 2) modulated
channels

The QPSK modulated channel 1 is more robust and reliable, as shown by the packet
reception and the lack of losses according to the received data (498-504 packets). The simpler
modulation scheme of QPSK provides better resistance to noise and interference, thus
ensuring stable communications for the set SNR level.

On the other hand, there are many lost packets when receiving packets (576-597
packets) on channel 2 using 8-PSK modulation. Although 8-PSK provides higher packet
transmission rates (597 vs. 504), its higher sensitivity to signal degradation causes the
packets to be less reliable. In low SNR radio frequency environment, the increased complexity
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of 8-PSK modulation, causes the system to be more susceptible to errors. This comparison
emphasizes the importance of selecting appropriate modulation schemes for different
channels to increase the performance in non-continuous OFDM aggregation and highlights the
trade-off between data rate and robustness.

Final conclusions

The dynamic and evolving field of radio communications presents significant
challenges in ensuring stable and reliable data transmission specific to ionospheric channels
for HF transmissions. Due to the high variability characteristic of ionospheric propagation
conditions, traditional HF communication systems are often inadequate, necessitating an
innovative re-evaluation of the underlying technology. This research has investigated these
challenges through comprehensive studies and implementations using SDR technology, which
has the potential to support significant advances in ionospheric propagation radio
communications.

The initial phase of the research consisted in the implementation of an SDR system
designed for noise assessment in the HF frequency range. The effectiveness of this system for
measuring and analyzing noise levels has been demonstrated, thus establishing a solid basis
for future studies. The results indicated that the SDR system provides reliable and cost-
effective performance at a low cost price compared to conventional spectral analyzers for
which the cost is much higher. In addition, the research was extended to evaluate HF noise
within ionospheric channels over different bandwidths. This analysis sought to determine
how these bandwidths influence channel availability over time. Real-time data acquisition
systems are capable of capturing the signal levels within these channels, thus providing a
clear picture of how channel availability varies throughout the day as a function of bandwidth
adjustments and the noise level corresponding to each transmission channel bandwidth.

In addition, the development of an adaptive HF communications system reflects the
innovative nature of the research approach. This system utilizes SDR technology, the GNU
Radio software environment and the Python programming language to dynamically control
transmission parameters such as transmit frequency, bandwidth and power in response to
real-time ionospheric conditions. This adaptability is essential for maintaining the integrity of
communications in environments where ionospheric variability can have a strong impact on
the received signal level. By monitoring and adapting to continuously changing conditions, the
system ensures reliable and efficient HF communications.

Another notable aspect of this research is the practical testing of an HF data
communications system using OFDM under NVIS conditions. Laboratory evaluations,
implementations and real-world testing explore the performance of OFDM in the system,
focusing on variables such as SNR, PER and transmission channel bandwidth. These tests
confirm the performance of the system to maintain data integrity under varying SNR
conditions and demonstrate the potential to achieve higher data transfer rates by adjusting
the bandwidth.

This study has been followed up with a detailed analysis of the impact of varying OFDM
parameters, including modulation type, FFT size, cyclic prefix length and pilot subcarrier
positioning, on the overall performance of the HF communication system under NVIS
propagation conditions. It clearly demonstrates that simpler modulation techniques such as
BPSK result in lower error rates, indicating that less complex schemes can be advantageous
under certain conditions. In the future, there is considerable potential for further
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improvement of OFDM systems through adaptive modulation and coding schemes capable of
dynamically adapting to channel conditions and real-time traffic requirements.

The research concludes with a study on the implementation of OFDM waveform -
specific channel aggregation to increase the data rate. Laboratory tests have confirmed
successful data reception in both continuous and non-continuous aggregation scenarios,
emphasizing its importance for HF communications. This innovationis crucial for applications
requiring higher data transfer rates, such as advanced digital communication systems, and
can significantly improve the reliability and efficiency of HF communication networks under
variable channel conditions.

This research covers advances in both theoretical and practical aspects of HF
communications, setting a benchmark for future innovations. The successful integration of
adaptive strategies and advanced digital modulation techniques represents a significant step
towards improving the performance of HF communication service. The results of the research
undertaken in this PhD thesis contribute to the improvement of critical communication
infrastructures, ensuring reliable performance under varying ionospheric conditions.

The PhD thesis has a multidisciplinary character and focuses on obtaining primarily
experimentally demonstrated results with immediate applicability. The proposed waveform,
based on the OFDM technique and test results, can be a starting point for the finalization of a
communication protocol in the HF range under NVIS propagation conditions.

PhD thesis contributions

This PhD thesis makes a significant contribution to the field of data communications in
the HF range. Through innovative research and implementation, this experimental and
applied approach contributes to the understanding and utilization of HF ionospheric channels,
improving both the reliability and efficiency of HF communications.

Research direction 1: Contributions on the implementation of an SDR system for HF noise
assessment and availability analysis of ionospheric channels with variable bandwidths

The first research segment focuses on the development and testing of a specially
designed SDR system for analyzing noise in ionospheric channels, following several key
milestones:

v' Design and implementation: The study involved the design and implementation of a
flexible SDR-based measurement system, equipped with a wideband active antenna,
designed to accurately measure white Gaussian Gaussian noise (WGN) in the HF
frequency range from 2 to 12 MHz.

v' Measurement and testing: This phase aimed to test and evaluate the settings against
calibrated reference measurement equipment. Measurements were performed using
the "20% method" to assess WGN levels in bandwidths up to 2.5 MHz.

v' Data analysis and validation: The collected data on WGN levels were subjected to
analysis, thus validating the performance of the SDR-based system in terms of its
ability to record accurate noise measurements and to assess its potential impact on HF
communications.
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In addition, this line of research has investigated the impact of different bandwidths on
the noise profile of ionospheric channels, identifying the optimal bandwidths for different HF
communication scenarios. This effort has established rapid and viable methodologies for
probing HF ionospheric channels, assessing channel availability through real-time data
acquisition, and demonstrating the performance of the proposed method to improve the
accuracy of the assessment.

Research direction 2: Contributions on strategies to improve NVIS communications by
analyzing SNR using SDR technology

The second research direction complemented the previous study, focusing on the
analysis of SNR with respect to various factors and the implementation of an adaptive system
to maintain the highest possible SNR within the ionospheric channels. Key activities included:

v' SDR-based SNR analysis: Implementation and testing of an SDR-based system to
analyze SNR variations within ionospheric channels. This analysis formed the basis for
strategies to improve the quality of received signals.

v' lonospheric channel availability as a function of SNR: Investigate how SNR levels
influence ionospheric channel availability. This analysis contributes to the
understanding of the correlation between SNR and channel performance in order to
increase data transfer rates.

v’ Adaptive system for SNR enhancement: Development of an adaptive system capable of
dynamically configuring HF radio link establishment options based on real-time SNR
evaluations. This system aims to provide improved quality indicators for HF radio links
even under difficult ionospheric conditions.

Research direction 3: Contributions on the implementation, testing and analysis of advanced
waveforms for increasing the data transfer rate of HF communications under NVIS
propagation conditions

The third research direction focuses on the implementation and testing of an SDR-
based system for HF data communications in NVIS propagation scenarios, with the aim to
improve data transfer rates and reduce packet error rates. Main objectives include:

v’ SDR-based HF data communication system: Implementation and evaluation of an SDR-
based communication system designed for efficient data transmission overionospheric
channels using OFDM technology. This study examines the potential of SDR technology
to improve reliability and data throughput in HF communications.

v’ Testing and evaluation of OFDM waveforms under HF transmission channel conditions:
Analysis of OFDM waveforms as a method to increase the data transfer rate in HF
communications. This includes evaluation of the performance of OFDM technology in
terms of its underlying parameters.

v’ Aggregation of narrowband OFDM channels: The innovative concept of aggregating
multiple narrowband OFDM channels into a wideband channel addresses the need to
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increase spectral efficiency and overcome the bandwidth limitations inherent in
traditional HF systems. The system utilizes unused portions of the spectrum by
combining several narrowband channels. Each of these channels operates on a
different group of sub-carriers, which contributes to efficient utilization of the
available spectrum space. In doing so, the system ensures that the spectrum is used to
its full potential.

The benefits of the SDR technology were that by means of specific software
applications, the transmitting side and the receiving side could be synchronized for automatic
control of hardware components, automatic data acquisition and real-time data processing.
The control of the signal parameters by means of software applications allowed to adapt the
waveform characteristics to the dynamic behavior of the ionospheric channel and led to the
improvement of the data transfer rate in the HF range. The results of the research showed
that the waveform based on the OFDM technique can be a viable solution for data
communications in the HF range under NVIS propagation conditions.

All these interconnected research contributions significantly improve the utilization of
ionospheric channels for high-quality HF communications. By harnessing the adaptability and
innovative potential of SDR technology, this thesis addresses and overcomes current
challenges in ionospheric communications, paving the way for significant advances in HF
communication systems.

Future research directions

The results of the experimental research realized in this thesis will serve as a basis for
future projects aiming at the development of a fully operational radio communication system.
The main objective is to design and implement a prototype HF radio station using advanced
SDR technology. This system is intended to bring substantial improvements in HF
communication capabilities and adaptability, in particular to NVIS propagation conditions.
Key technical objectives include increasing signal reliability, adapting operating frequencies
and improving the overall robustness of the system in varying ionospheric environments.

The first direction will be to design and build a dedicated SDR platform specifically
adapted for HF communications. This platform will integrate state-of-the-art digital
processing technologies to improve signal integrity and operational flexibility. A key element
of this platform will be the development of a customized FPGA module. This FPGA will be
specifically programmed to utilize the OFDM technique for adaptive data communications,
allowing the radio system to dynamically adjust transmission parameters in real time
according to prevailing ionospheric conditions. The development of this FPGA requires a
complex integration of hardware and software to enable advanced modulation and coding
schemes that can be adapted instantaneously to increase the efficiency and reliability of
communications.

Real-world propagation testing of such a prototype HF radio prototype is essential.
Therefore, another research direction will focus on conducting field tests to evaluate the
performance of the system in various operational environments - from urban environments
with high noise levels to remote areas requiring secure communications. These evaluations
will help fine-tune system parameters such as frequency range, output power and bandwidth.
In addition, they will ensure data integrity and continuity of communications under varying
conditions. The data collected will be essential for refining the adaptive algorithms and
transmission strategies of the system.
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In addition to hardware development, substantial progress is needed in the software
area, in particular the development of a user-friendly Graphical User Interface (GUI). This GUI
will be designed to interact seamlessly with the HF radio station system, providing users with
real-time updates on system status, environmental conditions and communications quality.
The interface will allow for manual adjustment of settings and, more importantly, will provide
automatic recommendations for optimal communication settings based on continuous
analysis of transmission data and environmental feedback.

The graphical user interface will also include diagnostic tools to assist users in real-
time troubleshooting. The intuitive design of the GUI will simplify complex operations, making
the system accessible to a wider range of users and contributing to the efficient management
of the HF radio station. The software application will support users, enabling them to operate
and manage the HF radio station system efficiently without requiring in-depth technical
knowledge of radio frequency communications or ionospheric propagation.

REFERENCES THESIS

[1] Y. Ma, "Single-sideband Suppressed-carrier Modulation and Demodulation: Principles,
Analysis, Circuits, and Applications," Academic Journal of Science and Technology, pp. 2-
23,2023.

[2] Salim, K.A,, Ahmad, A.H., "New Adaptive Data Transmission Scheme Over HF Radio," Al-
Khwarizmi Engineering, 2008.

[3] Sidek, A.R, Sha'ameri, A.Z., "Evaluation of Modulation Coding Schemes for Adaptive HF
Data Communication System,"” 6th National Conference on Telecommunication
Technologies and 2nd Malaysia Conference on Photonics, pp. 267-272,2008.

[4] Akeela, R, Dezfouli, B, "Software-defined Radios: Architecture, State-of-the-art, and
Challenges," Computer Communications, vol. 128, pp. 106-125, 2018.

[5] Kafetzis, D., Vassilaras, S., Vardoulias, G., Koutsopoulos, ., "Software-Defined Networking
meets Software-Defined Radio in Mobile Ad hoc Networks: State of the Art and Future
Directions," IEEE Access, 2022.

[6] Cervera, M.A, Harris, T.J., Holdsworth, D.A., Netherway, D.J., "lonospheric Effects on HF
Radio Wave Propagation,” Geophysical monograph, pp. 439-492, 2021.

[7] Pedersen, T.R, Reinisch, B.W., Paznukhov, V.V., Hamel, R., "HF propagation characteristics
of artificial ionospheric layers," XXXth URSI General Assembly and Scientific Symposium,
pp- 1-4,2011.

[8] Rohde & Schwarz, The Rebirth of HF - Version 1.1, 2020.
[9] MCRP 8-10B.11, Antenna Handbook, Washington D.C., 1999.

[10] Commonwealth of Australia 2024, Bureau of Meteorology,
"https://www.sws.bom.gov.au/HF_Systems/6/5".

[11] Solar Influences Data Analysis Center, "https://sidc.be/SILSO/home," May 2024.

[12] Porte, ]., Maso, ].M,, Pijoan, ].L., Badia, D., "Design, implementation, and test of an SDR for
NVIS communications,” International Journal of Circuit Theory and Applications, vol. 47,
pp. 1502-1512,2019.

[13] Witvliet, B.A.,, Maanen, E.V,, Petersen, G.J., Westenberg, A.J]., Bentum, M.J., Slump, C.H,,

34



Schiphorst, R, "Near Vertical Incidence Skywave (NVIS) Antenna and Propagation
Research in The Netherlands," in URSI Benelux Forum, Louvain-la-Neuve, Belgium, 2014.

[14] Ivanov, V., Elsukov, A., Ryabova, M.I., "Measuring scattering function of HF NVIS channel
by sounding with the use of a noise-like BPSK signal," Journal of Physics: Conference
Series, vol. 1632, 2020.

[15] Witvliet, B.A., Alsina-Pages, R.M., "Radio communication via Near Vertical Incidence
Skywave propagation: an overview," Telecommunication Systems, vol. 66, pp. 295-309,
2017.

[16] Bodson, D., Harris, E., "When the lines go down (telecommunications)," IEEE Spectrum,
vol. 29, no. 3, pp. 40-44, 1992.

[17] Comfort, L. K., "Cities at Risk: Hurricane Katrina and the Drowning of New Orleans,"
Urban Affairs Review, vol. 41, no. 4, pp. 501-516, 2006.

[18] Witvliet, B.A., van Maanen, E., Petersen, G.J., Westenberg, A.J., Bentum, M.]., Slump, C.H.,
Schiphorst, R, "Measuring the Isolation of the Circularly Polarized Characteristic Waves

in NVIS Propagation [Measurements Corner]," IEEE Antennas and Propagation Magazine,
vol. 57, no. 3, pp. 120-130, 2015.

[19] Hoult, N.S., Whiffen, ]J.R.,, Tooby, M.H., Arthur P.C, "16 kbps Modems for the HF NVIS
Channel," 8th International Conference on High-Frequency Radio Systems and Techniques,
pp.- 317-321, 2000.

[20] Denis Denisowski, P. Rohde & Schwarz, Educational Note Understanding NVIS, Munich,
2020.

[21] Barker, G. E., "Measurement of the Radiation Patterns of Full-Scale HF and VHF
Antennas," Tr. Ant. Prop. vol. 21, pp. 538-544, 1973.

[22] Austin, B.A,, Liu, W.C,, "Assessment of vehicle-mounted antennas for NVIS applications,"
IEEE Proceedings - Microwaves, Antennas and Propag., vol. 149, no. 3, pp. 147-152, 2002.

[23] Masson, ].L., Erhel, Y., Mamane, A., "Simulated performance of the STANAG 4538 HF
transmission standard,” in 12th IET International Conference on lonospheric Radio
Systems and Techniques, 2012.

[24] Nelson, R.W., Butikofer, B.G., Lahart, J.A., Church, D.H., "Wideband HF and 4G ALE Near
Vertical Incidence Near Vertical Incidence Skywave test results," MILCOM 2015 - 2015
IEEE Military Communications Conference, pp. 1439-1444, 2015.

[25] Furman, W., Nieto, J., Koski, E., "Initial Wideband HF ALE: Approach and On-Air Test
Results," in 10th Nordic Conference on HF Communications, Sweden, 2013.

[26] MIL-STD-188-141C, "Interoperability and Performance Standards for Medium and High
Frequency Radio Systems, Appendices A and C," 2011.

[27] MIL-STD-188-110C, "Military standard - Interoperability and performance standards for
data modems," 2012.

[28] Recommendation ITU-R F.1110-3, "Adaptive radio systems for frequencies below about
30 MHz," 2003.

[29] Bouleanu, 1., Vasile, V., "Software Define Radio System for HF Noise Measurements,"
International conference KNOWLEDGE-BASED ORGANIZATION, vol. 23, pp. 18 - 23, 2017.

[30] De Sabata, A., Balint, C,, Bechet, P., Miclaus, S.G., "USRP based HF spectrum occupancy

35



measurements at two locations in central and Western Romania," 2017 International
Symposium on Signals, Circuits and Systems (ISSCS), pp. 1-4, 2017.

[31] Bechet, P., Bechet, A.C., & Miclaus, S.G., "HF urban noise level in variable channels of 3-24
kHz: a preliminary experimental approach," Loughborough Antennas and Propagation
Conference, 2017.

[32] Bechet, P., Miclaus, S.G., Miclaus, A., Balint, C., "Experimental analysis of noise level and
channels availability for high frequency OFDM data transmission in NVIS propagation
conditions," International Symposium on Electromagnetic Compatibility - EMC Europe, pp.
844-849, 2016.

[33] Craiu, N., Sorecau, E. Stanca, R, Miclaus, S.G., Bechet, P., Bouleanu, I, "HF Noise
Measurements Based on Software Defined Radio Dual Receiver and Two Orthogonal
Inverted Vee Antennas," International Conference and Exposition on Electrical andPower
Engineering, pp. 434-437, 2020.

[34] Giesbrecht, ]J.E, "An empirical study of HF noise near Adelaide Australia,” 11th
International Conference on Ilonospheric Radio Systems and Techniques, pp. 310-314,
20009.

[35] Giesbrecht, J.E., "Estimation of SNR for modulation recognition in the presence of HF
noise," International Conference and Workshop on Computing and Communication, pp. 1-6,
2015.

[36] Fockens, T.W., Zwamborn, A.P., Leferink, F., "Measurement Methodology and Results of
Measurements of the Man-Made Noise Floor on HF in The Netherlands," IEEE
Transactions on Electromagnetic Compatibility, vol. 61, pp. 337-343, 20109.

[37] R. I.-R. P.372-13, "Radio noise", International Telecommunication Union, Geneva, 2016.

[38] Wagstaff, A., Merricks, N., "Man-made noise measurement program," Proc. Inst. Electr.
Eng.-Commun, vol. 152, no. 3, pp.371-377, 2005.

[39] Wagstaff, A., Merricks, N., "Man-made noise measurement program," Final Report, Issue 2,
2003.

[40] Lemmon, ].J., Behm, C.J.,, Wideband HF noise/interference modeling, part 1. First-order
statistics. Technical memorandum series, U.S. Department of Commerce, National
Telecommunications and Information Administration (NTIA), 1991.

[41] Giesbrecht, J.E., Aspects of HF communications: HF noise and signal features, 2008:
Thesis (Ph.D.).

[42] Furman, W.N,, Nieto, ].W,, Batts, W.M., "Wideband HF channel availability - Measurement
techniques and results," 14th lonospheric Effects Symposium, pp. 1-7, 2015.

[43] Haralambous, H., Constantinides, A., Paul, K.S., "HF Noise Characteristics over Cyprus,"
Remote. Sens. vol. 14, p. 6040, 2022.

[44] Tan, L., Jiang, ], Introduction to Digital Signal Processing, Academic Press, 2013.

[45] Ifeachor, E.C,, Jervis, B.W., Dagless, E.L., O'Reilly, J., Digital Signal Processing: A Practical
Approach, 1993.

[46] Reddy, S., "Embedded DSP Devices," in Secure Smart Embedded Devices, Platforms and
Applications, New York, Springer, 2014, pp. 27-48.

[47] Reinhard, E., "Sampling, Reconstruction, Aliasing, and Anti-Aliasing," in Encyclopedia of

36



Color Science and Technology, Berlin, Heidelberg, Springer, 2020, pp. 1-9.

[48] Tan, L., Jiang, ]J., "Digital Signal Processing Systems, Basic Filtering Types, and Digital
Filter Realizations," in Digital Signal Processing (Second Edition), Boston, Academic Press,
2013, pp. 161-215.

[49] Dasters, R.,, Soori, M., "A Review in Advanced Digital Signal Processing Systems,"
International Journal of Electrical and Computer Engineering, vol. 15, pp. 122-127,2021.

[50] Babic, Z., Mandic, D.P., "A fast algorithm for linear convolution of discrete time signals,"
International Conference on Telecommunications in Modern Satellite, Cable and
Broadcasting Service, vol. 2, pp. 595-598, 2001.

[51] Padole, C., "Digital Signal Prosessing Tutorial-Chapt-02- Z-Transform," 2010.

[52] Lyakhov, P.A., "Special Issue on Mathematics and Digital Signal Processing.," Applied
Sciences, 2022.

[53] Jamro, E. Cioch, W, "Digital signal acquisition and processing in FPGAs," Przeglqd
Elektrotechniczny, pp. 7-9, 2009.

[54] Obradovic, V., Okiljevi¢, P, Kozic, N., & Ivkovi¢, D., "Practical implementation of digital
down conversion for wideband direction finder on FPGA," Scientific Technical Review, vol.
66, pp. 40-46, 2016.

[55] Riobo, L.M,, Veiras, F.E., Gonzalez, M.G., Garea, M.T., Sorichetti, P.A., "High-speed real-time
heterodyne interferometry using software-defined radio," Applied optics, pp. 217-224,
2018.

[56] Perotoni, M.B., Santos, K.M., "SDR-Based Spectrum Analyzer Based in Open-Source GNU
Radio," Journal of Microwaves, Optoelectronics and Electromagnetic Applications, 2021.

[57] Sorecau, M., Sorecau, E. Sarbu, A. Bechet, P., "Spectral Analysis and Digital Signal
Processing in Engineering Using Software Defined Radios and GNU Radio Software," in
Open Science in Engineering. REV 2023, Springer Nature Switzerland, 2023.

[58] Anand, R, Xavier, G., Hariharan, V., Prasannan, N., Peter, R, Soman, K.P. , "GNU Radio
Based Control System," International Conference on Advances in Computing and
Communications, pp. 259-262, 2012.

[59] Gong, Y. Li, Y, "Greedy Adaptive Modulation Algorithm for Wideband HF
Communications," IEEE 19th International Conference on Communication Technology, pp.
1026-1031, 20109.

[60] International Telecommunication Union, "Handbook on Frequency adaptive
communication systems and networks in the MF/HF bands," 2002.

[61] Sequeira, V. Queluz, M.P., Rodrigues, A., Sanguino, ].E., Grifo, P., "Data rate change
algorithms for efficient HF communications,” in International Conference on Military
Communications and Information Systems, 2018.

[62] Zhang, H., Yang, H., Luo, R, Xu, S., "Design considerations of a new HF modem and
performance analysis," [EEE International Symposium on Microwave, Antenna,
Propagation and EMC Technologies for Wireless Communications, vol. 1, pp. 760-763,
2005.

[63] Bergada, P., Alsina-Pages, R.M,, Pijoan, ].L., Salvador, M., Regué, ].R, Badia, D., Graells, S.,
"Digital transmission techniques for a long haul HF link: DSSS versus OFDM," Bergada, P.,

37



Alsina-Pages, RM,, Pijoan, ].L., Salvador, M., Regué, ].R, Badia, D., Graells, S., "Digital
transmission techniques for a long haul HF link: DSSS versus OFDM," Radio Science, vol.
49, pp. 518 - 530, 2014.

[64] Hill, E.E., "Frequency Agile OFDM System for Radio Communication in High Frequency
Bands," 2022.

[65] Wang, ]., Ding, G, Wang, H., "HF communications: past, present, and future," China
Communications, vol. 15, pp. 1-9, 2018.

[66] Bahuguna, A.S., Kumar, K., Pundir, Y.P,, Alaknanda, Bijalwan, V., "A Review of Various
Digital Modulation Schemes Used in Wireless Communications," Algorithms for Intelligent
Systems, 2021.

[67] Faraj, K. S., "Digital Modulation Schemes || Amplitude Shift Keying (ASK) partl,”
10.13140/RG.2.2.32362.54722. ,2020.

[68] Tarniceriu, A., lordache, B., Spiridon, S., "An Analysis on Digital Modulation Techniques
for Software Defined Radio Applications," International Semiconductor Conference, vol. 2,
pp. 571-574,2007.

[69] Litvinenko, V., Litvinenko, Y.V, Matveev, B.V., Chernoyarov, 0.V., Makarov, A.A., "The New
Detection Technique of Phase-Shift Keyed Signals," 2016.

[70] Chanda, V.B,, "Implementation of a Suitable Modulation Technique for the Detection of a
Fast Moving Object," International Journal of Electronics & Communication Technology,
vol. 5, no. 3, pp. 128-131, 2014.

[71] Marchetti, N., Rahman, M.I,, Kumar, S., Prasad, R,, "OFDM: Principles and challenges," New
directions in wireless communications research, Springer, 2009, pp. 29-62.

[72] Kavitha, T. Sonika, M. Prathyusha, N.L. Raj, V.T., "Modeling of OFDM modulation
technique in HF radio band using MATLAB," Journal of Optical Communications, 2022.

[73] Chithra, K.R,, Sireesha, N., Thangavel, C., Gowthaman, V., Narayanan, S.S., Sudhakar, T.,
Atmanand, M., "Underwater communication implementation with OFDM," Indian Journal
of Geo-Marine Sciences, pp. 259-266, 2015.

[74] 3GPP, "Feasibility Study for Evolved Universal Terrestrial Radio Access (UTRA) and
Evolved Universal Terrestrial Radio Access Network (E-UTRAN)," Tech. Rep. TR
25.912V7.2.0 - Release 7, 2006.

[75] Kapoor, S., Marchok, D.J., Huang, Y., "Adaptive interference suppression in multiuser

wireless OFDM systems using antenna arrays," IEEE Trans. Signal Process, vol. 47, pp.
3381-3391, 1999.

[76] Shah, D.C., Rindhe, B.U., Narayankhedkar, S.K., "Effects of cyclic prefix on OFDM system,"
Proceedings of the International Conference and Workshop on Emerging Trends in
Technology, 2010.

[77] Bolcskei, H., "MIMO-OFDM wireless systems: basics, perspectives, and challenges," IEEE
Wireless Communications, pp. 31-37, 2006.

[78] Zhang, Z., Zeng, F., Ge, L., Chen, S., Yang, B., Xuan, G., "Design and implementation of novel
HF OFDM communication systems," I[EEE 14th International Conference on
Communication Technology, pp. 1088-1092, 2012.

[79] Ozdil, O., Toker, C., "Rate maximizing OFDM parameter optimization on HF channels,"

38



Phys. Commun, vol. 45, pp. 101280, 2021.

[80] Kang, T., Li, X, Yu, C, Kim, ], "A Survey of Security Mechanisms with Direct Sequence
Spread Spectrum Signals," J. Comput. Sci. Eng, vol. 7, pp. 187-197, 2013.

[81] Djemamar, Y., Saida, 1., Zeroual, A., "Performance of Spread Spectrum DSSS in Base band
and with Modulation Frequency for BPSK, QPSK, 4QAM, 16QAM and 64QAM over AWGN
Channel," in International Conference on Digital Signal Processing, Barcelona, 2015.

[82] International Telecommunication Union, "Recommendation ITU-R P.372-15 "Radio
noise"," online: https://www.itu.int/rec/R-REC-P.372-15-202109-1/en, Geneva, 2021.

[83] Bechet, P., Miclaus, S., Miclaus, A., Balint, C., "Experimental analysis of noise level and
channels availability for high frequency OFDM data transmission in NVIS propagation
conditions," International Symposium on Electromagnetic Compatibility - EMC, 2016.

[84] International Telecommunication Union, "Recommendation ITU-R P.372-13 "Radio
noise"," Geneva, 2016.

[85] Sorecau, E., Sorecau, M., Craiu, N., Sarbu, A., Bechet, P., "Man-made Noise Measurement
System for HF Band Based on SDR platforms - Design and Implementation," International
Symposium on Electronics and Telecommunications (ISETC), 2022.

[86] Furman, W. N., Nieto, ]. W., Koski, E.N., "Interference Environment and Wideband Channel
Availability," The Nordic Shortwave Conference HF13, 2013.

[87] Sorecau, E., Craiu, N., Bechet, P, Miclaus, S., Bouleanu, 1., "A Method Based on Amplitude
Probability Density Representation for Sounding High Frequency Noise in lonospheric
Channels," 9th International Conference on Modern Power Systems (MPS), 2021.

[88] Craiu, N., Sorecau, E. Stanca, R, Miclaus, S., Bechet, P, Bouleanu, I, "HF Noise
Measurements Based on Software Defined Radio Dual Receiver and Two Orthogonal
Inverted Vee Antennas," International Conference and Exposition on Electrical And Power
Engineering (EPE), pp. 434-437,2020.

[89] Ruuben T., Meister, M-A., Lossmann, E., Berdnikova, J., Madar, U., "SNR estimation in HF

communications channel," 6th European Conference on Antennas and Propagation
(EUCAP), pp. 2013-2015, 2012.

[90] Walden, M. C., "Comparison of propagation predictions and measurements for
midlatitude HF near-vertical incidence near-vertical incidence sky wave links at 5 MHz,"
Radio Science, vol. 47, no. 4, pp. 1-9, 2012.

[91] Ads, A.G., Bergada, P., Vilella, C., Regué, ]J.R, Pijoan, ].L., Bardaji, R.,, Mauricio, ].M., "A
comprehensive sounding of the ionospheric HF radio link from Antarctica to Spain,”
Radio Science, vol. 48, pp. 1-12, 2013.

[92] Hervas, M. Bergada, P., Pages, RM., "lonospheric Narrowband and Wideband HF
Soundings for Communications Purposes: A Review," Sensors, vol. 20, 2020.

[93] Sorecau, E., Sorecau, M., Craiu, N., Sarbu, A., Bechet, P., "Design, implementation and
preliminary testing of an automated system for the evaluation of ionospheric channels,"
IOP Conference Series: Materials Science and Engineering, vol. 1254, 2022.

[94] Sorecau, E., Sorecau, M., Craiu, N., Sarbu, A., Bechet, P., "SNR Measurement of lonospheric

Channels for Availability Evaluation under NVIS Propagation," International Conference
and Exposition on Electrical And Power Engineering (EPE), pp. 275-279, 2022.

39



[95] Sorecau, E., Sorecau, M., Bechet, P., "Adaptive HF radio channels based on signal-to-noise
ratio using SDR technology," 10th International Conference on Modern Power Systems
(MPS), 2023.

[96] Department of Defense, "MIL-STD-188-110D Appendix D".

[97] Majed, M.M., Omran, B.M.,, "Pilot Based Channel Estimation and Synchronization in OFDM
System," Journal of Engineering, 2020.

[98] Fernandez-Getino Garcia, M.]., Pdez-Borrallo, .M., Zazo, S., "Efficient pilot patterns for
channel estimation in OFDM systems over HF channels," Gateway to 21st Century
Communications Village. VTC 1999-Fall. IEEE VTS 50th Vehicular Technology Conference,
vol. 4, pp. 2193-2197, 1999.

[99] Saha, D., Grunwald, D., Sicker, D.C., "Wireless innovation through software radio,"
Comput. Commun. Rev. vol. 39, pp. 62-67, 2008.

40



