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Abstract

Signal scattering in the troposphere is a phenomenon referred to as “troposcatter”, and it is promising method for wireless communication
beyond the line of sight (b-LOS). For a troposcatter communication system, it is important to develop a channel model for the tropospheric
scatter. Recently, b-LOS communication using troposcatter received much attention for its application to military communication. Thus,
a comprehensive review and analysis of conventional ITU-R troposcatter propagation models and recent results would be a timely study.
Accordingly, in this study, we analyze and simulate the tropospheric scatter propagation model proposed by the ITU-R. Troposcatter
propagation models in ITU-R recommendations consist of three parts: basic transmission loss, gaseous absorption, and a precipitation fading
model. The ITU-R P.2001 simulation model shows basic transmission losses of 210 dB and 240 dB at 0.2 GHz and 2 GHz in 300 km distances,
respectively. The ITU-R P.452 model results in 20 dB less loss, but this is dependent on measurement conditions. Gaseous absorption and
precipitation fading have less than 1 dB loss for frequencies less than 2 GHz, but can increase to be over 10 dB in loss for frequencies of
2 GHz and above. We also review recent studies on tropospheric scatter channel models and communication systems. In addition to these
reviews, we examine recent studies on ray tracing methods for tropospheric scatter channel models.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of The Korean Institute of Communications and Information Sciences. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Tropospheric scatter communication.

1. Introduction

Tropospheric ~ scattering  (troposcatter)  denotes a
phenomenon of signal scattering caused by atmospheric ir-
regularities in the troposphere. Troposcatter communication
denotes a promising candidate for beyond line-of-light(b-LOS)
wireless communication method based on the troposcatter of
signals [1-5].

Fig. 1 illustrates the case of b-LOS communication, where
the transmitter and receiver are far apart. The transmitter sends
the signal toward the troposphere so as not to be blocked by
terrestrial obstacles. Although most of the transmitted signal
passes out of the troposphere, some of it scatters at the
troposphere, which we call “common volume”.

To use the troposcatter for communication, as shown in
Fig. 1, an antenna facing a horizontal line should be placed,
and the elevation angle of the antenna should be as low as
possible to minimize the path length. As shown in Fig. I, a
common volume is formed at the intersection of the antenna
beam-widths, and the receiver receives scattered radio waves
from this area.

Troposcatters were discovered in the 1930s and developed
in the 1950s for over-the-horizon b-LOS communications [6].
At that time, a troposcatter was the only feasible method for
direct wireless communication of up to 300 km. However, tro-
poscatter communication was considered expensive, as large
parabolic reflector antennas and high-power amplifiers were
essential owing to the large propagation loss [7]. Since the
1970s, satellite communication (SATCOM) has been devel-
oped and used for b-LOS communication as an economical
solution. With this low cost approach, b-LOS troposcatter
communications have mostly been replaced by SATCOMs [8].

However, with further development in antenna technology,
the drawbacks of troposcatters have also been addressed. [9]
studies the antenna suitable for long distance communication,
in parallel with developments for compact and low-profile
antenna that reduces in size [10-12]. Owing to the devel-
opments in antenna and amplifier equipment, it is possible to
resolve the large propagation loss issue by providing sufficient
transmit power at a low cost. Since troposcatter equipment
is sufficiently small to be transported by a truck, it has the
advantage of being easily installed and moved to the desired
location. Troposcatters also have additional advantages over
SATCOM. For example, SATCOM has very high transmission
delays of over 500 ms, whereas troposcatter communication
has low transmission delays of a few milliseconds [7]. Since
SATCOM covers a large area, it is easily exposed to jamming
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and can cause security problems; however, a troposcatter com-
munication system is more robust than SATCOM in terms of
security because it uses narrow-beam antennas and provides
a point-to-point communication link [6,7,13]. In addition to
these applications, troposcatter communication can be applied
to time synchronization and over-the-horizon detection and
positioning [14]. Given the increasing importance of security
and low transmission delay, the troposcatter has become a
promising candidate for b-LOS communication. Recently,
the NATO IST-172 research task group has been investi-
gating non-satellite and non-high frequency methodologies
for b-LOS communication, and is considering troposcatter
communication for atmospheric relays [15].

To utilize the troposcatter phenomenon for over-the-horizon
communication, it is essential to develop an appropriate tro-
poscatter propagation model for predicting transmission loss.
However, troposcatter model development is not an easy task,
given that the troposcatter transmission loss has a large range
of fluctuations depending on terrain, atmospheric conditions,
weather, and other factors. Moreover, it is a challenging task
to measure propagation losses in a long distance. To obtain
reliable measurement data, it is necessary to measure the
propagation loss for more than one year at various locations
worldwide. Therefore, theoretical studies were conducted in
the early days [3]. The theory of signal scattering caused by
air turbulence was proposed by [16] in 1950, the coherent
reflection theory was proposed by [17] in 1953, and the the-
oretical model of reflection for over-the-horizon propagation
was proposed by [18] in 1957. Since the 1980s, the Interna-
tional Telecommunication Union Radiocommunication Sector
(ITU-R) has collected measurement data worldwide, created
a data bank [19], and used it to make recommendations on
standardized troposcatter loss prediction methods [20].

Recently, based on the propagation model of the ITU-R
recommendations, studies have been conducted to reinforce
or develop the ITU-R model more accurately through an
optimization algorithm. In addition, new troposcatter channel
models are proposed based on the past theoretical model, and a
modeling approach using ray-tracing and parabolic equations
is also being studied. In this study, we analyze troposcatter
propagation model recommended by the ITU-R and review
recent research on troposcatter channel model.

The remainder of this paper is organized as follows. In Sec-
tion 2, we analyze the three troposcatter models recommended
by ITU-R and predict troposcatter transmission losses through
simulations. Section 3 introduces and reviews further research
on the troposcatter model, and Section 4 concludes the paper.

2. ITU-R recommendations

2.1. Long distance propagation model

ITU-R is an international union created to ensure the ra-
tional usage of the radio frequency spectrum, and standardize
the technical characteristics and frequency use of wireless
communication services and systems. In particular, ITU-R
provides long-distance radio wave propagation model recom-
mendations for cases in which wireless communication radio
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waves are transmitted over very long distances. Three long-
distance propagation model recommendations are provided by
ITU-R: P452, P.2001, and P.617.

The ITU-R P.452-17 recommendation is a model for eval-
uating radio interference on Earth’s surface [21]. It is used to
estimate the radio wave interference between communication
systems sharing the same or adjacent frequency bands. For
the interference evaluation, the P.452 model assumes the worst
case. It is mainly used to estimate the interference for 0.001%
to 50% of the “time percentage”, i.e., the percentage of the
average year for which the predicted transmission loss is not
exceeded. The result of prediction using the ITU-R model is
shown as a distribution of transmission loss over one year.

The ITU-R P.617-5 recommendation is a propagation model
for trans-horizon radio-relay systems [22]. The model pro-
poses the data and propagation prediction techniques required
for the design of a radio relay system beyond the horizon, as
well as a transmission loss prediction model for troposcatter
signals. Many changes have been made since the P.617 recom-
mendation was first proposed in 1992. From P.617-1 in 1992
to P.617-3 in 2013, this model was mainly used to predict the
performance of a radio relay system from 50% to 99.999% of
the time percentage. As it was updated to P.617-4 in 2017 and
P.617-51n 2019, i.e., the latest version of this recommendation,
the model was improved to predict performance for a time
percentage of 0.001% to 99.999%.

The ITU-R P.2001-4 recommendation is a wide-range prop-
agation model used for general purposes [23]. In its first
publication in 2013, P.2001 included the propagation models
of both P.452-15 and P.617-3 to provide a wide-range propa-
gation model able to be used for more general purposes, with a
model for predicting the propagation loss for a time percentage
of 0.001% to 99.999% [20]. Compared to P.452 for interfer-
ence evaluation or P.617 for radio-relay systems, P.2001 can be
used to predict the transmission losses for long-distance radio
waves. Additionally, because the path attenuation equations
are modularized through independent sub-models, P.2001 is
better suited for computer simulations such as Monte Carlo
simulations. In particular, P.2001 proposes a climate zone table
in relation to the troposcatter model to consider the attenuation
of the common volume according to the latitude and longitude
of the transceiver. The parameter values related to the meteo-
rological and atmospheric conditions are determined according
to the climate zone table.

A comparison of the ITU-R long-distance channel model
configurations is presented in Table 1. As the range of fre-
quencies or distances to which each model can be applied
is different, reliable results can only be obtained when the
appropriate model is applied to the desired experimental en-
vironment. Antenna altitude in P.2001 is mentioned to be up
to 8000 m, but other models do not mention it; similarly, the
common volume’s latitude and longitude is only estimated in
P2001. A digital map provides data in a manner such that the
value of a variable can be selected according to the latitude
and longitude of the experimental environment. Refractivities
in the lowest 1 km, in the lowest 65 m, and at sea-level
represent the refractivity values of each altitude, respectively.
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The variable for the rainfall rate references M, (annual rainfall
accumulation), P, (Probability for rain in the next 6 h), and
B (ratio between convective and total precipitation) [24,25].
FoE refers to the critical sporadic E frequency. As it is a map
based on actual measurement data, it can be used reliably and
conveniently. For example, when using the channel model for
P.2001, the value of refractivity at the lowest 1 km can be se-
lected from the map and entered according to the latitude and
longitude of the experimental environment. However, since a
digital map is not provided in P452, the refractivity value
for the experimental environment must be directly measured
and entered. The P.2001 model classifies seven climate zones
(one of them is the sea path) according to the latitude and
longitude, and each climate zone has its own meteorological
and atmospheric structure parameters.

The propagation mechanisms commonly mentioned in the
above recommendations are surface diffraction, ducting, and
troposcatter. Surface diffraction refers to diffraction by to-
pography, whereas ducting refers to the propagation of radio
waves as reflection and refraction are repeated from the atmo-
spheric layer formed on the ground. Among these, troposcatter
is the only propagation mechanism that can be used in long-
distance communication systems. Diffraction is strongly influ-
enced by terrain, whereas ducting mostly occurs over sea/water
or flat coastal land areas, and is difficult to predict because of
the highly sensitive radio refractivity. However, troposcatter is
unaffected by topography, and energy transmission through the
common volume is relatively easy. The scattered energy can
be reliably be received at a receiver by pointing narrow-beam
antennas toward the common volume.

2.2. Troposcatter propagation model

The troposcatter propagation model recommended by ITU-
R consists of three parts: basic transmission loss, gaseous
absorption, and precipitation fading, as follows:

Lp=Los+ Ly + Ly. (1

In the above, Ltp is the troposcatter loss, Lys is the basic
transmission loss, L, is the gaseous absorption loss, and
L, is the precipitation fading. The log-domain sum of the
three transmission loss calculations provides the total path
loss owing to troposcatter. The basic transmission loss refers
to the amount of transmission loss caused by the frequency,
distance between transmitter/receiver, antenna gain, terrain
profile, refractive index, etc. Precipitation fading refers to
the transmission loss in a rainfall situation, whereas gaseous
absorption is caused by atmospheric conditions (such as the
density of the water vapor in the atmosphere).

The troposcatter model equation of P.2001 considers all
three losses, i.e., the basic transmission loss, precipitation fad-
ing, and gaseous absorption. The troposcatter model equation
in P.452 considers the basic transmission losses and gaseous
absorption. The troposcatter model equation in P.617 considers
only the basic transmission loss. It can be seen that the
troposcatter model in P.2001 presents a model that can be used
more generally, including in various attenuation causes.
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;l;z(‘)lr)rllf)aiison of International Telecommunication Union Radiocommunication Sector (ITU-R) long-distance channel model configuration.
Parameters P2001-4 P.452-17 P617-5
Frequency 30 MHz to 50 GHz 0.1 GHz to 50 GHz Above 30 MHz
Antenna altitude Up to 8000 m - -
Common volume location estimation (6] X X
Time percentage 0.001~99.999 0.001~50 0.001~99.999

Distance

3 km to 1000 km

Up to 10000 km

Refractivity in the lowest 1 km (6] O
Refractivity in the lowest 65 m (0] X X
Digital maps Sea-level surface refractivity X X (6]
Variable for rainfall rate (0] X X
Surface water-vapor density (6] X X
Troposcatter climate zone (6] X X
FoE (6] X X
| Troposcatter loss |
Basic transmission loss Gaseous absorption Precipitation fading
M Lireq Laist Leoup Y

Fig. 2. The diagram of the ITU-R troposcatter loss model.

A common equation for the basic transmission loss equa-
tion is given as follows:

Lpys =M + Lfreq + Lgist + Lcoup - Yp~ 2)

Here, M is a meteorological parameter; Ly, is the loss
determined by the frequency; Lgis is the loss determined by
the transmission distance, scattering angle, etc.; Lcoyp is the
loss determined by the antenna gain; and Y, is the loss deter-
mined by the time percentage. Fig. 2 explains the troposcatter
propagation model in the ITU-R recommendation, where (1)
and (2) are pictorially illustrated.

The detailed expressions for the basic transmission loss in
P.2001 are as follows:

Lireq p2001 =2510g(f) — 2.5[log(0.5 )1, 3)

Ldist, p.2oo1 =max[10log(d) + 301og(9) + L, @
201log(d) + 0.5736 + 20],

and

Lcoup, p.2001 = 0.07exp[0.055(G; + G, )], ©)

where f represents the frequency, d is the transmission dis-
tance 6 is the scattering angle, G, is the transmit antenna
gain, Ly is a loss term dependent on the common volume
height, and G; is the gain of the receiving antenna. If a climate

zone matching the latitude/longitude of the communication
environment in the climate zone map is chosen, the M and
Y, values can be obtained.

The detailed equations for the basic transmission loss in
P.452 are as follows:

Ltp.pas> =190 + Lieq + Laise p452 ©)
— 0.15Ny + Leowp + Ly
— 10.1[— log(p/50)1°7,

Lireq,p.as2 =25log(f) — 2.5[log(f/2)]%, (7)
List, pas2 =201og(d) 4 0.5736, ®)
and

Leoup. pas2 = 0.051 exp[0.055(G, + Gy, )

where Ny refers to the sea-level surface refractivity in the
middle of the troposcatter communication path, and p is the
time percentage.

Compared with the basic transmission loss model of P.2001,
in P452 Lyeq is the same, but there is a difference between
Lgise and Loyp. In a situation with the same transmit/receive
antenna gain and distance, the model in P.2001 predicts a
larger loss. This difference is attributed to P.452’s assumption
of the worst-case scenario.
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The detailed equations in the troposcatter model in P.617
are as follows:

Ltp, p617 =F + Lireq, p.617 + Luist, P.617 (10)
Leoup-v,,
Lireq, p.s17 =22log(f), (1)
Laist, p.617 =1710g(d) + 3510g(6), (12)
Lcoup, p.617 =0.07 exp[0.055(G + Gy, (13)
and
F =018 No-exp(—hs/hy) — 0.23 - dN, (14)

where N, represents the average annual sea level surface
refractivity, and dN represents the average annual radio-
refractive index lapse rate through the lowest 1 km of the
atmosphere. Ny and dN are determined according to the
latitude and longitude of the communication link, respectively.
hs represents the height of the Earth’s surface above sea level.
hy, refers to the scale height and can be determined statistically
for different climatic conditions, with a global mean of 7.35
km.

From comparing P.617 with the basic transmission loss in
P.2001, it can be seen that the loss owing to the antenna gain is
the same, whereas there are differences in the coefficients for
the loss owing to the distance, scattering angle, and frequency.
The reason for these differences is discussed in [20], which is
reviewed in Section 3.

The attenuation by gas absorption is modeled in P.2001
and P.452. The gas absorption in P.452 refers to the ITU-
R P.676 recommendation and is modeled as a function of
the water vapor density p and transmission distance d. The
gaseous absorption modeling in P.2001 is different from the
calculation process in P.676, but there is a limiting condition
for P.2001 which invalidates the model for frequency bands
above 54 GHz. Therefore, P.676 is a more general formula.
The specific attenuation owing to the air condition y is de-
termined by the frequency and water vapor density. The value
of the water vapor density is selected from a table in P.2001,
and determined by the latitude/longitude. Detailed gaseous
absorption formulas can be found in P.2001 (attachment F),
and are omitted in this paper.

The precipitation fading of the troposcatter is only mod-
eled for P2001. The loss from precipitation fading is de-
termined by various factors such as the ratio of the dis-
tance from the transmitter to the scattering volume and dis-
tance from the scattering volume to the receiver, height, lat-
itude/longitude, and precipitation. Detailed precipitation for-
mulas can also be found in P.2001 (attachment C), and are
omitted herein. P.452 uses, a hydrometeor-scatter interference
prediction model, as the troposcatter model assumes a clear air
propagation environment.

In addition to the above three long-distance channel model
recommendations, other ITU-R recommendations may be re-
lated to the troposcatter channel model. Several P-series docu-
ments related to the ITU-R meteorological environment model
are briefly reviewed and summarized in Table 2.
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2.3. Model simulation

The ITU-R provides source code for implementing the
long-distance propagation models of P.2001 and P.452 in
MATLAB through the ITU-R SG3 data bank. In this study, we
predicted the troposcatter loss in a real environment using the
source code for P.2001 and P.452. In the same environment,
the difference between the prediction of the troposcatter loss of
the P.2001 and P.452 model is investigated through simulation.
In addition, we examine the effect of gaseous absorption
and precipitation fading. The simulation configurations are
presented in Table 3, and the simulation environment is the
same as the link number 908 in [19].

The cumulative distribution functions (CDFs) of the tro-
poscatter propagation loss in the 0.2 GHz and 2 GHz fre-
quency bands are shown in Fig. 3. The dotted line represents
the result of P.452, and the solid line represents the result of
P2001. The x-axis represents the loss value, and the y-axis
represents the time percentage. The CDF of the dotted line
is displayed only up to 50% because the P.452 model can
only provide a time percentage of up to 50%. In all frequency
bands, the result for P.452 has less loss than that of P.2001. The
difference is attributed to P.452 being a worst-case model in
which interference waves are received; thus, the loss appears
to be less than that of P.2001, which is a general-purpose
model. Since the P.452 model assumes that interference signals
are received through the troposphere, a low propagation loss
denotes strong interference. Notably, in the results of both
P.2001 and P.452, the loss increases at higher frequencies.

The effect of the loss owing to gas absorption and pre-
cipitation fading in the P.2001 model is shown in Fig. 4.
The dotted line represents the basic transmission loss of the
troposcatter, and the solid line represents the total sum of the
basic transmission loss, gas absorption loss, and precipitation
fading. The x-axis represents the loss value, and the y-axis
represents the time percentage. The gas absorption loss is
represented by adding a constant value regardless of the time
percentage and is affected by the distance, frequency band, and
water vapor density. In the low-frequency band of 2 GHz, the
gas absorption loss is low, at approximately 1 dB. In contrast,
in the high-frequency band of 30 GHz, the troposcatter loss is
affected by approximately 10 dB.

As can be seen from the CDF with a time percentage
of more than 90% in the 30 GHz band in Fig. 4, the loss
increases rapidly. This is owing to the fading of precipitation.
Fig. 5 shows the output of precipitation fading only in the
troposcatter model of P.2001. The dotted line represents the
loss at 30 GHz and the solid line represents the loss at 2 GHz.
The x-axis represents the loss value, and the y-axis represents
the time percentage. In the 2 GHz band, most losses from
precipitation fading are O dB. This loss increases rapidly when
the time frequency is 90% or more or in the high-frequency
band of 30 GHz. Thus, when precipitation is severe, the
high-frequency band is significantly affected.
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Table 2
ITU P-series document summary.
Document Summary
number
453 [26] The radio refractive index calculation method, required for long-distance channel model implementation, already referenced in P.2001
618 [27] Prediction methods for Earth to space communication systems.
It is expected to be more suitable for the channel model related to the satellite communication.
676 [28] The document about attenuation by atmosphere gas, P.2001 and P.452 refer to it already.
835 [29] Reference standard atmosphere.
Statistical data in this document can be used when there is no measurement value for atmospheric conditions such as
temperature/atmospheric pressure
840 [30] The document about attenuation due to cloud and fog.
It is expected to be more suitable for the channel model related to the satellite communication.
1144 [31] The guideline for the propagation model of ITU-R Study Group 3
Table 3 100
Simulation configuration.
Parameter Value Unit 30 |
Frequency 0.2, 2, 30 GHz S
Distance 301.87 km >
Tx antenna gain 47.5 dBi éo 60 i
Rx antenna gain 47.5 dBi 8
Tx antenna height above ground 9.1 m & 40 ]
Rx antenna height above ground 2.7 m g
Tx latitude [—90, +90] 40.3919 deg = Troposcatter loss, 2 GHz
Tx longitude [0, 360] 285.8131 deg 20 = = = Basic transmission loss, 2 GHz | 4
Rx latitude [—90, +90] 41.54 deg Trol?oscatter}o%s, 30 GHz
. = = = Basic transmission loss, 30 GHz
Rx longitude [0, 360] 289.0689 deg

100 T T
———P.2001, 0.2 GHz
= = =P.452,0.2GHz
80 | |——P.2001,2 GHz ]
= - = =P452,2GHz
1S3
S 60| ]
=
[
Q
3
(=9 40 + 4
Q
g
[_4
20 b
0 ’
160 180 200 220 240 260 280

Troposcatter loss (dB)

Fig. 3. Troposcatter loss cumulative distribution function (CDF) of In-
ternational Telecommunication Union Radiocommunication Sector (ITU-R)
P2001 and P.452 models.

3. Further research and application

3.1. Further study on the ITU-R model

In this subsection, further research on the ITU-R propaga-
tion model is reviewed.

In [20], ITU P.617, P2001, and P.452 were combined
to propose a new troposcatter transmission loss model. The
authors introduced three channel models to find the propa-
gation path parameters affecting the troposcatter transmission
loss. The propagation parameters were the frequency, scatter

0
200 300 350 400 450
Troposcatter loss (dB)

Fig. 4. Effect of gaseous absorption and precipitation fading in ITU-R
P2001 model.

100 ‘ = - - ‘
_-

80 = = =30GHz| |
S
3]
%0 60 b
=
5}
3]
b5}
40 ]
5}
£
[_1

20 b

0
-100  -50 0 50 100 150 200 250 300
Rain attenuation (dB)

Fig. 5. Precipitation fading CDF of ITU-R P.2001 model.

angle, path length, and meteorological parameters (such as
refractivity). Moreover, using the measured data of the Con-
sultative Committee on International Radio (CCIR) data bank,
the correlations between the transmission loss and propagation
parameters were analyzed to set the range of the correlation
coefficient x. Finally, the correlation coefficient x value was
determined through genetic algorithm optimization, and a gen-
eral equation that integrated the three models (P.617, P.2001,
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and P.452) was derived. The mean value and root mean square
error of the new proposed model were compared against those
of the three independent ITU-R models; the new model was
observed to have smaller prediction errors than the ITU-R
models. The P.617-3 model referred to in [20] is the legacy
model, and the new proposed model has been applied in the
latest version, P.617-5.

In [32], the authors derived the troposcatter deviation loss
for over-the-horizon(OTH) microwave propagation. The tro-
poscatter loss predictions of the ITU-R recommendations did
not consider this deviation loss. Instead, the procedure was as
follows. First, the general parameters and path geometry of
the troposcatter OTH propagation path were defined. Then, the
deviation losses were derived by assuming Gaussian antenna
patterns, based on a scatter transfer function. Finally, the devia-
tion loss was divided into the azimuthal and vertical directions.
For theoretical deviation analysis and verification, comparisons
with the measurement data in [33,34] were performed.

In [35], a rain attenuation model was developed for tro-
poscatter communications considering both the distribution of
the rainfall rates and multiple rain cells. The rain attenuation
model of the ITU-R recommendations is a rectangular rain cell
having a uniform rainfall distribution. But in real world, distri-
bution of rainfall rate shows significant changes. By modifying
the HYCELL model [36], rain path length expressions for non-
uniform rainfall distributions were proposed, and the rain loss
owing to each rain cell was calculated. The rectangular rain
cell model of ITU-R P.452 was also shown for as a comparison
purposes. Through this simulation, it was shown that the effect
of the rain loss is small at 4.7 GHz, but is large at 15 GHz.

3.2. Theoretical model

This subsection reviews studies on the troposcatter chan-
nel model and loss prediction model based on theoretical
troposcatter model. These claim that the ITU-R troposcatter
propagation model is not suitable for modeling fast variations
in channels and scattering mechanism owing to its statisti-
cal and empirical methods. Therefore, theoretical models are
used to model the effects of air turbulence and scattering
mechanism.

In [3], new troposcatter transmission loss prediction model
from troposcatter mechanism aspect was proposed. Three main
theories of the troposcatter mechanism were introduced : tur-
bulent incoherent scattering theory [16], coherent reflection by
stable layers theory [17], and incoherent reflection by irregular
layers theory [18]. Then, the troposcatter transmission loss
expression based on three scattering mechanisms was deter-
mined. The particle swarm optimization algorithm was used to
determine the weighting factors of loss. The weighting factors
were determined differently depending on the climate zone
of ITU-R model. To verify the proposed model, the authors
compared the prediction results with three ITU-R models. In
climate zones 4 and 5, the new prediction model was more
accurate than P.617 and P.2001, and similar to P.452. In climate
zone 6, the new prediction model was more accurate than the
three ITU-R models.
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In [13], a novel ray-based multiple-input—-multiple-output
(MIMO) channel model was proposed for b-LoS communi-
cation, along with a scattering cross-section model and differ-
ential radar range equation calculation. A ray-based technique
was used to predict the propagation loss, and variations in the
air turbulence were modeled using Kolmogorov theory. Addi-
tionally, variations in the common volume owing to changes
in the refractive index of the troposphere were considered.
The refractivity was calculated using two methods: using the
temperature and vapor pressure of the real-world data set or
using the ITU-R refractivity model of [26]. In addition, the
transmission loss, coherence bandwidth, root mean square de-
lay spread, and vertical correlation of the proposed model were
analyzed. To justify the ray-based approach, studies have also
compared their transmission losses with that of the troposcatter
channel model of P.617. The experimental environment for
such comparisons was described in [37], and the average
refractivity calculation method of [26] has been used for the
refractivity profile. When the model proposed in [13] was
compared to the channel model of P.617, the troposcatter loss
of the proposed model was shown to be similar to that of P.617
at a time percentage of 50%.

3.3. Ray tracing and parabolic equation method

This subsection provides a review of recent studies on ray
path tracing methods for troposcatter channel modeling. The
ray tracing method can be applied to channel modeling by
predicting the path of the rays and comparing it with the
measurement data. To trace the path of rays accurately, it is
important to trace the refractive index gradient according to the
altitude. In long-distance propagation environments, most ray
path prediction methods use two methods: geometrical optics
ray tracing or the parabolic equation method. It is known
that the parabolic equation method is more appropriate in
long-range and narrow environments, such as in tropospheric
propagation [38].

In [39], a refractivity profile modeling method was pro-
posed according to the altitude and parameters of the ray
refraction path geometry. A geometrical optics ray-tracing
method was used to simulate the elevated duct refractivity
profile and normal refractivity profile. According to the launch
angle of the transmitted signal, the results regarding the height
of arrival, excess path length, absolute angle of arrival, and
relative amplitude of the received signal were analyzed. Ad-
ditionally, the amplitude, angle of arrival (AOA), and relative
path delay changes according to the received height were com-
pared. Consequently, the signals received at the receiver placed
within the duct consisted of three paths with significantly
different characteristics according to the signal received in the
normal profile. Furthermore, if the launch angle changed, an
odd number of ray paths arrived at the receiver.

In [40], a troposcatter mechanism was analyzed using the
parabolic equation, and a tropospheric scatter model was pro-
posed using the parabolic equation portion of the radio phys-
ical optics(RPO) model. The parabolic equation method of
the RPO model is concluded to be better than the Engineer’s
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Table 4

Comparison of Literature and ITU-R Models.

ICT Express xxx (xxxx) xxx

Ref. Contribution Compared with ITU-R Model

[20] ITU-R P617, P2001 and P.452 were combined to propose The mean value and root mean square error of the new
a new troposcatter transmission loss model using genetic proposed model were compared against those of the three
algorithm optimizations. independent ITU-R models.

[32] The ITU-R troposcatter model did not consider deviation Not compared to the ITU-R model.
loss so the authors derived the troposcatter deviation loss.

[35] A non-uniform rain attenuation model was developed for Comparison with the ITU-R rectangular and uniform rain
troposcatter communications. cell model.

[31 The troposcatter transmission loss expression based on Compare the errors relative to actual loss with three ITU-R
three scattering mechanisms [16—18] was determined using models.
particle swarm optimization.

[13] A ray-based technique was used to predict the propagation Compare troposcatter loss prediction with the ITU-R P.617
loss, and variations in air turbulence were modeled using model.
Kolmogorov theory.

[39] A refractivity profile modeling method was proposed Not compared to the ITU-R model.
according to the altitude.

[40] A troposcatter mechanism was analyzed using the parabolic Not compared to the ITU-R model.
equation.

[42] Finite differences and Fourier transform implementations Not compared to the ITU-R model.
were used to numerically solve the parabolic equation.

[43] The parabolic equation method used two implementations: Not compared to the ITU-R model.

split-step Padé and split-step Fourier approaches.

refractive effects prediction system (EREPS) method. A draw-
back of the troposcatter model using EREPS is the addition
of a significant computational burden as the model must be
evaluated at all ranges and elevations, in parallel with the
parabolic equation model to add the scattering results. The
measurement data used for the analysis were presented in [41].
The experimental results showed that the RPO-scatter model
was more similar to the measurement data than the EREPS
and RPO without a scatter model.

In [42], a tropospheric refraction modeling approach using
both the ray-tracing and parabolic equation methods was pro-
posed. For the parabolic equation method, the finite differences
and Fourier transform implementations used to numerically
solve the parabolic equation, were briefly described. More-
over, a calculation of the AOA was proposed for multipath
propagation simulations.

In [43], the tropospheric propagation was also modeled
using both the ray-tracing method and parabolic equation
method, and was compared to actual measurement data. The
measurement data considered the AOA and received the sig-
nal amplitude at a 50 km link in Ontario. The refractivity
gradient modeling and ray-tracing method were the same as
in [39]. The parabolic equation method used two implementa-
tions: split-step Padé and split-step Fourier approaches. The
refractivity profile assumed three environments: a standard
atmospheric gradient, ground-based layer, and elevated duct.

Table 4 summarizes the contribution of the research re-
viewed in Sections 3.1 to 3.3. Some studies provide the
comparison of troposcatter loss prediction results with the
ITU-R model, and the brief descriptions of the comparison are
also summarized in Table 4.

3.4. Other research

In [6], cognitive scenarios and cognitive system architec-
tures were proposed for troposcatter transceivers. Two cog-
nitive scenarios were assumed: one for a troposcatter re-
ceiver, and the other for a troposcatter transmitter. In both
scenarios, the troposcatter systems coexisted with satellite—
terrestrial terminals and microwave terminals. The troposcatter
communication acted as a secondary link when the troposcat-
ter transceivers accessed the licensed spectra of satellite or
terrestrial microwave users.

In [44], a transfer function for troposcatter channels was
derived based on the scattering field and a closed-form ex-
pression of the coherence bandwidth for the troposcatter links.
Subsequently, the derived equations and experimental mea-
surements were compared. Measurement data of the median
coherence bandwidths were obtained using the results of
four different troposcatter paths: the Ontario Center, Whitford
Field, Point Petre, and Port Byron paths [45]. As a result of
the comparison, the derived formula could provide a more ac-
curate prediction for longer troposcatter paths than for shorter
ones. Moreover, the proposed coherence bandwidth formula
could effectively characterize the frequency fading correlation
characteristics.

4. Conclusion

Tropospheric scatter communication is a promising candi-
date for b-LOS communication owing to its low transmission
delay and security robustness. In this study, we analyzed
three propagation model for troposcatter recommended by
the ITU-R. We investigated the differences between the three
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troposcatter models and how the prediction loss in the real
environment appears differently for each model through simu-
lation. Additionally, further research on the ITU-R propagation
model is reviewed. Studies on the novel troposcatter channel
model and transmission loss prediction based on the theoretical
model, which is a different approach from the empirical ITU-R
model, was also reviewed. We reviewed troposcatter chan-
nel models using the ray tracing and the parabolic equation
method. Finally, studies on troposcatter communication were
also reviewed. To implement a troposcatter communication
system, troposcatter channel modeling is crucial. Since the
performance of the communication varies depending on the
location of the common volume, refractive index, and atmo-
spheric conditions, as well as on communication parameters
such as the distance and frequency, various parameters must
be appropriately considered in the troposcatter channel model.
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