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Free space path loss is a function of frequen-
cy and propagation distance and the RF signal
propagates at light speed in all directions in free
space. The performance evaluation of wireless
and radar communication technologies is related
to understanding the propagation environments.
This work presents the modeling of several RF
propagation properties that include atmospheric
attenuation due to rain, free space path loss, gas,
and fog, as well as multipath propagations caused
by ground bounces. The methodology discus-
ses the developed model according to the series
of (ITU) International Telecommunication Union
references to radio wave propagation. This work
discusses the Free Space Path Losses (FSPL), and
Propagation Losses (PL) due to the atmosphere,
precipitation, snow, rain, clouds, fog, atmosphe-
ric lensing and absorption, and polarization mis-
match. The work also discusses the vertical cover-
age diagram and radar propagation factor. The
obtained results demonstrate that the PL increa-
ses with frequency and range, at a 90-degree
roll angle, the attenuation approaches infinity,
and as the altitude rises, the amount of attenu-
ation caused by lensing decreases. The analysis
of attenuation at 1km vs. frequency variations,
at roughly 60 GHz, indicated a high absorption
owing to air gas. Lensing attenuations are also
offered as secondary outputs for convenience, the
wideband channels present higher performance
crossways and a wide range of target height
as expected. When the target height increases,
the influence of multi-path fading approximate-
ly vanishes entirely due to the variation increas-
ing in the spreading delay between the bounce
and direct pathway signals. This will reduce the
coherence sum between these two samples on
receiving by the target

Keywords: free space path loss (FSPL), propa-
gation losses (PL), weather antenna attenuation
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1. Introduction

RADAR is referred to as radio detection and ranging as
it uses radio signals for detecting and finding the range of
a target. It sends radio signals to the target and these radio
signals get reflected on the radar. It analyzes these signals
and based on that can detect that there is some target located
at a particular place and what is its range velocity and angle.
It was first used in 1942 and that was the time of World
War II by the US. It sends electromagnetic radio waves to
any distant object and then it analyzes the reflected waves
or the echo signal of the target. Radars can detect moving
and static targets and can find the range angle and velocity
of the target [1]. Radars provide superior penetration ability
throughout any kind of climate circumstances like snow,
fog, and rain.
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To simulate a radar system, simulation reliability of re-
sults relies not only on target and radar models but also on
the environment models of the radio frequency (RF) [2, 3].
This includes diffraction [4, 5], multipath [6], and clutter [2].
All of these parameters can only provide inadequate data
on radar models and can be analyzed as a pattern-propaga-
tion parameter of the RF signal. Radar modeling requires
simulating signal echoes and must include information like
polarization [7], Doppler frequency, phase shift, delay, etc.
By analyzing and discussing the algorithms and principles of
ground effects RF environments, it is possible to offer reliable
RF environments to simulate radar signal levels.

The Cramér-Rao lower bound is used to investigate
antenna properties over a mono-static multiple-input-multi-
ple-output (MIMO) radar for target tracking techniques [8].
This type of radar was developed for multi-band MIMO




systems and is in the form of a practical antenna array.
Understanding the propagation environment is essential
for evaluating wireless communication and radar systems.
Applications that can benefit from developing radio frequen-
cy propagation of a radar system are given in [9, 10].

A statistical model with average features is used to model
the propagation environment [11—13]. A propagation model,
in general, is made up of three parts: a rapid fading, sha-
dow fading, and path loss-dependent component as shown
in Fig. 1. Traditional 2-dimensional (2D) propagation mo-
dels (Fig. 1, @) consider only the base station, the distance
between the UE, and the azimuth angle. However, in recent
years, 3-dimensional (3D) models have been more popular
than considering both the elevation and azimuth angles of
the UE to effectively predict the impact of antenna down tilt
as shown in Fig. 1, b. Therefore, understanding the propaga-
tion environment is important for correctly evaluating the
performance of wireless communication and radar devices.
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Fig. 1. Radio propagation [10]: @ — 2D model;
b — 3D model

By simulating a radar antenna, the effort aims to under-
stand how the performance of radio wave propagation might
be affected by the weather. Additionally, it will show how
much radar performance may suffer from fog, rain, and other
meteorological factors. Looking at the attenuations brought
on by the various weather situations should make it simpler to
come up with solutions to assist make up for the losses. Losses
must be considered while designing antennas since they will
have an impact on how well they work in the real world.

2. Literature review and problem statement

Several approaches have been developed to analyze vari-
ous effects on RF propagation. As previously indicated, radar
structures based on Wi-Fi signal interference and modulator
designs with excellent spatial efficiency exploiting quantum
characteristics of light with a multi-level diffraction (MPD)
design have recently been demonstrated. The paper [1] de-
veloped next-generation sensors that use direct cellular signal
interference and radio frequency rates that benefit from MPD’s

high spatial efficiency, but this system cannot be used for other
reasons in radar system simulation. The study [2] depended not
only on the accuracy of simulation results for radar and target
models, but also on radio frequency (RF) environment models
for clutter, multi-path, and diffraction. In the simulation of
radar functions, all of these elements were regarded as a single
scheme propagation component, which provides only alittle in-
formation on radar models. To imitate the signal intensity of ra-
dar systems, a dependable RF environment must be required as
in the study [3], which demonstrated various ways for improv-
ing the accuracy and reliability of urban localization for highly
automated driving. Although the research lowers the error
budget of individual sensors by integrating a low-cost GNSS
system with visual distance measurement, radar, and 3D map-
ping data in a complex sensor fusion algorithm, it didn’t discuss
the Propagation Losses (PL) due to snow, and rain over fre-
quency changes. The paper [4] offered a Cramér-Rao Minimum
Analysis investigation on antenna properties over a mono-sta-
tic multiple-input-multiple-output (MIMO) radar for target
tracking techniques. Although the study demonstrated that
using distributing the energy transmitted across multiple fre-
quency ranges, a more accurate estimation can be obtained due
to frequency diversity, and the detrimental impacts of radiation
pattern deviation can be avoided. The research [5] focused on
the dynamic impacts of flying on radar cross-section models
in aircraft. Her research was based on flight data from three
distinct aircraft: a Piper PA-28 Archer II, a Boeing 737, and
a Saab JAS 39 Gripen. This study used a simulator with view-
ing angles towards a radar station positioned in an extension of
the desired flight route. However, the study didn’t discuss the
performance of radio frequency propagation of a radar system
over different environmental effects. Correspondingly, the
study [6] looked at the capacity of continuous dual-wave (CW)
Doppler radar to detect range (RD) for small and rapid targets
with high-band resolution. The study recommended that the
range accuracy be determined by the processing integration
time of the received signal and the velocity of the target.
However, they used a limited number of transmitters, making
it impossible to collect additional findings and capabilities to
learn more about the targets. The researchers [14] exploited
targeted geographical variety to boost detection performance
to create the best detector in terms of Neyman-Pearson and its
analysis for MIMO statistical radar. However, the study also
didn’t discuss the performance of radio frequency propagation
of a radar system over different environmental effects.

When constructing wireless communications systems,
constant and reliable communication between antennas is
essential. It is crucial to comprehend the potential effects of
the antenna’s surroundings on the radio waves it transmits.
Radio wave propagation can be impacted by a variety of
causes, including ionospheric abnormalities. All this allows
us to argue that it is appropriate to conduct a study devoted
to analyzing the performance of radio frequency propagation
of a radar system by analyzing various environmental effects
such as Propagation Losses (PL) due to each atmosphere,
precipitation, snow, rain, clouds, fog, atmospheric lensing and
absorption, and polarization mismatch.

3. The aim and objectives of the study

The aim of the study is to identify some regularities of
radio frequency propagation of a radar system by analyzing
different environmental effects.



To achieve this aim, the following objectives are accom-
plished:

—to analyze Free Space Path Loss (FSPL) over range
and frequency variation;

—to obtain the relationship between the Propagation
Losses (PL) due to each snow, and rain over frequency changes;

— to obtain the relationship between the PL due to fog
over frequency changes;

— to analyze the effect of atmospheric gas on RF signal at-
tenuation at a particular altitude against frequency variations;

—to observe the performance of the propagation factor
against the antenna range for L-bans and C-band.

4. Materials and methods

4. 1. Object and hypothesis of the study

This study identifies some regularities of radio frequency
propagation of a radar system by analyzing different environ-
mental effects. This can be achieved by analyzing FSPL over
range and frequency variation, obtaining a relationship bet-
ween the PL due to each snow, and rain with frequency chan-
ges, obtaining a relationship between the PL due to fog and fre-
quency changes, analyzing the effect of atmospheric gas on RF
signal attenuation, and observing the performance of the propa-
gation factor against the antenna range for L-bans and C-band.

It is assumed that the power value of the received signal (P,)
for mono-static radar can be represented by its range formula:

_ PG\ 1)
" (4n)'R'L

The parameters P, G, 6, R and A are the power transmit-
ted, the gain of the antenna, the radar cross section (RCS)
of a target, the propagation distance, and the wavelength.
P, is inversely proportional to R%. The L term includes every
PL other than FSPL. This work demonstrates calculating
the L term in various contexts. It also includes simulating
a variety of RF propagation effects such as multipath propa-
gation of ground bounces, gas in the atmosphere, fog, attenu-
ation due to rain, and free space path loss. The key evaluation
here is founded on the series of references «International
Telecommunication Union’s ITU-R-P», which deals the ra-
dio wave propagation and communications.

To simplify the adopted work understanding, the main
topic is divided into calculating FSPL, and discussing the
variation of PL due to atmosphere, precipitation, snow, rain,
clouds, fog, atmospheric lensing, absorption, and polarization
mismatch. The study also discusses the vertical coverage
diagram and radar propagation factor.

4. 2. Calculation of free space path loss (FSPL)

Free Path loss can be calculated in terms of frequency
and propagation distance. An RF signal propagates at light
speed in free space in every direction. The source of radiation
appears as a point in space at a sufficient distance and the
produced wave shapes a sphere with a power density inverse-
ly proportional to R? and a radius equal to R:

b,
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The open space path loss, also known as the spreading loss,
is a loss associated with this propagation method. FSPL is
a function of frequency in a quantitative sense, as shown by [5]:

4R
L,=20* log,, (T) dB. 3)

The convention of propagation losses is suitable to obtain
the 2-way FSPL through repetition of 1-way FSPL.

4. 3. Propagation losses (PL) due to atmosphere and
precipitation

Because signals do not all time pass through a vacuum,
FSPL only accounts for a portion of signal attenuation.
A radio signal interacts with loss energy and airborne particles
over propagation paths. The amount of PL changes depending
on the density of the water, temperature, and pressure.

4. 3. 1. Propagation losses (PL) due to snow and rain

Snow and rain can be a serious stumbling block on
a radar system, particularly when working at frequencies
higher than 5 GHz. Rain is defined by the rain rate, which
is measured by (mm/h) according to the International Tele-
communication Union (ITU) system [15]. The rain rates are
specified as more than 50 mm/h for heavy rains and less than
0.25 mm/h for low rain rates [16]. Rain PL is also propor-
tional to the rain’s comparative size to the wavelength of the
radio signal and the signal polarization due to the shape of
the raindrop. Generally, horizontal polarization is the worst-
case scenario for rain-induced PL.

4. 3. 2. Loss due to clouds and fog

Water droplets also generate clouds and fog; however,
they are considerably smaller than raindrops. Fog droplets
are typically smaller than 0.01 ¢cm in diameter. The density of
liquid water in fog is frequently used to describe it. The liquid
water density of a medium fog is 0.05 g/m? by 300 meters of
visibility. The water liquid with a visibility of 50 meters and
a density is roughly 0.5g/m? during severe fog. The ITU
model includes the atmosphere temperature in Celsius for PL
due to clouds and fog [17].

4. 3. 3. Propagation losses due to atmospheric lensing
and absorption

The environment is filled with substances that impact signal
propagation even when there is no rain or fog. The ITU-based
model [18] calculates the attenuation of atmospheric gas re-
lative to both water vapor density, which is measured in g/m?,
and dry air pressure, which is measured in hPa for oxygen.

We considered the model «Mean Annual Global Refe-
rence Atmosphere> (MAGRA) to calculate PL due to atmo-
spheric absorption and obtain typical values of water vapor
density, pressure, and temperature at a given height. It is also
possible to specify a latitude model to employ a model that is
customized to a specified latitude range.

4. 4. Propagation losses due to polarization mismatch

Some kinds of PL, such as rain losses, are reliant on the
transmitted signal polarization of RF waves. This is due to
the medium'’s structural and chemical features. In free space,
there is PL due to mismatching between the receiving an-
tenna’s polarization and the propagated polarization vectors.
If the antenna receives polarization orthogonal to the pola-
rization vector of the propagated signal, in which there might
be no signal energy possible to receive directly. Because the
propagation direction must be considered, the polarization
vector of the propagated signal is not always the same as the
polarization vectors of the transmitted signal.



4. 3. Vertical coverage diagram and radar propaga-
tion factor

A Blake chart (vertical coverage graph) is the concise
means of presenting contours of preset power signals as
a function of elevation angle and propagation range. Only the
vertical plane is taken into account, where both indirect and
direct path signals propagate.

Multipath due to ground bounce beside atmosphere re-
fraction produces radiation patterns for a known band that
are able to be substantially unlike the supposed broadcast
pattern while transmitting above an extensive angle or due to
an antenna near the land. The propagation factor of the radar,
which is defined as the ratio of the field strength in free space
to the actual field strength captures this. As the correspond-
ing phase between the indirect and direct paths of signals
varies, the propagation factor might fluctuate dramatically.

4. 6. Vertical coverage diagram and radar propaga-
tion factor

A MATLAB-based function called (radarved) accepts
frequency bands as input and goes back to the range where
the received energy in multi-path surroundings equals that
in open space. On a range-height-angle chart, this effective
range is displayed. This may easily provide the real range
recognition for a known free-space detection frequency band
as a function of elevation angle, height, and range.

5. Results of the analyzed propagation of a radar system

5. 1. Results of calculating free space path loss
FSPL for the frequency range (1-1,000) GHz using the
above equation is shown in Fig. 2.
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Fig. 2. Free space path loss (FSPL) over frequency
change (1—1,000) GHz

The propagation loss increases with range and frequency,
as shown in the graph.

5. 2. Propagation losses due to snow and rain

According to the Crane and ITU models, we calculate the
PL due to rain in the range (1 GHz—1 THz) with horizontal
polarization and zero tilt angles. We assume that the signal
propagates in parallel to the ground with zero elevation angle.
The simulation parameters to calculate PL for Crane and ITU
models are listed in Table 1. Three levels of rain rates (light,
moderate, and heavy) are calculated for Crane and ITU mo-

dels to demonstrate the attenuation at 5 km over frequency
variations as shown in Fig. 3.

Table 1

Simulation parameters for calculating PL for Crane
and ITU models

Properties Rain Snow Fog
T=15 degree
Range 5 km range 1 km range Celsivs
Water densi-
Rain/Snow ty=[0.010.050.5]
rate in mm/h [1420] [0-11.54] liquid water
density in g/m?
Frequeney 4 oy 4 TH, | (1:20)%1¢9 | 10 GHz—1 THz
range
Elevation 0 Not applicable
Horizontal .
polarization 0 Not applicable
o Rain Attenuation for Horizontal Polarization
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10"t - :
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Attenuation at 1 km (dB)
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Fig. 3. Rain attenuation for horizontal polarization
for three different rain rates

Snow, like rain, can have a substantial impact on the
propagation of radio waves. Although this technique tends
to miscalculate the PL a little, treating rainfall as snow and
computing the PL according to the model of rain is a typi-
cal practice. Based on the Gunn-East attenuation model
over a frequency of 20 GHz, the PL vs. frequency changes is
shown in Fig. 4.
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Fig. 4. Snow attenuation vs frequency changes
with three different snow rate levels



The frequency of attenuation owing to propagation
during snow is greatly reliant on frequency, but not on po-
larization. Instead of volume, the comparable liquid content
is used to parameterize the snow loss model. Snow requires
roughly ten times the volume of rain for the same amount of
water content.

5. 3. Loss due to clouds or fog

PL vs. frequency (10 GHz—1 THz) is plotted for the I[TU
model for the attenuation caused by fog as shown in Fig. 5.

It’s worth noting that while it’s raining, there’s usually
no fog.
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Fig. 5. Attenuation at 1 km vs frequency for International
Telecommunication Union model for the attenuation caused
by the fog of three rate levels

5. 4. Propagation losses due to atmospheric lensing
and absorption

We compute the PL for a (—5) degree depressed pro-
pagation route (elevation angle) and a 1 km altitude. The
calculation of the air absorption total PL along the slan-
ted propagation path excludes the lensing (refraction dis-
sipation). We contrast and compare the PL of high, mid, and
low latitude models as shown in Fig. 6.
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Fig. 6. Atmospheric gas attenuation at (1 km) over
frequency variations

With atmospheric pressure, altitude, and consequently
refractivity is changed. As a result, the propagation path
elevation angle is sufficient to compute PL owing to that
result for a particular height. The drawing shows radiation
sources with and without refraction as shown in Fig. 7.

B
- -

2"  _a=T L e=""
’/‘o\ - = :
te=="" Refraction B
Oz ..
SIc---oL_
Radiating - =
source el

Fig. 7. Radiation source with and without
refraction

To calculate PL against frequency, a MATLAB function
named (lenspl) is utilized. We plot the PL along with the
propagation band for a range of heights because this loss is
frequency-independent. For a slanted propagation path, we
choose a 0.05° elevation angle. The result under these condi-
tions is shown in Fig. 8.
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Fig. 8. Atmospheric lensing attenuation against propagation
range on different heights

As altitude rises, the amount of lensing attenuation
decreases. Lensing attenuation is also offered as secondary
output for convenience.

5. 5. Vertical coverage diagram and radar propaga-
tion factor

We apply 100 km as a detection range in free space,
(5.7¢9) C-band and 1.06e9L-band transmit frequencies, and
a height of 12 m for the antenna using a sinc transmit pattern
as shown in Fig. 9.

A MATLAB-based function called (radarpropfactor) is
considered to calculate the propagation factor for a range
interval and compare the two zones.

We calculate the propagation factor at a 1-kilometer pre-
set altitude over the plane and 50—200 kilometers as a prop-
agation range. To depict a smooth surface, we set the height
standard deviation and surface slope to zero. The analysis of
the two frequency bands separately is shown in Fig. 10.

In the interference zone, it is observed that the pro-
pagation factor oscillates, and then rapidly drops in the
diffraction zone.
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Fig. 9. Blake chart with 12 m height of the antenna:
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Fig. 10. Propagation factor against the antenna range
for L-bans and C-band

6. Discussion of the results of the radio frequency
propagation of a radar system

The results obtained from the calculation of Free Space
Path Loss (FSPL) against frequency change show that the
propagation losses (PL) increase with range and frequency,
as shown in Fig. 2. The analysis of the rain attenuation for
horizontal polarization for three different rain rates shows
that at this propagation range, the PL estimated with the
ITU model is generally smaller than the losses computed
with the Crane model as depicted in Fig. 3. The ITU model
may produce a lower attenuation result than Crane at lower
frequencies and narrower propagation ranges. It’s worth not-
ing that the models are sufficiently different than at superior
frequencies. For a specific model, light rainfall has possibly
the same attenuation as moderate rainfall. It is found that
snow, like rain, can have a substantial impact on the prop-
agation of radio waves. Although this tends to miscalculate

the PL a little, treating rainfall as snow and computing the
PL according to the model of rain is a typical practice. The
frequency of attenuation owing to propagation during snow
was greatly reliant on frequency, but not on polarization.
Instead of volume, the comparable liquid content was used
to parameterize the snow loss model. Snow required roughly
ten times the volume of rain for the same amount of water
content. The PL against frequency changes is proved based
on the Gunn-East attenuation model over a frequency of
20 GHz and shown in Fig. 4.

The result of analyzing the attenuation at 1 km vs. fre-
quency variations shows that at roughly 60 GHz, the plot
indicates a high absorption owing to air gases, as depicted
in Fig. 6. Atmospheric lensing is another cause of losses due
to the atmosphere. Due to a refractivity gradient, this is
a phenomenon in which the angular extent of a transmission
increases with range. The energy density along the nomi-
nal (straight) propagation channel falls as a result of this
spreading of energy, regardless of frequency.

It is found that as altitude rises, the amount of lensing
attenuation decreases. This is shown when computing and
plotting the atmospheric lensing attenuation against pro-
pagation range on different heights in Fig. 8. It is also found
when computing and drawing the relationship between the
attenuation of the mismatching polarization along with
roll angle changes that at a 90° roll angle, the attenuation
approaches infinity. Finally, the relation result between the
propagation factor against the antenna range for L-bans and
C-band showed that, in the interference zone, the propaga-
tion factor oscillates, and then rapidly drops in the diffraction
zone as indicated in Fig. 10.

The disadvantage of the presented study is that we didn’t
discuss the target performance on the wideband channel over
a variety of target heights. In addition, the effect of multipath
fading with the height of the target is recommended for
future work.

7. Conclusions

1. Analysis of Free Space Path Loss (FSPL) shows that
the propagation losses (PL) increase linearly with range
and frequency when testing FSPL over the frequency range
(1-1,000) GHz.

2. The calculation of Propagation Losses (PL) due to rain
shows that the attenuation with the ITU model is generally
smaller than the losses computed with the Crane model. The
ITU model may produce a lower attenuation result than Crane
at lower frequencies and narrower propagation ranges. For
a specific model, light rainfall has possibly the same attenuation
as moderate rainfall. In contrast, the PL due to snow shows
that the frequency of attenuation owing to propagation during
snow is greatly reliant on frequency, but not on polarization.
Instead of volume, the comparable liquid content is used to
parameterize the snow loss model. Snow requires roughly ten
times the volume of rain for the same amount of water content.

3. The relationship between PL due to fog and frequency
change (10 GHz—1 THz) for three fog level densities shows
that the wave attenuation is directly proportional to the
frequency increase, and the higher fog rate has a higher atte-
nuation pattern.

4. Analyzing the effect of atmospheric gas on RF sig-
nal attenuation at 1 km altitude against frequency varia-
tions shows that at some frequencies like 60 GHz, the plot



indicates a high absorption owing to air gases. Atmospheric
lensing is another cause of losses due to the atmosphere when
testing under three levels of height (10 m, 100 m, and 200 m).
Due to a refractivity gradient, this is a phenomenon in which
the angular extent of a transmission increases with range.
The energy density along the nominal (straight) propagation
channel falls as a result of this spreading of energy, regard-
less of frequency.

5. It is observed that the propagation factor oscillates, and
then rapidly drops in the diffraction zone when discussing

the propagation factor against the antenna range for L-bans
and C-band in the interference zone after the 140 km range.
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