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This paper is using weather parameters to investigate the effect of refractivity on propagation in the first kilometer of the
atmosphere over the English Channel for a long transhorizon path of 140 km. Different refractivity profiles are constructed based
on meteorological data taken from the UK Meteorological Office in order to investigate the effects of refractivity on propagation.
The analysis is made for the hourly experimental path loss between the transmitter and receiver obtained from the experimental
setup comprised of two communication links. The frequency of operation of the first link is 2015 MHz and that of the second link is
240 MHz. Parabolic equation method is modelled to get an hourly modelled path loss corresponding to each hourly experimental
path loss to be analyzed for the said communication links. The correlation between the modelled path loss and experimental path
loss is computed for refractivity distribution recommended by the ITU and predicted profiles. It is inferred from the simulated and
experimental results that little or no influence exists by the evaporation duct upon path loss at 2015 MHz specifically for a long path

of 140 km over the sea.

1. Introduction

Radio communication links are significantly affected by
highly variable propagation conditions of the atmosphere.
Weather parameters can be used to predict distribution of
refractivity responsible for these conditions. Assessing these
variable conditions and providing a better prediction of
refractivity potentially help the designers of communication,
navigation, and radar systems to improve performance.
Refractivity predictions are very useful in many applications
of wireless communication, navigation, and surveillance
systems. Such predictions are important in order to cope with
the problems encountered where anomalous propagation
and unpredicted path loss affect the performance of these
systems. The influence of these unpredicted propagation
effects is sometimes so severe that a complete communication
breakdown occurs between transmitter and receiver or a
radar misses its target completely. It is mandatory for a
propagation engineer to take into account the deviation of
the propagating wave due to the changes in the distribution
of refractivity.

In this paper the phenomenon of ducting where a
propagating wave trapped in the form of a duct is inves-
tigated in the first kilometer of the atmosphere over the
English Channel for oversea propagation at UHF (2015 MHz)
and VHF (240 MHz) frequencies in the radio spectrum.
Ducting is classified into four different types with emphasis
on the evaporation duct over the sea. The most impor-
tant parameter to consider the effect of evaporation duct
or the depth of the electromagnetic duct is evaporation
duct height (EDH) which in turn determines how refrac-
tivity is affecting communication between transmitter and
receiver.

The theory of the methodology used in this research
for the simulation of radio wave propagation is provided in
Section 2 where it is described in detail why the method of
parabolic wave equation is selected. The experimental setup
is provided in Section 3 while the construction of modified
refractivity profiles is given in Section 4. Analysis and results
from the implemented model are discussed in Section 5
with a number of cases for different EDHs for two oversea
communication links. These links are labelled as “Link 1” for
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long path at UHF and “Link 2” at VHE. Finally, the conclusion
of the work is presented in Section 6.

2. Parabolic Equation Method

Different methods and techniques for measuring refractiv-
ity, for example, refractometer, radar, GPS occultation, and
lidar, are in use. These methods are limited in many ways
especially their practical implementation. For instance, the
performance of lidar is limited by the background noise levels
and high extinction conditions [1]. The parabolic equation
method (PEM) was originally proposed by [2] for long range
radio wave propagation in 1944. In 1946, [3] provided PEM
solution to electromagnetic waves problems. In 1977, [4]
decomposed an elliptical wave equation into two equations
through the choice of an arbitrary constant reference wave
number, one of which resulted in the development of the
standard parabolic equation (also called the narrow angle
parabolic equation) [5]. This technique gained popularity
quite quickly and a number of researchers started using it
by developing different solution methodologies [6-11]. This
technique has been used for many years to model radio wave
propagation in the troposphere especially over the sea.

PEM provides a reliable wave solution for the prediction
of electromagnetic field in which real refractivity profiles
are considered unlike the initially used rays-based solution
techniques and mode theory-based solutions techniques. In
contrast to PEM, ray-based and mode theory-based solution
techniques like geometrical optics [12], physical optics [13],
normal mode analysis, coupled mode analysis [14], and
hybrid methods [15] resulted in an inappropriate solution
[16].

The basic theoretical development of parabolic equation
starts with the reduction of the well-known 3-dimensional
Maxwell’s equations, representing the existence of a full
electromagnetic wave, to 2-dimensional time harmonic
Helmholtz equations in range (x) and altitude (z). This reduc-
tion is performed under the considered “paraxial propagation
domain” in which the energy of the propagating wave travels
in the form of a cone having vertex at the transmitting
antenna and making a small “grazing angle” (term used
for angle made by the wave with the horizontal direction
of wave propagation). The horizontal and vertical polarized
components of the field are propagating independently inside
the cone with a time dependence of e where w is the
angular frequency of the propagating wave and t is the time
(17].

Generally, two methods of finite difference method
(FDM) [18] and split step Fourier transform (SSFT) [19] are
used to get the numerical solution of the reduced parabolic
wave equation. An excellent comparative description of the
two methods can be found in [20]. The first method requires
huge computational resources because of getting the solution
of large system of simultaneous equations in large number
of unknowns and the specification of radiation boundary
conditions [21] on a closed domain [22]. FDM solves the wave
equation explicitly in the time domain only without dropping
the carrier frequency and hence a great amount of computing
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time and storage is needed. In this research SSFT algorithm
is chosen as it uses larger range steps, which makes it more
efficient computationally.

Split step Fourier transform technique works on the
principle of marching the solution forward in short steps
until converged solution is obtained. In other words, the
solution to the problem of interest is obtained by splitting the
solution in a series of phase screens (steps) orthogonal to the
direction of propagation of the field. First the initial field is
propagated and then a phase screen modulated by refractive
index variations is applied to it. The resulting field is then
forward propagated through the medium to the next phase
screen and so on. A more detailed technical mathematical
derivation for this technique with its application to tropo-
spheric propagation problems as well as its implementation
by using different solution methods can be found in [17].
In order to investigate the characteristics of refractivity and
its impact on wave propagation, a propagation model is
developed in MATLAB using PEM. The greater details about
mathematical formulation of the propagation model using
PEM and having implementation in MATLAB can be found
in [18-21]. The model is used to get an hourly modelled
path loss corresponding to the experimental path loss for all
communication links.

3. Experimental Setup

The experimental setup is comprised of two long (One at
UHF and other at VHF) transhorizon paths of 140 km over
the English Channel. The first link named as “Link 1”7 is
from Jersey St Johns Quarry to Portland Bill Lighthouse at
2015 MHz frequency. Similarly, the second link named as
“Link 2” is from Jersey St John’s Quarry to Alderney (Isl De
Raz) at 2015 MHz frequency.

The height of the UHF transmitting antenna at Jersey St
John’s Quarry is 16.5m (AMSL) and that of VHF antenna
is 175m (AMSL). The height of the receiving antennas
at Portland Bill Lighthouse is 12 and 13.4m (AMSL) for
UHF and VHE respectively, with vertical polarization. The
experimental half power beam width of the antennas is 17°.

For each communication link a set of 6000 values of
the received signal strength per hour (i.e., 25 values in 2
seconds, 4 times per minute) were recorded by both receiving
antennas. The median value for each set of 6000 recorded
received signal strengths is calculated which resulted in a new
data set termed as an “hourly data set.” The analysis made in
this work is based on the hourly data set; the reason for doing
so is that the meteorological data is available in an hourly
format. From the median set of hourly data experimental
path loss (EPL) is calculated for each communication link
according to the relation given in

EPL = CF — Py, 1)

where Py is the recorded received signal strength in dBm
and CF is the conversion factor in dBm from signal strength
(dBm) to path loss (dB).

The conversion factor (CF) is used to take into consid-
eration all the gains and losses at the transmitters, receivers,
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TABLE 1: Measured values for different parameters in the experimental setup [23].
Link/parameter Pyry (dBm) Pyry (dB) Lyery (dB) Gry (dB) Py (dB) Lyry (dB) Gy (dB)
Link 1 9.3 39.4 -4.5 14 14.5 -4.5 21.5
Link 2 9.3 39.4 —4.5 14 0 -4.5 21.5

TABLE 2: Geographical coordinates of all the weather stations along
with their heights.

Weather station Latitude Longitude Height AMSL (m)
Portland 50.517 —2.45 52
Jersey Airport 49.208 -2.196 84
Guernsey Airport 49.433 -2.6 102
Channel Light

49.9 -2.9 5
Vessel (CLV)

amplifiers, feeders, and so forth. The value of CF for “Link
1” and “Link 2” are 89.7 and 68.2 dBm, respectively. Con-
version factor is a specifically calculated value obtained by
using different parameters for each link which converts the
recorded received signal strength into path loss. The formula
for getting this value is given in (2). The detailed link budget
and calculation of the individual parameters used in (2) is
given in [24]. The values for all these parameters are tabulated
in Table 1 to get a corresponding CF value for each link.

CF = Py + Pary) = Liaerx) + G + Pare — Liary @)
+ Gryy

where P, is the power of transmitting source in dBmj
P 1y and Py gy are the power gains of the amplifiers at the
transmitter and receiver systems in dB, respectively; Ly,
and L gz, are the feeder losses at the transmitter and receiver
sites in dB, respectively; G(r,) and Gy, are the gains of the
transmitter and receiver antennas in dB, respectively.

The meteorological data, for example, temperature, pres-
sure, humidity, and so forth, used in this research were taken
from four weather stations. This data is used to find the
value of refractivity or modified refractivity or M profiles (see
Section 4). The geographical coordinates of these weather
stations and their heights above mean sea level are given in
Table 2. All the weather stations are in the vicinity of the
English Channel and are close to the sites of the experimental
setup.

4. M Profile Construction

Different types of M profiles are constructed to see their
effect on propagation. “M Profile 17 is constructed from
the measured meteorological data for each hour up to a
height of 102m. Above this height standard atmospheric
gradient of 118 MU per km is used to construct the remain-
ing portion of the profile. For this purpose, the hourly
meteorological refractivity data, available at the heights of
weather stations, are used. Although the weather stations
are at different geographical locations, however their range
difference is insignificant and can be ignored. This is due to

the approximation of horizontally independent refractivity
as a reasonable case usually applied in PEM [25]. The range
difference is not effective when the variations in refractivity
are on a small scale (where the distance between transmitting
and receiving sites is less than 100 m). When the variations
in refractivity are on a large scale the troposphere is stratified
in horizontal layers due to the effect of gravity [26]. Linear
interpolation is performed to get the values of refractivity for
heights lying between the heights of weather stations.

“M Profile 2” is obtained from the available meteoro-
logical data up to a height of 102m and above this height
ITU recommended values are used as described by ITU-R
P453-10 [27] using the monthly mean change in refractivity
for February, May, August, and November as 40, 50, 50, and
45NU per km, respectively. For the remaining period a linear
interpolation is made between the two available consecutive
monthly values. These obtained values for March, April, June,
July, September, October, December, and January are given as
43.33, 46.66, 50.00, 50.00, 48.33, 46.66, 43.33, and 41.66 NU
per km, respectively. The ITU-R P.453-10 [28] recommended
value for surface refractivity equal to 315NU is used.

“M profile 3” is constructed from the actual meteoro-
logical data up to 102m height and standard atmospheric
gradient above 102 m in the same manner as profile 1; however
the tidal variations included in this profile make it different
from M profile 1. From the available tidal data (4 values per
day) obtained from British Broadcasting Corporation (BBC),
linear interpolation is made to get hourly tidal variations for
each site for the period of the experiment. The heights of
transmitting and receiving antennas for each communication
link in each model run were adjusted accordingly to include
the effect of high and low tides at the time of occurrence.

“M Profile 4” is the tidal version of “M profile 2” where
compensation for the tidal variations is made by including the
avaijlable tidal data in the same way as done in the case of “M
profile 3.”

The four M profiles are further adapted to include the
effect of an evaporation duct up to the altitude 52m. The
values of EDH used are 0, 10, 20, and 30 m. The M profile
representing EDH of 0 m means that no effect of the evap-
oration duct is included and the meteorological values are
considered only as a reference case. For each M profile the
linear variation in refractivity between the two consecutively
available meteorological values at a height of 1 and 51 m is
adapted by exponentially varying refractivity values using (3)
[17]. For example, “M profile 1 with EDH 10 m” means that the
M profile is a combination of exponential data between 0 m
and 10 m, meteorological data from 11 to 102 m, and standard
data above 102 m.

zZ+z,
M = M, +0.125x | z — Eg, x log,, , (3)
)



TABLE 3: Number of simulations performed in each month for each
frequency (all M profiles).

Month/link Link 1 Link 2
July 673 686
August 672 671
September 682 680
October 716 413
November 712 175
December 571 157
January 694 34
February 619 69
March 708 0
April 714 0
May 677 458
June 664 664

where M, is the value of modified refractivity at the Earth’s
surface; z, is Jeske’s roughness length equal, over the sea, to
0.00015m; and Ey, is the evaporation duct height in metres.

5. Discussion and Analysis

The effect on path loss can be analyzed by changing some of
the basic parameters like evaporation duct height, antenna
height, frequency of operation, distance between antennas,
and so forth, to get improved results from the simulations.
These parameters are changed in a suitable manner for a range
of arbitrary values depending on getting accurate output
results in terms of path loss which were also validated through
some other means, for example, theatrical calculation. The
characteristic curves are analyzed for all these parameters
used in the model. The results of such analysis are not shown
in this paper as it was purely to validate the implemented
model.

The minimum and maximum value for evaporation duct
height used in this work are 0 m and 30 m, respectively. The
increase from 0 to 30 m in step size of 10 m is performed
to see the effect of the change in the refractivity profile on
the propagation at UHF and VHE The number of simulation
runs for each frequency and month is based on how many
hourly experimental values are available; that is, a simulation
corresponding to the measured weather data for each hour
is performed. Table 3 presents the number of simulation
runs performed in each month according to the available
experimental path loss values in the hourly data set. The
observed path loss values are correlated with those produced
by the simulation runs. Clearly the amount of data available
will affect the correlation.

The correlation analysis is started by looking at the data
for the complete period of the experiment. Although it was
not really expected to have some useful output from the
analysis of huge data for a whole year, it was worth looking
in case it did. In the annual analysis, all the obtained results
of modelled path loss for the whole year of investigation
are correlated with the experimental path loss for all the
communication links and all the M profiles. This is repeated
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for each of the four selected evaporation duct heights, which
resulted in a total of 32 correlation coeflicients as shown in
Table 4. The value of correlation coefficient obtained from the
comparison of each experimental path loss to the modelled
path loss is quantified as insignificant if it lies in the range of
-1.0 to 0.2, significant if it lies in the range of 0.2 to 0.6, and
highly correlated if it lies in the range of 0.6 to 1.0.

Monthly correlation coefficients for the four M profiles
and evaporation duct heights in case of “Link 1” are presented
in Figure 1. The p value is plotted with each bar of correlation
coefficient which shows the confidence level of that value
of correlation coefficient. The p value of more than 0.1
represents less than 10% confidence in the output and hence
such correlation coefficients are not counted as effective in
this analysis.

For “Link 1,” there are two months (i.e., July and August)
where the correlation coefficient is significant for EDH 0 m.
“M Profile 1” is giving the best correlation among all the
profiles. It has some significant correlation in the month of
April as well. In April, “M profile 1” is giving significant cor-
relation coeflicient for EDH 0 m and insignificant correlation
coefficient for EDH 30 m. The annual correlation coefficient
value for “M profile 1”7 is also the highest (0.2 for EDH 0 m)
among the other M profiles as shown in Table 4. Since they
have some of the highest correlation coefficients, July and
April are chosen for further analysis.

When modelled and experimental path losses are further
analyzed for July, some observations in the experimental
path loss (e.g., around 17th and 29th July) are made which
are followed by the fluctuation in the modelled path loss.
However, there are some fluctuations (e.g., around 9th, 10th,
and 15th July) which are not followed by the modelled path
loss. These fluctuations in the experimental path loss may not
be due to the variations in refractivity. Similarly, the results for
April for EDH equal 30 m when “M profile 1” is used as input
to the model. The modelled path loss is found to be almost at
a constant level where the experimental path loss is changing.
It is due to the very small change in the obtained values
of refractivity from the weather stations which effectively
yielded an insignificant correlation between the modelled
and experimental path losses.

Figure 2 shows monthly correlation coefficients with p
values for all the M profiles and evaporation duct heights
for “Link 2.” For “M profile 1,” “M profile 3,” and “M
profile 4,” the p values are high and hence the correlation
coeflicients are outside the confidence level of 10%. This
is true for all the evaporation duct heights. Even for “M
profile 2,” mostly insignificant correlation coefficients exist;
for example, for EDH 10m all the monthly correlation
coeflicients are insignificant except in November and April.

The very small values of annual correlation coefficients,
for “M profile 1,” “M profile 3,” and “M profile 4” at all the
evaporation duct heights, confirm that only “M profile 2” is
found to be the best profile for “Link 2.” “M Profile 2” has
significant correlation coefficient of 0.49 and 0.38 for EDH
30 and 20 m, respectively.

The monthly correlation coefficients for profile 2 at EDH
30 m are shown in Figure 2(d) where most of the correlation
coeflicients are above the level of 0.3 with high peak of 0.38 in
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TABLE 4: Annual correlation coefficients for all the communication links and M profiles for (a) EDH 0 m, (b) EDH 10 m, (¢) EDH 20 m, and
(d) EDH 30 m. EDH is the evaporation duct height.

Link M profile 1 M profile 2 M profile 3 M profile 4

EDH (m) Om I0m 20m 30m Om 10m 20m 30m Om 10m 20m 30m Om 10 m 20m  30m
Link 1 020 -0.09 0.13 -0.15 0.17 0.17 0.18 0.02 0.17 0 0.02 0 0.05 -0.01 -0.02 0.01
Link 2 029 031 001 -0.11 0.24 0.07 011 -0.02 032 034 011 0.06 025 0.12 0.17  0.06
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FIGURE 1: Monthly correlation coefficients for different M profiles for “Link 1” in case of (a) 0 m EDH, (b) 10 m EDH, (c) 20 m EDH, and
(d) 30 m EDH. The bar and line represent the correlation coeflicient and p value, respectively. MPL and EPL are the modelled path loss and
experimental path loss, respectively.
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(d) 30 m EDH. The bar and line represent the correlation coefficient and p value, respectively. MPL and EPL are the modelled path loss and

experimental path loss, respectively.

May. Although there are some changes in the EPL, there are
very little or rather no changes in the corresponding value of
MPL throughout the month of May.

The behaviour of smooth MPL is analyzed for the whole
year (results not shown here), and it is found to be the same
throughout the year. Therefore, it is concluded that the effect
of variations in refractivity is not severe for the long path
at VHE In order to validate this result, some more results
(Not shown here) are analyzed for the same period with “M
profile 4,” where it can be seen that the tidal patterns are
changing the MPL alone when compared to the results and
therefore refractivity variations are not affecting the signal at
VHEF frequency over the sea.

6. Conclusion

The objective of this research was to investigate the effect of
variations in refractivity for oversea UHF (2015 MHz) and
VHF (240 MHz) propagation at different heights and time. A
communication network was set up over the English Channel
for two communication links where a high resolution data
of 6000 values of signal strength per hour was recorded
for a period of a year for each communication link. Since
the research is about oversea paths only, so a limited height
over the sea was considered as a region of interest where
the influence of evaporation duct upon path loss is more
dominant. In this region the ducting of the signal due to the
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local meteorological variables may result in a considerable
reduction in path loss of each communication link. However,
it is a very difficult phenomenon as the trapping of a signal in
a duct depends not only on the frequency of the propagating
wave but also on the incidence angle. The effect of changing
the evaporation duct height on propagation was investigated.

Based on the combined monthly and annual analysis
presented in this research for the modelled and experimental
observations over the sea, it is concluded that for UHF
waves propagating on a long path of 140 km, the strongest
correlation between experimental and modelled path losses
occurs when the evaporation duct is absent from the model.
It means that the propagating signal is mostly affected by
the evaporation duct in case of “Link 2” while there is no
effect of evaporation duct on propagation in case of “Link
1.” Tt is also concluded that there is, comparatively, less effect
of evaporation duct on propagation in case of UHE The
standard refractivity profile is found to be the best for the
UHF frequency while the ITU recommended refractivity
profile work better than the standard profile for the VHF
frequency.
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