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Abstract:

Introduction/purpose: The OTHR simulator presented in this paper is
developed and used in practice, with the aim of emulating radar signal
environment, but also optimizing the radar parameters in real
applications such as: radiated power, antenna array gain, path loss,
radar cross section, external interference, and noises.

Methods: In this paper, the methodology of mathematical modeling is
used as well as simulations .

Results: Based on the performed analysis, the output data from the
OTHR simulator is presented and discussed.

Conclusion: The usage of the presented OTHR simulator makes
assessing the reliability of a potential radar at predetermined locations
automated, controllable and efficient, with results closely matching
radar behavior in real operation.

Key words: over-the-horizon-radar, radar cross-section, exclusive
economic zone, radar simulator.
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Introduction

The Over The Horizon Radar (OTHR) simulator presented in this
paper is developed and designed in order to predict and analyze all
external parameters that affect the OTHR functionality. The OTHR uses
a surface wave component in order to achieve a huge coverage area.
Detection and tracking of vessels with a maximal range up to 200 NM
makes it suitable for application within a system for monitoring the
Exclusive Economic Zone (EEZ). The EEZ is a sea belt of a certain width
extending from the territorial waters in direction of the open seas, over
which a coastal state has exclusive rights regarding the exploitation of
biological and mineral resources of the sea (United Nations, 2011). To
the best of our knowledge, there are only two ways to achieve complete
EEZ monitoring. The first approach utilizes low range sensors, such as
Electro — Optical (EO) camera systems and Micro-Wave (MW) radars, on
the mobile platforms such as vessels and airplanes, thus avoiding
sensor’s limitations. The second approach uses a network of OTHR
radars to ensure constant surveillance of a complete coastline well
beyond the horizon. Since the price of the OTHR radar network is
significantly lower than a combined cost of the aforementioned sensors
and their platforms, it is clear why these radars became a sensor of
choice for maritime surveillance (Sevgi & Ponsford, 1999), (ToSi¢ et al,
2016).

The OTHR radar uses the frequency bandwidth from 3 to 30 MHz
(HF) and utilizes vertically-polarized, surface electromagnetic waves
which propagate above the sea or ocean surface. The usage of the
surface wave OTHR is accompanied with specific issues, such as:
influence of the sea state on electromagnetic wave propagation above
the sea surface, impact of Earth’s surface curvature on the
characteristics of transmitting and receiving antenna stations,
interference of other transmitting devices, atmospheric noise, space
noise and man-made noise in the vicinity of OTHRSs, along with the radar
cross section (RCS) of targets that need to be detected and tracked
(Skolnik, 1990), (Nikoli¢ et al, 2016a), (Fabrizio, 2013), (Nikolic et al,
2018). All these issues should be taken into account properly when
OTHR systems are planned for implementation. It is of great importance
to analyze their effects at the early stage and calculate a corresponding
system performance under the conditions of a specific deployment
location. For that purpose, a computer - based simulator of the OTHR
would be very practical in engineering tasks. One solution of this
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simulator, developed in the Vlatacom Institute and used in our projects
worldwide is presented in this paper.

The simulator allows the analysis of the environmental impact on the
operation of OTHR radars, as defined by the user. It should keep track of
all possible changes in radar conditions in the HF frequency band, and
also allow different scenarios to be set. Thus, a proper flexibility in
defining simulation parameters and specific scenarios for simulation
should be provided. The simulator takes into consideration the change of
the RCS to determine the signal to noise ratio (SNR) for each vessel
defined by the scenario, which results in data comparable with real
situations, as might be acquired by the radar in practical operation. The
output data from the simulator should be provided in the format of the
real OTHR radar sensor, in order to validate the data by comparing it with
the real OTHR system, after installation. The OTHR Simulator solution
described in this paper is commonly compared with vHF-OTHR radars
(Vlatacom Institute, 2018), as being completely compatible with its model
and data formats.

OTHR simulator concept

The main goal of the simulator is to estimate relevant capabilities of
the detection of different sizes of vessels, which is the main benchmark
for this kind of radar applications (Nikolic et al, 2016b). All estimations
are made by taking into account the characteristics of the environment
for potential locations, since many of parameters of interest in simulation
are highly dependable on particular geo-location and surroundings.

The Simulator software has been developed in the Matlab and runs
on Windows OS (Girault et al, 2017). The input parameters of the
Simulator are given through the simulating scenario that includes:
predicted paths of vessels, speed and size of vessels, season of the
year, time of the day or night, sea conditions, wind directions, and
geographical coordinates of potential sites. This scenario is represented
in the form of an XML file. The output of the simulator represents
detected targets in the table form, defined by the vHF-OTHR interface.

The simulator is designed for the following main tasks:

m Testing the software for the detection and tracking of vessels,

m Analyzing and estimating parameters of th OTHR radar, and

m Analysis and evaluation of location-specific conditions for OTHR
deployment.
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The main components of the Simulator, shown in Figure 1, are:

m Step Machine: a library for creating, reading and sorting input
XML files for simulation,

m Radar Model: a library for calculating the signal to noise ratio of
each simulated target,

m Detection engine: a library for the detection and tracking of
simulated targets.

The block named "Step Machine" is used for designing a particular
simulation scenario. It includes defining: the initial coordinates of vessels
and their course and speed; the basic radar parameters (the latitude and
longitude of the location, the output power); the environmental
parameters (the time of the year - month, the time of the day, the state of
the sea and the direction of the wind). The course of a ship can be set as
straightforward, curvilinear or in accordance with the given scenario.
These parameters are all given in the XML format.

i
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Figure 1 — Block diagram of the OTHR simulator
Puc. 1 - Bnok-cxema ,,O0THR* cumynsimopa
Cnuka 1 - bnok-wema ,,OTHR” cumynamopa

The block named “Radar Model” represents a function created in
Matlab for calculating the maximum range, angular position relative to the
true North and the signal to noise ratio (SNR) of potential targets. For all
input data sets created by the step machine, the “Radar Model” creates a
corresponding XML file with information about all potential radar targets.
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This information represents an input for the last block - Detection
and tracking engine.

The block named “Detection engine” imports the abovementioned
information and creates a table of potential detections. In this way, the
base of data sets is created in order to perform the testing of the radar
tracking processes.

Usually, after the installation of the radar in practice (Actual radar
block in Figure 1), the data obtained from the Simulator is compared with
the data obtained from the real OTHR. All detection data obtained from
installed, operational OTHR radars is sent to the Command and Control
(C2) servers, via the communication network, Figure 1. The collected
detection data passes through the top layer in the signal processing
hierarchy — the tracking application (Stojkovi¢ et al, 2016). This process
of mutual comparison between simulated and real data is done and
presented within Visualization scripts (Dzoli¢ et al, 2019b). In this way,
additional calibration of the real OTHR radar can be performed if the
results obtained in the field are different from those expected and an
additional tuning of the radar system parameters is needed.

While the detection and tracking concept used in our research is
already explained in detail, along with communication and data
management for OTHR systems (Petrovic et al, 2020), in this paper we
focus on describing the modeling process itself, which is the core of the
Simulator and a true basis for all other features resulting from it. The
solutions adopted in our radar model are of general importance: since
they are not system-specific, they can be used within the performance
analysis or simulation of any surface-wave over-the-horizon radar, of any
vendor, in the manner completely independent from other blocks
presented in Figure 1.

Radar model

The “Radar Model” is the most important block of the Simulator - it
calculates the SNR for each target defined by a simulating scenario,
shown in Figure 2.

The radar model used in the Simulator is based on the well-known
radar equation, given by equation (1). This formula, unlike the classical
radar equation, takes into account adaptation to the environment,
frequency and waveform selection, RCS, external noises, interference,
antenna gain, spatial resolution, and clutter (Skolnik, 1990).
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S/N stands for the signal to noise ratio,

P., stands for the average transmit power (W),

G; stands for the transmitted antenna gain,

G, stands for the received antenna gain,

T stands for the effective processing time (s),

A stands for wavelength (m),

Ores stands for the radar cross section of a target (m?),
F, stands for the propagation-path factor,

N, stands for the total noise power (W),

L stands for transmission-path and system losses, and
R stands for the distance between radar and target (m).

In practice, the S/N ratio is usually denoted in dB. The parameters
from equation (1): oges, L, Fp and N, are obtained from the radar model
itself, as will be described later in the text. All other parameters are
imported by the user.

In the considered radar model, the influence of external factors is
calculated on the basis of the following sub-models:

m Sub-model 1: Sea surface propagation losses,

Sub-model 2: Sea surface roughness impact,
Sub-model 3: External noise, and
Sub-model 4: Radar cross-section of vessels.
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The sub-models listed above are fundamental for the simulation of
the OTHR performance. While some system — specific parameters (like
radiated power, antenna parameters, etc.) may vary from one particular
radar unit to another, all the parameters generated through the listed
sub-models are location — specific, fixed for predefined surrounding and
environmental conditions, as described in detail in the rest of this section.

Sub-model1: Sea surface propagation losses

Since the OTHR radar operates in the HF band, frequencies
between 4.6 and 7 MHz yield to the best range / cost performance.
Moreover, with an increase in operating frequency values, signal
propagation losses arise as well. The electrical characteristic of the
propagation surface is mainly determined by the salinity level (ITU,
1992). Salty water when compared to dry land shows better conductivity
characteristics, i.e. smaller propagation losses. This implies that OTHR
radars can only operate at coastal areas (with installations close to the
line of the waterfront), and are capable of monitoring large bodies of
water.

For sea (salty) water, at 20 °C a value of 5 S/m is used as a world-
wide average. Some areas of the Baltic Sea have a value of 1 S/m, while
in the Red Sea the conductivity may exceed 6 S/m (ITU, 1992). The
conductivity will however vary with both sea water salinity and
temperature and it is given by:

Teen = 0,18C % [1+0,02(T - 20)] )

S
m
where:

m  C stands for salinity (grams of salt per liter),
m T stands for temperature (°C).
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Figure 3 — Model of the signal propagation above the sea surface based on the GRWAVE
software, a) Field strength, b) Transmission losses
Puc. 3 — Modenb pacnpocmpaHeHusi cueHana Had noeepxHOCMb0 MOPSI Ha OCHO8€E
npoepammHozo obecneyveHusi ,GRWAVE®, a) cuna nons, 6) nomepu npu nepedaye
Cnuka 3 — Moden nponaesayuje cueHarna usHad MoOpCcKe rnospliUHe 3acHo8aH Ha
cogpmeepy ,GRWAVE”, a) Hugo nosba, 6) eybuyu y nponasayuju cusHana

The GRWAVE program (ITU, 2020) with linear interpolation between
distance points is used to calculate propagation losses above the sea
surface. This program uses a model that takes into account the curvature
of the Earth’s surface, as well as the electrical characteristics of the sea
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surface and non-homogenous air causing refractions. The GRWAVE
runs in the DOS environment, and the results are given in the form of an
TXT file. The propagation curves for the frequencies from 3MHz to 8MHz
are shown in Figure 3, on the basis of the values from the TXT file
generated by the GRWAVE program, for the sea water propagation with
the average salinity, the conductivity of 5 S/m and the relative
permeability, € of 70.The subfigure a) in Figure 3 shows the field
strength of the electromagnetic (EM) wave at particular distances. This
value was taken into account to calculate the basic transmission, L, from
equation (1), (ITU, 2007). The subfigure b) in Figure 3 shows a variation
of L in relation to the working frequency and the sea conductivity. The
only input parameter for this function is a range (i.e. distance) of interest
for loss calculation.

The values obtained from the GRWAVE are incorporated further in
the Matlab code of the OTHR Simulator, and used for modeling the
losses in propagation corresponding to this particular Sub-model.

Sub-model 2: Sea surface roughness impact

Apart from losses described within the Sub-model 1, additional
losses in the propagation of HF surface waves are caused by wave
ripples at the propagation surface. In other words, propagation losses are
also dependent on roughness of the sea surface. Roughness of the sea
surface, also known as the sea state, is most commonly described with
the Douglas scale. By this scale, a sea state is expressed with digits from
0 to 9. A higher number on the scale corresponds to a higher wave
height, which leads to higher losses in propagation. The analysis of the
sea states from 0 to 6 shows that an increase in the wave height is
proportional to an increase in propagation loss. A detailed analysis of this
phenomenon could be found in (Barrick, 1970).

Another Matlab function is used to describe a propagation model
which addresses the impact of the sea surface roughness. The maximum
radar range, sea conditions and wind directions are defined as input
parameters for this Matlab function, which generates an TXT file at the
output. The values from the TXT file are used for the Calculation of the
parameter “L” from the radar equation (1). Figure 4 shows the signal
propagation losses for the sea states 3, 4, 5, and 6 when the wind
direction is in the direction of the ship (red lines), as well as when the
wind direction is normal to the course of the ship (blue lines). The
calculations are made based on the values taken from empirical curves
(Barrick, 1970) for the 7 MHz working frequency.
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Figure 4 — Model of the signal loss due to roughness of the sea
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Sub-Model 3: External noise

The main difference for the calculation of the S/N between the MW
radar and the HF-OTHR radar is the influence of external noises. For the
MW radar, the S/N is defined by thermal noise, while for the OTHR the
S/N is significantly affected by the level of external noise in the HF band.
External noise consists of various types of noises, such as atmospheric,
cosmic, and man - made noise (ITU, 2013).

Atmospheric noise predominantly depends on the geographic
location and the season: winter, spring, summer or autumn, while cosmic
noise depends only on the time of the day / night. From the HF point of
view, there are 6 periods during 24 hours: 00h-04h, 04h-08h, 08h-12h,
12h-16h, 16h-20h, and 20h-24h (Spaulding & Washburn, 1985).

The characteristics of cosmic radio noise are similar to those of
thermal noise. Being a phenomenon of the global nature, cosmic noise
does not depend on a geographic location or a season. It depends only
on the radar working frequency (Skolnik, 1990).
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Artificial (man—made) noise varies by regions (rural zones, sub —
urban or urban zones). A detailed description of atmospheric and cosmic
noise could be found in (Spaulding & Washburn, 1985), while man —
made noise mostly depends on the economic development of the area
around the radar site, and is thus always analyzed in a very local
manner, without a possibility to be covered with a global study. In
general, the level of external noise is greater for lower operating
frequencies. As shown in (Dzolic et al, 2019a), in some areas man —
made noise is absolutely dominant in comparison with other noise
sources.

The impact of external noise significantly limits a detection capability
of the OTHR radar. The GH-NOISE (Hand, 2017) program is used to
calculate the level of noise for different seasons and time of the day. The
input for this software is given in the geographical coordinates of a
potential radar site, a season, time interval (i.e. time slot, where the
duration of the slot is 4 hours) during a day, and operating frequency for
calculations.

The output of the GH-NOISE is stored in the form of an TXT file,
used further by the Matlab function in order to correlate all types of
noises that affect the maximum range of the radar. This function
calculates the highest level of all noises (the level of dominant noise for a
particular area), during all seasons and predefined time slots, and
presents its variation as shown in Figure 5.

The Y axis values represent the noise power above the noise floor
(=174 dBm//Hz). According to Figure 5, the average noise level varies
between -125 and -112 dBm/Hz. Fam represents the median
atmospheric noise power in dB above kTB, DL stands for how many dB
below the median noise power exceeded 90% of the days of a month,
and DU stands for how many dB above the median noise power
exceeded 10% of the days of a month for a particular simulation point
(parameter selection).

The value of the Fam is used for the i in equation (1). All values
are calculated for a site located in the Gulf of Guinea.
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Figure 5 — Model of the external HF noises during all seasons (Wi—Winter, Sp—Spring,
Su—Summer and Au—Autumn; 08 h, 16 h and 24 h represents the time of a day; the Y
axis values represent the noise power level above the noise floor (-174 dBm/Hz),the
values are plotted for 7 MHz operating frequency)

Puc. 5 — Modenb sHewHux ,,HF“ wymoe 8 meueHue ecex epemeH 2oda (Wi - suma, Sp -
gecHa, Su - 1emo u Au - oceHb; 08 4, 16 4. u 24 4. - peMsi CymoK; 3Ha4yeHusi o ocu Y -
YpO8eHb MOWHOCMU WyMa Had wymoabiM riopozom (—174 dBm/Hz); npusedeHsbi
3HayeHus paboyeli yacmomabi 7 MHz)

Cnuka 5 — Moden ekcmepHoe HF wyma mokom ceux eoduwrux doba (Wi — 3uma, Sp —
nponehe, nemo, jeceH; 08 4, 16 4 u 24 4 o3Ha4asajy 0oba daHa; epedHocmu Ha Y ocu
npedcmaerbajy HUBO cHaze Wyma usHal npaza wyma (-174 dBm/Hz); epedHocmu cy
npuka3aHe 3a palHy ¢ppekseHyujy 7 MHz)

Sub-Model 4: Radar cross-section of vessels

One of the most important parameters for the estimation of the radar
performance is the RCS. The RCS has influence on the level of reflected
signals and determines the signal to noise ratio (SNR). In the phase of
the OTHR design, the knowledge about the RCS for different classes of
ships is required in order to assess detection and tracking capabilities as
objectively as possible. The RCS represents the projected area of a
metal sphere that would return the same echo signal as the target does,
in case when it would be replaced by the sphere (Skolnik, 1974). The
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resulting echo from the conductive sphere is independent from the
viewing angle, but the echo from a real target varies significantly with
spatial orientation of the target (i.e. the angle between the radar and the
observed target).

The RCS of the target depends on the following parameters:

m Geometrical shape and size of the vessel exposed to the radar
beam,

Electric properties of the vessel composing materials,

Target position relative to the incident electromagnetic wave,

The size of the vessel relative to the wavelength, and

Antenna polarization with respect to the orientation of the vessel.

The OTHR simulator has the ability to scan the area in the angle
width of £60°around the predefined radar location. In order to detect the
target, the receiving signal to noise ratio (SNR) of 10 dB is needed. Along
with the OTHR system parameters, the environment parameters that
affect detection (month, local time, sea state, man-made noise) are also
taken into calculation. The target trajectory is given by target coordinates
(latitude and longitude) which change depending on the vessel speed
and course. For every point, the radar-vessel incident angle is calculated,
which defines the RCS effect, Figure 6.

An analytic method for the calculation of the RCS is only possible for
an elementary radar target form, such as a plate, disc, cylinder or thin
wire structures. For a complex geometrical form, such as a vessel,
analytic methods of the RCS calculation are not feasible. For this reason,
professional software for electromagnetic modeling, WIPL-D (Kolundzija,
2005), is used to predict the RCS of vessels. The WIPL-D software
enables electromagnetic modeling of antennas and scatters which
represent a combination of wired and plate structures. This software uses
the Method of Moment (MoM) approach to solve the starting integral
equations for the assessment of unknown current distribution. This
software solution is mainly used for antenna analysis, but offers a
possibility to analyze mono-static and bi-static RCSs.
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A model of the RCS implemented in the OTHR Simulator is shown in
Figure 7.

This model consists of four important blocks. First of all, for the
evaluation of the vessel's RCS, there is an empirical formula that
represents a rough approximation only (Wilson & Leong, 2003):

Cacs =52 f@ * D(E), (3)

where fis frequency in MHz, and D is full-load displacement of the vessel
in kilotons. The value ogrcs calculated from this formula represents the
maximum value of the RCS related to the vessel size and the working
frequency only.
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Another block is used for processing the output of the WIPL-D
software. The maximum value of the signal is normalized with the signal
value calculated by the previous block (empirical formula).

The calculation was made for the operating frequencies of 4.6MHz,
6.8MHz and 11MHz, as shown in Figure 8. The subfigure a) shows a
vessel model designed in the WIPL-D and a table with variations due to
incident angle change for the abovementioned working frequencies. The
subfigures b), ¢) and d) show the RCS calculated from the WIPL-D for
the working frequencies of 4.6MHz, 11 MHz, and 6 MHZ, respectively.

From the subfigure c), one can note that the minimum value of the
RCS for the operating frequency of 11MHz, achieved in the situation
where an incident wave falls upon the vessel bow, is lower for 26dB from
the maximum value.

The highest side-lobes at this operating frequency are around 10dB

under the maximum RCS value. For lower frequencies, a difference in
the RCS values is smaller.
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Figure 8 — RCS pattern of a vessel model generated with the OTHR Simulator a) WIPL-D
model of the vessels and the table with the results of the RCS values for the simulated
vessel, b) RCS calculated at 4.6MHz, c) RCS calculated at 11MHz, and d) RCS
calculated at 6.8MHz
Puc. 8 — RCS modernb cydHa, cosdaHHas ¢ nomowbto OTHR cumynsmopa. a)Modernb
cydos WIPL-D u mabnuua c pe3ynbmamamu 3HadyeHull RCS modenupyemozo cydHa, b)
RCS, paccyumaHHas Ha 4,6 MHz, c) RCS, paccyumarHasi Ha 11 MHz, u d) RCS,
pacc4yumaHHas Ha 6,8 MHz
Cniuka 8 — RCS pacniodena modena rnnosuna cpadyyHama rnomohy OTHR cumynamopa.
a) Moden nnosuna WIPL-D u mabena ca pesynmamuma RCS epedHocmu 3a
cumynupaHu 6pod, b) RCS uspadyyHam Ha 4,6 MHz, c) RCS uspayyHam Ha 11 MHz u d)
RCS uspayyHam Ha 6,8 MHz

From the third block (Figure 7), the user defines the incident angle
between the radar and the vessel (Dzvonkovskaya & Rohling, 2010).
Depending on the incident angle value, the RCS could change
significantly, as shown in Figure 7, where the red triangle represents the
course of the vessel, while the red circle represents the value of the RCS
for the incident angle of the wave transmitted from the radar. From Figure
7, it can be also noticed that the RCS is attenuated for more than 20 dB,
relative to the maximum value of the RCS for the incident angle of
90/270°.

The final block of this stage summarizes the values from the outputs
of the previous three blocks, and generates a resulting grcs value at its
output depending on all the previously mentioned parameters. The data
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obtained within this simulation can be easily exported to various file
formats, which allows it to be imported into other software tools for further
analysis. The generated RCS value, along with other basic parameters
generated by the Simulator’s specific blocks, provides a complete set of
data necessary for the computer — based simulation of the OTHR.

A sample simulation

The paper presents the emulation of the sample system performances in
the actual environment, carried out with the Simulator consisting of the
described software components, executed in order to assess the
coverage and test the vessel monitoring capabilities of the sample
system. The system is fed with carefully prepared sets of inputs, with the
aim of optimally illustrating the characteristics of the radar under various
parameters in radar's own setup, targets, environment conditions and
others. The flowchart of this sample simulation is shown in Figure 9.

) vearacom start
Step % Radar parametars
. radar_latit=6; % Latitude
Mach'ne radar_longit=4; % Longitude
radar_angle_TN=0; % True_North angle 0-360 deg
tx_power=1000; % Tx power (W)
radar_snr=3; % SNR 0-50 dB
. gain_tx=56; % Tx antenna gain dBi
[ Environment Parfamztar gain_rx=12; % Rx antenna gain dBi
[ Vessels Ul radar_freq=7"10~6; % Operating frequency (Hz)
B=10~3; % Bandwidth1KHz
% parameters of the vesseals y
e =/ oz gty dutor o)
target_longit=4.0 ; % longitude (de: = el 5 ;
shig|17|?our39=135; % vesgsels cc!urge! (deg)| Error lale=ar palece=sualaalidH]
target_velocity=10; % target velocity (m/s)
bwt=1; % Vessel size bwkt
[kilotons) % Parameters of the environment
sea_state=3; % sea state correlated with wind speed
wind_direction=0; % wind direction (deg) to True North
month=1; % mont 1-12
local_time=3 ; % time (hour)
k=1.38*10~(-23); % Boltzmann constant
T=288; % temperature in Kelvin
Pmm=-140.42; % Man_made noise
% -140.42 industrial
Radar % -144.72 residental
% -150.02 rural
model % -163.62 remote
% - 145 Deafult

Radar target I
R,Fi,SNR

Figure 9 — Flowchart of the OTHR sample simulation
Puc. 9 — brnok-cxema OTHR cumynamopa
Cnuka 9 — [ujazpam moka OTHR cumynamopa




Inputs for a simulation

The inputs for the simulation are provided through three important
sets of parameters: Parameters of the radar, Environment parameters
and Sample vessels. The block named “Error” gives an optional ability to
analyze the impact of possible deviations of radar parameters,
environment or target positions. A LAT and LON data from the step
machine are converted into a radar coordinate system in relation to the
LAT and LON positions of the radar in form of the distance (R), the angle
(F;), and the S/N corresponding with particular targets.

The distance (R) is used in modules 1 and 2 to calculate losses in
the propagation of electromagnetic waves above the sea surface.

Parameters of the radar

The coordinates of the radar site were chosen in order to represent
the situation as close as possible to realistic site locations that should be
analyzed for potential deployment. Table 1 lists the main parameters of

the radar.
Table 1 — Input parameters of the radar
Tabnuua 1 — BxodHble napamemps! padapa
Tabena 1 — YnasHu napamempu padapa

NO [PARAMETER UNIT |[DEFAULT VALUE [VARIABLE

1 Radar latitude position ° 6.3 radar_latit

2 Radar longitude position ° 3.3 radar_longit

3 Erm”gm”gg;‘;a;f;ji’;tﬁ)””a angle . 180 radar_angle_TN

4 Transmitted power s 1000 Tx_power

5 SNR dB 10 Radar_snr

6 Tx antenna gain dBi 6 gain_tx

7 Rx antenna gain dBi 12 gain_rx

8 Radar frequency MHz 4.6 radar_freq

9 Bandwidth kHz 1 B

10 |Chirp duration Sec 0.26 t chirp

11 |Integration time Sec 33 t integration
Environment parameters
Table 2 lists the environment parameters considered in the sample

simulation.
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Table 2 — Inputs for the environment estimation
Tabnuua 2 — BxodHbie napamempbi OUEHKU OKpyxarouiel cpedbl
Tabena 2 — Yna3sHu napamempu 3a ecmumMauujy OKpyxera

NO [PARAMETER UNIT |DEFAULT VALUE [VARIABLE

1 Sea state 1-6 1 sea_state

2 Wind direction (°) to True North  |° 0 wind_direction
3 Month 1-12 1 month

4 Time (Hour) 0-24 9 local_time

Sample vessels

A number of the parameters related to the vessels being directly of
interest for the purpose of sample simulation are provided, describing the
targets in a particular simulation scenario. These are shown in Table 3.

Table 3 — Input parameters for the sample vessels
Tabnuua 3 — BxodHbie napamempsbi no npoboombopHuUKam
Tabena 3 — YnasHu napamempu 3a cumysnupaHe 6podose

NO |PARAMETER UNIT |DEFAULT VALUE |VARIABLE

1 latitude (°) ° 5 target_latit

2 longitude (°) ° 5 target_longit

3 Vessel's course (°) TrueNorth ° 270 ship_course

4 Target velocity (m/s) m/s 10 target_velocity
5 Ship size kT 100 bwt

The estimations of the RCS surface used in this simulation,
generated for the two system operating frequencies are shown in Table 4

Table 4. The values are classified for three categories of the
vessels: Very large - VL, Medium — M, and Very small — VS (each
category is defined by gross tones and the physical dimensions of the
vessels (Grbi¢ et al, 2018), as indicated in Table 4.

Table 4 — Estimated RCSs for 4.6 MHz and 7MHz, and the vessel size classification
Tabnuuya 4 — PacyemHoe RCS dns 4,6 MHz u 7 MHz u knaccugukayusi paamepos
cydos
Tabena 4 — lNpouyereHu RCS 3a 4,6 MHz u 7 MHz u knacughukayuja eenuduHe bpodosa

Very large— VL  |Medium-M Very small — VS
DWT(1000T) 300 50 5
Length (m) 400 200 50
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\Very large — VL Medium — M Very small — VS
Width (m) 60 30 10
RCS- 4,6 MHz (m2) 579514.28 39430.95 1246.92
RCS- 4,6 MHz (dBm2) |57.63 45.96 30.96
RCS- 7 MHz (m2) 714881.81 48641.55 1538.18
RCS- 7 MHz (dBm2) 58.54 46.87 31.87

The results of the simulation

Two different scenarios are used to demonstrate the functionality of
the described OTHR dedicated Simulator. The results from each
simulation are compared with the realistic values achieved on the
implemented OTHR system, and the obtained numerical results are
forwarded to the presentation software tool for display and analysis.

The first scenario demonstrates the sea state effect on the vessel
monitoring process, the second scenario demonstrates the vessel radial
movement behavior in the context of detection performance, while the
third scenario estimates the positioning error achieved in simulations. All
the results are presented and explained, successively.

Scenario #1:Sea state effect on the vessel monitoring
process

This scenario aims to show the sea state and the wind direction
effect on the general system coverage area considered, for the vessels
as defined. The hypothesis that a higher sea state value reduces the
coverage of the system is under check with the simulation.

The radar targets in this scenario are created in the form of the
group of 3 vessels of different classes. The vessel closest to the radar
has the smallest class, while the distance from the radar is the biggest for
the largest vessel. The movement of the group is linear, with a constant
speed and the course normal to the radar receive array. The distance
between successive vessels is fixed at 45 km. The observation zone for
the simulation starts at 5km from the radar, and goes to 400km towards
the open sea, with the coverage angle of 120° (+60° from the center axis
of the radar array).

The scenario setup with the initial positions of the vessels and their
bearings is presented in Figure 10. The main goal is to analyze the
location of the potential site and, related to that geo-location, the X axis
shows relative latitude, while the Y axis shows relative longitude of the
observation area.
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Integration time, the parameter defined in Table 1, represents the
time needed for the radar simulator to complete acquisition of the data.
Since the real radar takes 33s for the integration time, in this scenario the
integration time will be set to 33s exactly. Chirp duration defined in Table
1 is 0.26s. For this scenario, 256 chirps are used, which represents a
total simulation duration time of around 66s (0.26s *256). In total, eight
data runs are executed: for each working frequency (2 data runs) and for
each sea state (4 data runs) considered. Here, the considered sea state
values are 1, 3, 5, and 6, with the vessel sizes of VS, M, VL observed in
each simulation run. The operating frequencies considered are 4.6 MHz
and 7 MHz.

The parameters for the sea state, the wind direction, the time of the
year and the time of the day are defined in Table 2 and taken into
account to calculate the maximum range of the detected targets. The
"wind direction" parameter has a fixed value in all simulations.

The outputs of the radar simulator for scenario #1 are given in Table
5. The column “Expected Range” represents the values acquired from
the previously installed (operational) radars in the field, while the “Actual
Range” represents the values from the output of the OTHR simulator for
a specific location. As it can be noticed from Table 5, the achieved
results show that a higher sea state reduces the coverage of the OTHR
system, as expected.

Latitude [deg]

Longitude [deg]

Figure 10 — Initial setup of scenario #01, the initial positions of the sample vessels are
marked with coloured arrows.
Puc. 10 — lNepeoHayanbHas Hacmpolka cyeHapus Ne 01, HayanbHbIe MONOXeHUs
MPobomOOPHUKO8 OMMeYeHbl U8EMHbIMU Cmpesikamu.
Cnuka 10 — MHuyujanHa nocmaska cueHapuja #01( noyemne no3uyuje nnosuna
03Ha4eHe cy obojeHUM cmpesnuyama)
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Table 5 — Achieved results for the analysis of the sea state effect on the vessel
monitoring process, all range values presented in km units
Tabnuya 5 — Nony4yeHHbIe pe3ynbmamabi 05151 aHanu3a 6/usiHUsi COCMOSIHUS MOPS Ha
npoyecc MoOHUMopPUHaa cy008, 8Ce 3HaYeHUsI MpuBeOeHbI 8 KM

Tabena 5 — lMocmuzsHymu pe3ynmamu aHanu3e ymuuyaja cmarsa Mopa Ha rnpoyec

npahetba nnosuna( cee 8pedHOCMU Cy NpuKa3saHe y KuiomMempuma)

Radar Sea Expected |Actual Expected |Actual Expected |Actual
Case |(freq. State Range for |Range for |Range for |Range for|[Range for |Range for
MHz VS vessel VS vessel M vessel M vessel |VL vessel |VL vessel
1 46 |1 215 222.75 300 313.25 (370 387.75
2 |46 |3 215 225.75 300 317.25 370 392.75
3 46 5 190 197.25 260 275.75 |320 340.25
4 |46 |6 170 176.25 220 24575 [280 302.75
5 |7 1 120 129.75 180 196.25 |240 253.25
6 |7 3 115 127.75 160 191.25 |230 245.25
7 |7 5 100 103.75 140 154.75 |180 197.75
8 |7 6 90 92.25 120 135.25 |160 172.75

From the columns “Actual Range” and “Expected Range” it can be
noticed that the values for the maximum achieved range achieved via the
simulation are very similar to those expected from the practical radar
performance, and some existing small variations directly depend on the
difference in the values of system parameters, as defined for the specific
location.

Scenario #2: Vessel radial movement impact on the
detection performance

In this scenario, the coverage area is observed for the vessels that
are moving away from the radar, radially with a radiation pattern of the
radar array, and with a difference between their courses of 10°. The
hypothesis under check with this simulation is: that the achieved radar
detection range is higher at the central lobe of the antenna array than at
its boundaries, while the detection range for particular vessels varies
depending on the size and working frequency (larger the vessel - higher
the range, and lower the frequency - higher the range will be).

Figure 11 presents the initial positions of the vessels and their
bearings for scenario #2.
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Latitude [deg]
b

Longitude [deg]

Figure 11 — Initial setup of scenario #02, the vessel trajectories presented with red lines
Puc. 11 — HayanbHas Hacmpolka cueHapus #02, mpaekmopuu cydHa 0603HaqyeHbl
KpacHbIMU JTUHUSIMU
Cnuka 11 — MHuyujanHa nocmaska cueHapuja #02( nymare 6podosa rnpukasaHe cy
upseHuUM JuHujama)

The radar targets are created in a form of the group of 13 vessels of
the same classes, per one simulation run, while 3 different classes of
vessels for different simulation runs will be demonstrated. The movement
of the group is linear with a constant speed and course, radial to the
radar receive array (radiation pattern). The observation zone for the
simulation starts 5 km from the radar itself, and goes to 400 km towards
the open sea, with the coverage angle of 120° (x60° from the center axis
of the radar array).

The integration time is set to 33s, while the total duration time of the
simulation is around 66s (in accordance with the comments already given
for the previous scenario, above). In total, six data runs will be executed:
for each working frequency (2 data runs) and for each class of the vessel
(3 data runs) observed. The considered sea state value is 3, with the
vessel sizes of VS, M, VL considered in each simulation run. The
operating frequencies considered are 4.6 MHz and 7 MHz.

The resulting outputs of the radar simulator for scenario #2 are given
in Table 6 and Table 7. The results are presented only for sectors 1-7
(corresponding with the angles from 60° down to 0°, with a decrement of
10°), since the values achieved in sectors 8-13 (corresponding with the
angles from 0° up to -60°, with a decrement of 10°) are completely
symmetrical with the ones presented. The ranges are given in km, where
the fields marked with the letter “E” (Expected) represent the predicted
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values from the output of the OTHR radar, based on the values from the
previously installed (operational) radars, while the values marked with “A”
(Actual) represent the values from the output of the OTHR simulator, for
the considered, specific location.

Table 6 — Achieved maximum detection range in the scenario with the vessel radial
movement, for the radar operating frequency of 4.6 MHz, all values presented in km units
Tabnuua 6 — [JocmugHyma makcumarbHas 0asibHOCMb 0OHapyXeHUs 8 cueHapuu ¢
paduarnbHbim 08uxeHUeM cyOHa ripu paboyeli yacmome padapa 4,6 MHz, ece sHayeHusi
rnpugedeHbl 8 KM
Tabena 6 — lNocmuzHymu makcumanHu domem demekyuje y cueHapujy ca padujarHum
KpemarbeM rnosusa 3a padHy gpekseHuyujy 4,6 MHz ( cee spedHocmu cy npuka3aHe y
Kuriomempuma)

Vessel
size\ |1E 1A 2E 2A  3E [3A 4E 4A |5E |5A 6E |[6A 7E |7TA
Sector

VS 180|188.2 (185 [189.2(195/202.2 |200209.7 |205 [218.7 215 |221.7 220 |222.7

M 2751276.2 280 (289.2290/299.2 [295|304.7 |300 (309.7 {305 (311.7 [310 312.7

VL 330(343.7 |350 |363.2|360(368.2 370[374.2 (380 |380.2 (385 |387.2 [385 |388.2

As it can be noticed from Table 6 and Table 7, the larger vessels are
visible at greater distances from the radar, in comparison with smaller
classes of vessels, as expected. Also, the vessels of the same size are
visible at greater distances when detected with a lower operating
frequency (4.6MHz) of the radar system. The absolute maximum range is
achieved in the direction of the center axis of the radar array, while, by
moving away from the direction of the angle center, the maximum range
value decreases.

Table 7 — Achieved maximum detection range in the scenario with the vessel radial
movement, for the radar operating frequency of 7 MHz, all values presented in km units
Tabnuya 7 — [JocmueHyma makcumarbHasi 0arnbHOCmb 0OHapyXeHus 8 CUeHapuu ¢
paduarnbHbiM 08uxeHuUeM cyoHa rpu paboyeli yacmome padapa 7 MHz, ece 3Ha4eHus
rprpueedeHbi 8 KM
Tabena 7 — lNocmuaHymu makcumanHu domem demekyuje y cueHapujy ca padujarHum
Kpemarbem rnosusna 3a padHy ¢ppekseHuyujy 7 MHz ( cee spedHocmu cy ripuka3aHe y
Kurnomempuma)

Vessel
size\ |1E 1A [2E 2A 3E [3A |4E 4A 5E 5A |6BE |GA 7E [7TA
Sector

VS 90 (106.7/95 (114.7 |110 124.7115(127.7 [120128.7 125 [129.7 (125 [129.7
M 160({168.7|170 |177.7 |180 |187.2/185|191.2 |190/192.2 |195 |195.2 [195 |195.2
VL 215223.7\225|234.7 230 |241.7|235 247.7 |240/250.7 |250 252.2 250 (253.2
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By comparing the columns “E” and “A”, it can be noticed that the
OTHR simulator confirms the predicted ranges in a reasonable manner,
and the variations that exist in the compared values directly depend on
the input parameters (external noises) related to the specific location
where the radar could be installed. Still, the magnitudes of detection
range values for particular vessel classes, and the tendencies in their
dynamics are simulated with proper correctness. This result represents
another important confirmation of a proper performance of the developed
Simulator, in terms of its practical usability.

Conclusion

In this paper, we presented a solution for the OTHR Simulator,
based on software models for radar propagation and executed on a
standard COTS computer. The solution is described in detail, and tested
under characteristic parameters that verify its basic functionality and
illustrate the properties of data achieved through the simulation. It was
shown that the simulator allows the analysis of the environmental impact
on the operation of OTHR radars, along with an impact of various
system—specific parameters. The solution is flexible in possible
interfacing with other computer—based tools, along with the real radar
equipment for the comparison of the acquired data and a potential
comparison for the purpose of real-system tuning. The Simulator solution
was tested under various scenarios, with the aim to check its basic
functionality, but also to make relevant comparisons of simulations with
realistic measurements acquired in the field, from operational OTHR
radars. As it was clearly shown, the achieved simulation results not only
apply to the expected theoretical behavior, but also fit in quite a
reasonable manner with the real data, thus confirming that the reliability
of the simulations is at the level properly high for practical considerations.
After the comprehensive tests, it may be concluded that the proposed
simulator shows high reliability and represents an effective tool for the
analysis and OTHR system planning, in spite of its simplicity in structure.

The implemented software solution of the OTHR Radar Simulator
has enabled the further development of algorithms at a higher level of
radar signal processing, like detection and tracking software. Also,
various scenarios have been used with this Simulator for testing the
capabilities of OTHR radars in real deployment. This was done by
engineers in the Vlatacom Institute for the vHF-OTHR system
installations on several locations worldwide, and the gained experience in
assessing the real capabilities of OTHR radar systems was provided for
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practical purpose. Finally, the described software solution can be used
not only for research & development of radar systems, or for commercial
applications strictly, but also for teaching purposes at higher education
institutions which are covering the field of radar systems.
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PASPABOTKA CUMYJIATOPA 3ATOPN30OHTHOIO
PAOVOINOKATOPA

BosiH P. ,[lmoana’6, KoppecnoHaeHT, MnadeH [Ix. Bennosuy®, Bradumup M.

Opnuy?, Hukona N. Nekny?, Hemars P. Mp6uy?

@ UHcTuTyT «Bnatakomy», r. Benrpaga, Pecny6nvka Cepbust

6 YHuBepcuteT «CUHIMOYHYM», kadeapa 3NeKTPOTEXHUKM U BbIMUCTIUTENBHON
TexHukw, 1. Benrpag, Pecnybnuka Cepbus

® YuueepcuteT «CuHruayHymy», r. Benrpaa, Pecny6nvka Cep6us

PYBPUKA TPHTW: 47.00.00 SJIEKTPOHWKA. PAOVUOTEXHUKA:
47.49.00 PagnotexHnyeckme cuctemMbl 30HOMPOBaHMS,
nokaumu 1 Hasuraumu,
47.49.29 PagnonoKkaunoHHble CUCTEMbI, CTaHLUUMN
BWO CTATbW: opuruHansHas Hay4Has ctaTbs

Pe3some:

Beederue/uyenb:  Cumynsamop  3a20pU30HMHO20  paduosiokamopa,
npedcmaesieHHbIl 8 3moU cmamee, pa3pabomaH U UCMOMb3yemcsl Ha
fpakmuke ¢ Uesnbio umumayuu cpedbl paduosiokayloHHO20 cuzHarna, a
makxke Ond onmumu3dauyuu napamempos palapa 8 peasibHOM
MPUMEHeHUU, MaKux KaK: usflyJyaemasi MOUHOCMb, yCUNeHUe aHmeHHoU
pewemku, nomepu npu nepedaye, 3ghhekmusHas ompaxaroujas
nnowadb, eHewHUe nomMexu u Wymbl.
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Memodbi: B daHHOU cmambe npumMeHeH Memod MamemMamu4yeckoz20
ModeruposaHus U cuMynsyuu.

Pesynbmamsbi: Ha ocHo8aHUU MPoBe0eHHO20 aHanu3a 8 Ccmambse
npedcmaesieHbl 8bIXOOHbIE OaHHble CUMYIIMopa 3a20PU30HMHO20
paduornokamopa.

Bbi8o0bl:  NpumeHeHUe OMucaHHO20 CUMYNSIMopa  3a20PU30HMHO20
paduorokamopa rosgosnsiem asmomamusuposams MpoeHo3
B03MOXHOCMU UCIOMb308aHUsi padapa Ha MomeHuuarnbHbIX ToKauusix,
npu 3mom pe3yribmambl CUMYNSIUUU MPe8OCX0OHO CO_/laco8aHbl C
pearibHbIMU OaHHbIMU.

Knoyesble criosa: 3a2opu3oHmMHbIl paduonokamop, agghekmusHas
ompaxarowasi nnowadb, UCKMOYUMesbHash 3KOHOMUYecKasi 30Ha,
cumynamop padapa.

JEAHO PELWEHE CUMYNIATOPA N3AXOPN3OHTCKOI PAJAPA

bojaH P. L.lOJ'II/Iﬁa’ﬁ, ayTop 3a npenucky, Mnade+ . BemHosuh®, Bradumup [.

Opnuh®, Hukona . Nekuh?®, Hemarba P. Tp6uh®

@ MHcTuTyT Bnatakom, Beorpaa, Peny6nuka Cp6uja

® YHuBepauteT CuHrnaoyHym, Kategpa 3a enekTpoTexHUKY U pavyHapcTBo,
Beorpag, Penybnuka Cpbuja

® YuueepauteT CuHrnayHym, Beorpaa, Penybnuka Cpbuja

OBNACT: enekTpoHuka, TenekoMyHukauuje
BPCTA YJ1IAHKA: opurMHanHim Hay4Hu pag

Caxemak:

Yeod/yurb: Cumynamop  u3daxopusoHmckoz padapa (IXP), koju je
npedcmaesbeH y ogoMm pady, paseujeH je U KopulwheH y rpakcu, ca
uurbem Oa orioHawa OKpyXere padapckoe cueHana, anu u 0a
onmumu3upa napamempe padapa y cmeapHoj NMpUMeHU, Kao Wmo cy:
3payeHa CHaea, [lojayaHe aHmeHe, eybumak ryma, padapcka
pecbriekcHa rMospuiIUHa, CrosbHE CMemH-e U WyM.

Memode: Y pady ce kopucmu Mmemodosiocuja Mamemamuykoe
modenuparba u cumynayuja.

Pesynmamu: Ha ocHogy obasrbeHe aHanu3se, usnasHu rnodauu u3 MIXP
cumyriamopa rnpedcmassbeHuU Cy U pasmampaHu.

Bakrpyqak: [pumeHa onucaHoe cumynamopa MWIXP  omoeyhasa
aymomamusoeaHy rpoueHy moayhHocmu yrnompebe padapa Ha
rnomeHyujanHUM Jokayujama, OOK pe3ynmamu cumyrauyuje rokasyjy
8UCOKO Ccria2arse ca peasiHum nodayuma.

KrbyyHe peyu: usaxopu3oHmcku padap, padapcka pecgbriekcHa
r108pLWIUHa, EKCKITy3U8Ha EKOHOMCKa 30Ha, padapcKu cuMmysiamop.
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