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ABSTRACT 
 

The objective of this thesis is to study and improve the physical layer of an NVIS system 

in order to use this technology within a remote sensing ecosystem over hostile channels. 

The thesis has been developed during the SHETLAND-NET project which aimed to 

deploy an NVIS sensor network for the South Shetland Islands archipelago. The aim was 

to install a low-cost, low-power platform capable of transmitting signals by ionospheric 

propagation, with the objective of communicating two Antarctic islands to transfer 

sensor data. 

A study of the current bibliography has been carried out and supported with previous 

studies on the topics: (1) HF channel sounding with different robustness improvement 

techniques, (2) modulations used in HF and in the new communication standards, 

outside the HF bandwidth and (3) common antennas in these systems and 

improvements in miniaturization. 

With these three points, it is desired to improve the capabilities of NVIS technology, 

making a channel sounding with two propagation modes in order to use the Polarization 

Diversity technique and thus improve robustness.   

On the other hand, from this channel survey, the SC-FDE modulation is designed, which 

is presented as the alternative to OFDM in the ascending layers, because it considerably 

reduces the PAPR effects generated by the subdivision of subcarriers and is able to 

maintain the advantages of OFDM. 

Finally, the improvement proposed is the miniaturization of the antennas used in these 

systems, proposing a 15-meter antenna of Horizontal Dipole type that is buried 

underground, in order to reduce the current pollution generated by these antennas 

putting in context that they are antennas of sizes of minimum 15 meters long. 

All these tests have been tested experimentally between the radio link of Barcelona and 

Cambrils at the disposal of the Escuela Técnica Superior de Ingeniería de La Salle 

(Ramon Llull University) which are approximately 100 meters apart.  

As a final test, part of these studies have been tested in the Antarctic Research Campaign 

2021-2022. 

 

 

  



 
 

  



 
 

RESUMEN 
 

El objetivo de esta tesis es estudiar y mejorar la capa física de un sistema NVIS con el fin 

de utilizar esta tecnología dentro de un ecosistema de sensores remotos sobre canales 

hostiles. La tesis se ha desarrollado en el transcurso del proyecto SHETLAND-NET que 

tenía como objetivo desplegar una red de sensores NVIS para el archipiélago de las islas 

Shetland del Sur. Se pretendía instalar una plataforma de bajo coste y consumo, el cual 

sea capaz de transmitir señales mediante propagación ionosférica, con el objetivo de 

comunicar dos islas Antárticas para poder transferir datos de sensores. 

Se ha realizado un estudio de la bibliografía actual y sustentada con estudios anteriores 

de los temas: (1) Sondeo de canal HF con diferentes técnicas de mejora de robustez, (2) 

modulaciones utilizadas en HF y en los nuevos estándares de comunicación, fuera del 

ancho de banda de HF y (3) antenas comunes en estos sistemas y mejoras en la 

miniaturización. 

Con estos tres puntos, se desea mejorar las capacidades de la tecnología NVIS, haciendo 

un sondeo de canal con dos modos de propagación con el objetivo de utilizar la técnica 

de Diversidad de Polarización y así mejorar la robustez.   

Por otro lado, a partir de este estudio de canal, se diseña la modulación SC-FDE la cual 

es presentada como la alternativa de la OFDM en las capas ascendentes, debido a que 

reduce considerablemente los efectos del PAPR que genera la subdivisión de 

subportadoras, y es capaz de mantener las ventajas de la OFDM. 

Por último, la mejora que se propone es la miniaturización de las antenas que se utilizan 

en estos sistemas, proponiendo una antena de 15 metros de tipo Dipolo Horizontal que 

se entierra bajo tierra, con el fin de reducir la contaminación actual que generan estas 

antenas poniendo en contexto que son antenas de tamaños de mínimo 15 metros de 

largo. 

Todas estas pruebas han sido probadas de manera experimental entre el radioenlace de 

Barcelona y Cambrils a disposición de la Escuela Técnica Superior de Ingeniería de La 

Salle (Universidad Ramon Llull) que distan aproximadamente 100 metros.  

Como prueba final, parte de estos estudios se han podido probar en la Campaña de 

Investigación Antártica 2021-2022. 

 

  



 
 

  



 
 

RESUM 
 

L'objectiu d'aquesta tesi és estudiar i millorar la capa física d'un sistema NVIS, amb la 

finalitat d'utilitzar aquesta tecnologia dins d'un ecosistema de sensors remots sobre 

canals hostils. La tesi s'ha desenvolupat en el transcurs del projecte SHETLAND-NET, 

que tenia com a objectiu desplegar una xarxa de sensors NVIS per a l'arxipèlag de les 

illes Shetland del Sud. Es pretenia instal·lar una plataforma de baix cost i consum, el qual 

sigui capaç de transmetre senyals mitjançant propagació ionosfèrica, amb l'objectiu de 

comunicar dues illes Antàrtiques per a poder transferir dades de sensors. 

S'ha realitzat un estudi de la bibliografia actual i sustentada amb estudis anteriors dels 

temes: (1) Sondeig de canal HF amb diferents tècniques de millora de robustesa, (2) 

modulacions utilitzades en HF i en els nous estàndards de comunicació, fora de 

l'amplada de banda de HF i (3) antenes comunes en aquests sistemes i millores en la 

miniaturització. 

Amb aquests tres punts, es desitja millorar les capacitats de la tecnologia NVIS, fent un 

sondeig de canal amb dues maneres de propagació amb l'objectiu d'utilitzar la tècnica 

de Diversitat de Polarització i així millorar la robustesa. 

D'altra banda, a partir d'aquest estudi de canal, es dissenya la modulació SC-FDE la qual 

és presentada com l'alternativa de la OFDM en les capes ascendents, pel fet que redueix 

considerablement els efectes del PAPR que genera la subdivisió de subportadores, i és 

capaç de mantenir els avantatges de la OFDM. 

Finalment, la millora que es proposa és la miniaturització de les antenes que s'utilitzen 

en aquests sistemes, proposant una antena de 15 metres de tipus Dipol Horitzontal que 

s'enterra sota terra, amb la finalitat de reduir la contaminació actual que generen 

aquestes antenes posant en context que són antenes de grandàries de mínim 15 metres 

de llarg. 

Totes aquestes proves han estat provades de manera experimental entre el radioenllaç 

de Barcelona i Cambrils a la disposició de l'Escola Tècnica Superior d’ Enginyeria de La 

Salle (Universitat Ramon Llull) que disten aproximadament 100 metres. 

Com a prova final, part d'aquests estudis s'han pogut provar en la Campanya de Recerca 

Antàrtica 2021-2022. 
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A. Introduction 

1 Thesis introduction 
 

In this chapter, the author explains where and how he became involved in the research 

activity, where he was able to participate in several engineering projects. Then, the 

background of the school and the research group is presented in order to put this thesis 

in context. Finally, the objectives of the thesis are presented from the hypotheses 

proposed.  

1.1 Motivation 

 

Mr. Tomas Gonzalez received his MSc. degree in Telecommunications Engineering from 

La Salle - Ramon Llull University (URL) in 2020. He is lecturer at Telecommunication 

Engineering Department of La Salle URL where he is lecturing "Signals and transmission 

systems", “Programming Methodology and Technology “and “Projects of 

Telecommunication Subsystem Design I” of the Master of Science in Telecommunication 

Engineering.  He is currently a member of the Smart Society Group and participates in 

several R&D projects.  

His motivation started when he first joined the Group of Research in Internet 

Technologies and Storage of the same University (GRITS). He was always interested in 

the evolution of communication standards such as 4G and 5G, and the project that GRITS 

was working on at the time he joined, were studies of the modulations that these 

standards involve in their schemes. This fact, and the involvement of Antarctica, the 

decision was not difficult. 

 

1.2 Previous Work 

 

La Escuela Técnica Superior de Ingeniería de La Salle (Universidad Ramon Llull) has 

been involved in research projects related to ionospheric communications for about 20 

years. This type of communication works by bouncing High Frequency (HF) signals 

using the intrinsic properties of the ionosphere, linking distant locations. The first 

objectives of the project were defined in order to create very long-range communications 

for remote areas with oblique communications. These objectives were more than fulfilled 

using different types of modulations and signal processing techniques, achieving 

communication between the Antarctic Base Juan Carlos I and Catalonia (>12,000 km). 

The course of this study is described below: 
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In 2000, an advanced digital HF communications system using spread-spectrum 

technique was proposed as an alternative to satellite communication. This system should 

be fully configurable for any modulation (analogue and digital) and with error 

correction techniques. It had to be fast enough to transmit voice and data such as e-mail, 

but always with security as a priority. Finally, this system had to be as optimal as 

possible in terms of power. Finally, a system capable of transmitting at 100 bps was 

obtained [1]. A new blind multipath detection algorithm was presented in [2] that could 

both cancel the multipath interference and estimate the multipath channel response 

blindly. The method was especially designed for low coherence bandwidth channels, 

such as the ionospheric channel, and has very low computational requirements. The 

same authors presented in [3] new combined blind equalization and detection schemes 

for a DS-SS system that improved the bit-error rate compared to traditional RAKE 

receivers in multipath time-varying channels. Later, in 2003, the study described above 

began to be extrapolated, and the aim was to increase the supply of this communication. 

The project characterized an ionospheric radio-link channel from the Spanish Antarctic 

Base (62.6°S, 60.4°W) to the Observatori de l'Ebre (40.8°N, 0.5°E) in Spain. The paper [4] 

presents the final results of the project corresponding to the 2006/2007 survey. These 

results were used to design the physical layer of a low data rate transmission system to 

send the information acquired by a geomagnetic sensor in Antarctica. Such were these 

studies that resulted in the doctoral thesis of the author Carles Villella [5]. 

During this project, more authors participated in this thesis who later also presented 

their thesis following their contributions in papers such as [6] and [7] where a new 

technique was presented to reduce the PAPR generated by OFDM by separating the 

symbols into subcarriers. This was done with minimal additional computational cost 

and without the receiver needing additional information. Once the PAPR study was 

completed, the use of adaptive multicarrier clustered CDMA with adaptive modulation 

for the downlink was investigated to increase the user capacity of the system while 

maintaining satisfactory BER performance.  In the paper [8] a physical layer based on 

DS-SS signalling for low SNR links is presented where preliminary transmissions were 

performed on a high frequency link between Antarctica and Spain. Up to 55.7% error-

free transmissions were achieved using a transmission bandwidth of 5156Hz, a coded 

bit rate of 57 bps and a transmission power of 200W on an ionospheric link. The final 

contribution to Marc Deumal's thesis [9] were the papers  [10][11] that presented an 

OFDM-based channel estimation between Spain and Antarctica and the proposals of two 

multicarrier transmission schemes based on measured channel transfer functions and 

noise and interference registers. Special attention is paid to the design of the pilot pattern 

in order to maximize system performance while ensuring high power and bandwidth 

efficiency. 

In [12] a study of the time interleaving effect applied to OFDM symbols transmitted 

through a multipath time-varying long-haul ionospheric channel is studied. Following 

this study, it was extended to a 24-hour analysis for the entire HF band. In addition, new 
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measurements of the absolute propagation time and Doppler frequency shift were 

introduced at [13].  

In [14] a comparison has been made between digital transmission techniques, direct 

sequence spread spectrum and orthogonal frequency division multiplexing, which can 

provide a low power, low speed ionospheric data link from Antarctica. As a conclusion 

spread spectrum techniques can be used to transmit data at low speed when the channel 

forecast is poor, but when the channel forecast is good multicarrier techniques can be 

used to transmit sporadic bursts of data at higher speed.  

SC-FDE is also explored as a modulation for long distances under the channel between 

Spain and Antarctica [15], presenting promising first results. In [16] a study of 

narrowband and wideband channel was made by making a sweep in the whole band 

achieving a wider measure of channel availability than the previous ones. In [[17] a 

channel study is performed using an oblique incidence sounder (OIS) and measurements 

from several vertical incidence sounding (VIS) stations. The results show correlations 

that may lie in the fact that the frequency of highest availability can be estimated from 

VIS sounding measurements. 

Paper [18] presents the BER performance comparison between SC-FDE, OFDMA and 

SC-FDMA in a long-distance HF data link with low SNR. The paper [19] closes the 

physical layer design, by studying the channel error and synchronization performance, 

and concludes with a new physical layer proposal for the oblique ionospheric probe.  

The first NVIS analysis [20] starts with a channel sounding with raw data provided by 

Digisonde DSP-4D, developed by the University of Lowell. With these data, Doppler 

Spread and Doppler Shift evaluations are performed, as well as SNR for ordinary waves 

and X-ordinary. The use of phase modulations beyond the 3 KHz bandwidth has been 

tested too. 

NVIS research by the school is explained in the state of the art because multiple 

references are made. 

 

1.3 Context and hypothesis 

 

Around 2013, studies have been focused on the integration of Internet of Things (IoT) 

networks to ionospheric communications using Near Vertical Incidence Skywave 

(NVIS) technology. For example the proposal of a low-cost NVIS system tested between 

one of the Andean communities of the Sacred Valley of the Incas in Peru and Urubamba 

[21]. This system communicates with a smartphone, running a messaging application, 

so low resolution texts and images can be sent. In this way a remote village can 

communicate with a nearby village.  

This technology is a variant of ionospheric communications where signals are 

transmitted at an angle of incidence between 70 and 90 degrees, creating a coverage area 
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of radius 250 km. The use of this technology has been defined several times as an 

alternative to satellite, due to its low cost and ease of installation. The term IoT refers to 

the automation of common tasks through the use of sensors and the definition of specific 

communication standards. This fact has been transported to Antarctica as it is one of the 

most remote places in the world. Specifically, the motivation became the communication 

of two Antarctic islands transferring sensor data with the use of IoT and NVIS 

technologies. Internet use in Antarctic stations has a high cost per year, excluding 

maintenance costs and taking into account a connection speed of between 1 and 2 Mb 

for the entire station (in the case of the Spanish station Juan Carlos I). As a result of this 

context, of Antarctica, IoT, and satellite alternatives, an NVIS communication link was 

implemented, and its optimization was researched.  

In summary, the goal of this thesis was to implement a communication system that could 

be used as an alternative to satellite and that could operate in remote areas such as 

Antarctica. In addition, this system had to meet the following requirements: (1) be low-

cost, to be more cost effective than a satellite, (2) be able to manage IoT sensors, (3) be 

quickly and easily deployed, and (4) have a low power consumption, since all electricity 

in Antarctica comes from hybrid systems combining genset and renewable energies. 

First of all, in order to know the characteristic effects of the ionosphere as a 

communication channel, it is necessary to know parameters such as channel availability, 

optimal frequencies, multipaths, etc.  

 

From this point on, the following hypothesis are put forward: 

Hypothesis 1: Can polarization diversity be exploited to reduce transmit power and/or 

antenna size? 

The ionosphere has a very dynamic behaviour. This intrinsic behaviour motivates us to 

define two fixed frequencies, one for daytime and another for night-time transmissions. 

In the absence of a system that can predict the state of the ionosphere and automatically 

change the frequency to the most efficient one, a study of the effects of ionospheric 

communication is needed. This thesis studied the two propagation modes (Ordinary and 

Extraordinary) that the ionosphere possesses. In this way we also seek to improve the 

robustness of the communication by leveraging polarization diversity to incorporate 

both modes; when the modes are added constructively, the quality of communication 

improves considerably. 

In order to define a physical layer for the NVIS technology, a transmission scheme based 

on HF standards (STANAG and MIL-STD) is followed. However, for a hostile 

environment, without including the suppression of effects such as multipath or fading, 

these standards are not entirely valid.  

After completing the ionospheric sounding to obtain the channel parameters, we 

proceed to study and/or improve the modulation to be used. Until now, these 
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communications have used typical digital modulations such as Frequency Shift Keying 

(FSK), Phase Shift Keying (PSK) and Quadrature Amplitude Modulation (QAM), all 

with a drawback for real-time implementation: The equalization in time makes 

implementation complicated. It is true that current transmission schemes avoid channel 

effects by increasing the transmit power obtaining high Signal to Noise Ratio (SNR), 

however they do so in the time domain. In a sensor network we cannot use such schemes 

due to power consumption and the need for simple receivers. For this reason, the 

equalization will be done in the frequency domain. 

We proceeded to use the multicarrier technique Orthogonal Frequency Division 

Multiplexing (OFDM) in order to try to solve the equalization problem, since it is done 

in the frequency domain. The study in [22] showed that the OFDM multicarrier 

technique improved FSK, PSK and QAM for a specific Energy per bit to Noise power 

spectral density ratio (EbNo). However, OFDM introduced two complications: on the 

one hand the technique needs to use class A linear amplifiers due to the nature of the 

signal, and on the other hand it has a very high Peak-to-average power ratio (PAPR).  

Furthermore, the following hypothesis is also put forward: 

Hypothesis 2: It is possible to establish a low-power network of sensors between the 

Spanish Antarctic Base Juan Carlos I on Livingston Island and the Uruguayan 

Antarctic Base Artigas on King George Island. The network can be operational all-year 

round by using a modulation with equalization in frequency-domain and can 

outperform OFDM. 

OFDM is a modulation technique to protect against unwanted channel effects, such as 

multipath and fading, due to its design and the nature of the signal it forms. However, 

in systems requiring low power consumption, the PAPR of OFDM is critical. The 

proposed alternative to this technique, Single Carrier Frequency Domain Equalization 

(SC-FDE), is the same type of modulation that is already defined in some current 

communications standards such as 4G, 5G, and NB-IoT. While SC-FDE does not 

correct the channel effects as well as OFDM does, it does protect more from the most 

common interference in communication channels (noise). Additionally, it maintains the 

advantage of doing the equalization in the frequency-domain instead of the time-

domain. 

On the hardware side, radio platforms have improved greatly and are 

becoming more versatile, especially with the introduction of radio front ends 

with Software Defined Radio (SDR) technology. Despite the improvements, 

these systems still require large antennas. Assuming the most commonly used 

antenna in HF (horizontal 𝜆/2 dipole), and taking into account that ionospheric 

communications using NVIS have a frequency range between 2 and 10 MHZ, 

the antennas will have a size of 75 m and 15 m. The only studies and advances 

on the reduction of antenna size are in the military field, related to developing 

smaller antennas for use in their vehicle fleet.  
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From this point on, the following hypothesis is put forward: 

Hypothesis 3: Invisible antennas could work for NVIS IoT communications. 

There have long been disputes about visual pollution with the number of antennas 

deployed in large cities. A scenario is proposed, where the antenna is completely buried 

and is able to radiate enough to be used as an NVIS antenna. It is assumed that this 

antenna will have much less radiation, but this also happens with mobile antennas too. 

The study will be directly compared with a 30-meter horizontal dipole antenna tuned to 

5.4 MHz. 
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1.4 Objectives of the thesis 

 

1.4.1 Channel Sounding 

 

Being a communication that depends on the state of the ionosphere, which never 

maintains its characteristics/parameters constantly, a study of the ionosphere as a 

communication channel is carried out to define the proper signal values to be 

transmitted. These studies will be carried out with a multi-day survey between 

Barcelona and Cambrils (transceiver nodes provided and implemented by La Salle). 

These studies have been previously done in oblique propagation (see State of Art 

chapter) and in NVIS only without polarization diversity.  

The objectives of this item are: 

• Previous channel sounding studies review and deduce the thresholds of the 

values of the parameters to be analysed. 

• Evaluate parameters such as the Delay Spread (Ds) in order to know the 

duration that the protection against multipath must have in order to reduce 

the transmission power or simply the channel availability.  

• Same study for the two propagation modes considered independent in order 

to also apply diversity techniques with the objective of finding an 

improvement in the NVIS channel (robustness or antennas size).  

• To make a channel model in order to be able to simulate transmissions later 

on. 

1.4.2 Modulation Study 

 

Based on the proposed use of OFDM for NVIS, an attempt will be made to use another 

modulation in order to reduce the weak points. These studies will be carried out with 

a multi-day survey between Barcelona and Cambrils and two Antarctica islands. 

These studies have been previously done in oblique propagation (see State of Art 

chapter). 

 

The objectives of this item are: 

 

• Design and implement the SC-FDE modulation and perform a survey to 

compare with the previous OFDM. 

• Implement this physical layer for the sensor (uplink layer, UL) in Antarctica 

in order to propose a use case where an NVIS gateway is designed to link 

sensor network devices covering large-scale remote areas in a secure manner 

in the context of ubiquitous sensor networks (USN). 

• Study the SC-FDE with non-standard bandwidths in order to improve 

channel capacity overcoming the current bitrate. 
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1.4.3 Buried antenna  

 

Considering that the antennas used for all these studies are of large dimensions (HF 

antennas), we propose the study, simulation, and implementation of a buried 

antenna.  Since this NVIS system is intended for the transfer of sensor information, a 

small antenna size is desirable. These studies will be carried out with a multi-day 

survey between Barcelona and Cambrils. So far, the study of HF antenna 

miniaturization is a field that remains to be exploited. There is not enough literature 

on buried antennas of this style. 

 

The objectives of this item are: 

 

• Study the feasibility of buried antennas and its dependence on type of ground, 

depth, construction techniques. 

• Simulate different antenna parameters at different heights for a buried 

antenna. 

• Experimental test of a real buried antenna to achieve the trade-off of antenna 

size reduction and efficiency, as well as possible applications. 
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2 State of art 
 

This chapter provides context, a conceptual introduction to the problems to be 

addressed, as well as the latest articles on each topic, in order to define the state of art. 

2.1 HF communications 

 

Current communication schemes, such as 5G, have opened up a wide range of 

possibilities that make all network strategies more flexible and provide much more 

versatility for using remote sensor applications. These are simple to deploy when service 

providers’ infrastructure is available. In more remote or hostile locations, the 

communication possibilities become much more complex, being satellite communication 

the most widely used. Satellites entail a high deployment budget, as well as a complex 

process, which cannot be deployed comfortably. 

HF communications (frequencies between 3 and 30 MHz) were used from the beginning 

for intercontinental communications, with not very high transmission speeds 

compensating for the communication distance. These communications are still in use, 

and scientists keep doing research on them. For example, in this study [23] efforts to 

mitigate piracy and misuse of the 7 MHz band that is often used for natural disasters 

and emergencies are discussed. Further considerations to band interference conditions 

and improper use of certain frequencies/communications are proposed. 

Less than a year ago, one of Rohde and Schwarz's Communications and Electronics 

Engineers stated that HF communications will be the alternative to satellite 

communication. This is due to the implementation of digital modulations for spectral 

efficiency, research of new antennas achieving robustness and transmission speed [24]. 

The evolution of HF communications in the near future is divided into three lines of 

research and objectives according to the authors of [25]. The three paths mentioned are 

self-adaptation to an ever-changing environment “intelligent HF radio communication 

systems”, broadband HF communications and heterogeneous networks (see 2.1.1 for 

more details).  

 

2.1.1 HF history and evolution  

 

Radio communications began to be used more than 100 years ago with radiotelegraph 

communications for long distances and powers greater than 100 KW. HF 

communications started out as point-to-point and shortwave and were mostly used by 

radio amateurs. As systems became more efficient, power and antennas were reduced. 

So far, three strongly differentiated generations of HF communications have been 

reflected explained below [26][27].  



10 
 

The first generation went through the need for narrowband HF radios capable of 

exchanging voice data on a 3 kHz channel. Continuous wave was gradually replaced by 

Frequency Shift Keying (FSK), Phase Shift Keying (PSK), Quadrature Amplitude 

Modulation (QAM) which introduced very significant improvements, but still the 

frequency selection was done manually. Also, satellites were introduced as an 

alternative communication with higher throughputs. 

The second generation returned to the use of traditional HF communications due to 

attacks on satellites and the introduction of microprocessors that made it possible to 

switch from the analogue to the digital world. Also, communications became point-to-

multipoint. The ALE (Automatic Link Establishment) system was introduced, which 

became standardized and allowed for reliability and speed of connection in the face of 

rapid changes in the ionosphere or occupied HF channels. At this point, military 

organisms such as MIL-STD (US Department of Defense standard for HF 

communications) or STANAG (North Atlantic Treaty Organization, Military Agency for 

the Standardization of HF Radio Links) were defined with the objective of standardizing 

transmission and reception parameters for HF communications. Currently, several 

studies are focused on improving these standards. For example, the authors of [28] 

outlined the current robust military waveform, defined in MIL-STD-188-110D, 

waveform 0, and compares it to the filter bank spread spectrum waveform (FBMC-SS). 

This comparison is made in order to propose this waveform for communications over 

ionospheric/cosmic wave HF channels. 

The objectives of the third generation and fourth generation (current one) could be 

applied to today's challenges: linking faster and at lower Signal to Noise Ratio (SNR), 

more connected users and larger networks, higher speed... 

The most significant changes were in the increment of the bandwidth using different 

techniques and improvement of the ALE system with a much deeper logic. A example 

of this is the study done in [29] which proposes a system where both the ALE and 

transmission procedures are fully parallel. They propose the simple “Constrained 

Greedy” channel allocation schemes and study the performance of a sample network in 

terms of throughput and message delay for various time-of-day and seasons. Results 

indicate that performance improvements up to an order of magnitude are possible 

compared to conventional systems.  

With the improvement of ALE systems and the use of higher bandwidth, heterogeneous 

networks and broadband transmissions were introduced. An example of that is the 

study in [30] which shows that recently introduced wideband (up to 24 kHz) and 

multiband (multiple 3 kHz bands) HF communications make sense based on a 

measurement campaign conducted in Finland. 

The current generation tends to use technologies related to artificial intelligence and 

machine learning, big data in the case of data collection. The motivation to transmit more 

data led to the use of new standards that make HF communications capable of 

transmitting with 24 kHz channels. We can see this trend in the study of [31] where a 
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new low-cost reconfigurable software defined radio (SDR) platform for high frequency 

(HF) applications is presented with NVIS preliminary results, which can be 

reprogrammed according to modulation and channel type. The transmission can be 

adapted to the best propagation frequency at any time by means of a previous analysis 

even at bandwidths up to 36 kHz. 

Another example of the higher bandwidths for HF communications is the investigation 

of [32]. Based on various performance metrics from two campaigns conducted in the 

upper Midwest region of the United States of America, a prototype implementation of a 

Wideband High Frequency (WBHF) Automatic Link Establishment (ALE) protocol is 

proposed as a frequency, bandwidth and data rate selection function for HF channels 

ranging from 3 kHz to 48 kHz wide. 

Fig. 1 shows the possible research areas in this generation in the near future:  

 

• Intelligent HF Radio 

• Wideband HF 

• Heterogeneous Networking. 

 

Some results of this point could be checked in the proposal of [33] where a deep learning 

framework which extracts features along the time axis at each frequency bin, and 

predicts multiple characteristics of the signal, including the centre frequency and the 

shape attributes. The unique advantages of the framework are the utilization of all time 

features and no prior anchor which adapt to the slender shape of signal with a strong 

generalization ability. Results prove the superiority of the proposed framework both in 

accuracy and speed. 

 

 
Fig. 1 Research areas in the future of HF communications [26] 
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Apart from these lines of research/objectives, it is necessary to talk about the multiple 

applications of these communications. By making transmissions more efficient, it leads 

to the convergence of many applications. It is here, where the term Internet of Things, 

mentioned above, benefits from all this: A framework of cooperative multi-station secure 

transmission in high-frequency skywave communications for wide-area Internet of 

Things (IoT) applications by simultaneously exploiting the benefits of massive multiple-

input multiple-output (MIMO) and coordinated multiple points communications were 

studied in [34]. Another application could be the article [35] which presents a solution 

for one-dimensional localization based on magneto-inductive (MI) waves, since passive 

RFID tags in the HF regime present significant problems, due to the absence of radiating 

fields at the low frequencies involved. Another example is the U.K.-based amateur radio 

project involving a network of beacon transmitters and monitoring stations operating at 

5.290 MHz [36]. 

 

2.2 Ionospheric Communications  

 

HF transmissions are commonly referred to as "direct waves" when there is a clear Line 

of Sight (LOS). Sometimes, there is no LOS when the location is more remote, or the 

terrain is more difficult. As an alternative to direct wave communications, "skywave" 

communications make sense. These communications are also called ionospheric 

communications and take advantage of the ionosphere as a communication channel. 

Thanks to solar radiation and other phenomena that influence its state, the ionosphere 

can reflect shortwave electromagnetic waves. This communication is used as an 

alternative to costly satellite communication and is employed in remote locations where 

telecommunications infrastructure is not deployed or is scarce.  

 

 

Fig. 2 HF communication types [37]  
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These communications are divided into two main groups depending on the distance to 

be covered and the bitrate.  

• Oblique Communications: These communications are long distance when the 

beam is focused towards the horizon. The wave could reach less than 4000 Km 

for one hop having a low incidence angle [38].  

 

A major disadvantage of this communication is that the signal is very small 

because of the long distances to be covered and the amount of data to be 

transmitted is very small. However, in [39] developed an HF band 

communication system providing digital voice transmission within a bandwidth 

of about 3 kHz, through ionospheric reflection, mainly OFDM systems. The 

combination of this feature with CDMA (code division multiple access) spread 

spectrum type schemes provides an extremely robust modem without the need 

for powerful codes and long interleavers to guarantee a specific data rate and 

quality of service. However, [40] investigated the performance of coded and 

uncoded OFDM and OFDM-CDMA waveforms in various high-frequency 

channels with multipath and fading. 

For long distance communications, the studies in [18][19] demonstrates its total 

viability communicating Antarctica with Spain. 

The oblique communications are still being studied, as for example in the study 

in  [41] An empirical virtual height model is proposed for both ionospheric and 

ground scatter (GS) observations and provides an improved estimate of the 

ground range to the backscatter location. It is intended for mid-latitude HF space 

weather radars of the Super Dual Auroral Radar Network (SuperDARN).  

 

• NVIS communications: Military forces discovered a way to communicate which 

was very easy to deploy and had fewer deployment costs. These communications 

were based on transmissions in the HF band, directing these signals towards the 

ionosphere in order to bounce the signal back. This technology has grown in 

recent years with the arrival of SDR modules due to its high versatility and low 

cost. 

Following the standards described in MIL-STD and STANAG, extensive research 

continues done to improve transmission schemes. This technology can be easily 

used in remote locations, thanks to the lack of direct line of sight. Either if the 

areas to communicate have difficult access, or these locations lack infrastructure, 

NVIS communications are a suitable solution. These communications can reach 

250 km range, and no direct line-of-sight link can match it, since the longest 

distance would be about 70-80 km. Of course, the link distance depends on the 

transmission angle (between 70º and 90º) which also influences the maximum 

usable frequency (MUF), typically between 3 and 10 MHz [7].  

However, some studies discuss some design patterns. The study in [42] argues 

that there are errors in existing NVIS transmitter elevation angle calculation 

methods, thus presenting a synthetic method for predicting the transmitter 
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elevation angle of these communications links to be used for frequency selection 

and communication field strength prediction. In addition, the absence of solar 

cycle in several periods, conduct to observe the channel availability as for 

example the study in [43] where the motivation to implement NVIS for homeland 

security or disaster purposes, NVIS performance limiters are determined based 

on solar conditions, times of day, and geophysical locations. Also, the study in 

[44] Day-by-day observations were conducted throughout 2019 to examine the 

existence of an NVIS HF channel using the WSPR method between Surabaya and 

Jombang which is separated by approximately 70 km away. This motivation 

comes from the minimum solar cycle period predicted in 2019, which is 

detrimental to HF propagation. 

Regardless of the type of communication used, ionospheric communications 

transmitters need to have a channel status, even if approximate, due to the multitude of 

effects produced by these communications. The difficult prediction of the ionosphere 

has led to the continuous study of the ionosphere. Examples include the following 

studies: The availability of the NVIS channel in the medium wave band has been 

thoroughly studied and analysed in [45]. In addition, the optimal period for transmitting 

this type of signals during the night from Spain is proposed. The proposal in [46] 

determinates the optimum carrier frequency for NVIS (which changes by the state of the 

ionosphere) proposes a simple method to visualize the opening channel of the 

ionosphere using the ionogram data. Also, a BPSK Ionosonde based on the SDR platform 

is implemented in [47]. Algorithms are determined to measure parameters such as SNR, 

Delay Spread (Ds) and Doppler spread in an NVIS channel by choosing a suitable and 

reliable communication channel. 

Complex algorithms, as well as multiple machine learning techniques, are being used to 

try to predict the critical frequency, variations, anomalies, channel effects, among others 

[48][49][50]. Therefore, the latest studies on ionospheric communications are very 

focused on the study and prediction of the ionosphere.  

In addition, solar activity operates in a cyclic manner and directly affects the behaviour 

of the ionosphere. These are fluctuations in the amount of energy emitted by the sun, 

which follows a pattern of approximately 11 years. According to ESA (European Space 

Agency), July 2025 is expected to be the day with the most sunspots in this cycle [51]. 
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Fig. 3 Prediction of the solar cycle [52]  

 

2.3 Capacity improvement 

 

Many techniques are investigated in order to improve the capacity of these 

communications. While the theoretical calculation of capacity is limited by Shannon's 

theorem, this value can be increased by taking advantage of multipath propagation. 

Multiple propagation is beneficial when there is a decorrelation between signals. The 

most commonly used decorrelation is special diversity, which consists of increasing the 

number of antennas in both transmission and reception [53]. An example of that can be 

seen in Fig. 4. 

 
 

Fig. 4 Example of SISO system and MIMO system 2x2 [54] 

This concept is widely used in current communication standards. However, in channels 

as narrow as those of NVIS, much research has been done on increasing capacity. Some 

examples are: (1) the paper [55]  proposes the improvement of channel capacity by 

making use of ordinary (O) and extraordinary (X) circular polarization inherent in NVIS. 

The implementation of a 2x2 (MIMO) system under a theoretical study improves a SISO 
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system and simulations are performed in the 7 MHz band. (2) Also, the measurement 

system in [56] is designed to obtain the channel response as the basis of HF MIMO (2x2) 

NVIS channel modelling between Surabaya-Malang. (3) In the papers [57][58]  the 

authors focus on HF MIMO bulk communications using OFDM modulation using the 

sampled direction vector array. Their investigation focuses on the effect of propagation 

delay through the large-scale antenna array, so they use statistical channel state 

information (CSI) in the beam domain is frequency independent. They considered a 

minimum mean-squared error (MMSE) based Uplink (UL) receiver and downlink (DL) 

precoder with perfect CSI at the base station (BS). 

The paper [59]demonstrates why spread-spectrum multicarrier technologies, such as 

MC-CDMA, are very robust for HF communications versus simple OFDM for delay-

sensitive transmissions. The recognition that MC-CDMA could be interpreted as a kind 

of correlated spatial MIMO. 
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2.4 Modulations 

 

The evolution of communications in the last two decades has been exponential. In Spain 

we have evolved from having peak data rates of 384 kbps (peak data rate and only 

downlink) in 3G standards around 2005, to practically having speeds of 1 Gbps with 5G 

in less than 20 years. In fact, the most widely used applications in everyday life, such as 

WIFI or the recent 5G communication schemes, are digital signals and maximum 

spectral efficiency is sought to reduce the size of the antennas, use batteries.... This leads 

to improvements in simpler equalization and therefore choose the best type of 

modulation. 

In communication standards such as mobile calls, Time Division Multiple Access-based 

techniques (TDMA) were used, which split a single radio frequency channel into several 

time slots. With the advances mentioned above, the Frequency Division Multiple Access 

(FDMA) technique began to be exploited. These advances, whether in WIFI or in recent 

5G communication schemes or NB-IoT, use multi-user Orthogonal Frequency Division 

Multiplexing (OFDM) and Single Carrier Frequency Domain Equalization (SC-FDE) 

techniques, which are modulations from several years ago, already used in the late 1990s 

in the case of SC-FDE. This is due to the use of different techniques applied in these 

modulations, improving their drawbacks, and not to the search for new ones. 

Last research projects propose improvements as in [60] using new modulation technique 

to improve the performance of the conventional modulation that uses intensity 

modulation/direct detection (IM/DD) for On-Off Keying (OOK) modulation. But in fact, 

this modulation is not the most efficient one, and is not used in most modern systems 

and transmission schemes. 

The paper [61] argues that OFDM is not able to meet the new challenges of future 

communications (latency, throughput, security...) and proposes to compare OFDM with 

cyclic prefix (CP) and FBMC with Offset Quadrature Amplitude Modulation (OQAM), 

in which the latter comes out as the winner. 

In 2.4.3 we can see that almost all recent studies are based on 4G and 5G modulations 

and seek to get the most out of the transmission schemes by comparing new models. 

However, many of the proposed physical layers are still based on OFDM and/or its 

multiple user version. a more robust 5G communication using an OFDM modality with 

MIMO is proposed in [62] based on the following module design including improved 

modulation (OFDM-M), multiple antenna arrays and sub-band pre-distortion for 

average peak-to-power ratio (PAPR) reduction. 

However, all these techniques are for technologies that use bandwidths greater than 20 

MHz. Our system works at 3 kHz and the only thing that is comparable is the spectral 

efficiency (bps/Hz). In addition, the ionospheric channel is considered slow fading 

selective channel which is the same as the mobile technology. Therefore, we can rely on 

the techniques used to adapt them to HF communications.  
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2.4.1 OFDM  

 

Multi-carrier techniques were discovered more than 50 years ago. One of the 

modulations using this technique is OFDM. OFDM is a modulation in which the symbols 

of a digital modulation (usually QAM or PSK) are placed in parallel on different small 

carriers (subcarriers). This relies on the orthogonality of the subcarriers created by the 

small spacing between them. Thus, the maximum of each of the subcarriers falls on the 

minimum of the adjacent one.  

This modulation is still under research with some examples as: the study in [63] which 

proves that NVIS transmissions using OFDM between 2.5-7.6 MHz carriers are reliable 

when the SNR exceeds 14 dB and when the receive location is well characterized 

empirically prior to link deployment. Another example is the analysis of the principles 

of millimetre wave propagation from the study in [64] using the software defined radio 

(SDR) system, by varying OFDM design parameters such as modulations and number 

of subcarriers. 

One of the advantages of subcarrier division is that its bandwidth is calculated with the 

coherence bandwidth, so each "packet" of symbols (or set of bits) suffers (or not) the same 

channel effects. 

Another advantage of using this modulation that other digital modulations do not have 

is the use of mathematical expressions such as Fast Fourier Transform (FFT) and Inverse 

Fast Fourier Transform (IFFT) optimizing performance especially in the equalization 

that is performed in frequency in the receiving part. When the symbols are in the time 

domain once the IFFT is applied.  

In summary, the composition of OFDM ensures data transmission in multiple parallel 

sub transmissions at lower speed, but in a robust way, which helps the stability of any 

communication system. Also, the use of a CP makes it highly resistant to multipath 

resulting in improved Intersymbolic Interference (ISI). Furthermore, another advantage 

is that the insertion of pilot symbols is easily comparable by the receiver, where Zero 

Forcing (ZF) equalization is mostly performed. These pilots can be followed where there 

are articles that demonstrate the best distribution as in the article [65], which argues that 

the hexagonal distribution always improves the horizontal distribution. 

As a contrast, the fact of subdividing symbols into subcarriers causes the difference 

between the maximum point and the average value of the signal to be excessive. This 

effect is known as PAPR and induces the use of Class A amplifiers and the consumption 

of more power. 

Several research studies on PAPR reduction are presented in: [66] which proposes an 

improved physical layer for new wireless systems by reducing the nonlinear effects 

introduced by the PAPR along with the linear areas of an amplifier. The combination of 

hybrid companding and pre-distorter offers better performance, it can reduce PAPR and 

compensating for nonlinear distortions caused by the PA.  
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Another study is the combination of M-QAM modulations, Low-Density Parity Check 

(LDPC) codes and Interleaved Frequency Division Multiple Access (IFDMA) 

multiaccess techniques is studied in [67] to increase system capacity, reduce the peak-to-

average power ratio (PAPR), and improve Bit-Error Rate (BER) performance. Better 

performance results are achieved.  

 

2.4.2 SC-FDE 

 

In current communication standards, the need for a single transmitter for the user side 

(mobile terminal, or user equipment (UE)), forced to make changes in multicarrier 

techniques. SC-FDE was introduced in 1973 where some weaknesses of OFDM were 

improved (lower PAPR, lower sensitivity to carrier frequency offset, no need for linear 

amplifiers, robustness against spectral nulls).  

The complete scheme of a SISO system with SC-FDE does not differ from that of OFDM 

except for where the Inverse Discrete Fourier Transform (IDFT) is implemented, keeping 

the Discrete Fourier Transform (DFT) in the receiver. The IDFT application is performed 

at the receiver, leaving the transmitter as simple as possible, having its waveform almost 

constant envelope characteristics, being considered a single carrier, and using a simple 

equalization as it is performed in the frequency domain.  

In SC-FDE pilot schemes, values have a variation compared with other modulations. For 

example, OFDM can have a symbol full of pilots (all the subcarriers with the same value). 

In contrast, SC-FDE needs to have different pilot values due to the FFT, which converts 

these values to zero. Therefore, the root Zadoff-Chu sequence must be used, which is a 

sequence that presents different values, but in-module are the same value [37]. 

As a disadvantage, SC-FDE modulation is noise-sensitive, so the equalization method 

cannot be Zero Forcing (ZF) (as in OFDM) by taking noise into account, as well as the 

effects of the channel. 

Fig. 5 shows the schematics of both modulations where the change in the position of the 

IFFT is clearly seen. Also, Table 1 summarizes the characteristics of both modulations. 
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Fig. 5 OFDM and SC-FDE schemes. Note the change of IFFT position between 

OFDM and SC-FDE 

 

Table 1. OFDM vs SC-FDE characteristic comparison 

Parameters OFDM SC-FDE 

Energy efficiency Bad Good 

Robustness against ISI Good Bad 

Robustness against 

Doppler Shift 
Bad Good 

Robustness against CFO Bad Good 

PAPR Bad Good 

CCI Bad Good 

Spectral Efficiency Good Bad 

BER/Bitrate Efficiency Good Bad 

Equalization complexity Good Bad 
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2.4.3 5G research 

 

Since the implementation of 5G and its increasing use, all research is focused on the 

development of 5G. A  evolution of mobile technologies from 2G to 5G in the physical 

layer [68]. Parameters such as spectrum, multiple user access, different types of channels, 

etc. are analysed. Equations are also formulated for the theoretical calculation of the 

speed offered by each technology. 

 

• Efficiency: The efficiency of the 5G network was experimentally tested in [69] 

using MATLAB simulation for various modulation schemes.  Quadrature phase 

shift keying (QPSK), 16QAM (quadrature amplitude modulation), 64QAM and 

256QAM modulation schemes with signal to noise ratios (SNR) ranging from -

10dB to 20dB in 5dB intervals were investigated.  

 

• Design: Current design of 5G communications is not supported by the study of 

[70] arguing that is not as effective for future needs because there is already 

excess of user’s demand. They propose procedures to overcome the current 

limitations of 5G. Different modulations for the OFDM scheme are compared in 

[71] and ranked according to efficiency and linked to 5G transmission schemes 

giving some design recommendations and future lines.  

The study in [72] also proposes a new design by using a Filter Bank Multi Carrier 

(FBMC) for 5G against OFDM modulation in millimetre wave (MMW) 

transmissions, because it is much more robust against weather conditions that 

cause phase distortion. 

 

• Capacity Improvement: In the pursuit of improving MU-MIMO systems in 5G, 

Per-user based Threshold Scheduling (PUTS) is proposed in [73] to solve BER 

performance allocation. The simulated results show that PUTS has improvement 

with the p level (p=0.442) in BER performance when compared to Fair Threshold 

Scheduling. 

 

• BER improvement: Two new four-dimensional modulation schemes, 4DTCM-

SP-128QAM and 4DTCM-SP-128TQAM, are proposed in [74] with lower BER. 

The simulation show that they can obtain 2.53dB and 1.33dB gain respectively 

with great potential used in long-haul optical transmission system. 

 

• IoT Application: The work in [75] proposes a new receiver architecture 

appropriate for internet of things (IoT) and military applications. It has 

conventional power splitting under a linear model with a certain level of 

sensitivity together with modulation classification (SWPTMC) scheme. 

 

• Future: [76] considers the implementation of a new waveform for the new 6G 

standards that are more spectrally efficient. An improvement in OFDM 

modulation called OFDM-HNIM is introduced as a hybrid modulation.  

In this study [77], they deal with the potential and some implementation 

scenarios of spatial modulation (SM) techniques for the physical layer of 5G 
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wireless networks. The recent advances in SM technologies are reviewed and 

future research directions on the use of SM techniques towards high spectral and 

energy efficient 5G wireless communications networks are discussed. 

2.5 Antennas  

 

As mentioned before, communications systems are evolving day by day along with new 

technologies. The struggle to gain a couple of dBs of improvement is carried to all fields, 

and the antenna field is no exception. 

If we take into account that HF communications are still widely used, for long distance 

communications and has been to date a very important communication tool used in 

disaster situations, the antennas for these communications are usually half-wave 

horizontal dipoles or half-wave V inverted dipoles, reaching sizes of 50 meters when 

talking about the 3 MHz frequency. This creates the need to minimize the size of the 

antennas to minimize the visual and aesthetic effect caused by having this type of 

communications active. One example would be the proposal of [78] which provides an 

example of shortwave active whip antenna design with working frequency range of 

2MHz-30MHz. The designed active whip antenna has small size, light weight, wide 

frequency band and convenient disassembly, and can be widely used in some mobile 

occasions. This antenna aims to solve the difficulties of the current application of 

shortwave antenna. 

 

 

2.5.1 Considerations 
 

The power transmitted to the antenna is (partially) determined by the load at the input 

(input impedance). When the input impedance differs from that of the source (either 

because of the distance from the transmitter, and the connection is made by 

transmission lines or waveguide) an impedance mismatch occurs, measured by the 

reflection coefficient (). Maximum power (maximum radiation efficiency = η𝑟) will 

only be transmitted to the antenna when impedance matching is present, i.e., when the 

antenna is matched (=0). If this coefficient is related to radiation efficiency, we can get 

the concept of the total efficiency (η𝑡). 

r =
𝑍𝐿−𝑍𝑂

𝑍𝐿+𝑍𝑂
 , η𝑡=η𝑟 (1-|r2|) 

In order to be able to test a subway antenna we have to take all these factors into account 

in addition to defining certain objective parameters. 

The size of an efficient antenna is proportional to the wavelength calculated from the 

frequency at which it is intended to operate. It can be concluded that NVIS antennas 

(taking into account that the operation band is between 3 and 10 MHZ) comprise a size 

between 15 and 50 meters using a 𝜆 /2 dipole (f<10 MHz and f>3 MHz respectively).  



23 
 

This leads to think about reducing the size of these antennas, so that they do not have a 

visual impact or at least reduce it, with the requirement to at least achieve a minimum 

gain of -20 dB. 

 

2.6 Typical antennas 

In order to minimize the large antennas that HF applications operate today, multiple 

antenna types and designs are discussed.  

If we take a look at the latest research on antennas, we see only two types: (1) dual 

polarization and (2) vehicle antennas.  

For dual polarization we can see that several systematic method for the design of dual-

polarized HF antennas as proposed in  [79] [80]. The first one is based on platforms for 

NVIS applications showing effective results. The second one is based on wireless 

communication systems, integrating a dual-linear to circular polarization converter 

(DLCPC) with a Ku-band linear polarization conversion metasurface (LPCM).  

For vehicle antennas we can check the studies in [81][82] where an optimized antenna 

for NVIS when mounted on a typical "Land Rover" sized vehicle were presented. Or the 

project done in [83] alternative solutions to helicopter antennas for HF NVIS 

communications where proposed where was concluded that two towel-bar (loop) 

antennas, one on each side of the airframe and centred with respect to the hubs, can be 

used to reduce the severe drop in gain due to hub currents. At least, the project in [84], a 

low-profile triangular-shaped HF band receiver antenna is optimized for a long-distance 

communication system for NVIS, an alternative shaped antenna that is easy to fix on the 

vehicle with similar noise-related performance is optimized. 

 

Dipole Antenna 

 

As main characteristics, the 𝜆/2 dipole has horizontal polarization, that is, parallel to the 

earth's surface, which is ideal for ionospheric reflection. 

 

Fig. 6 Dipole Antenna [85] 
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Inverted-V Antenna 

 

The V-inverted is a variant of the horizontal dipole, which is very attractive in amateur 

radio due to the lack of the need for two masts. The "feed" part becomes the maximum 

point of the antenna, and the arms hang at angles no greater than 120º. Thus, only one 

mast is needed. The gain of an inverted -V could achieve 6.8 dBi [86] and it has a radiation 

pattern nearly omni-directional. 

 

 

Fig. 7 Inverted V Antenna [85] 

Loop Antenna 

 

It is another variant of the dipole, where the arms form a circle. This type of antenna is 

very directive and very easy to install. On the other hand, its efficiency is rather poor, 

which is why it is used at such low frequencies. The gain of a loop is -2 dB y 3dB.   

 

Fig. 8 Small loop antenna  [87] 

So far, several papers have simulated using different software different types of 

antennas in order to minimize the size. This is because, as mentioned before, the main 

application of this type of communications is in extreme situations of difficult access, 

where a military car transports the antenna. 
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2.7 Soil and its parameters 

 

Once the design of the buried antenna is proposed, the properties of the soil that can 

influence the efficiency of the antenna are considered. 

The composition of the soil is a mixture of air, water, organic and/or mineral materials. 

Based on these, various types of soil are distinguished, as well as their density. In studies 

such as [88][89][90] we see that depending on the amount of water in the soil and 

depending on the composition of its composition, the relative permittivity can vary 

between 5-6 times higher. In the table below, various values of the relative permittivity 

are shown for a particular soil only by changing the water content. This is due to the 

polarization capacity caused by the water molecules. 

 

 

Fig. 9 relative permittivity increase (εr) and the water content in m3 compared to the 

volume of the soil (m3) [90] 
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B. Contributions 
 

This section will contain the development of the different objectives set out at the 

beginning of the thesis. During the development of the chapter, the conceptual and 

experimental contribution of each of the contributions is described.  

In order to develop all the proposed objectives, the platform and hardware used are 

described below. Since the hardware was not developed solely by the author, who has 

only modified or added some components and is not part of his contribution, the most 

important parts are summarized below.  

The hardware used in all studios is based on current SDR (Software Defined Radio) 

systems. SDR systems allow a wide range of possibilities due to their great versatility 

due to the possibility of designing components through software and not depending so 

much on the hardware. Specifically, our SDR system is composed of a primary element 

which is the FPGA "Red Pitaya STEMlab 125-14" [91] that has been used for signal 

processing thanks to its fast processing in the Digital Up Converter (DUC) and Digital 

Down Converter (DDC) stages thanks to DAC/ADC converters (Digital to analogue 

converter/ Analogue to Digital converter) which allow to digitize the analogue signal. A 

Raspberry Pi 3B+ [92] although this microprocessor is not strictly necessary (due to 

enough Central Processing Unit (CPU) of the Red Pitaya, but we use it for a future 

capacity requirement. So far, it manages all peripherals and the saving of frames 

received on a USB after being downlinked to baseband by the FPGA. A Teensy [93] (low-

cost USB-based microcontroller) is used when the platform operates in Half-Duplex it 

switches between the transmit and receive modes of each node as well as the power 

management of the platform. A GPS [94] used as position sensor and used to synchronize 

transmitter and receiver. A Moteino M0 (low-power development board): used to 

implement the sensor’s deployment. It is used together with Lora transceivers 

[95][96][97]. Finally, a BME280 [98], a low power weather sensor that integrates 

atmospheric pressure, temperature and relative humidity in a single device.  

Apart from that, the typical radio communication hardware is detailed as follows: 

• Amplifier:  

o Without power restriction and with the platform connected to the power 

supply, a Bonn 250 amplifier has been used with 48.5 dB gain, for example 

for ionosphere sounding tests. 

o For low-power applications a Minicircuits LZY-22+ was used with 30W 

typ. from 100 kHz to 200 MHz. 

o A Low Noise Amplifier (LNA) is placed after filtering the signal with a 

band pass filter (BPF) and before it enters the RF port of the Pitaya 

Network. 
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• Antennas: 

Horizontal and inverted-V dipole antennas have been used interchangeably. 

In the LaSalle façade there is a horizontal dipole acting as a transmitter, and 

in Cambrils (Tarragona) there is an inverted-V antenna, to which another one 

was added due to the study of the two propagation modes of the ionosphere. 

Both offer good performance (see 5.1), differing in the need for a single mast 

in the case of the V-inverted. 

• Filters: 

A BPF have been designed by us giving an I.L of 0.6 dB in the 2-7 MHz range. 

However, sometimes we only wanted to filter AM signals in reception up to 

2 MHz, so we used the Notch filter Flamingo AM for SDR applications [99]. 

Fig. 10 shows the different modules involved in the transmission and reception of NVIS 

communications. This diagram shows all the components of the platform throughout 

the SHETLAND-NET project. 

 

Fig. 10 Current NVIS communication system. 
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Fig. 11 Researcher Tomás González installing the transmitter node at the Artigas 

Antarctic Research Base. 
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3 Channel Sounding 

3.1 Introduction 

 

As mentioned in previous sections, the design of the physical layer of a 

telecommunications system is carried out based on the communications channel in order 

to estimate design parameters and subsequently correct the effects that this channel may 

have on signal reception. In the case of ionospheric communications, it becomes even 

more necessary because the state of the ionosphere depends on many factors (solar 

activity, frequency, among others) and it is difficult to predict the channel effects. Several 

conclusions can also be drawn, starting with the confirmation that the state of the 

ionosphere is not constant, but can also cause signals to be absorbed and therefore not 

to bounce back. This is why the motivation for this channel study arose. 

To carry out this study, first a review of previous wells has been made, to know the 

values of the parameters to be studied. In this case, the most important parameters, apart 

from the channel availability, are the Delay Spread and the Doppler shift. Some 

sounding research are; (1) the study [100] of the influence of polarization interference on 

the frequency and impulse responses of a radio channel. (2) the study made in Wuhan 

transmission centre [101]. The maximum useful frequency (MUF) and frequency of 

optimum transmission (FOT) of NVIS communication at different times and stations are 

investigated using VOACAP shortwave communication frequency prediction software. 

(3) A wideband multi-carrier phase-coded signal (MCPC) and orthogonal subcarrier 

multiplexing is used on an SDR platform with the USRP-210 hardware for NVIS 

Sounding of HF Radio Channels [102]. 

Subsequently, a PN sequence has had to be designed, which is greater than the multipath 

expected for these channels, in addition to taking into account the Doppler Spread (see 

3.4).  

When performing the sounding and data analysis, it must be taken into account that 

there will be times when the ionosphere, due to solar activity and ionization, among 

other factors, will not allow the reflection of signals, so there will be no channel 

availability. For this reason, a night frequency and a day frequency are usually defined. 

However, for this study, the study will be carried out at a single frequency, due to the 

large volume of data. 

Finally, a channel model is made, which will be used in the modulation methodology. 

The dynamic behaviour of the ionosphere as a communication channel will be studied 

for both propagation modes that the ionosphere gives rise to. The ionosondes that 

provide ionograms, perform channel soundings with Vertical Incidence Skywave (VIS) 

and only collect values of availability of the ionosphere layers, without obtaining 

channel parameters. On the other hand, there are channel studies with the objective of 

performing the proposed study with one propagation mode (usually the ordinary wave) 

but they have always been performed with oblique transmissions. 
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Therefore, parameters such as channel availability, effects of this channel such as Ds, the 

different propagation modes of the ionosphere (Ordinary and Extraordinary) giving rise 

to two independent channels are then studied. This study is made with a system with 

an antenna adapted to 5.4 MHz. This frequency was chosen based on (1) several 

ionogram analyses provided by the Ionosonde from the Observatori de L'Ebre 

(Roquetes) and (2) the spectral behaviour of the receiver located in Cambrils will not 

present interference from other systems. 

3.2 Polarization diversity 

 

Polarization diversity consists of taking advantage of the orthogonality of two signals 

with a correlation coefficient close to zero. For this, two antennas need to be 

perpendicular located in the same frequency band in order to obtain the diversity gain. 

This concept is called Single Input Multiple Output (SIMO). 

When sending a signal from the earth, it passes through the different layers of the 

ionosphere (E, F..). In the F2 which is the layer that this communication is centred, the 

electrons in this layer start an elliptical motion [38]. The polarization of the transmitted 

signal changes as a result of the movement. This fact causes the differentiation of two 

waves considered independent because despite having elliptical polarization, they have 

an opposite direction of rotation. These two waves called ordinary and extraordinary, 

being independent, have totally different properties.  

For the Northern Hemisphere, the ordinary wave has the greater delay and left-hand 

circular polarization (LHCP), and the extraordinary wave presents the lesser delay and 

right-hand circular polarization (RHCP). The fact that there are two modes of 

propagation can be used to increase the capabilities of an NVIS communication channel 

using polarization diversity. Applying this technique the SNR and performance 

increases by combining both signals, due to the low cross-correlation factor between 

them [103]. 

This approach was deployed and tested between Barcelona and Cambrils where the link 

between the two cities is around 100 Km in direct line. This communication will have no 

LOS and has an elevation profile shown below.  

 

Fig. 12. Elevation profile between Barcelona and Cambrils for NVIS communication 

link. 
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3.3 Hardware modifications 

 

For this study some hardware changes had to be made because two different radio 

waves were received.  

When receiving the ordinary and the extraordinary wave, two antennas perpendicular 

to each other are needed. Therefore, in the receiver located in Cambrils, two orthogonal 

antennas tuned to the same frequency were installed (see Fig. 13). In addition, when 

combining the two propagation modes, it must be taken into account that they have 

different polarization. Therefore, a phasing network is necessary. The phase shift of the 

received waves implies that the two can be constructively summed, since they are 

received at the same time. The phase shift is performed as follows: (1) with a splitter the 

signal received by one of the antennas is divided. (2) To one of the outputs is added the 

insertion of a cable with length 𝜆/4 that will be the phase shift of 90º and (3) the direct 

signal received by the other antenna is joined with another splitter. (4) The same scheme 

is followed for the other antenna that is perpendicular. In Fig. 14, a block diagram of the 

phasing network is shown. 

 

Fig. 13 Diagram of the orthogonal inverted vee antennas in the receiver 

 

 

Fig. 14 Block diagram of the phasing network 
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The phasing network explained above is valid for a single frequency. In the case that the 

sounding would be done for the entire band, all the phasing network offsets would have 

to be recalculated. 

On the other hand, ideally and in further studies, this implementation will be done 

internally in the FPGA so that all these phase shifts will be automated, and any frequency 

can be used. 

3.4 Data frame design 

 

In order to carry out this study, a physical layer is defined in which the following 

parameters are established despite being a basic frame. 

The definition of the frame has been based on other studies done in [104]. This frame is 

part of level one of the Open Systems Interconnection model (OSI model). The design of 

this frame uses a Pseudo-noise (PN) sequence of 5.12 ms with a bandwidth of 12 KHz, 

which was defined as being greater than the multipath spread which is less than 1 ms. 

The correlation between the transmitted and received PN sequence at the transmitter 

results in a peak on which the synchronization between transmitter and receiver will be 

based. Generally, a 600 Hz tone with a duration of 60 ms is used after the PN for doppler 

shift correction. This results in 6000 samples where it is intended to correct the error 

generated by the internal clocks of the Pitaya Network. This parameter was defined by 

the correction of a maximum of 50 Hz with respect to 600 Hz. 

For the Ds study, the tone had to be replaced by a null signal, in order to differentiate 

the correlation peaks of the PN sequences. When we detect several peaks, we can 

calculate the Ds value, being the later path.  

Fig. 15 shows the data frame used for the Ds measurement. In this figure, we can see that 

the design of this frame uses a PN sequence.  
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Fig. 15 Data frame for Delay Spread measurement 

 

Normally, for channel availability studies, ionosondes use very high powers (>100W). 

With these powers we will find more multipaths and a higher Ds, however, as the system 

to be studied is low-energy, a transmission power of 50W will be used, which is much 

higher than the powers we use when transmitting data.  
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3.5 Results 

 

This section presents the detailed results obtained from the channel survey. First, the 

channel availability is discussed, then the correlation of the two propagation modes is 

discussed, followed by the channel effects study and finally, the Energy per bit to Noise 

power spectral density ratio (EbNo) improvement. 

3.5.1 Channel availability 

 

For channel availability, we used the frame explained in the previous section, 

transmitting 5 transmissions every 10 minutes (to avoid overheating the amplifier) at 

50W for several months.  

The results of the availability study for the two propagation modes have been calculated 

from the correlations of the PN sequences as shown in Fig. 16. This figure shows the 

percentage of detected packets (Y-axis) as a function of an hourly distribution (X-axis). 

The calculation was defined as follows: the total number of data frames received with 

respect to the total number of data frames transmitted. 

 

Fig. 16 Percentage of demodulated packets for the two ionosphere propagation modes. 

 

As a first observation, we can see how the ordinary wave (OR) starts to be available from 

7 a.m., as well as the extraordinary wave (XOR). We see that the OR has much less 

availability than the XOR. This casuistry can be observed until 17 p.m., when both are 

no longer available. It should be noted that these tests were conducted between 

November and December, so the hours of availability are similar to sunrise and sunset. 
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These reflections occur in the F2 layer where the electron density determines whether 

the wave is able to bounce or pass through the ionosphere. In Ben Witvliet's thesis it is 

proved that there is an interval of hours where there is always propagation through the 

ionosphere, which is called "Happy Hour".  

It can also be verified that there was no reflection around 6 a.m. and it was from 6.30 

a.m. when ionospheric reflection began to exist for the XOR wave. In our study, having 

made the study by hours and not 30-minute periods, this result may have been rounded, 

however, it follows the same behaviour as their study. On the other hand, in Ben's study, 

the "Happy Hour" interval was much longer, extending up to 9 p.m. In our case, it only 

extended until 5 pm. This may be due to the lower electron density in November and 

December.  

The figure also shows the sum of the two propagation waves, where the improvement 

is relevant. This calculation can be done as long as the two signals coming from the two 

propagation modes have a cross-correlation coefficient lower than 0.7 (decorrelated 

signals) [105] and thus the SNR can be increased. To calculate the correlation, both 

signals must be synchronized, and the correlation percentage must be determined. In 

Fig. 16, the probability of cross-correlation with factor below 0.7 is shown (only the hours 

with more sun). 

 

 

 

Fig. 17 Percentage of cross-correlation with coefficient factor below 0.7 between both 

propagation channels 
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In the next figure, the Ds of the both signals are calculated. This study is performed by 

sending a PN sequence in order to synchronize the reception of the signal, and by 

checking how long the last late path takes. Looking at the results, we can conclude that 

the Delay Spread on average are not that large. However, if we look at the peak points, 

we see that the average is affected by a factor of ~6 in the worst case. This peak is from 

the XOR wave, with a value of 2.89 ms giving a coherence bandwidth of 346 Hz. In the 

case of the OR, the coherence bandwidth is increased to 369 Hz since it has 2.71 ms of 

Ds. Comparing these results with the STANAG and MIL-STD standards with 

bandwidths 2.38 kHz, it implies a strong ISI effect since the symbol time is 0.42 ms. 

In other studies as in [106] focused on the study of the HF ionospheric channel on high 

latitude paths. This study took place 20 years ago between Svalbard (Norway), Oslo and 

Kiruna (Sweden) and concluded that at frequencies between 2.8 MHz and 21.9 MHz: the 

multipath spread at a bandwidth of 3 kHz ranged between 1 ms to 11 ms. 

 

 

Fig. 18 Delay spread distribution in hours with maximum sun. 
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The Doppler shift parameter was also studied. In [107] we can see that the Doppler for 

this type of communications is around 4 Hz. This frequency difference is not much when 

compared to the errors that are capable of causing low-cost boards that usually have low 

stability clocks. The figure below shows a Doppler shift that is dulled by the low 

accuracy of the Pitaya Network of ± 50 ppm.  Due to the temperature variation, added 

to the Doppler shift effect that the signal undergoes in transmission, it can take errors 

since -14.5 Hz until -19.5 Hz. Also, for comparison, [108]presents the signal 

characteristics associated with ionospheric propagation for a 1400 km link oriented along 

the mid-latitude trough between Sweden and the UK. It is concluded that the observed 

delay and Doppler spread characteristics are strongly dependent on time of day and 

season. 

 

 

 

Fig. 19 Doppler shift (Hz) 

 

Finally, a calculation is made of the increase in EbNo that an NVIS communication could 

have by combining the two propagation modes. The Fig. 20 shows the EbNo received 

by each wave, and also the combination of the two waves with two different diversity 

techniques (selection combination and equal gain combination). We can see that the 

increment is 4 dB at 12 p.m using the selection combining technique. Another point to 

highlight is that the Selection Combining technique improves in all hours and the Equal-

gain combining improves almost always but in smaller quantities. Possibly, if the EbNo 

were higher, and the propagation modes were even more independent with even lower 

cross-correlation, both results would improve, especially Equal-Gain Combining. 
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Fig. 20 EbNo comparison between both propagation modes and two diversity 

techniques applied. 
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4 Modulations and Multiple Access 

4.1 Introduction 

 

Normally HF Communications comply with transmission schemes already established 

by well-known standards such as MIL-STD or STANAG. These schemes are made with 

very small bandwidths to ensure that the little information that is sent, arrives as reliable 

as possible. NVIS compared to oblique transmission has many variations, starting with 

the nature of the bounces. In the case of NVIS this is due to the multiple ionosphere-

earth hops. This fact makes the Ds different. On the other hand, the application on which 

this study is focused is for an IoT sensor network, so we are looking for schemes, where 

the equalization is as simple as possible. In a previous study we evaluated OFDM 

technology, which is typically used with higher bandwidths and ensures high multipath 

protection and frequency equalization.  

With the results of the channel model, the SC-FDE modulation was designed and 

subsequently, it was tested under simulation with the parameters of the channel study, 

simulating the multipath and varying noise values. Subsequently, a test bench was 

designed to know the real power threshold at which it could demodulate correctly. 

Finally, all these tests were contrasted with real tests. 

The following is a summary of the characteristics of OFDM and SC-FDE that are 

proposed to be compared. 

 

4.2 OFDM 

 

As a first premise, OFDM modulation was considered since these modulations have 

become widespread thanks to the use of spectral bandwidth and the use of mathematical 

expressions such as the Fast Fourier Transform and the Inverse Fast Fourier Transform 

(FFT and IFFT) that optimize performance for real-time applications.  

The design of the OFDM done in [86] was based to the most similar as the HF standards. 

The proposed physical layer was based on OFDM modulation with modulation order 4 

(QPSK) and it had good results for a specific EbNo. The configuration parameters were 

also based on channel sounding done in [109] configurating values of for example Delay 

Spread, number of subcarriers, numbers of pilots... In summary, the main characteristics 

are shown in the following table. 
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Table 2. OFDM design parameters 

Parameters OFDM 

Bandwidth 3 kHz 

Useful symbol length TS = 9.33 ms 

Prefix cyclic length TCP = 3 ms 

Number of subcarriers NSC = 28 

Number of pilot subcarriers NP = 10 

Number of data subcarriers ND = 17 

Number of subcarriers DC 

NULL 
NDC = 1 

Number of symbols OFDM NSOFDM = 7 

Time duration of OFDM 

packet 
NPT = 86.31 ms 

Bits in packet Bits = 238 bits 

Frequency pilot separation NF = 3 

Time pilot separation - 

IBO 3 dB 

Modulation QPSK 

Equalization Zero Forcing 

Bitrate of signal frame 1.741 Kbps 

 
Some parameters, such as the bandwidth value, are defined by HF standards. On the 

other hand, some parameters as for example, the definition of the cyclic prefix length or 

OFDM symbol time is based on the study of the channel using the ordinary layer. Of 

course, a small oversize is made between the value obtained by the channel sounding, 

as a precaution. In the case of the CP a value of 2.75 ms was measured but in the frame, 

we have defined the value of 3 ms.  

For channel equalization, the ZF technique was used, since applying the inverse of the 

estimated channel, which is calculated with the pilot symbols, results in a simple 

equation to calculate in the frequency domain. The received pilot is compared with the 

transmitted one to take a value of how the channel changes, and the OFDM symbols are 

multiplied by the inverse of the received channel response. 
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4.3 SC-FDE design 
 

In other NVIS studies, such as [110][111][112] narrowband modulations have proven that 

communications are quite reliable in a wide range of scenarios. So far, HF standards 

(military or otherwise) have used 3 kHz channels with single-carrier modulations such 

as PSK and QAM with low modulation orders (2-4). 

Once the study of OFDM for NVIS systems was carried out, it was proposed to solve the 

drawbacks of using this modulation, it was proposed to solve the drawbacks of using 

this modulation. The nature of the OFDM waveform induces a high PAPR, and 

consequently is intolerant to amplifier nonlinearities (it is advisable to use class A 

amplifiers) and is sensitive to carrier frequency offsets (CFOs) [24].  

Until now we have mentioned that NVIS transmissions are low power. On the other 

hand, from the point of view of a remote node (the one closest to the sensor), battery 

usage is a critical limitation. It is true that OFDM has worked well for some scenarios, 

this is why both 4G, 5G, or the new generations of WiFi schemes use this modulation 

with multiuser variation (OFDMA). It is worth mentioning that these technologies use 

these modulations in the downlink channel where power consumption is not an issue 

since they are usually connected to the power. If we consider the Uplink channels of 

these technologies or some IoT technologies such as NB-IoT, they use SC-FDE. 

Therefore, it is proposed to use Single Carrier modulation with frequency domain 

equalization (SC-FDE), which maintains many of the properties of OFDM and solves the 

major drawbacks. 

In order to compare OFDM and SC-FDE as closely as possible, most of the design 

parameters were maintained. It should be noted that SC-FDE symbols have a much 

longer lifetime than OFDM symbols due to the distribution. Consequently, the symbols 

are shorter in the frequency domain. At the conceptual level, the SC-FDE is assigned 

subcarriers (like OFDM) that are calculated from the coherence bandwidth. Dividing the 

OFDM symbol time by the theoretical number of subcarriers of the SC-FDE gives the 

symbol duration as shown in Table 3. 

The value of the Delay Spread defines the Cyclic Prefix (CP) to be used. Since the channel 

is the same, and it is a parameter that is applied in the transmission scheme in the same 

way in OFDM as in SC-FDE, this value is maintained. In [113] the Ds had it maximum 

value in 2.7 ms, so 3 ms must be enough. However, this value is very pessimistic, since 

the average does not exceed 0.5, so that in a future design, a CP could be implemented 

dynamically. 

For equalization, SC-FDE is more sensitive to noise than OFDM, so we proceed to use 

MMSE equalization, which for low SNR is the best option, thus correcting Intersymbol 

Interference (ISI) and noise. For this, an SC-FDE symbol of known values (pilots) is also 

transmitted (same design of the OFDM).  
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The improvements in throughput (2%) can be seen in the table below, which summarizes 

the main design parameters. Additionally, they are compared to the OFDM design 

proposed in [86] since they have a similar configuration. 

 

Table 3. SC-FDE vs OFDM parameters 

Parameters SC-FDE Values OFDM Values 

Bandwidth 3 kHz 3 kHz 

Useful symbol length (TS) 0.33 ms 9.33 ms 

Prefix cyclic length (TCP) 3 ms 3 ms 

Number of subcarriers (NSC) 28 28 

Number of symbols (Nsymbol) 7 7 

Number of pilot/symbol 1 1 

Number of data symbol 6 6 

Packet duration 87.64 ms 86.31 ms 

Bits in packet 336 bits 324 bits 

Modulation QPSK QPSK 

Equalization MMSE ZF 

Bitrate of signal frame 3.833 kbps 3.753 kbps 
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4.3.1 SC-FDE Implementation 
 

For the SC-FDE study, a new protocol was defined following the same structure as in 

[86], adding the SC-FDE and then comparing the PSK, QAM, OFDM and SC-FDE 

modulations [114]. 

We start from a system already established between Barcelona and Cambrils, with a 

distance between cities of 100 km in a straight line. This system (described in 3) uses 

𝜆/2 dipole antennas fixed at 5.4 MHz.  

The transmitted frame is composed of 4 packets (1 for each modulation) with specific 

headers as follows: (1) For the mere fact of synchronizing the frames received at the 

receiver, a Pseudorandom Noise (PN) sequence with resampling of 8 and having a 

length of 5 ms is used; (2) To correct the doppler shift effect introduced by the FPGA 

used (see 3) which is of the order of 20 Hz adding the two sides; (3) Finally, to identify 

each modulation the same PN sequence as before is sent. 

As the NVIS communication to be enhanced is for IoT environments that are in 

remote areas, low power consumption systems are needed. Putting in context that the 

OFDM study was concluded for a power of 12 W, we will test the same threshold by 

raising and lowering this power by a factor 2 (6, 12 and 25 W). 

After the first approach, a second test bed was designed to perform consumption 

optimization. Since OFDM used a Clipping Ratio (CR) for PAPR reduction, a sweep 

of clipping values from 3 dB to 8 dB is performed. It is true that SC-FDE has much 

lower PAPRs, but the introduction of this clipping can improve efficiency. 

 

4.3.2 Results 

 

BER vs Eb/No 

 

One of the most commonly used options for comparing modulations is the BER ratio 

EbNo. It indicates the normalized signal to noise ratio (SNR).  

Fig. 21 shows the behaviour of BER EbNo of the SC-FDE with 2 bits per symbol along 

with the FSK, QAM, and OFDM studied in [20]. FSK and QAM need higher EbNo 

than the OFDM and SC-FDE, which show very similar results. For BER of 10−3, the 

SC-FDE needs 1 dB less than the OFDM, but for BER 10−4, the OFDM needs 17.5 dB 

and the SC-FDE needs more than 18 dB. 
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Fig. 21. BER vs. EbNo comparison between FSK, QAM, OFDM, and SC-FDE 

 

BER CDF 

 

A quick and reliable way to show the behaviour of a modulation is the Cumulative 

Distribution Function (CDF) plot where the probability of occurrence of a particular 

value is shown. In the X-plot, the different BER values are distributed on the x-axis 

(Xo in the figure) and the probabilities of occurrence are shown on the y-axis with the 

connotation P(BER<Xo). 

Fig. 22 shows the CDF of the SC-FDE with the 3 transmission powers separately. As 

expected, the evolution for each power is noticeable in the smaller BERs, since the 

error resolution is sharper. On the other hand, we see that all the powers for a BER 

10-2 (1 error per 100) has more than 90% probability, which is almost an ideal 

transmission. It should also be noted that the transmission schemes used do not use 

corrector codes (FEC). On the other hand, as previously anticipated, the clipping 

technique will be studied after this study, so these probabilities would improve, in 

any case. With 6W we obtain probabilities greater than 70% for BER 10-3, with 12W 

we obtain probabilities of approximately 80% for the same BER, and with 25W we 

obtain probabilities of approximately almost 90%. As a first conclusion, it can be 

stated that the SC-FDE provides high performances for low powers, having a good 

trade-off around 12W. 
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Fig. 22 CDF plot of SC-FDE modulation with 6 W, 12 W, and 25 W of peak power 

 

OFDM vs SC-FDE in terms of power 

 

Fig. 23 shows the CDF of the SC-FDE and OFDM with 12 W which was the trade-off 

between the transmitted power and the BER obtained.  

As a first analysis, it can be seen that there is a large difference, which must be caused 

by the high noise levels that are very detrimental to OFDM. The SC-FDE with 12 W, is 

able to demodulate with more than 80% probability to have a BER of 10-3, while the 

OFDM only achieves a 50% probability.  

It should be noted that the biggest problem is the high PAPR that makes the average 

power of both signals not so comparable. In the following subchapter the technique used 

to combat PAPR (including SC-FDE) is mentioned for further analysis. 
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Fig. 23 Comparison of CDF plot of SC-FDE and OFDM with 12 W of peak power 

 

CR Sweep 

 

Based on the first conclusions of the previous graph, we proceed to try to increase 

the average power by reducing the PAPR. The clipping technique was used for this 

purpose.  

There are multiple techniques that seek to reduce PAPR. One of the most widely 

used is Crest Factor Reduction (CFR). This technique can use several methods 

(Clipping and Filtering, Peak Windowing, Peak Cancellation...). Thanks to its low 

computational cost and high performance as can be seen in [115][116], this method 

is used in this study. The objective of this method is to saturate the signal from a 

fixed threshold by limiting the peaks of the signal. This causes out-of-band 

emissions and interference due to the introduction of nonlinearities. Fig. 24 shows 

an example of the clipping technique application along with its formula. 

The signal x(n) keeps its value as long as it does not exceed the threshold. If x(n) 

overcomes the threshold the signal values automatically become the CR value. 

 

y(n) {
x(n),  max(|x(n)|< CR

CR,  max(|x(n)|≥ CR
 (3) 
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Fig. 24 Clipping technique. The red line shows the original signal, and the blue line 

shows the clipped signal due to the threshold drawn in green (CR) [117] 

 

A CR sweep was studied, with values starting at 3 dB with 1 dB steps up to 8 dBs. For 

our study, the CR value is calculated from the peak value of our signal (peak value - 

CR). It must be taken into account that as the CR value increases, the error vector 

magnitude (EVM) increases due to the saturation produced by the signal limitations 

(in short, we are eliminating part of the useful signal). Despite having a higher EVM, 

the BER could be better due to the increase of the average power. The trade-off 

between power consumption and BER results must be taken into account. 

Fig. 22 shows the results of this study for the 6W power. If we compare the results 

with Fig. 25, we see that a minimum and a small CR value already has a considerable 

BER increase. We start from a 70% probability for a BER of 10-3, applying 3 dB of CR, 

we obtain more than 80% probability. If a CR of 6 dB was applied, a probability of 

more than 85% for a BER of 10-3 could be attained. On the other hand, we see that for 

a CR of more than 6 dB, the BER is again lower. This is because the signal clipping is 

so abrupt that too much useful signal is lost, resulting in more errors no matter how 

much the average power has been increased. This is the point where the EVM was 

large enough, and the increase of average power did not help due to the large in-band 

distortion. 

Fig. 26 shows the results of this study for the 12W power.  The results are better but 

following the trend seen with the 6W power. For a CR of 6 dB, it gives a probability 

between 90 and 95% for a BER of 10-3 and almost 100% for a BER of 10-2.  

Fig. 27 shows the results of this study for the 25W power. The results show a better 

probability/BER for other values of CR. The value of 6 dB is still the best, and this 

must be because all these transmissions are made without the typical error correction 
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schemes such as coding and interleaving. Thus "residual" errors are seen, because the 

probability of that BER has not changed. 

 

 

Fig. 25 6 W SC-FDE CR sweep CDF. 

 

 

Fig. 26 12 W SC-FDE CR sweep CDF 
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Fig. 27 25 W SC-FDE CR sweep CDF. 

When choosing the transmit power (peak power), the 6W power is discarded (although 

it could be used for smaller modulation orders or more ideal channels) and we proceed 

to use 12W with a CR of 6 dB. The 25W power is unnecessary because it does not provide 

much improvement compared to 12W and spends twice as much energy. 
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OFDM vs SC-FDE in terms of CR sweep 

 

At this point, we compare the best results of the OFDM modulations from the study in 

[86] and the results of SC-FDE calculated previously. As a first observation, we note that 

the CR of SC-FDE is much lower than that of OFDM. This is due to the fact that the 

carrier division causes a high PAPR as mentioned above. On the other hand, the SC-

FDE, although it is also treated as if it had subcarriers, is actually a single carrier. Fig. 28 

shows that the best result obtained for OFDM is for a BER 3·10-3 with a probability of 

80% using an IBO of 9 dB (IBO=CR), giving an average power of 4.6W. If we compare 

these results for the 6W SC-FDE and a 6 dB CR which should give a similar average 

power, it shows 85% for BER 10-3 and between 90 and 95% for BER 3·10-3. 

 

Fig. 28 Results of an IBO sweep for OFDM [86] 

4.4 Field tests in Antarctica 
 

The Antarctic continent is a continent dedicated to science, with many scientific projects, 

in which many sensors are deployed, in order to obtain data, which is then processed by 

scientists. Normally, this data is stored locally in the sensor itself, or the person who 

owns the sensor goes to the location of this sensor, to download this data. This situation 

is not possible many times, due to: (1) The weather, which restricts the ability to leave 

the station. Permission for these "excursions" is given by the station manager. (2) Many 

scientists take samples for a year, so the sensor is collecting data for the entire year. 

Often, harsh weather conditions severely damage the sensor, in the worst case rendering 

it totally unusable. 

For this reason, one of the motivations of this project is to facilitate life in these 

environments and that scientists can easily access these data. In the case of transmitting 

these data, the use of traditional radios limits the sending of data due to distance and the 
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use of satellite, apart from the cost mentioned in previous points, the vision that one has 

with the satellite is often limited. 

Once the SC-FDE studies for NVIS communication between Barcelona and Cambrils had 

been carried out, we tried to apply this communication in a remote location that could 

have a real application.  

One of the most remote places in the world is the Antarctic continent and more 

specifically the islands. Artigas Station located in the King George island aims to become 

a robust communication station in the coming years [118][119], for this reason, we have 

considered it interesting to test NVIS links considering the Artigas base as a node that 

will be connected to the power grid and will be the receiver, so that when it receives data 

from sensors it can upload this data to an online platform or a cloud.  

As a result of a collaboration with the Uruguayan Antarctic Institute (IAU), which 

through its Head of the Science Department, the Uruguayan base Artigas gave us all 

kinds of facilities to be able to install a communications node at the base on King George 

Island. As a project funded by the Spanish government, there was no impediment to the 

installation of an NVIS node at the Juan Carlos I Base on Livingston Island.  

Finally, it was decided to test this previously tested link between Barcelona and 

Cambrils, between the above mentioned Antarctic stations located in the South Shetland 

Islands, King George (Artigas Uruguayan Antarctic Station), and Livingston Island 

(Juan Carlos I Spanish Station) where the link between the two islands is almost 94 km 

apart. This communication will not have LOS and has an elevation profile with many 

high peaks, the highest being at 82.7 km from the Artigas Base where there is a peak of 

507 meters. The following two figures show the location and elevation profile of the 

radio link.    
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Fig. 29 Test Area. Juan Carlos I (Spanish Station) is located in the Livingston Island 

and the Artigas (Uruguayan Station) is located in King George Island. Both Island are 

part of South Shetland Islands 

 

 

Fig. 30 Elevation profile between both Antarctic Stations. The highest peak is more than 

500 meters therefore, there is no LOS 
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The following figure shows the installation of the NVIS antenna mast that the author 

will install at the Artigas Antarctic Research Base. 

 

 

Fig. 31 Researcher Tomás González installing the antenna at the Artigas Antarctic 

Research Base. 

  



56 
 

4.4.1 Design  
 

As described in previous points, for any type of transmission, it is recommended to 

make a channel sounding to know the behaviour of the channel. In this case, we 

cannot use the same one that we have done in this study, because the view of the 

ionosphere is different in this location. From the point of view of electromagnetic 

noise, it is lower than in a large city like Barcelona, but it is necessary to do a previous 

radio electrical spectrum analysis. The Observatori de l'Ebre [120], which attended 

the same Antarctic campaign, carried out this study in Juan Carlos I Station using the 

VIS version (totally vertical transmission). Thanks to their collaboration, at least we 

could see the channel availability. In spite of the strict regulations in place on the 

Antarctic continent, we found that the spectrum was full of communications (or 

interference), so despite seeing the ionograms provided, we had to tune the antenna 

to a less than ideal frequency. Globally, all telecommunications guidelines are set by 

the International Telecommunications Union (ITU), which is an international 

telecommunications regulatory body. In the ionograms, the frequency with best 

availability was placed at 4.1 MHz. This frequency does not interfere with the 

communications of the Uruguayan base nor with the JCI. An important fact is that 

the noise level in the Antarctic bases is lower compared to the big cities. This is 

relevant due to the need for low power systems. In several studies between similar 

distances in Barcelona, the peak power used in the link was around 12W. For the 

Antarctic link study, a power sweep was made be-tween 4 W and 16 W as well as out 

of standard bandwidth and modulation order as follows: 

 

Table 4 Tests of: power, modulation order and modulations 

Channel Bandwidth  Power Modulation Order Modulations 

    

3 kHz 4, 6, 8 W M=4 QAM, SC-FDE 

    

6 kHZ 6, 8, 16 W M=4 QAM, SC-FDE 

    

3 kHZ 8 W M=8 PSK, SC-FDE 
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4.4.2 Results 
 

As it is a completely different channel to the one between the Barcelona-Cambrils link 

and we did not have time to make a proper channel survey, we defined the same frame 

design. Following the same structure as in the previous tests, we proceed to find the 

power threshold that gives us the best compromise between BER and power 

consumption. Different scenarios are presented below in order to have a fast vision of 

channel behaviour and design parameters such as transmit power and modulation 

orders. 

 

Study of 3 kHz bandwidth and modulation order M=4 
 

 

Fig. 32 CDF of 3 kHz transmissions with power 4W and modulation order 4. 

The results show that powers of -12 dBm FPGA output power (4W) are not enough 

to our applications having BER of 10-2 with less than 80 % and 40% for BER of 10-3. It 

could be a transmission power for modulation order 2, which, having to distinguish 

only 2 symbols, the receiver would be fully capable of doing so with very high 

probabilities. 
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Fig. 33 CDF of 3 kHz transmissions with power 6W and modulation order 4. 

The results show that the -9 dBm FPGA output power (6W) are little better than the 

previous one having BER of 10-2 between 80% and 90%. Following the line of the 

previous case, with a modulation order M=2 for very simple applications would be 

enough, but if we look for an order M=4 it is still not enough. 

 

Fig. 34 CDF of 3 kHz transmissions with 8W and modulation order 4. 

The results show that 8W powers are almost ideal. It presents a BER of 10-2 almost 

100% and a BER of 10-3 around 90%. This would be the threshold we are looking for 

reliable communication. 
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Study of 6 kHz bandwidth and modulation order M=4 
 

Once the threshold has been found for communications with a bandwidth of 3 kHz 

and modulation order 4, a study is carried out for higher bandwidths in order to 

improve throughput with a slight increase in power. 

We have tested bandwidths of twice the standard size to test the channel degradation 

that would result if we wanted to have twice the bit rate. The following figures show 

the same tests as above by increasing the bandwidth. To make the comparisons fairer 

we have also adjusted the powers to double by adding 3 db. 

 

 

Fig. 35. CDF of 6 kHz transmissions with power 6W and modulation order 4.    

 

The results show that powers -9 dBm FPGA output power (6W) with 6 kHz are quite 

similar to the 4W with 3 kHz (see Fig. 32) taking into account that the higher 

bandwidths are more difficult to demodulate. It behaves with BER of 10-2 between 70 

% and very poor behaviour with BER 10-3. 

The power is increased by a factor of 2, although it is felt that the increase should be 

a factor of 4. 
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Fig. 36. CDF of 6 kHz transmissions with power 8W and modulation order 4. 

 

Despite the factor 2 power increase and having reached the "ideal" power for 3 kHz 

bandwidths, the demodulation of 6 kHz bandwidths is very detrimental to the 

results, making this power increase almost unnoticeable. Only an increase in 

probability is seen for BER 10-3, which rises to just over 40%. 

 

Fig. 37 CDF of 6 kHz transmissions with power 16W and modulation order 4. 
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These results show similar results for 3 kHz and 6W (see Fig. 35).  With this output 

power from the FPGA, our amplifier enters the maximum power zone. The results do 

improve, however we thought about not implementing it because we would have to 

change some part in the design and the demodulation part. The results are BER of 10-

2 between 80 % and 90 % and BER of 10-3 around 55%. 

Not having much success with bandwidths above 3 kHz and in search of using 

increased throughput, the modulation order is increased to M=8. This would mean 

an increase of 1.5 times the communication rate. As with the increase in bandwidth, 

going up one order of modulation leads to an increase in power, so we raise the results 

of Bw=3 kHz and M=4 by 3 dB. 16W is the maximum output power of the amplifier. 

 

Study of 3 kHz bandwidth and modulation order M=8 
 

 

Fig. 38 CDF of 3 kHz transmissions with power 8W and modulation order 8. 

The results we see are neither good nor sufficient. It seems that the 8PSK time 

equalisation has better but insufficient results. If we look at the theoretical BER/EbNo 

graph, maintaining a BER of 10-3 for order 4 results in an EbNo of 7 dB and for 

modulation order 8 this EbNo becomes 10 dB. These results are made from one channel 

without taking into account channel effects such as multipath. 
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Fig. 39 Theoretical BER/EbNo graph 

 

4.4.3 Results Discussion 
 

We can state that the results obtained are good considering the following points:  

- The traditional HF communications that currently exist in the Antarctic bases that use 

powers higher than 100W, sometimes even reaching 500W are difficult to compare, since 

they use between 5 and 25 times the power that we are using for the tested NVIS link 

considering 20W. 

- We could also compare them with VHF communications which are the most used in 

Antarctica. They use the same power as ionospheric communications (< 20W), reaching 

distances around 20-30 Km due to two heights; (1) the height of the transmitting and 

receiving antenna. The higher the antenna the greater the distance due to the possibility 

of LOS. (2) Due to the terrain orography (high mountains) resulting in no LOS. 

- Our tests show that using 9-10 W and without the use of an operator they can be used 

as a backup for a satellite and/or as the gateway to an IoT ecosystem. 

- The presence of the E Layer results in very high multipath effect. 

The next table summarize the best design for our proposed physical layer. 
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Table 5. Physical layer proposal 

Power Modulation Bitrate Motivation 

9-10 W 

 

4-SC-FDE 

 

~3 Kbps 

 

Easy equalization in 

frequency-domain 

 

9-10 W 

 

4-QAM 

 

~3 Kbps 

 

Complex 

equalization in 

time-domain but 

better robustness 
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5 Compact antenna  
 

The NVIS platform developed in this thesis has been improved in all fields (physical 

layer from a sounding study and implementation of a second antenna to take advantage 

of the polarization diversity and thus gain in robustness), and also takes into account the 

hardware through which the signals are transferred, which is the antenna. 

As this is a system in which the uplink layer is studied where low consumption by the 

sensor is a priority, reducing the size of the antenna and losing efficiency would be very 

detrimental. However, for the study of the miniaturization of the antenna to avoid visual 

pollution and reduce the area where the antenna is positioned, it has been proposed to 

study this antenna and see how it impacts our system in reference to the transmission 

power. 

The influence of soil types and soil depth is summarized below, and the different 

antenna parameters at different heights are simulated for a buried antenna. Finally, an 

experimental test of this antenna is performed in Cambrils as a receiving antenna 

compared to a horizontal dipole. 

 

5.1 Introduction 

 

Commonly HF communications use linear antennas formed by electrically thin 

conductor wires. This fact makes the length much greater than the diameter of the 

conductor, causing the currents to move longitudinally over the conductor surface. The 

most commonly used linear antenna is the λ/2 dipole, which despite not having much 

directivity or gain (D=2.15 dB and G=1.76 dBi) is very simple to implement and has good 

performance. 

With the motivation to reduce the size and visual impact, as mentioned in section 2.4, 

many antennas used in HF were analysed (Horizontal Dipole, V-Inverted and Small 

loop). The Small loop is discarded for efficiency and gain comparison with dipole type 

antennas. Finally, the V-inverted is discarded due to the tilt angles. Finally, a buried 

antenna was designed to maintain the properties of the dipole (large antenna) but 

without visual impact. The minimum requirements and the first simulation of these 

parameters are detailed below. 

 

5.2 Buried Antenna design 

 

In response to the hypothesis of whether it was feasible to bury an antenna and that 

the radiation is sufficient for NVIS communication, the following parameters were 
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defined (assuming the possible losses or compensating them through other elements 

of the system). 

▪ Dipole antenna 

▪ Considering the frequency at which we work, the wavelengths and 

types of antennas for NVIS communications, the study focuses on 

dipole antennas (the most commonly used antenna is the horizontal 

dipole which is the most efficient for NVIS applications). 

▪ Reconfigurable antennas: 

▪ The variability of the behaviour of the ionosphere has already been 

seen. Therefore, the antennas should be easily adaptable to other 

frequencies within the NVIS operating range. 

▪ -20 dB gain [3-7 MHz] 

▪ The antenna gain should be at least -20 dBi within the range [3-7 MHz] 

which is the range where one frequency could be defined for daytime 

and another for nighttime. 

▪ Vertical radiation pattern  

▪ The radiation pattern has to have its maximum in the direction normal 

to the ground in order to make the NVIS application. 

When choosing the best configuration for the simulations, the most important 

parameters are radiation efficiency, gain, bandwidth, and transmission impedance 

mismatch coefficient. These will be affected by the ground where the antenna is buried. 

The soil is a conductive element according to its composition. Obviously, it also depends 

on the level of water it has, since it is one of the most conductive elements [88][89][121]. 

In addition to water, the soil is composed of organic elements that modify the electrical 

properties as explained in section 2.7. In our simulation we have defined the parameters 

explained below distinguishing between a wet and a dry soil. 

• dry soil: presents a conductivity of 0.0001 S/m and a relative permittivity of Ɛr= 2.5. 

• wet soil: presents a conductivity of 0.01 S/m and a relative permittivity of Ɛr=35. In 

this case, the radiation efficiency was so small that this option was directly discarded 

for this study. However, this does not mean that it cannot be used, it will simply 

entail the use of higher power to achieve the same communication.  

• Permafrost: presents a conductivity higher than 0.0001 S/m and a relative 

permittivity range between Ɛ=4-8 [122] [123]. Permafrost, although it is out of study, 

possibly in the future in the context of Antarctica, the feasibility of installing this type 

of antennas there on these soils could be studied. 

 

The following table shows the results of the radiation efficiency of the buried antenna, 

according to the simulation of the different types of dry and wet soils based on their 

parameters that influence their behaviour, dielectric constant and conductivity. IE3D 

software was used for these simulations. The simulation results are performed for a 
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frequency of 5 MHz and a copper tube thickness of 10 mm, which is the most common 

value. 

 

Table 6. Simulation of different soils and burial depths of a horizontal dipole 

Size (m) Soil Height (cm) Radiation Eficciency 

15 

 

Dry 100 9.84 % 

15 

 

Dry 50 8.15 % 

 

15 

 

Dry 25 6.95 % 

 

15 

 

Dry 10 5.81 % 

 

15 

 

Dry 0 3.32 % 

 

15 Wet 0 0.5 % 

    

15 Dry -10 3.41 % 

 

As previously mentioned, the radiation efficiency value for the antennas for wet soil is 

much lower, so the study will focus on dry soil. This is due to the high conductivity of 

this type of soil, causing the radiation to propagate more at ground level and not suffer 

a rebound as it happens with dry soil. 

Therefore, depending on how much we bury this antenna will be reflected in the 

properties of the antenna. As a first study, simulations were made of a 15-meter copper 

pipe buried in the ground and obtaining results with different depths. The diameter of 

the copper pipe was initially 10 mm due to the most usual value. In the Fig. 40 we can 

see the variation of the realizable gain for different depths. 
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Fig. 40 realizable gain for different depths 

Our system has adapted antennas at 5.4 MHz. The graph shows that by burying 10 

centimetres we can have an achievable gain of around -11 dB. It is true that burying the 

antenna deeper also increases the gain, but the trade-off with the effort is not profitable. 

Once, having studied the behaviour of different depths, we proceed to find a matching 

network to achieve better transmission parameters (antenna efficiency and achievable 

gain). The matching process is performed with the AWR Microwave Office software. 

The matching network for the 15m antenna buried 10cm is shown below. 

 

 

Fig. 41 Adaptation network for antenna of 15m and depth 10cm 
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This matching requires 3 matching elements, a series coil, a parallel coil and a series 

capacitor.  With these elements and a quality factor of 100, 5 MHz matching is achieved. 

The following figure shows the reflection coefficient S11. 

 

 

Fig. 42. Reflection coefficient S11 at 5 MHz 

 

From the inclusion of this adaptive network, we can see the difference between putting 

it in or not. It can be seen that the difference is remarkable especially in the frequencies 

in which we are going to work. The difference in efficiency is almost 4 times and the gain 

shown in the figure is almost 7 dB. 

 

Fig. 43 Improvement of antenna efficiency with matching network 
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Fig. 44 Improvement of antenna realizable gain with matching network 

 

Following the above matching network, we can, by changing the values, make this 

antenna dual band. So far, the antennas used for these nodes are single frequency. Using 

the same scheme with two coils and a capacitor, we achieve these two bands, 3 MHz and 

6.2 MHz. According to the following graph, the gain would be a little more than -12 dB, 

compared to -25 dB for a single frequency. 

 

Fig. 45 S11 coefficient with matching network for dual band antenna 
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5.3 Buried Antenna implementation 

 

Based on the above simulation, we proceeded to carry out the study in a practical way. 

The only change made was the change of diameter to 18 mm. In practice, A 15-meter 

horizontal dipole was built with 18 mm radius copper tubes, together with a balun that 

balanced the signals to reduce the effect of interference. In order to reduce the effects of 

the soil when burying the antenna, a plastic corrugated pipe has been used to isolate the 

copper pipe from the soil. Finally, a 10 cm diameter PVC pipe is used to provide 

sufficient space between the first protection of the corrugated pipe and the soil. The 

cooper tube is located in a concentric way to have same distance to the surface and the 

deepest part of soil, for that reason a dielectric has been put around the cooper tube each 

2 meters.  

 

Fig. 46 18 mm diameter copper pipe with all its elements to be buried. 
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The installation was made at the Cambrils receiver node where the antenna was buried 

with the help of other members of the research group. In the next figure we can see the 

antenna burial process. 

 

Fig. 47 Buried Horizontal dipole 

5.4 Antenna matching 

 

The first test that was done was the antenna adaptation. First, we looked at the horizontal 

dipole of our system and subsequently, we looked at the adaptations of the antenna to 

be buried, first resting on the ground and secondly buried 10 centimetres. The first thing 

we see is that our antenna has an S11 of S11 of -18.67 dB and the antenna just supported 

gives us an S11 of -13.26 dB at the frequency of 6.02 MHz. By burying it the matching 

value is reduced by about 1 dB and it shifts almost 800 kHz down. This is due to the 

conductivity created by the ground.  

To compare both antennas, the second marker shows that for 5.4 MHz S11=-11.71 dB, 

which is still sufficient. Compared to the horizontal dipole (S11= -18.67 dB for 5.4 MHz), 

there is 7 dB of matching difference, so this value should be considered. 
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Fig. 48 Horizontal dipole Adaptation 

 

 

 

Fig. 49 Horizontal dipole Adaptation (resting on the soil ground) 
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Fig. 50 Buried Antenna adaptation (Buried) 

 

5.5 Gain measurement 

 

Many factors such as the dimensions of the antenna and the fact that it radiates upwards, 

make the gain difficult to measure. However, we can compare it to a horizontal dipole 

at 13 meters height. This height is due to soil type which makes the height lower when 

the permittivity and conductivity are high [124]. 

For this reason, the first sounding is performed with a Kenwood radio station capable of 

transmitting at 49-50 dBm only by sending a FM signal (with no modulation on it) 

through a horizontal dipole tuned to 5.4 MHz. This fact allows us to check the signal 

received with the buried antenna and then compare it with the same horizontal dipole 

as the transmitter.  

 

These measurements were done with a Max Hold option and the resolution bandwidth 

the most accurate as possible. We took 1 minute for each measurement because we 

wanted to consider the multiple behaviour changes of the ionosphere. For this test, the 

difference is 19.6 dB. If we do the Link Budget calculation, the radio propagation loss 

amounts to -104.1 dB. Seeing that the gain of the horizontal dipole is 4 dBi, we can deduce 

that the gain of the buried antenna is -15.6 dBi. 
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Fig. 51 Horizontal Dipole received power 

 

 

 

Fig. 52 Buried Dipole received power 
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5.6 Results discussion 

 

The results achieved for this antenna are obviously not ideal, but this could already be 

sensed. The gain in simulations was already low, and in practice it can be seen that in 

the best case the received power compared to a horizontal dipole is at least 10 dB 

difference. These tests are made with a Balun, and the most convenient would be to make 

a matching network achieving better efficiency and also would achieve the adaptation 

of two frequencies. The increase in the diameter of the copper tube could also be studied. 

 

If we compare the controlled loses measure, we can see that this is the value of a 

Broadband Folded antenna loses. This type of antennas are designed to cover a wide 

range of frequencies (in this case between 1.8 and 30 MHz) so their losses are high.  
 

 

Fig. 53 Broadband Folded Dipole Antenna [125] 

 

If we compare these results with other research studies for example the proposal of [126] 

which introduces a new ship-integrated HF antenna due to the requirements of the most 

modern high-speed vessels. The antenna adopts an array of slot antennas excited by a 

contact line, which can be matched to an existing superstructure of the ship. It has good 

horizontal omnidirectivity and the horizontal directivity coefficient is higher than -4dB. 

Directivity is related to gain and we can conclude has controlled loses. 

 

Another study would be a lightweight broadband HF antenna design for vehicular OTM 

NVIS applications by [127]. It was demonstrated that a multi-arm half-loop performs as 

well as dipole when the antenna configuration is properly chosen. The same authors 

proposed in [128] the design of a low-profile electrical moving HF antenna with an 

instantaneous impedance bandwidth of 24 kHz and a gain better than -25 dBi for NVIS. 

It is a rectangular two-arm half-loop operating from 2 to 10 MHz.  
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6 Conclusions 

6.1 Summary 

 

In this thesis, we have studied multiple ways to improve an NVIS system that works 

with a physical layer based on STANAG and MIL-STD standards. This system had to be 

as robust as possible since it will be installed in remote areas in order to be used as a hub 

node for IoT sensors. 

Three important points of a telecommunication system have been studied: (1) A study 

of the ionosphere as a communication channel for a single frequency, together with the 

two propagation modes, concluding that taking advantage of the two propagation 

modes there is an improvement in the total robustness of 4 dB. (2) The physical layer, 

despite following the same scheme of the data frame, a modulation that improves the 

simplicity of the equalization (equalization in the frequency domain) for real-time 

applications has been investigated and compared with the previous proposal with this 

same type of equalization (OFDM). (3) Finally, one of the most problematic aspects of 

the systems operating in the HF bands, are the large size of the antennas, which hinder 

their placement, as well as the visual pollution they cause. It has been proposed an 

antenna that is buried 10 centimetres under an earth ground that in spite of presenting 

relevant losses (<20 dB), are able to be used with these systems. 

 

6.2 Achieved goals for each hypothesis 

 

To conclude this thesis, we will start from the hypotheses formulated. Each one of the 

hypotheses has been studied and has been developed during the thesis with a conclusion 

for each one of them. This chapter will summarize the objectives set and how they have 

been achieved. 

 

❖ Hypothesis 1: Ionosphere sounding over two propagation modes (Ordinary and 

Extraordinary) 

Due to the rapid changes in the ionosphere, which are difficult to predict, a study of 

the ionosphere as a communication channel was proposed. As explained in point 2, 

the ionosphere has an almost cyclic behaviour every 10 years. However, when 

defining the physical layer of a communications system where the channel is so 

hostile, it should be as close as possible to the characteristics of that channel, so the 

channel study is necessary to be able to update the design parameters. In this 

context, it was proposed to perform a channel study for a single frequency, for the 

two propagation modes of the ionosphere (Ordinary and Extraordinary). These two 

propagation modes have been treated as independent channels in order to use the 

polarization diversity in reception SIMO technique. 

For the development of this objective, a physical layer was defined to study the 

behaviour of the ionosphere as a communication channel. Subsequently, the system 
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was adapted for a frequency of 5.4 MHz, which is the frequency where the 

ionosphere was most available and without having any interfering system.  

With these configurations, a sounding was carried out between Barcelona 

(transmitter) and Cambrils (receiver), where the two propagation modes, both 

ordinary and extraordinary, were studied for several months. As a conclusion, by 

using the SIMO technique, the robustness significantly increases the communication 

channel. 

 

❖ Hypothesis 2: SC-FDE will overcome OFDM for these kinds of communications. 

Previously, the OFDM multicarrier technique was considered to replace the NVIS 

physical layer available to the research group. Up to that time, discrete modulations had 

been studied and tested (FSK, PSK and QAM), but time equalization made real-time 

applications difficult. For some specific scenarios, OFDM obtained results comparable 

to those obtained with QAM modulation. On the other hand, since a system was needed 

where power consumption was as low-power as possible, it was proposed to find a 

solution to the high PAPR presented by OFDM due to frequency division. It was 

proposed to study the SC-FDE modulation that many current standards use on the 

device side (uplink channel) since battery consumption is critical as opposed to a base 

station. Although SC-FDE does not correct for channel effects as well as OFDM does, it 

does correct for noise. 

For the study of this modulation, we needed the channel study done in objective 1, to 

then make a design with the parameters obtained. With the system configured, studies 

were made for several months, and from the CDF plots we could see the behaviour of 

this modulation. We also used the clipping technique to be able to trim the main peaks 

to increase the average power of the signal and obtain better results in robustness. As 

results, we see that the results of this modulation are comparable in all situations to the 

QAM modulation but with the advantage that the equalization is in frequency. 

Finally, this study was extrapolated for the communication of the Antarctic Base Artigas 

(Uruguay) and Juan Carlos I (Spain) in the 2021-2022 campaign. This study was done 

without a previous channel study due to the time we had available. On the other hand, 

they showed better results than in the channel made between Barcelona and Cambrils 

since in Antarctica there is much less electromagnetic noise. On the other hand, it can be 

seen in the graphs that by increasing both the modulation order and the channel 

bandwidth, the results do not agree with the theory. This is due to the proposed physical 

layer parameters that do not hold elsewhere on earth. 

 

❖ Hypothesis 3: Invisible antennas could be used for NVIS IoT communications. 

We are not aware, but nowadays anyone who pays attention to infrastructure 

installations in any city, can notice the multitude of antennas (and other elements) that 
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are seen. Surely, we have become accustomed to this fact, but visual pollution is starting 

to be no less of a problem. Put in context, HF communications, more specifically with 

NVIS technology (3-10 MHz), use antennas with sizes ranging from 50 to 15 meters. A 

scenario is proposed in which the antenna is completely buried and is able to radiate 

enough to be used as an NVIS antenna.  

Based on simulations of buried antennas at different heights and also simulating their 

matching network, the deployment of a 15 meter dipole antenna buried underground 

was implemented. Using an HF radio with a transmit power of 100 W, transmissions 

were made at the same time instants in order to compare the results under the same 

ionospheric reflection conditions. 

As a conclusion to the study, the received power of a 30 meter horizontal dipole adapted 

to 5.4 MHz had a reception almost 20 dB higher, taking into account the size (twice the 

size). 

6.3 Global view 

 

Nowadays, there are still remote places without access to communication. Possibly, 

places like Antarctica, being a continent dedicated to science, the need for a minimally 

decent communication is essential. In other places, perhaps they do not need these 

communications (or they do, but not at such a high cost).  

If we talk about the commercialization of this type of communications, it is difficult to 

analyse the viability of NVIS communications. To close this thesis, it is inevitable to talk 

about the inclusion of the technology developed by SpaceX (Starlink). This proposal to 

launch thousands of satellites to provide broadband communication, low latency, and 

low cost to even the most remote locations. Possibly the study or application of NVIS 

worldwide is becoming less and less meaningful, although it can still be seen as a 

communication alternative, especially for natural disasters, due to its rapid deployment 

and low cost of installation alone, without the need to pay a service fee. On the other 

hand, when a standard is implemented, be it for communication or whatever, there is 

always the option of complementing the other technology (in this case).  

Let's remember that this is a technology with its maximum use in emergency 

communications. So far it has been possible to provide a communication service with a 

platform at a cost almost insignificant at the level of what a government could pay. It is 

true that the evolution of telecommunication systems is advancing at a very fast pace. 

5G systems have not yet been implemented in many cities, but 6G communications are 

already being tested. It remains to be seen where these developments will lead. 
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6.4 Future Work 

 

The following are improvements that should be investigated and implemented to take 

full advantage of this technology. 

• Bitrate improvement: 

Although the bitrate is sufficient for most sensors, there are some that need to 

store more data. Bitrates can even be improved by using higher bandwidths with 

techniques such as Carrier Aggregation (introduced in 3G standards), using 

higher modulations orders or making the frame design more efficient. As for the 

frame design, SC-FDE and QAM show very similar behaviour in most scenarios, 

but in a future line, SC-FDE configuration can be improved by changing the 

number of subcarriers, carrier spacing or even making the CP adaptive. The 

channel estimation can also be extrapolated by the CP itself or even with the PN 

sequence that we use to identify the modulation. Furthermore, we should keep 

in mind that frequency domain equalization is always preferable and, in this 

scenario, the SC-FDE will always be preferable.  

• Robustness improvement: 

Robustness in this type of communications is crucial. In this thesis, we have made 

a study of polarization diversity, but there are several types of techniques that 

can improve robustness and even bitrate. On the other hand, we have used the 

SIMO technique, but it would be necessary to implement the MIMO technique 

that many standards currently use (such as WIFI). This would require the 

installation of at least two antennas in transmission, thus increasing spectral 

efficiency. For this, it is necessary to develop the phasing network digitally with 

the FPGA to be able to use it at any frequency. 

• Antenna size reduction: 

Antennas are possibly a pending issue in HF communications due to their large 

size. Compact antennas, even transparent, are already being investigated to 

avoid visual contamination of the environments where they could be installed in 

these systems. However, as in all communication systems are based on trade-

offs, when reducing the antenna size, you usually lose efficiency, so it is difficult 

to find that balance. 

• Channel availability improvement: 

Finally, the problem of intermittent communication due to the behaviour of the 

ionosphere could be solved with the Delay Tolerant Networking (DTN) protocol.  

The DTN protocol was introduced in [129] [130] used in the central nodes that act 

as a gateway to avoid losing sensor data. When the ionosphere becomes available 

again, the central node will send the data through NVIS [131]. This protocol could 

be adapted to our platform to solve the connection loss. In [132] different 

transport protocols were compared simulating scenarios similar to Antarctica 

with good results reducing packets lost due to the ionosphere. Next steps are to 

acquire this protocol to our system for then be a complete IoT solution. 
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• Antarctica:  

In the near future, all the studies that have been done on NVIS should have an 

impact on Antarctica. It has been approximately 20 years in which the School of 

Engineering of La Salle (Ramon Llull University) has been trying to study and 

improve all the capabilities of ionospheric communications. Several studies have 

been carried out in Antarctica in order to solve the high cost of satellite 

communications. Perhaps with a little more work, it will finally be possible to 

leave a permanent NVIS node installed to test the platform for years and really 

see the results in a non-extrapolated and purely experimental way. I would like 

to take this opportunity to thank my colleagues Josep Mª Masó and Adrià 

Mallorquí for their experiences in Antarctica and to encourage them to continue 

with their respective research. 

 

  

Fig. 54 On the left, Josep Mº Masó is with the author at the Artigas Antarctic Research 

Station. At right, Adrià Mallorquí is with the author at the Juan Carlos I Antarctic 

Station. 
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6.5 Contributions 

 

As a final point of conclusion, the author will list and summarize the publications in 

indexed scientific journals that have been made from the studies presented throughout 

the thesis. 

 

• NVIS Multicarrier Modulations for Remote-Sensor Applications 

 

Maso JM, Gonzalez T, Male J, Porte J, Pijoan JL, Badia D. NVIS Multicarrier 

Modulations for Remote-Sensor Applications. Sensors. 2020; 20(21):6232. 

https://doi.org/10.3390/s20216232 

 

This publication was the author's first contribution. This publication arose from the 

author's master's thesis, which was supervised by his colleague Josep Masó and his 

research group. In this paper, they proposed a physical layer with the frequency 

multiplexing technique (OFDM), in which they sought a modulation with frequency 

equalization as the main objective and that could also be robust enough for hostile 

channels such as NVIS. A sounding study was made between Barcelona and 

Cambrils finding the power threshold for these communications as well as varying 

the modulation order. The author contributed in research, software development, 

writing and editing. The entire study methodology was coordinated with Josep 

Masó, designing the different test benches, as well as the design of simulations and 

verifications.  

 

• Analysis of the Ordinary and Extraordinary Ionospheric Modes for NVIS Digital 

Communications Channels. 

 

Male J, Porte J, Gonzalez T, Maso JM, Pijoan JL, Badia D. Analysis of the Ordinary 

and Extraordinary Ionospheric Modes for NVIS Digital Communications Channels. 

Sensors. 2021; 21(6):2210. https://doi.org/10.3390/s21062210 

 

This publication was the second contribution of the author together with his 

colleague Jordi Malé and his research group. In this paper, a single frequency 

channel study was made for the two propagation modes of the ionosphere using 

NVIS transmissions between Barcelona and Cambrils. For this study, a phasing 

network antenna had to be added in order to treat the signals with the same 

polarization. For the study of some parameters such as the Delay Spread, the 

physical layer of the system had to be modified. The author contributed in research, 

software development, writing and editing. The entire study methodology was 

coordinated with Jordi Male and Joaquim Porte. In this paper, the most important 

contribution was in the verification of results and in the implementation and not so 

much in the design of tests. 

https://doi.org/10.3390/s21062210
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• SC-FDE Layer for Sensor Networks in Remote Areas Using NVIS Communications 

 

Gonzalez T, Porte J, Male J, Navarro J, Maso JM, Zaballos A, Pijoan JL, Badia D. SC-

FDE Layer for Sensor Networks in Remote Areas Using NVIS Communications. 

Electronics. 2021; 10(14):1636. https://doi.org/10.3390/electronics10141636 

 

This publication was the third contribution of the author, who had the opportunity 

to lead the whole research process together with the rest of the team. In this article, 

the alternative to OFDM proposed in the first article was proposed. In this study, the 

starting point was the same physical layer structure, but the parameters were 

adapted to the SC-FDE, in which energy consumption was greatly improved by not 

having so much PAPR. A sounding study was made between Barcelona and 

Cambrils finding the power threshold for these communications as well as varying 

the modulation order. The author contributed in research, software development, 

writing and editing. In this paper, it was the first article in which the author led the 

entire study from start to finish, from test design to verification of results. The 

implementation was also part of his work together with the rest of the team. 

 

• Simulated Multiuser Modulations for Remote Sensing Applications under NVIS 

(Under review by the research team) 

 

This publication, which is currently under review, was based on the final thesis of 

the student Miquel Martínez, which the same author supervised. In this article, 

OFDM modulation and its multiuser version OFDMA were compared in order to 

give priority to the endpoint that needed to transmit more data by distributing the 

subcarriers more efficiently. On the other hand, a mixed modulation combining both 

techniques is proposed, since OFDMA in such a small channel loses a lot of efficiency 

due to the identification used for the subcarriers. The author contributed to the 

research, writing, editing, methodology, supervision and validation. 

 

• Horizontal Buried Dipole for NVIS communications 

(Under review by the research team) 

 

This publication, currently under review, is the result of a collaboration with the 

prestigious Dr. Jaume Anguera and Mr. Eric Morcillo who was in charge of the first 

studies of a buried antenna. The author was responsible for carrying out the 

implementation of this antenna, obtaining much more accurate experimental results 

and seeing behaviors in the adaptation that could not be seen in the simulations, such 

as, for example, the mismatch of the antenna by not using insulating materials when 

depositing the antenna in the soil. 

 

  

https://doi.org/10.3390/electronics10141636
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• Low-Cost IoT Sensor Network for remote sensing communication in South Shetland 

Islands (Under review by the research team)  

 

This publication, which is still under review, is perhaps the most rewarding of the 

whole thesis. As a first point, the author was able to live the experience of spending 

4 months in the Antarctic research bases with his two colleagues Josep Masó and 

Adrià Mallorquí. On the other hand, the contribution of the article, tells how the 

Antarctic Bases are in terms of infrastructure, what it costs to maintain a satellite 

connection in these territories and finally, how NVIS communications could 

contribute in remote areas. 
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