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Abstract

In this paper, the path losses between the Jeungdo and
Heuksando transceivers located in the coastal areas of
Korea are studied using the Advanced Refractive Predic-
tion System simulation software based on the actual
coastal weather database. Based on the simulated data,
we propose a novel duct map that can effectively esti-
mate the abnormal wave propagation characteristics by
using the atmospheric refractive index dependent on alti-
tude as well as the location parameters of Rx and Tx. To
verify the proposed duct map, two representative atmo-
spheric index samples are obtained from the 2017
weather database of the Heuksando weather forecast sta-
tion, causing the abnormal path loss characteristics. The
simulated path losses for abnormal conditions at the Rx
point are 132.3 and 140.1 dB, respectively, and these
results demonstrate that the abnormal radio wave propa-
gation can effectively be predicted through the proposed
duct map.
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1 | INTRODUCTION

With the dramatic improvement of wireless communication
technologies, the use of radio frequency in a limited fre-
quency bandwidth has been growing explosively.'? Even
though a variety of techniques, such as cell-to-cell distance
adjustment and cell-to-cell frequency redistribution, are
employed for this purpose, such dense frequency usage in a
limited bandwidth increases the unintentional radio interfer-
ence between the local base stations, transceivers located at
long distances, and even broadcasts in some countries.” Gen-
erally, abnormal radio interference is often caused by various
wave propagation characteristics, such as external noise,
clutter, atmospheric gas, vapor, multi-path polarization, scat-
tering, and changes in the atmosphere refractive index.*®
Among these various phenomena that result in radio interfer-
ences, the abnormal refractive index from the atmospheric
conditions can, in particular, have an unintended interference
effect on long-distance communications.”® The index of
refraction in the atmosphere represents the degree of direc-
tional bending during wave propagation in the medium,
which is determined by the atmospheric gas pressure, rela-
tive humidity, and temperature, varying according to the
location and height in the troposphere.®® The vertical varia-
tion of the refractivity is a predominant factor affecting the
wave propagation characteristics, and four types of refractive
conditions, such as sub, super, normal, and duct, are deter-
mined depending on the gradient value of the refractivity
index.” !

Among these, the duct is the most significant influencing
factor for long-range radio interference.'’ Ducting acts as a
waveguide for the electromagnetic (EM) waves due to its
negative gradient refractivity index with respect to altitude.®
Although the ducts in general have a significant impact on
the radar and communication systems operating in the
microwave range, if the antennas are not in specific positions
in the duct, then it would not be a major radio interference
factor. For example, it has been reported that the path loss is
about 20-30 dB lower when the receiving antenna is located
inside the duct in comparison to when it is located just out-
side of it.'? This implies that the relative positions of the
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transmitting antenna (Tx) and receiving antenna (Rx) with
respect to the height and thickness of the duct have a signifi-
cant influence on the radio interference.'® Thus, in order to
predict the abnormal variation of the path loss or the propa-
gation factor due to the ducting, the atmospheric refraction
index, as well as the location parameters of the Tx and Rx,
should be carefully considered.

An atmospheric refractive index that is similar to that

found in normal conditions is typically modeled as an expo-
nential function of height,14 but it is not suitable for duct
modeling due to an abnormal atmospheric phenomenon that
occurs only for a short time, unlike a standard one. There-
fore, trilinear modeling has been proposed and widely used
for duct modeling.'® Recently, Karimian et al used trilinear
modeling to estimate the low-altitude atmospheric refractiv-
ity index from a given wave propagation loss measurement,’
and the refractivity index was modeled from the actual local
measurement meteorological data.'” Some studies in the
UAE used the local radiosonde data for 17 years to obtain a
vertical refractivity index profile for three critical atmo-
spheric layers.9 For coastal areas in UAE,9 North America,16
China,12 and Australia,'® there have been several studies of
ducts that use the atmospheric refractive index from the
weather forecast database and measurements for their path
loss analysis. Statistical analysis was also introduced for the
interpretation of the measured data.” However, most previ-
ous research focused only on the effect of the duct refractive
index on wave propagation, while the relationship between
the position parameters (the heights of the Rx and Tx) and
the abnormal wave propagation in ducting atmospheric con-
ditions has not been fully studied yet.

In this paper, the propagation path losses between the
Jeungdo and Heuksando transceivers located in the coastal
areas of Korea are investigated using the Advanced Refrac-
tive Prediction System (AREPS) simulation software®®
based on the actual coastal weather database. Then, a novel
duct map is proposed here to effectively estimate the abnor-
mal wave propagation characteristics according to the

Sub refraction
(VM >157)

Standard refraction
(VM =118)

Normal refraction ! .
(78 < VM <157) Super refraction

(0 < VM < 78)

FIGURE 1
modified refractive index M in terms of heights

Wave propagations according to the gradient of

altitude refractive index, as well as to the location parameters
of the Tx and Rx. The atmospheric refractive index depen-
dent on altitude is achieved using the database of the
Heuksando weather forecast station, and the digital terrain
elevation data (DTED) was used for the AREPS simulation
condition.

Subsequently, simple trilinear modeling is employed to

model the modified refractive indices for various ducts, and
this model can be categorized according to the characteris-
tics of the ducting conditions, such as its occurring height
and thickness. In our duct map, trilinear modeling for duct
conditions can be divided into several different situations
according to the height parameters of the Rx and Tx. In par-
ticular, the proposed duct map employs an average normal-
ized path loss in order to examine the influence of the duct
on wave propagation more clearly. Through the developed
duct map, the duct types that cause the most abnormal wave
propagation in given Tx and Rx conditions are determined.
In order to validate the proposed duct map, two diffident
refractive indices are obtained from the 2017 weather data-
base, which are causing the abnormal path loss characteris-
tics. With these real atmospheric conditions and the DTED
between the Jeungdo and Heuksando, the path loss simula-
tions are conducted using the AREPS simulation software.
The results confirm that abnormal radio wave propagation
can be predicted through the observation of the proposed
duct map and that significantly different path loss character-
istics are achieved depending on the height parameters of Tx
and Rx in comparison to the altitude of the duct.

2 | WAVE PROPAGATION IN
MEASUREMENT

Figure 1 shows wave propagations with the sub, normal, and
super refraction, as well as the trap, according to the gradient
of modified refractive index M in terms of heights. The
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FIGURE 2 Modified atmospheric refractivity according to altitude
at the Heuksando meteorological observatory
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modified refractive index M is defined by adding the ratio of
the height 4 (m) to the earth’s curvature as follows'?:

M= (n—1)x10°+0.157h, (1)

The sub refraction (VM > 157) indicates that the wave
becomes extremely bent in the direction opposite to the
earth’s surface, in which the gradient of M is larger than that
of the normal refraction (78 < VM < 157). On the other
hand, when the gradient of M turns into a smaller than nor-
mal refraction, the wave bend toward the earth’s surface,
which is called the super refraction (0 < VM < 78). More-
over, when the gradient of M becomes negative, a duct or
trap phenomenon occurs as if wave propagation is trapped in
a waveguide.'®

Figure 2 shows the modified refractive index data of the
sub, normal, super, and duct refraction along with the alti-
tude extracted from the 2017 weather database of the
Heuksando meteorological station. The solid line indicates
the sub refractive index (141 < VM < 315) up to a height of
323 m on August 12, and the normal refractive index
(110 £ VM < 125) was found on September 24, shown as
dashed line. The super refractive index (VM <42) up to a
height of 230 m was observed on October 25, specified by a
dashed line. The elevated duct environment was monitored
above the altitude of 225 m on July 13th, as indicated with a
dash-dot line. The duct atmospheric data is essential for
examining an abnormal propagation phenomenon where the
path loss suddenly decreases or increases at the Rx in com-
parison to the normal atmospheric condition. The detailed
values for the modified refractive index of the simulation are
listed in Table 1, where £ is the height. Figure 3A illustrates
the wave propagation model to be analyzed including atmo-
spheric conditions, antenna patterns, frequency, and the ter-
rain elevation information of the Jeungdo-Heuksando area in
Korea. The Tx is located at the height of Az, with an omni-

TABLE 1 Modified refractive index under 400 m

Atmospheric

Date condition Refractive index gradient

VM =46 (0 <h <225 m)
VM =86

(225 m < h < 361 m)
VM =265 (362 < h)

July 13,2017 Elevated duct

August Sub VM =315(0 <h <95 m)
12,2017 VM =236
(96 m <h <209 m)
VM =141 210 m < h)
September Normal VM =110
24,2017 (0<h<148 m)
VM =120
(1499 m <h<372m)
VM =125373m <h)
October Super VM =42 (0 <h <228 m)
25,2017 VM =155 (229 m < h)

Ix
/173

Sea water g

Terrain

(B)

FIGURE 3 Wave propagation model of the Jeungdo-Heuksando
area in Korea. A, Wave propagation model. B, Measurement setup
[Color figure can be viewed at wileyonlinelibrary.com]

directional antenna, and the path loss is observed from the Rx at
the altitude of hg,, where the distance between the Tx and Rx is
Ry. If antennas with more directivity are used, we could have
the higher received power (increased by Rx and Tx antenna
gains) and lower fluctuating path loss amplitude due to the
lower ground reflections. To simulate for actual atmospheric
conditions, the refractive index was extracted from the 2017
weather database of the Heuksando meteorological station using
information of atmospheric pressure, temperature, and relative
humidity according to height, and the detailed parameters
for these conditions are listed in Table 2. The AREPS commer-
cial EM software,zo a well-known simulation software, is used
for EM numerical simulations to calculate the path loss consid-
ering these conditions, and the accuracy of the software
has been proven by several previous studies.”> There are more
tools that allow similar numerical simulation results, such
as Integrated Refraction Effects Prediction System (IREPS),
Engineer’s Refractive Effects Prediction System (EREPS),
Tactical Electronic Support System (TESS), Advanced Refrac-
tive Effects Prediction System (AREPS), Tropospheric
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TABLE 2 Modeling parameters

Parameter hg, hyy Ry Antenna pattern Frequency Tool
Value 249 m (Heuksando) 100 m (Jeungdo) 78 km Omni-directional 2.85 GHz AREPS
Vertical polarization
Abbreviation: Advanced Refractive Prediction System.
TABLE 3 System parameters for the experimental measurement
System parameter Rx antenna gain Tx antenna gain Total Tx power Antenna bandwidth
Value 10 dBi at 2.85 GHz 10 dBi at 2.85 GHz 53.56 dBm 980 MHz

Path loss (dB)

1000 110
900t 115
800+ 120
700+ 125
E 600l 130
.:50 500 135
= 400+ 140
300+ 145
200 150
1004 155
0 40 50 60 160

Range (km)

(A)

Path loss (dB)
1000 110
900f 115
800 120
__ 700 125
E 600 130
E‘) 500 135
£ 400 140
300 145
2001 150
1004 155
00 10 0 30 40 50 60 70 80 160

Range (km)

©
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L
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40 50 160
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(B)
Path loss (dB)
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FIGURE 4 Simulation path losses resulting from the four measured atmospheric data. A, 2017-8-12-00 (sub type). B, 2017-9-24-00 (normal

type). C, 2017-10-25-00 (super type). D, 2017-7-13-00 (duct type)

Electromagnetic Parabolic Equation Routine (TEMPER),
Terrain Parabolic Equation Model (TPEM), and Parabolic
Equation Toolbox for matlab (PETOOL).?"** Figure 3B illus-
trates the measurement setup. The Tx system consists of a signal
generator (ROHDE&SCHWARZ R&S SMW200A, 0 dBm), a
power amplifier (45 dB) with a duplexer, Tx-cables
(—1.44 dB), and an antenna (10 dBi) having 980 a bandwidth of
980 MHz at 2.85 GHz. The Rx system consists of a spectrum
analyzer (ROHDE&SCHWARZ R&S FSVR), a duplexer filter
(—0.8 dB), Rx-cables (—1.44 dB), and the same antenna with
Tx. The detailed parameters are listed in Table 3. To compen-
sate for the simulation condition, the total antenna gain of 20 dB
is subtracted from the measured Tx to Rx results.

Figure 4 demonstrates the simulation path losses applying
the four measured atmospheric data (sub, normal, super, and
duct) to the above conditions. Since the wave propagation is
bent upward in the vicinity of the Rx point, as shown in
Figure 4A, the path loss of 162.8 dB is obtained with the sub
atmospheric condition on August 12. Figure 4B, C present the
path losses for the normal and super wave propagations using
the atmospheric data of September 24 and October 25, respec-
tively. The super refraction causes the wave propagation to
bend toward the ground, resulting in a path loss of 139.2 dB at
the Rx point, which is 4.9 dB lower than the normal atmo-
sphere. The elevated duct is a special case of wave propagation
by the negative VM in which the strong energy is confined in
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FIGURE 5 Modified atmospheric refractivity of the Heuksando Rx station. A, Modified atmospheric refractivity according to altitude at the

Heuksando meteorological observatory at 0:00 am in October 2017. B, Modified atmospheric refractivity according to altitude at the Heuksando

meteorological observatory at 12:00 pm in October 2017
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FIGURE 6 Measured and simulated results of the path loss at the
Heuksando Rx station in October 2017 [Color figure can be viewed at
wileyonlinelibrary.com]

the duct causing a lowest path loss of 133.6 dB at the Rx point,
as represented in Figure 4D.

Figure 5A presents the modified refractive indices at
0:00 am gathered from the weather database at the Heuksando
meteorological observatory in the dates from October 24 to
27,2017, and those of the same dates at 12:00 pm are illustrated
in Figure 5B, where solid, dashed, dotted lines, dash-dotted
lines indicate the data of the date from 24 to 27, respectively. In
order to confirm the effects on the path losses due to the atmo-
spheric conditions and the accuracy of our simulation, the path
losses measured from October 24 to October 27, 2017 at the
Heuksando Rx station, are compared with the simulation as
shown in Figure 6, where the super or duct atmospheric condi-
tions occurred on most of the measurement dates. Figure 6 pre-
sents the real-time measured results at the same time interval of
30 seconds with the data points of 9997, which are specified by
black dotted markers. Red and blue dotted markers indicate the
measurement results for 1 hour before and after around 0:00 am
and 12:00 pm for each day, respectively. The two-hour

VM;

Height (m)

VM, h; : Trap thickness

R
T
5
%{
|

hy : Trap height
M,

Refractive index (M-unit)

Duct above Rx
hry
@ rDuct ]
< | between Rx in duct
rRx and Tx
hiy
Tx and Rx
Tein duet in duct
r Duct
below Tx
h2 (m)
(B)

FIGURE 7 The conventional trilinear model and the proposed
duct map for the various duct types. A, Conventional trilinear modeling
of the modified atmospheric refractivity for an arbitrary duct
atmosphere. B, The proposed duct map including the information of the
hr, and hg,

measured data around 0:00 am and 12:00 pm were averaged for
comparison with the simulations. The average of the measured
data is 139.7 dB, which is consistent with a simulated path loss
of 138.1 dB. The difference between measurement and
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simulation are due to limitations of the AREPS software that
do not support the system parameters such as a system noise, a
total system input power, and the detailed range dependent
refractivity. As expected, under the super or duct atmosphere
conditions, a high-level signal reception with less path loss is
observed in this case study. In the following chapter, we exam-
ine in more detail the effects of various duct phenomena with
different trap thicknesses and heights.

3 | PARMETRIC STUDY AND
ANALYSIS

Figure 7A shows the conventional trilinear modeling of M to
represent the duct atmospheric conditions, which can be
used to observe the effects of the duct on the path loss
depending on various duct properties. To create arbitrary
duct atmospheric conditions, the slope VM, of the second
linear line has a negative value indicating the trap atmo-
spheric condition that occurs at a height of 4; with a thick-
ness of h,, while the slopes VM; andVM; of the first and
third linear lines are positive values. However, since this tri-
linear modeling of M does not contain the antennas’ altitude
information of the Tx (h7,) and Rx (/g,), it is not easy to
examine the effect of the relationship between the duct shape
(h; and hy) and the antenna positions (i, and hg,) on the
path loss. Therefore, we propose a novel duct map that can
effectively estimate the abnormal wave propagation charac-
teristics by including A7, and hg,, as shown in Figure 7B. In
Figure 7B, both the VM; and VM; are 118 to make the nor-
mal atmospheric condition, and the VM, is the negative
value of —118 in order to model the duct atmosphere.

Figure 8 illustrates the resulting duct map with the path
losses at the Rx with a flat ground, where A7, and hp, are
250 and 500 m, respectively. Here, the duct map clearly
shows the relationship between the duct shape (h; and h,)
and the positions (A7, and hg,), which exhibits significantly

Path loss (dB)
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140
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144
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148

Rx 1n duct

h; (m)

100 200 300 400 500 600
h; (m)

FIGURE 8 The duct map with the path losses at the Rx with a flat
ground (A7, = 250 m and hg, = 500 m)
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FIGURE 9 Path loss in terms of the distance R between the Tx
and Rx
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FIGURE 10 The duct map of the average normalized path loss
Lyp with a flat ground (k7 = 250 m and hg, = 500 m)
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FIGURE 11
Lyp with the digital terrain elevation data (DTED) of Jeungdo-
Heuksando costal area (27, = 100 m and /p, = 249 m)

The duct map of the average normalized path loss
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different path losses depending on the area divided by the
dashed lines. However, fluctuations in path losses according
to h; and h, are observed due to EM properties such as the
effect of ground reflections. The reason for fluctuations can
be found more clearly by observing the path loss in terms of
the distance R between the Tx and Rx, as shown in Figure 9.
The path loss Ly (solid line) without the terrain data is gradu-
ally reduced by a square of the distance and can be calcu-

19,23

lated simply using the Friis equation as follows:

=45, ®

800
J00, T 2017722
--= 2017-520
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T 300f //"',,.
200+ ,,j,,..,.
~
100} .:" \\\ trap
0 ' \
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FIGURE 12 Modified atmospheric refractivity according to
altitude depending on dates

where R is the distance from the Tx to Rx, and 1 is wave-
length. On the other hand, the simulated path loss with the
terrain data is fluctuating by the reflections from terrain gro-
unds, but the overall envelope of the path loss follows the
trend of L. Therefore, in order to more clearly observe the
duct effect, we propose to use the average normalized path
loss Lyp defined as follows:

Ro + AR,
Lo o ar, (Lre(R)—Ly(R))dR
NP 2AR, '

3)

where R, is the actual distance between Tx and Rx, and
Lg(R) is the path loss with the terrain data at a distance R.
Then, the normalized path loss can be expressed as Lz (R)
— L(R), and the average normalized path loss Lyp can be
obtained by averaging it from Ry — ARy to Ry + A Ry. Lyp
observes the deviations from free-space path losses where
the terrain reflection effects are compensated, so that the
duct effects can be seen more accurately. The re-calculated
duct map with the average normalized path loss Lyp is
shown in Figure 10. Abnormal wave propagations are exam-
ined when h; and h, are similar to s, and hg,. In particular,
the lowest Lyp of —7.35 dB is observed when 4; = 375 m
and h, = 149.3 m, where hr, is slightly below the duct and
hg, is in the duct. On the other hand, the highest Lyp of
3.94 dB is achieved at #; = 220 m and A, = 22 m, respec-
tively, where &, is in the duct and hj, is outside the duct.
When #h; is much lower or higher than /7, and hg,, normal
propagation characteristics are observed.

Finally, instead of the flat ground, the DTED in the
Korean coastal area of Jeungdo-Heuksando is included in
the AREPS simulation software to observe abnormal wave
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FIGURE 13 Simulation results of the path losses along the range depending on dates
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propagations in various duct conditions between the Tx and
Rx stations constructed for measurement, as shown in
Figure 11. Now /i, is 100 m at Jeungdo, and hg, is 249 m at
Heuksando. The duct map shows a very similar relationship
between hz, and hg,, and h; and h,, with the results of the
flat ground. In the resulting duct map, three representative
duct conditions of Case A, Case B, and Case C in Figure 11
are investigated in more detail. In Case A, the elevated duct
occurs with #; = 233 m and s, = 139 m, where the hp,
is slightly below the h; and hg, is in the duct. We find
that this duct condition is most similar to the actual atmo-
spheric refractive index of the weather database on July
22,2017 from the Heuksando meteorological observatory in
Figure 12. Case B is for another abnormal case, where Ay, is
in the duct while A, is outside the duct. This duct condition
is similar to the weather database on May 20, 2017 from the
same forecast station in Figure 12. We also checked the duct
case at the nearest meteorological observatory in Gwangju
that is 72 km from Jeungdo. In Figure 12, Dashed line shows
the modified refractivity indices for April 28, 2017 from
Gwangju that is similar to Case C. For Case C, both A, and
hg, are outside the duct. Figure 13 represents the AREPS
simulation results of the path losses along the range using
real atmospheric conditions for Case A, Case B, and Case C,
including the DTED of the Jeungdo-Heuksando. The path
loss for Case A is indicated by the solid line and is 132.3 dB
at the Rx point. The abnormal radio wave propagation
delivers a large amount of energy to the Rx compared to the
free space. On the other hand, the dashed line for Case B
shows a higher path loss of 140.1 dB at the Rx point. This is
because most of the energy from Tx is trapped in the duct,
and Rx is placed outside the duct, making it difficult to
receive the energy by wave propagation. The path loss for
Case C is 138.8 dB at the Rx point, which is similar to free
space path loss.

4 | CONCLUSION

We have investigated the path losses of the wave propaga-
tion between the Jeungdo and Heuksando transceivers in
Korea coastal areas using the AREPS simulation software
based on the weather database of the Heuksando weather
forecast station and the digital terrain elevation data. Based
on the simulated results, a novel duct map was proposed that
can effectively predict the abnormal wave propagation char-
acteristics according to the modified refractive index. We
first confirmed the effects of the duct atmosphere on the
wave propagation by comparing the measured and simulated
data, and the averages of the measured and simulated path
losses were 139.7 and 138.1 dB from October 24 to 27 in
2017 at the Heuksando Rx station. In order to certify the
proposed duct map, two representative refractive indices
causing abnormal wave propagations were then attained
from the 2017 weather database, which are most similar to

the resulting refractive indices of the duct map. For the first
case, the path loss was 132.3 dB at the Rx point, and the
abnormal radio wave propagation delivers a large amount of
energy to the Rx compared to the free space. On the other
hand, a higher path loss of 140.1 dB was obtained at the Rx
point for the other case, where most of the energy from Tx
was trapped in the duct, and Rx was placed outside the duct,
making it difficult to receive the energy by wave propaga-
tion. This is because most of the energy from Tx was
trapped in the duct, and Rx was placed outside the duct,
making it difficult to receive the energy by wave propaga-
tion. The results demonstrated that the prediction of an
abnormal radio wave propagation can be accomplished
through the observation of the proposed duct map and the
height parameters of Rx and Tx in comparison to the altitude
of the duct could induce considerably distinct path loss
characteristics.
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