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Abstract: Despite high costs and lengthy deployments, satellite communications have traditionally
been used to provide coverage in remote areas. However, given the fact that there is no radio
infrastructure available in these areas, Near Vertical Incidence Skywave (NVIS) technology has
positioned itself as an attractive alternative to communicate with low-power nodes in remote areas.
This type of communication works in the HF frequency range complying with STANAG and MIL-
STD standards, which define a physical layer for scenarios that differ from NVIS and low-power
communication. The purpose of this paper was to present the definition of a new communication
physical layer based on single-carrier frequency-domain equalization (SC-FDE) based on these
standards but adapted to the ionospheric communication channel. This physical layer was compared
to an OFDM-based layer from a previous study. The experiments performed show that this new
approach achieves better results than OFDM in terms of a higher signal quality with a higher specific
BER probability. Finally, this layer was also used in the theoretical design of an NVIS gateway to
link sensor network devices spanning large-scale remote areas in a secure manner in the context of
ubiquitous sensor networks (USN).

Keywords: remote sensing; HF; NVIS; IoT; OFDM; SC-FDE; SDR

1. Introduction

The use of sensor networks in remote areas plays a fundamental role in the develop-
ment of applications such as fire detection and human rescue, among others. Monitoring
these difficult-to-access areas and collecting in-field data have emerged as a popular re-
search topic in the last 20 years [1,2]. This has motivated the conception of new distributed-
computing paradigms such as the Internet of Things (IoT) or Ubiquitous Sensor Networks
(USN) [1], in which several devices are deployed in a certain scenario and link together by
means of a wireless (or not) network. There are many wireless technologies currently in use
for IoT sensors [3]. Most of them (such as LoRa or Sigfox) rely entirely on already deployed
infrastructure, which complicates their deployment in under-resourced or difficult-to-
access areas. The most common way to install these networks for these kind of use-cases
is using satellite communications. The main drawbacks of using satellites are their high
installation cost [4,5] and their dependence on the satellite’s orbit, which sometimes makes
coverage difficult due to loss of line of sight (LOS) or low signal-to-noise ratio (SNR).

A cheaper and faster-to-deploy alternative without the need for LOS is Near Vertical
Incidence Skywave (NVIS) that can be used to link nodes from a distributed sensor network
spanning large-scale areas [6]. The NVIS technique is a good solution for deploying
networks in infrastructureless (or remote) areas or in places where natural catastrophes
have occurred. NVIS benefits from ionospheric reflection by transmitting high frequency
(HF) signals with an angle of incidence between 70° and 90°. The ionosphere allows HF
signals to bounce back due to ionization on some of its own layers, creating a coverage zone
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of approximately 250 km (depending on many factors, such as the frequency or the time of
day). Despite that, not all of the HF band can be used in a NVIS link [7] and the frequencies
at which radio signals refract are between 3 MHz and 10 MHz [7]. Currently, NVIS nodes
can be implemented on SDR platforms [8,9] and can achieve bit rates of up to thousands of
bps (if higher data rates were needed, multiple antennas could be used to take advantage
of the multipath effect or with multiple antennas using different channels [10,11]).

NVIS have to follow HF standards, which usually work with single carriers such as
Quadrature Amplitude Modulation (QAM) or Phase-shift keying (PSK). These modulations
require time-domain equalization to avoid multipath effects of the channel. Time-domain
equalization is a computationally intensive implementation [12], which makes it unsuitable
for low-cost platforms. Most current communications standards use the multicarrier
scheme because of its adaptability and simple equalization [13]. These modulations have
become widespread thanks to the exploitation of spectral bandwidth and the usage of
mathematical expressions such as Fast Fourier Transform and the Inverse Fast Fourier
Transform (FFT and IFFT) that optimize performance. For instance, Orthogonal Frequency-
Domain Multiplexing (OFDM) was used in older versions of Wi-Fi [14]. Additionally,
Orthogonal Frequency-Division Multiple Access (OFDMA) and Single-Carrier Frequency
Division Multiple Access (SC-FDMA) are currently used for LTE and 5G in downlink (DL)
and up-link (UL), respectively [15]. Indeed, recent studies confirm that such modulations
could be used for resource-limited IoT devices [16-18].

Considering these modulations in the context of ionospheric communications, the
study performed in [19] compared SC-FDE with OFDMA and SC-FDMA with ionospheric
communications in an oblique way. In [20], an alternative solution with an OFDM transmis-
sion was proposed to avoid the complex equalization (OFDM requires frequency-domain
equalization) for NVIS communications using the Zero Forcing (ZF) equalization method.
The main drawback is that the subdivision of the bandwidth into subcarriers presents
peaks in the envelope that cause a reduction in amplification capability.

The SC-FDE modulation has attracted significant interest in the field of research.
In [21], a study of of SC-FDE synchronization technology in HF wireless communica-
tion using Minimum Mean Square Equalizer (MMSE) was proposed. In [22], an online
Long Short-Term Memory (LSTM) estimator using HF Multiple-Input Multiple-Output
(MIMO) SC-FDE systems was discussed. Furthermore, [23] proposed an efficient-channel
parameters-estimation design for SC-FDE in HF wireless communications. This research
endorsed the idea that SC-FDE can (1) be used for scenarios with challenging and noisy
channels and (2) outperform OFDM in terms of power consumption by solving high
Peak-to-average Power Ratio (PAPR) issues [24].

This paper defined a protocol for low-power NVIS communications that applies
SC-FDE modulation to link nodes from wireless sensor networks deployed in remote
areas. Compared with OFDM, SC-FDE improves the PAPR and reduces the complexity of
transmitting nodes, as it is less sensitive to Inter-Block Interference (IBI) and Inter-Carrier
Interference (ICI) caused by the multipath effect [25-27].

The outline of the paper is as follows. First, a background study and a summary of
the theoretical concepts used in the protocol definition is provided in Section 2. Secondly,
the use case is explained in Section 3 to contextualize and analyze the design of the system
explained in Section 4 and the framework design is detailed and schematized in Section 4.
Section 5 exhibits the tests results and, finally, Section 6 presents the conclusions.

2. Background Study

The following subsections outline the theoretical background regarding (1) the evolu-
tion of the HF communications, (2) NVIS history and current characteristics, and (3) the
SC-FDE modulation to be analyzed.
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2.1. HF Communications Evolution

HF communications started out as point-to-point and shortwave, and were mostly
used by radio amateurs. Technical evolution and continuous research have led to these
communications being used over long distances with several generations of advances. The
first generation (1G) focused on narrowband systems with amplitude modulations for voice
transmission with a 3 kHz channel (current standards as STANAG and MIL-STD keeps
this channel bandwidth). Subsequently, attempts were made to improve performance with
different modulations such as FSK, PSK, or QAM. The main drawback was the choice of
frequency, as it was variant during the day. In the second generation (2G), microprocessors
were introduced, and progress was made towards digital communications and signal
processing. With this, point-to-multipoint communications were achieved. Finally, an
interesting development was the Automatic Link Establishment (ALE), which allowed not
to be in constant analysis of frequencies, but had a high cost of computing and very poor
signal processing. The third generation (3G) improved the links, being faster and with a
lower SNR. It also supported larger networks, and improved the efficiency of the entire
network by separating channels for link establishment and traffic communications. The
fourth generation (4G) already involves advances in artificial intelligence and broadband,
and seeks the integration of systems with high data volumes and throughput [28,29].

2.2. NVIS

The use of NVIS communications dates back to the Vietnam War in the late 1960s.
However, it is known that this type of communication had already been in use since 1939
at the advent of World War II, although not under this name. These communications
were high-powered and were aimed primarily for voice transmission. In these systems,
reference was already made to the use of antennas as horizontal dipoles to cover bands
from 2 to 8 MHz with the objective of covering 24 h of operation due to the bouncing
characteristics of the ionosphere using short waves [30]. In the overview of [31], a brief
review of the history of NVIS is provided which starts with the discussion of the existence
of the Hevyside layer by [32] as well as the Appleton and Builder experiment using the
ionosphere as a refraction medium [33]. The reason for the use of these communications
boils down to their rapid deployment and widespread supply.

The HF band has always been used for long distance communications with antennas
at a low angle to the horizon. In this way, a coverage area of 250 km around the transmitter
is produced. However, the link distance depends on the angle: the smaller the angle,
the lower the Maximum Usable Frequency (MUF), mainly between 3 and 10 MHz [7].
Even so, the biggest disadvantage of this type of communication is the availability and
behavior of the ionosphere due to the ionization of its own layers and solar activity. This
implies that these communications will not be available during certain times at the same
frequency. The use of multiband antennas can assure communication for an entire day. As
an advantage, these communications are easy to install due to their antennas, they usually
feature low-cost platforms, and they do not require the transmitter and receiver to have
direct line of sight, allowing them to overcome large mountains, which makes them ideal
for remote areas.

The antennas are usually wired and dipole types in order to optimize performance [7].
The horizontal dipole and the inverted Vee are the most frequently used antennas for NVIS,
the latter being more interesting due to the need for a single mast [34].

To reduce the size of the antennas and to power the sensors with batteries, an efficient
physical layer is required that can work with the lowest possible transmit powers and
simple equalization.

2.3. SC-FDE

SC-FDE has the particularity of having the IFFT function in the receiver, which solves
the main multicarrier modulation problems (high PAPR and low signal-to-noise ratio). The
IFFT is performed at the receiver side together with the FFT [35]. This avoids the need for
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precise frequency synchronization and for a linear amplifier. In addition, it has advantages
such as having almost constant envelope characteristics, being considered a single carrier,
and using a simple equalization as it is performed in the frequency domain [26]. Further-
more, it also maintains some of the advantages such as the integration of Cyclic Prefix (CP),
where the multipath effect produced by ionospheric transmissions can be avoided, thus
making the transmission more robust. Considering the ionosphere channel results in [36],
the CP can be variably designed to fit the channel, resulting in higher efficiency without
the need for multiple symbols to avoid multipath.

Figure 1 displays a block diagram of the OFDM modulation and the IFFT position
change for the SC-FDE implementation. Serial bits are converted to symbols (Mapping),
taking into account the modulation order after the parallel conversion. After that, the
Cyclic Prefix is added to then convert all the symbols to serial again for transmission
purposes. On the receiver side, the CP is removed and the FFT algorithm is applied. Then,
the equalization is performed to compensate for the channel effects. Finally, the IFFT is
applied along with the serial to parallel conversion in order to obtain the array of bits.

CP
S/P > Mapping » IFFT > +
P/S j
OFDM Ch |
anne
Scheme
S/P < Equalization € FFT < Remove CP J
CP
S/P > Mapping > + Channel
P/S
SC-FDE
Scheme
S/P < IFFT € Equalization < FFT < Remove CP

Figure 1. OFDM and SC-FDE schemes. Note the change of IFFT position between OFDM and SC-FDE.

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].

SC-FDE modulation is noise-sensitive, so the equalization method can be improved
by taking noise into account, as well as the effects of the channel.

Additionally, the study in [26] showed that other equalization types are better than
the ZF. MMSE and Maximum Likelihood (ML) had the best performance. Nevertheless,
the research performed in [38] showed that, despite being the one with the best results, the
ML method is much more complex in computational terms. Therefore, it is also possible
to estimate noise and use (1), which outperforms the (2) method when noise cannot be
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considered negligible, although it is not as robust against Inter-symbol Interference (ISI) [39].
Hest is the channel effect estimation and o2 is the variance of the noise.

Hest*
H = 1
e (|Hest|2+62) ( )
1
Hy=— 2
zf Hest ( )

As noted above, multicarrier techniques produce peaks due to the division of the
channel into subcarriers, which produces a high PAPR value. Many techniques, such
as the Crest Factor Reduction (CFR) try to reduce this negative point. This commonly
used technique uses different methods to reduce the peaks such as Clipping and Filtering,
Peak Windowing, and Peak Cancellation, among others. Clipping is a very good option
to reduce the PAPR due to its low computational cost and high effectiveness [40,41]. It
consists of saturating the signal above a fixed threshold called Clipping Ratio (CR). It helps
to increase the average power; however, one of its main drawbacks is that it introduces
higher nonlinearity, causing out-of-band emissions and interference to the target link.

The clipping ratio is calculated in Equation (3) and illustrated in Figure 2. It shows
an example of how the signal reacts to this technique. The signal x(n) maintains its value
as long as it does not exceed a certain threshold. This threshold is set from the maximum
peak power. If x(n) overcomes the threshold the signal value automatically becomes the
CR value (x_clipping(n) in the figure).

[ x(n), max(|x(n)|< CR
y(n) = { CR, max(|x(n)| > CR @)

—x(n)

- - -clipped signal

100 150 200 250 300 350

Figure 2. Clipping technique. The red line shows the original signal, and the blue line shows the
clipped signal due to the threshold drawn in green [42].

3. Use Case

One of the great advantages of the NVIS technology is that it enables the rapid
deployment of medium-distance (less than 250 km) communications with no line of sight
at a very low cost. This results in a very convenient alternative when designing IoT
environments for remote scenarios where sensing (and/or actuating) nodes are deployed
to span large-scale areas and no other communication technologies are available.

In this case, as shown in Figure 3, the whole IoT scenario can best be viewed as a Ubig-
uitous Sensor Network [43] where sensors are grouped—by means of a concentrator/hub—
around the NVIS node which, in turn, acts as a communication gateway to link with
the nodes from neighboring IoT domains. In this way, the sensor network can use more
standard communication technologies (e.g., Bluetooth, Wize) that are typically available in
sensor devices. Additionally, following the principles of edge computing [44] and consid-
ering the limited bandwidth available at the NVIS link, this communication gateway can
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loT Domain

also behave as an edge node where data are aggregated and summarized. If an Internet
connection were available at any IoT domain, the NVIS node could also behave as a sink
node to forward all the collected data elsewhere.

Distance <= 250 km

€-----+

loT Domain

NVIS Node NVIS Node

Z Concentrator
N

Figure 3. System model deployment.

4. System Design

In order to be able to establish a system adapted to the use case, we explain how the
platform is composed and the design of the physical layer.

4.1. Platform Overview

The current platform is based on the concept of Software-Defined Sadio (SDR). SDR
allows the independence of certain radio hardware components to operate independently
as they are implemented by software. This fact offers many possibilities, especially when
the transmitted protocols are not the same and some values (the carrier frequency, for
example) need to be set several times for different scenarios.

The boards used for the signal processing were two Red Pitaya STEMLab 125-14 [45].
They present a ZYNQ SoC, including a field-programmable gate array (FPGA) and a central
processing unit (CPU), an analog-digital converter (ADC) and a digital-analog converter
(DAC). These converters present a resolution of 14 bits and are managed by a 125 MSPS
clock.

The operating schemes of the Red Pitaya were based on two blocks: the processing
system (PS) and the programmable logic (PL). On one side, the PS refers to the CPU,
in which, in our case, an operating system (OS) is installed over this PS. This is where
the configuration files are located and the peripherals, such as the external memory, are
managed. On the other hand, the PL manages all the upsampling and downsampling,
making use of the DUC/DDC converters that have been programmed using mainly FIR
and CIC filters. The convergence of the two worlds is done through the RAM which, thanks
to the direct shared memory (DMA), allows the transmission of data from the PS to the PL.
In this case, the PS shares the data to be processed with the DMA, and the DMA passes the
data to the PL through a FIFO memory where the DUC/DDC performs all the processing.

A microprocessor is connected to the Red Pitaya, which is in charge of time syn-
chronization and the management of different peripherals. In addition, it is responsible
for saving the raw files for transmission and also saving the received files for further
post-processing. The microprocessor model chosen was the Raspberry Pi 3 [46].

A class-A amplifier was chosen to transmit signals with amplitude or phase changes
that require linearity. The chosen model was a Bonn BLWA 0103-250 [47], which works
at frequencies within the NVIS band and performs well in terms of efficiency. It was
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connected to the output of the Red Pitaya and enabled output powers above 54 dBm,
although we should mention here that we did not use more than 25 W in our tests.

On the receiver side, an amplifier was used only to preamplify the signal by 30 dB
without degrading its SNR. In addition, a Low Noise Amplifier (LNA) was used to perform
proper demodulation. A Band Pass Filter (BPF) on both sides prevented external interfer-
ence at frequencies around our carrier frequency. The carrier frequency was set to 5.4 MHz
due to previous ionosphere behavior analysis. At the transmitter side, a horizontal dipole
was used, and two inverted Vees were used at the receiver due to the straightforwardness
of their installation, together with a respectable gain of 6.8 dB [48]. Having two antennas on
the receiver increases the availability of communications by taking advantage of both the
Ordinary and Extraordinary skywaves and using them to apply the Single Input Multiple
Output (SIMO) technique, but in this case, we just used the Ordinary skywave due to its
higher gain [49].

Figure 4 exhibits an overview of the whole system in a schematic way.

NVIS
Transmission
and Reception

~‘

Concentratort - = 4" * " °

Amplifier ——» BPF — BPF —» LNA
Red Red

Pitaya Pitaya

Q
signal

GPS

Q
signal

GPS

Raspberry Raspberry ~‘
Hard disk / ¢

Figure 4. Near-vertical incidence skywave (NVIS) transmission scheme (transmitter on the left and receiver on the right).

4.2. Frame Design

In other NVIS studies, such as [8,9,49-51], 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. An OFDM protocol was designed and tested in [47] for low-power
applications with this same channel bandwidth.

The SC-FDE design follows almost the same structure as OFDM, only the SC-FDE
concept distributes the symbols shorter in the time domain but longer in the frequency
domain. The symbol length was calculated by simply dividing the symbol length defined
in [20] by the number of subcarriers defined due to the coherence bandwidth. We kept
the same CP due to the maximum delay spread of 3 ms. In fact, the study performed
in [36] concluded that Delay Spread values for the Ordinary channel reached around 2.7 ms
during the ionosphere availability. However, if we consider the mean, the values were
about 0.5, so this fact caused the CP to have a very large error margin.

Finally, we used six SC-FDE symbols and only one extra symbol to obtain known
sequences in order to have enough samples to perform an equalization. For our case, we
chose the MMSE equalization, which is ideal for low SNR because it balances the channel
and noise estimation.
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With this configuration, a bit-rate of almost 4 kbps (2% more than the OFDM) and
PAPR around 2 dB (more than 5 dB less than the OFDM) could be achieved, taking into
account that it could have been even higher if the CP were variable and set to the mean
Delay Spread (Ds) of the channel at a given time.

In Table 1, all the parameters of the SC-FDE design are summarized. Additionally, they
are compared to the OFDM design proposed in [20] since they have a similar configuration.

Table 1. SC-FDE parameters.

Parameters SC-FDE Values OFDM Values
Bandwidth 3kHz 3kHz
Useful symbol length (TS) 0.33 ms 9.33 ms
Prefix cyclic length (TCP) 3 ms 3ms
Number of subcarriers (NSC) 28 28
Number of symbols 7 7
(Nsymbol)
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

5. Experimental Evaluation

In this section, we explain the tests that have been carried out to verify the behavior
of the modulation depending on the power transmission considering the transmission
success.

In this case, we wanted to evaluate a sweep of each Bit-error rate (BER) value and
obtain its probability of occurrence. Moreover, to check how the channel and noise affect
each modulation, many measures can be assessed, such as the Error Vector Magnitude
(EVM), which measures the quality of the signals by looking at the deviation of the points
from the ideal constellation due to the effects of the channel. Other alternatives include
the Modulation Error Rate (MER), which is related to the EVM when average power is
compared, or more commonly the BER-E,Ny. In our research, we analyzed the BER-E, N,
a parameter that provides a quick overview of the received signal’s performance.

For the tests, we decided to first check the success rate of the SC-FDE and decided
to optimize the transmission power by adopting the clipping technique. In addition, we
compared the BER/E,Njy with the OFDM, FSK, and QAM from the study performed
in [20].

5.1. Test Area

The NVIS transmitter was located in La Salle Campus Barcelona (Spain). It has a
horizontal dipole set at 5.4 MHz. The receiver, which consists of an inverted Vee, was
located approximately 100 km away (Cambrils, Tarragona). Between these locations, there
was no Line Of Sight (LOS) considering the elevation of the profile, which is more than
500 m high. The NVIS link is shown in Figure 5.
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Google Earth

Figure 5. NVIS link between LaSalle Campus, BCN and Cambrils, Tarragona. The highest peak is
located at 573 m above sea level.

5.2. Test Design

To test our system, a new protocol was defined following the same structure as
in [20,48] but with the addition of the SC-FDE modulation. The frequency was fixed at
5.4 MHz.

A total of 50 frames were transmitted, each of which composed of a group of four
packets. All frames started with an initial 6th Pseudorandom Noise (PN) sequence with re-
sampling of 8 and having a length of 5 ms. This was used to do the packet synchronization.

Each packet was then composed by grouping a 60 ms tone, another 5 ms PN sequence,
and one of the four modulations. The tone included in each packet allowed the Doppler
shift of each modulation to be corrected. This effect is due to the Red Pitaya’s clocks, which
can provoke deviations of up to 10 Hz by side, so a total of 20 Hz of Doppler shift and the
PN allows for the identification each modulation. Finally, this was repeated four times
(once for each modulation) to form the frame.

IoT devices are usually remote, and battery usage requires low power consumption;
therefore, transmission power must be minimized [52]. Knowing that the OFDM studied
in [20] had sufficient performance around 12 W, our SC-FDE system was evaluated for 6,
12, and 25 W.

After this first approach, a second test rig was designed to perform the consumption
optimization. A sweep of clipping values from 3 dB to 8 dB has been performed.

6. Results

This section presents the results achieved when comparing the transmission power to
observe the cumulative distribution function (CDF) and OFDM along with the PAPR. The
CDF graphs consist of different BER values on the abscissa axis (Xo in the figure) and the
probabilities of obtaining them displayed at the ordinate axis (P(BER<Xo)).

6.1. BER CDF

Figure 6 exhibits a CDF graph of the BER computed in the received signals. It can
be observed that having a peak power of 6 W, the probabilities of receiving a BER under
10~2 were remarkably high (more than 90%), but also a good performance to have a BER
of 1073, which is over 70%. With regard to the 12 W test, the SC-FDE showed very good
results, obtaining probabilities of over 80% for BER 10~2 and more than 90% for BER under
10~2. Finally, for the same test with a peak power of 25 W, it can be observed that SC-FDE
outperformed the other models, having probabilities of almost 90% to have BER 103 and
around 95% for BER under 10~2. As a first conclusion, it can be stated that the SC-FDE
provides high yields for low power, especially around 12 W.
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Figure 6. CDF plot of SC-FDE modulation with 6 W, 12 W, and 25 W of peak power.
6.2. BER vs. E,/N,
On the other hand, Figure 7 presents the relationship between received power (EbNo)
and the BER obtained along with the FSK, QAM, and OFDM studied in [20].
10%¢ T 3
—FSK |
—QAM |;
OFDM |
—SC-FDE||
o
L
@

107

4 6 8 10 12 14 16 18
EbNo

Figure 7. BER vs. EbNo comparison between FSK, QAM, OFDM, and SC-FDE.

FSK and QAM need higher EbNo than the OFDM and SC-FDE, which show very
similar results. For BER of 1073, the SC-FDE needs 1 dB less than the OFDM, but for BER
10~%, the OFDM needs 17.5 dB and the SC-FDE needs more than 18 dB.

6.3. CR Sweep

Taking into account these results and in a bid to raise the average power, a CR sweep
was studied, with values starting at 3 dB with 1 dB steps up to 8 dBs. The higher the
CR, the higher the Error Vector Magnitude (EVM) due to the saturation produced by
the signal limitations. Despite having a higher EVM, the BER could be better due to the
average power increase. The trade-off between power consumption and BER results must
be considered.
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As shown in Figure 8, we analyzed the CR tests with a transmitting power of 6 W. A
significant difference can be observed when CRs were applied and when they were omitted.
Initially, a probability of about 70% for a BER of 10~ with a CR of 3 dB was obtained. If a
CR of 6 dB was applied, a probability of more than 85% for a BER of 10~3 could be attained.

Empirical CDF

el

©
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bl
o
3

o
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P(BER<X0)
o
~
w

] |

S
~

0.65

0.6

0.55- n

0.5
1073 102 107! 10°
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The graph below also shows how the CDF increases when the CR is higher. By
dropping the peaks produced by the multicarrier splitting, the SNR and MER improved.
However, from 6 dB (which is the best CR value) the CDF started to decrease again.
This result was produced by the signal limiting, as the high-power peaks disappear and,
therefore, relevant data was lost. 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.

6.4. CR Sweep 12 W

Figure 9 displays the same test of a peak power of 12 W. The results are quite similar,
and only present some variations.
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6.5. CR Sweep 25 W

Figure 10 presents the results of the CR sweep for a peak power of 25 W. The point
here is that the changes compared to 12 W were not that significant. For the low CR values,
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the increase of the performance was relevant. By contrast, the high values did not change
so much.
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Figure 10. 25 W SC-FDE CR sweep CDF.

Results from Figure 10 show that 25 W is not worth implementing due to the higher
consumption and near-identical behavior of 12 W. Comparing the three power scenarios,
the BER-consumption ratio makes the 12 W the best configuration, saving the 6 W for more
ideal scenarios without large multipaths or almost-null noise.

7. Conclusions

In this work we presented an analysis of the SC-FDE with the objective of improving
the performance of NVIS communications following the STANAG and MIL-STD standards.

This study was carried out using two NVIS nodes 100 km apart. From the results of
these transmissions, we can conclude that the SC-FDE together with an MMSE equaliza-
tion obtains a much higher success rate than OFDM studied previously under the same
conditions [20], making it much more efficient. As seen in the plots, this physical layer
achieved a success rate of 93% BER 102 for the SC-FDE using the appropriate CR values
at the expense of needing higher E,Nj. With the same probability, the ODFM under the
same conditions could only meet BER 10~2. Apart from that, taking the best configuration
of both, the OFDM needed a CR of 9 dB and the SC-FDE needed 3 dB less signal saturation.
Moreover, by having the CP, the protection against the multipath effect is quite relevant.
In addition, the CP set at the limits can be 33% more efficient in the case of no having
multipath and slightly better if the symbol used to equalize has fewer pilot symbols. Finally,
this physical layer will allow the use of low power amplifiers for battery-powered sensors,
or use compact antennas with controlled losses of up to 10 dB. As an application, this
protocol can be used as a platform for transmitting data collected from IoT devices and
is suitable for USN thanks to the defined low transmitting powers. A disadvantage to
take into account is that the bitrate in this type of communication is not particularly high,
but it is not critical because remote sensors do not need high rates, but rather a strong
communication robustness.

In future works, an exhaustive study of OFDM and SC-FDE together with their
multiple access techniques (OFDMA and SC-FDMA) will be conducted, optimizing this
physical layer, in order to try to define a complete uplink and downlink of NVIS technology.
We will also study different bandwidths outside the standards in order to achieve higher
bitrates.
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Abbreviations

ADC Analog-Digital Converter

BER Bit-error rate

BPF A Band Pass Filter

CDF Cumulative Distribution Function
CFR Crest Factor Reduction

CpP Cyclic Prefix

CPU Central Processing Unit

CR Clipping Ratio

DAC Digital-Analog Converter

DL Downlink

Ds Delay Spread

EVM Error Vector Magnitude

FFT Fast Fourier Transform

FPGA Field-programmable gate array

HF High Frequency

IBI Inter-Block Interference

ICI Inter-Carrier Interference

IFFT Inverse Fast Fourier Transform

IoT Internet of Things

ISI Inter-symbol Interference

LNA Low Noise Amplifier

LOS Line of Sight

LSTM Long Short-Term Memory

LTE Long-Term Evolution

MER Modulation Error Rate

MIMO Multiple Input Multiple Output
ML Maximum Likelihood

MMSE Minimum Mean Square Equalizer
MUF Maximum Usable Frequency

NVIS Near Vertical Incidence Skywave
OFDM Orthogonal Frequency Division Multiplexing
OFDMA Orthogonal Frequency-Division Multiple Access
PAPR Peak-to-average Power Ratio

PN Pseudorandom Noise

PSK Phase-shift keying

QAM Quadrature Amplitude Modulation
SC-FDE Single-Carrier Frequency-domain Equalization
SC-FDMA  Single-Carrier Frequency Division Multiple Access
SDR Software Defined Radio

SIMO Single Input Multiple Output

SNR Signal-to-noise ratio

UL Uplink

USN Ubiquitous Sensor Networks

USN Ubiquitous Sensor Network

ZF Zero Forcing
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