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With the rapid development of the fifth-generation (5G) mobile communication technology, the application of each
frequency band has reached the extreme, causing mutual interference between different modules. Hence, there is a re-
quirement for detecting filtering and preventing interference. In the troposphere, over-the-horizon propagation occurs in
atmospheric ducts and turbulent media. The effects of both ducting and turbulence can increase the probability of occur-
rence of long-distance co-channel interference (CCI), in turn, severely affecting the key performance indicators such as
system access, handover and drop. In the 5G era, to ensure communication channels and information security, CCI must be
reduced. This paper introduces a scattering parabolic equation algorithm for calculating signal propagation in atmospheric
ducts on irregular terrain boundaries. It combines Hitney’s radio physical optical model and Wagner’s nonuniform turbu-
lent scattering model for calculating the tropospheric scattering in an evaporation duct or a surface-based duct. The new
model proposes a tropospheric scattering parabolic equation algorithm for various tropospheric duct environments. Finally,
as a specific case, the topographical boundaries between several cities in the East China Plain were considered, and the
over-the-horizon propagation loss was simulated for various ducting and turbulent environments. The simulation results
were used to evaluate whether CCI would occur between cities in a specific environment.

Keywords: atmospheric duct, tropospheric turbulence, co-channel interference, terrain parabolic equation

PACS: 41.20.Jb, 42.25.Dd, 42.25.Fx, 42.25.Gy

1. Introduction

The main cause of long-distance co-channel interference
(CCI) is the atmospheric duct effect. Atmospheric ducts cause
over-the-horizon propagation, thereby increasing the probabil-
ity of crosstalk between long-distance communication signals.
Studying the over-the-horizon propagation loss caused by this
effect is important. The latest progress on the lower boundary
of the duct has reached to the ducting propagation consider-
ing the boundary of the irregular terrain. On this basis, in this
study, we consider the irregular terrain of the lower boundary
of the duct to be the real topographic undulation distribution
profile between cities. In addition, there are often turbulent
motions in the troposphere, and the upper boundary of the duct
involves tropospheric scattering caused by turbulence. This
study combines these two boundary conditions to predict the
over-the-horizon transmission of signals in atmospheric ducts
to determine whether there is CCI between cities.

The parabolic equation method is the mainstream method
for calculating the over-the-horizon transmission in the duct.
In 1977, Tappert applied this method to acoustic propagation
in the ocean.!'l In 1986, Ayasli proposed the SEKE model to
calculate the propagation of low-altitude radar on nonuniform
terrain, considering multipath effects, spherical earth diffrac-
tion, and multiwedge boundary diffraction loss.[?) In 1990,
Levy applied the finite different scheme to solve the parabolic
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equation, making it suitable for radio wave diffraction on ar-
bitrary terrain when the atmospheric reflection exists. Com-
pared with the geometric diffraction theory, of which the ter-
rain can only choose the idealized shape like knife-edge or
wedges, the parabolic equation (PE) algorithm can directly in-
put digital terrain.’! In 1991, Kuttler and Dockery deduced
the expression of the Helmohotz equation strictly converted
from the spherical coordinate system to the rectangular coor-
dinate system. They proposed the split-step Fourier transform
(SSFT) method for solving the parabolic equation of atmo-
spheric transmission on the impedance boundary of the earth’s
surface.*l In 1992, Barrios proposed a range-dependent envi-
ronments model and applied it to the PE model to calculate tro-
pospheric radio wave propagation.®! In 1993, Yuan used the
linear combination of odd and even functions to introduce the
impedance boundary into the PE method, which overcame the
restriction in the PE-SSFT scheme that it can only be applied
on smooth surface boundaries.[®! In 1994, Barrios proposed
the terrain parabolic equation model (TPEM) for tropospheric
propagation based on the Fourier split-step scheme, assuming
that the terrain boundary is perfectly conductive and smooth.
Comparisons were made among the numerical simulation re-
sults of TPEM and other terrain models and the experimental
data, and good agreements were obtained.!”! Tn 2000, based on
the multiple mapping developed by Beilis and Tapert, Dono-
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hue and Kuttler applied the piecewise linear shift map method
to the wide-angle PE model. ®!

The CCI phenomenon can be divided into close-range
CCI between cells and long-distance CCI between cities. The
long-distance CCI studied in this work is caused mainly by the
occurrence of low-altitude ducts and turbulence effects.

In 1975, Dadson proposed timesaving computer pro-
grams to predict the field strengths from mobile radio base sta-
tion transmitters and a method to facilitate frequency assign-
ment in possible areas of co-channel interference. ! In 1980,
Gosling used a simple mathematical model to predict the ef-
fects of CCI and adjacent-channel interference in land mobile
radio, and this model is applicable for flat urban terrains. ']
In 1995, Gao and Wong proposed a new adaptive method for
CCI cancelation in the uplink of future multichannel commu-
nication satellite systems. This method does not require a
reference signal and is suitable for phased-array and multi-
beam antennas. A modular cascade structure was developed
for its implementation. Its performance was verified via com-
puter simulations.!'!) Tn 1999, Li and Sollenberger studied
the parameter estimation problem of the least mean square
difference set combiner when using an adaptive antenna ar-
ray for interference suppression for orthogonal frequency di-
vision multiplexing (OFDM) systems with CCI problems. An
improved parameter estimation method is proposed to effec-
tively suppress the synchronous and asynchronous interfer-
ence of packet and continuous data transmission in OFDM
systems.!'?] In 2010, Kohno et al. proposed a CCI approach
to eliminate the asynchronous spread spectrum in multiple ac-
cess systems. CCI is considered the portion that can be regen-
erated at each receiver, and CCI problem can be eliminated
by using linear algebra based on the known relationship be-
tween random noise sequences in all active channels.!!3 Tn
2004, Li et al. proposed a method of using learning vector
quantization to eliminate the CCI of burst transmission in a
time-division multiple-access cellular mobile communication
system.!'#! In the same year, Zhang et al. studied the CCI pro-
cessing method for downlink multicell user MIMO networks
and proved that the base station cooperative processing capa-
bility was improved significantly even under severe CCIL.[!3]
Later, Beaulieu determined the bit-error-rate performance of a
new wideband effective pulse shape in the general fading and
CCI environment. The new pulse has better bit-error-rate per-
formance than the improved cosine pulse. 6] 1n 2006, Winters
studied the optimal signal combination for spatial diversity re-
ception of cellular mobile radio systems under CCI so that the
system requires fewer base station antennas or achieves higher
channel capacity through higher frequency reuse. In 2010, Qu
et al. discovered the phenomenon of long-distance CCI in ra-
diowave over-the-horizon propagation and proposed solutions

for different interference levels.[!”! In the same year, Gulati re-
ported the statistical physical modeling of CCI from the circu-
lar field of Poisson-distributed or Poisson-cluster-distributed
interferometers. Further, by considering the interference dis-
tributed over the parametric ring region, an interference statis-
tic of finite and infinite region interferences, with or without
a guard region around the receiver, was obtained.['® Tn 2013,
Gupta et al. proposed a simple analytical model of important
fading distributions such as the Weibull distribution and Nak-
agami distribution, and derived a closed solution of CCI for a
linear interference distribution. !

The fifth-generation (5G) mobile communication tech-
nology will support a greater bandwidth, more connections
and lower latency. The CCI problem will be more serious
in a more complex base-station networking. At present, for
the multicampus cellular system of the time division duplex
(TDD) scale networking, the existing solution cannot accu-
rately locate the source of the long-distance CCI. Therefore,
further research on the evaluation, location, and suppression
of long-distance CCl is necessary. Based on the analysis of the
over-the-horizon propagation characteristics of radiowaves in
a nonuniformly distributed atmospheric environment, that is,
considering the existence of ducts and nonuniform turbulence
phenomena, we studied the over-the-horizon propagation of
electromagnetic waves in irregular terrain between cities, and

analyzed the long-distance CCI in mobile communication.

2. Long distance CCI communication

In the TDD wireless communication system, under cer-
tain climatic, terrain and environmental conditions, the prop-
agation of wireless signals exhibit an atmospheric ducting ef-
fect. Electromagnetic waves perform over-the-horizon propa-
gation within the trapping layer of the duct.

Although the design of the guard period (GP) in the frame
structure of a TDD system provides protection against long-
distance interference at a certain distance, long-distance CCI
may still occur in commercial TDD systems. The possible rea-
sons are that the physical distance is relatively large or that the
interference source signal has undergone repeated refractions
and reflections to produce similar interference in the form of
multipath propagation.

In the case of large physical distance, when the remote
base station is within the atmospheric duct layer as the emis-
sion source, the high-power downlink signal of the remote
base station reaches the disturbed base station through long-
distance transmission. The long-distance transmission time is
long, and the transmission delay exceeds the GP in the TDD

system. This causes the downlink (DW) signal of the remote
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base station to fall within the uplink (UP) time slot of the
nearby base station, causing CCI in the TDD system.

Figure 1 shows a schematic diagram of frame interfer-
ence in a TDD system. In the case of a strong duct, the long-
distance and small-attenuation transmission of the co-channel
signal over an ultra-long distance causes cross-slot interfer-
ence of the TDD, that is, the DW interferes with the UP on the
special subframe and the uplink U subframe.

Target| D [ DW [GP[UP[ U | D | D |
IsS1f D [ Dbw]|Gp[upl U | D | D |
2] b [bw]geluel U [ D | D |
isn] D | pw [Gplue] U [ D | D |

Fig. 1. Frame interference schematic diagram.

2.1. The cause of long-distance CCI

The main factors that produce long-distance CCI are the
atmospheric duct effect and the tropospheric scattering effect.
Under special climatic conditions, electromagnetic waves are
trapped in the duct layer and scattered at the top of the duct
layer. The signals propagate far beyond the line of sight with
small propagation losses.

The troposcatter propagation mode can travel more than
1000 km because of many vortex-like turbulent air masses
formed by air in the troposphere. The spiral turbulent air
mass is equivalent to a passive transmitting antenna that can
reflect the electromagnetic wave transmitted by ground trans-
mitters to distant places. Figure 2 shows the trans-horizon
transmission between different cities due to the tropospheric
scattering propagation mode. The tropospheric scattering ef-
fect may occur at any time and is affected greatly by meteorol-
ogy. The propagation field strength in summer is larger than
that in winter, and in the morning and night is larger than that
in the noon. The troposcatter effect is more obvious for signals
above 100 MHz.

Common
volume

City A j/ \T: City B
XMTR F F; RCVR]

Fig. 2. Tropospheric scattering mode.

The maximum propagation distance of the atmospheric
duct propagation mode is the sum of the theoretical distance

and 100 km of the line-of-sight propagation distance. The
principle of this mode is that the electromagnetic waves in the
very high frequency (VHF) and ultra high frequency (UHF)
bands refract repeatedly in the duct layer owing to the different
atmospheric temperature, pressure and water vapor distribu-
tions. These refractions cause the bending of the propagation
path to change, and form a good channel for radio propaga-
tion. This type of propagation is called the atmospheric duct
propagation. Figure 3 shows the tropospheric duct propaga-

tion mode.

Atmospheric
duct layer

Height (m)

M-profile of
evaporation duct

Earth surface

Fig. 3. Tropospheric duct propagation mode.
After over-the-horizon propagation, the high-power
downlink signal of the remote base station located at a cer-
tain height is transmitted to the nearby base station through
long-distance propagation. Since the long-distance propaga-
tion time exceeds the GP between the uplink and downlink in
the TDD system, the downlink signal of the distant base station
is received by the near base station at the receiving time slot of
the nearby base station, thereby disturbing the uplink recep-
tion of the nearby base station,and resulting in long-distance
CCI in the TDD system.

2.2. Positioning of interference sources and schemes for
processing CCI

The current evaluation scheme of long-distance CCI is
mostly actual measurement. The process is complicated, time-
consuming and laborious. In this work, we modeled the over-
the-horizon transmission loss caused by a tropospheric duct
and tropospheric nonuniform turbulence, and evaluated the
long-distance CCI from the long-distance propagation loss.

Figure 4 shows the principle of CCI caused by over-the-
horizon propagation. During the propagation, the signal may
encounter various media environments such as vegetation,
bare soil and freshwater areas on the path between cities. So
long as the transceiver antenna is located in the duct-trapping
layer, over-the-horizon propagation of signals may occur. Un-
der the influence of complex lower boundary conditions and
turbulence effects, CCI may occur between cities.
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Long distance co-channel
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Fig. 4. Cochannel interference caused by over-the-horizon propagation.

The current technology to locate the CCI source is diffi-
cult to implement. In particular, according to the characteris-
tics of the frame structure in the time division-long term evo-
lution (TD-LTE) system and the possibility of intercell inter-
action information, it is determined whether the interference
received by the base station in the TD-LTE system is from the
downlinks of a co-channel base station at a distance. Then, the
interference source can further be located.

The characteristics of the frame structure are only one
aspect of the TD-LTE system to circumvent such interfer-
ence. To locate the long-distance CCI source in the TD-
LTE system specifically, it is necessary to determine whether
the nearby base station in the TD-LTE system is subject
to long-distance CCI, to determine the CCI source loca-
tion, and to take measures to reduce CCI. In addition to
the schemes proposed in this paper, the current evaluation
methods for the long-distance CCI, positioning interference
sources, and interference-resolving techniques are available in

literature.[!”]

3. Tropospheric atmospheric duct
3.1. Parabolic equation algorithm

At radiowave frequencies (below 100 GHz), the propaga-
tion in the atmosphere is affected mainly by oxygen and water-
vapor molecules. To a very good approximation, the air can be
considered as a non-dispersive medium for radio frequencies.
The real part of the radio-refractive index is then given by the

Debye formular(?”)

P
n=1+77.6x 10*6?+o.373%, (1)

where P is the atmospheric pressure in millbars, 7 temperature
in Kelvin and e water vapor pressure in millbars.

The atmospheric refractive index remains very close to
unity. Surface values of n, which are usually strongest and
vary rarely exceed 1.0004 or so. It has become customary to

use the refractivity N,>! which is defined by
_T76P 373 10%e
T T2
where the refractivity N is expressed in N-units.

N=10%x (n—1) )

In general, the refractivity of tropospheric, N, mostly
changes in units of 250-450 N-units. As the height increases,
temperature decreases slowly, while atmospheric pressure and
water vapor pressure decrease rapidly, causing the refractivity
to decrease with height gradually. Because of changes in the
meteorological environment, temperature and humidity inver-
sions occur frequently, resulting in abnormal refractivity gra-
dients that lead to the formation of an atmospheric duct.

The evaporation of seawater vapor causes an abnormal
decrease in humidity with increasing height, possibly forming
an evaporation duct over the sea. The advection and sinking
motions of the air, resulting in an abnormal increase in tem-
perature with increasing height, often lead to the formation
of a surface duct or an elevated duct. When the atmospheric
refractivity gradient is less than a certain threshold, that is,
dN/dh < —0.157 N unit/m, the electromagnetic waves are
trapped and refracted within a certain height, causing over-
the-horizon propagation in the atmospheric duct.

Considering that a signal forms an over-the-horizon prop-
agation in the duct layer, the distance is far enough that the
curvature of the Earth must be considered. Then, the corrected
refractive index m is expressed as follows:

m(h) = n(h) +h/ae, ©)

where & is the height in km of the calculated point from
the ground, and a. is the average radius of the Earth in km
(6371 km). Then, according to the above formula, the cor-
rected refractivity M (M-units) is as follows:

M=(m—1)x10*=N+10°xh/a=N+15Th.  (4)

The parabolic equation algorithm is used to calculate the prop-
agation characteristics of radio waves in a complex atmo-
spheric environment on a nonuniform surface. According to
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Maxwell’s equations, the electromagnetic wave signals are as-
sumed to propagate in the x-direction, regardless of the influ-
ence of the y-direction, and the z-direction is the height di-
rection. The refractive index n of the propagation medium
is isotropic. Considering only forward propagation and using
Feit—Fleck approximation for the pseudo differential operator,
the wide-angle parabolic equation can be expressed by!??!

Ju(x,z) . 1 02
= ik 1—1—@-8—12—1 u(x,2)
+ik(n(x,z) — u(x,z), )

where kg = 27/ A is the electromagnetic wavenumber depend-
ing on the wavelength of the electromagnetic wave. Further,
u(x,7) is an electric field component or a magnetic field com-
ponent, and the wide-angle parabolic equation can be used to
theoretically calculate the over-the-horizon propagation within
a radar elevation angle of 30°.

3.2. WAPE based on piecewise linear topographic shift
map

When studying CCI caused by over-the-horizon propa-
gation between actual cities, it is necessary to consider the
influencing factors on the lower boundary of the region, that
is, the nonuniform surface. This problem is solved by using
the piecewise linear terrain shift map!®! proposed by Donhue
et al. Based on the continuous terrain shift map!!! proposed
by Beilis and Tappert, the piecewise linear terrain shift map
uses the slope of the terrain instead of the curvature of the ter-
rain for the parabolic equation. This helps remove the defects
of the Beilis—Tappert’s continuous terrain shift map algorithm
whose terrain curvature is difficult to obtain.

Beilis et al. considered the terrain calculation of the
parabolic equation based on the coordinate transformation
method. In this method, a new coordinate system is estab-
lished on a nonuniform surface, and the propagation of elec-
tromagnetic waves is transformed in the presence of ducts and
turbulence to a flat ground form through coordinate transfor-
mation. The parabolic equation is now expressed as follows by
using a coordinate transformation and approximation method:

24_'376_]‘/ 14_&76
ox lax 0z laz g

. 2 .
_ 21k<aaz+i?92> l[/—&—%(nz—i—l)l//, (6)
where k is the wavenumber, 7 is the refractive index and T
represents the slope of the terrain. The field components are
expressed in a simplified form as ¢ (x,z) = exp(i0) ¥ (x,z2)
in the new coordinates. This formula is a parabolic equation
corresponding to the Beilis—Tappert continuous terrain shift
map approach. Let the derivative of the phase function be

00/dz=kT’, that is,
0 (x,2) = kzT" (x) + f (x), ©)

where f'(x) = k(1+7’)/2. Based on this derivation, the
wide-angle parabolic equation in the new coordinate system
is obtained as follows:

) 9’

where T is the curvature of the terrain, expressed as T =
d?T (x)/dx. If T = 0, the terrain is flat, and the above equa-
tion becomes a parabolic equation with a wide angle on flat
ground.

However, the actual topographic curvature is difficult to
obtain, and the phase factor is considered according to Don-
hue et al. as follows:

8 (x,2) = KozT" (x) + f (x), ©9)

where kg is a constant. Substituting Eq. (9) into the forward
parabolic equation, with approximation, we obtain the follow-
ing equation:

A k2 92 . n2 =T
o Wi o v ey (9

The above formula is a wide-angle parabolic equation (WAPE)
of the piecewise linear topographic shift map approach. In this
formula, the terrain slope 7" is used instead of terrain curva-
ture 7" used in Beilis-Tappert continuous topographic shift
map approach.

3.3. Hitney’s radio optical model

In addition to tropospheric ducts, tropospheric scatter
caused by atmospheric turbulence is an important factor af-
fecting the over-the-horizon propagation. Hitney proposed a
simple method to explain the troposcatter using the parabolic
equation of the radio physical optical model. He proposed
a hybrid scattering model, the radio physical optics (RPO)
model,!?* combining ray optics with parabolic equations.
This RPO model is suitable for evaluating the tropospheric
effects of distances in the frequency range of 100 MHz to
20 GHz. This method can be used to calculate the tropospheric
scattering problem caused by atmospheric turbulence by using
the PE method in a simple and effective way. In the mean-
time, it avoids the problem that turbulence is ignored when the
turbulence scale is smaller than dz in the phase screen method.

PE can predict the propagation loss caused by diffraction
and other problems well. Although the loss caused by tropo-
spheric scattering is far less than that caused by diffractions,
the combination of the two has a great influence on the appli-
cation of communication and interference.
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In the RPO model, the scattering effect is modeled as a
series of random and uncorrelated microlayered layers super-
imposed on the mean refraction field. The one-dimensional
refractive index profile is described as follows according to
Gossard: [*4

Sa(k) = 0.249C2k /3, (an

where the effective median structure constant is defined by
Doviak as!?!

C2~3.9x 10 B exp(—z/2000), (12)

while z is the sea surface height in m, and k is the dimension-
less wavenumber.

The RPO model adds the refractive index perturbation
caused by atmospheric turbulence to each step of the atmo-
spheric corrected refractive index profile. The atmospheric re-
fractive index profile considering random stochastic refractive
index is expressed as

Ascatter = i + 1f, (13)

where n; is the refractive index in the PE model without con-
sidering the tropospheric scattering, and ¢ is the random re-
fractive index perturbation caused by tropospheric scattering

_ Yrand — 0.5
0.408

while 7;,nq is @ random number that is uniformly distributed by

Sn(k), (14)

a parameter of (0, 1), and the corrected refractivity considering
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E E
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2 200 ®
5 2 200
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1180 250+
160 200}
140 150}
120 —— Loss with turbulence
100 —Loss w1th0ut turbulence
100 0 100 200 300 400 500

Dlstance (km)

the curvature of the earth is expressed as

Micatier = My +M; = (n; — 1) x 10° +0.157z 4 ng x 105, (15)
The global positioning system (GPS) L1 band signal
(1.57542 GHz) is used to test the path propagation loss distri-
bution of electromagnetic waves in the standard atmosphere,
evaporation duct and surface duct environments under the in-
fluence of tropospheric scattering. The simulation results are
shown in Figs. 5-7. The test parameters are as follows: the
height of the transmitting antenna is 13 m in the standard at-
mosphere and evaporation duct, and 60 m in the surface duct.
The transmitting radar is horizontal polarized. The M-profile
of the evaporation duct is simulated by using the classical
single-parameter Paulus—Jeske (PJ) model. The evaporation
duct height is 13 m, and the M-profile of the surface duct
is simulated by using a tri-folded four-parameter model, [>°!
which is expressed as [40 40 0.12 —0.2]. The wavenumber
width is 3°.
mum propagation angle is 4°. The number of Fourier trans-

The emission elevation angle is 0°. The maxi-
form point is 2!3. The sea surface electromagnetic parame-
ter is 70 4+ 5i. The lower boundary is assumed to be an ideal
impedance boundary condition.

Figure 5 shows the spatial distribution of the propagation
loss in the standard atmosphere and the propagation loss vs.
distance at the antenna height. Figure 6 shows the situation in
evaporation duct environment, and Fig. 7 shows the situation
in surface duct environment.

Path loss vs distance at height =13 m

Path loss (dB)

In standard atmosphere

150 20
Distance (km)

Fig. 5. (a) Propagation loss in standard atmosphere without turbulence, (b) propagation loss in standard atmosphere considering turbulence, (c)
comparison of propagation loss vs. distance at antenna height with and without turbulence.
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Fig. 6. (a) Propagation loss in evaporation duct without turbulence, (b) propagation loss in evaporation duct considering turbulence, (c)
comparison of propagation loss vs. distance at antenna height with and without turbulence.
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Fig. 7. (a) Propagation loss in surface duct without turbulence, (b) propagation loss in surface duct considering turbulence, (c) comparison of
propagation loss vs. distance at antenna height with and without turbulence.

Figures 5(a) and 6(a) illustrate the enhancement effect of
atmospheric duct on over-the-horizon propagation of electro-
magnetic wave signals. Figures 5(c) and 6(c) jointly illustrate
the significant influence on the over-the-horizon propagation
of signal caused by tropospheric scattering. In the simulation,
we assume the lower boundary is perfect electric conductor.
It is shown from Figs. 5(c) and 6(c) that in the near propa-
gation distance, the difference between the propagation loss
in atmospheric duct with or without turbulence considered is
little, with the increase of propagation distance, and the tur-
bulence decreased the path loss obviously. The tropospheric
scattering we considered here is mainly in the ducting layer.
It is reasonable to assume that when signals propagate in the
ducting layer, the tropospheric vortex makes the scattering at
the upper boundary of ducting layer stronger. So when the tro-
pospheric scattering is considered, signals in the ducting layer
could transmit farther.

In addition, the surface-based duct is simulated according
to Hitney’s RPO model. The simulation results in Fig. 7 show
that for surface-based duct, the model simulating the tropo-
spheric scattering has little effect on over-the-horizon propaga-
tion. This is related to the effective median structure constant
chosen in the RPO model. According to Eq. (11), C? defined
by Doviak has a negative exponential relationship with the
height. The power could approach 1 so long as the top height
of the duct layer is high enough. This leads to a constant item
Cﬁ in the surface-based duct, which cannot effectively simu-
late the influence of the troposcatter on the surface-based duct
top layer. In response to this, Wagner et al. proposed a new
effective median structural constant form, taking into account
the base layer height and the thickness of the duct layer. This
form is more consistent with the meteorological conditions of
the actual turbulent stratified motion. By combining Hitney’s
RPO model with Wagner’s nonuniform turbulence model, a
new scattering parabolic equation model for low-altitude ducts
and high-altitude tri-folded ducts was obtained.

3.4. Nonuniform turbulence model

The effective median structure constant assumed by the
RPO model is simple in form and has no strong correlation

with the duct height of the inversion layer. However, the ma-
rine atmospheric boundary layer (MABL) witnesses turbulent
stratified movement. When fully developed, the MABL is di-
vided into the surface layer, mixed layer and inversion layer
under the free troposphere. The stress and horizontal pres-
sure gradients between the layers are balanced to ensure a con-
stant mass of MABL. Because of the balance between the two,
we are unable to determine the turbulence scale of the mixed
layer and the inversion layers easily.”?”) However, eddy dis-
placement effect ensures that the water vapor content in the air
approaches the horizontal mean properties at nearby heights.
According to the expression of the refractive index in Eq. (1),
water vapor is the main factor controlling the change in the re-
fractive index. The larger the water vapor gradient, the larger
is the variance in the height of the layer. Hence, the refractive
index change caused by the inversion layer with a large water
vapor gradient is much larger than that of the mixed layer.

According to Gilbert et al., /i (z) can be increased by more
than 10 times in the inversion layer of a duct,!?! that is, C2
varies over height when there is a duct, reaching a maximum
in the middle of the inversion layer, and returning to a nearly
constant value above the duct. In response to this, Wanger
and Gersoft et al. proposed a nonuniform turbulence model
for modeling the effective median constants with changes in
height for actual meteorological phenomena. This model sim-
ulates the increase in C? near the middle of the inversion layer
in a duct

Ga(2)
= G[14+Kexp(—(z— (m3+my/2))?/(ma/(ma/2)?)], (16)

where C; represents the reference value of Cg, ms3 and my are
the base height and thickness of the duct, respectively, and K
can be adjusted to give any desired maximum to the function
C2 (z). Based on the model, the refractive index profile in a
nonuniform turbulence environment can be calculated by us-
ing the following formula:

nin(2) = i(2)[1 + Kexp(—(z— (m3 +m4/2))*/ (ma/2)*)], (17)
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where 7i(z) is the refractive index fluctuation term generated
by using C2 = C; in the RPO model.

This formula roughly simulates the effect of the actual
turbulent meteorological environment on the refractive index
as a function of height. Gerstoft et al. suggested that only
a surface-based duct will cause the propagation of the propa-
gating wave between duct height and the Earth’s surface. "]
Assuming that the medium is quasiuniform% (i.e., the for-
mula does not consider changes in the dielectric properties
of the medium), Eq. (17) can be used to determine ny, (z)
accurately. 3!

For a surface-based duct and an elevated duct, GPS sig-

nals were used to test the results of Wagner’s nonuniform tur-
bulence model and Hitney’s RPO model. GPS L1 band signal
was used, where f = 1.57542 GHz. The transmitting antenna
height was 60 m for the surface-based duct and 100 m for
the elevated duct. Parameters in the tri-folded four-parameter
model of the surface-based duct are [40 40 0.12 —0.2]. Pa-
rameters of the tri-folded four-parameter model of the elevated
duct are [80 100 0.118 —0.118]. The remaining parameters
are the same as above, and the propagation losses for the two
duct profiles in the RPO model with the nonuniform turbu-

lence model are shown in Figs. 8 and 9 for comparison.

Homogeneous turbulence dB Inhomogeneous turbulence dB Path loss vs distance at height = 60 m
/ 220 500 220
1601 ()
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Fig. 8. (a) Spatial loss distribution calculated by the RPO model in a surface-based duct, (b) spatial loss distribution calculated by the nonuniform
turbulence model in a surface-based duct, (c) path loss vs. distance at 60 m height between the RPO model and nonuniform turbulence model.
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Fig. 9. (a) Spatial loss distribution calculated by the RPO model in an elevated duct, (b) spatial loss distribution calculated by the nonuniform
turbulence model in an elevated duct, (c) path loss vs. distance at 60 m height between the RPO model and nonuniform turbulence model.

Comparison of the RPO results in Fig. 7 with the results
shown in Figs. 8 and 9 shows that, the nonuniform turbulence
model has well simulated the tropospheric scattering effect of
the inversion layer, and the over-the-horizon propagation of
the surface-based duct and elevated duct are enhanced. There-
fore, by combining two troposcatter models, we proposed a
new scattering parabolic equation model for evaporation duct,
surface duct and elevated duct environments.

4. Over-the-horizon propagation under nonuni-
form surface boundaries

4.1. Description of terrain links between different cities

Combining the new scattering parabolic equation model
(considering tropospheric scattering) and the piecewise linear

topographic shift map (considering the actual terrain), we es-
tablished a scattering parabolic equation model considering
nonuniform turbulence and different duct environments on a
nonuniform terrain.

According to the communication data given by China
Mobile in 2008, the problem of over-the-horizon propagation
has caused serious CCI in the plains or open areas around the
east of China, especially near Taihu Lake (116°E, 30°N). After
heavy rainfall, the terminal signal cannot be often accessed. 3!
The area where CCI often occurs between the path links of
several cities in the east of China region of Taihu Lake was an-
alyzed for simulating the over-the-horizon propagation prob-
lem. An overview of the satellite map of the region around
Taihu Lake is shown in Fig. 10.
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Fig. 10. Overview of satellite map around Taihu lake.

Four path links from Wuxi (120.316654E, 31.507295N)
to Hangzhou (120.160277E, 30.285663N), Nanjing
(118.798877E, 32.065176N), Shanghai (121.480283E,
31.238941N), and Zhoushan (122.211576E, 29.997829N)
were selected and analyzed.
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Fig. 11. Two-dimensional section of the terrain from (a) Wuxi to
Hangzhou, (b) Wuxi to Nanjing, (c) Wuxi to Shanghai, and (d) Wuxi
to Zhoushan.

The two-dimensional section of terrain fluctuations on
four path links are shown in Fig. 11. The path link from Wuxi
to Hangzhou is 120 km. It is routed to the boundary of Taihu
Lake. There is a short distance of lake water cutoff, but the
terrain is flat and there is no large undulation. Wuxi is far
from Nanjing, separated by a distance of 150 km, and there
are two high peaks reaching up to 200 m at 100 and 140 km.

Wauxi is the closest to Shanghai, at a distance of 90 km, and
the terrain is flat without much undulation. Finally, Wuxi is
the furthest from Zhoushan. The terrain path is 270 km long
and passes through Hangzhou Bay. It includes a water surface
about 100 km long.

After the analysis, the two special terrains from Wuxi to
Nanjing and Wuxi to Zhoushan were chosen to verify the new
scattering parabolic equation model under the nonuniform sur-
face. The two path links cover a long distance and contain rel-
atively open and flat parts of the plain area. In addition, since
the two path links also contain high mountain areas and lake
water areas, they are highly representative.

4.2. Verification of new scattering parabolic equation on
nonuniform surface

The two-dimensional topography, from Wuxi to Nanjing
and Wuxi to Zhoushan, are shown in Figs. 11(b) and 11(d),
respectively. The new scattering parabolic equation algorithm
proposed in this paper was used to calculate the spatial loss
distribution of the two path links in evaporation ducts and sur-
face ducts, considering the turbulence. The simulation results
are compared with the results of the advanced refractive effects
prediction system (AREPS). AREPS provides an end-to-end
EM system propagation assessment tool. 33! The environmen-
tal inputs options of AREPS include tropospheric scattering,
digital terrain, and atmosphere refractivity profile, etc. It is ex-
plored for military use at the beginning. Since Hitney’s RPO
model was used in the original version of AREPS, comparison
with results of AREPS to verify the new scattering PE model
could be reasonable. The version of AREPS we used is version
3.6. In an actual mobile communication environment, the sig-

024102-9



Chin. Phys. B 31, 024102 (2022)

nal propagated by the horizontally polarized antenna generates
a polarization current on the ground surface when it is close to
the ground. The polarization current attenuated rapidly with
the thermal energy generated by ground impedance. By us-
ing the signal propagated by vertical polarization antenna, it
is not easy to generate a polarization current, which avoids
the large attenuation of energy and ensures effective propa-
gation of the signal. After calculation, the propagation loss
in horizontal polarization mode was higher than the loss in
vertical polarization, but the difference between the two was
small. To reduce the number of base station antennas, the
existing new technology was developed a £45° polarization
method with orthogonal vertical and horizontal polarizations.
The performance of this dual-polarization mode is better, and
the polarization diversity gain is about 2 dB higher than that
(34351 Since we evaluated the
existence of CCI caused by over-the-horizon propagation, hor-

of the single-polarized antenna.

izontal polarization was chosen for the simulation. If CCI still
exists under higher loss circumstance caused by the horizon-

tal polarization mode, the interference source location and the
interference prevention for the link will be necessary.

The simulation parameters in circumstance of evapora-
tion duct are listed in Table 1. The 2 GHz of frequency in
fourth-generation mobile networks was used. The surface
electromagnetic constant was set as & = 40, ¢ = 0.085 for
vegetation area, & = 81, o = 0.22 for freshwater area, and
& =40, o = 0.001 for bare soil area.

Table 1. Simulation parameters in an evaporation duct.

Frequency (GHz) Beam width (°) Emission elevation angle (°)
2 3 0
Polarization

Antenna height (m) Evaporation duct height (m)
Horizontal 20 20

Figures 12 and 13 show the spatial distributions of propa-
gation loss calculated by the new scattering parabolic equation
model and AREPS when there is evaporation duct on the two
path links from Wuxi to Nanjing and Wuxi to Zhoushan.

Evaporation duct with turbulence  dB Evaporation duct, AREPS dB Path loss vs distance at height =30 m
200 220 220 300
(b) (c)
200 200 L
150 150 ~ 2401 Wuxi to Nanjing
E 1180 g 180 2 .
: Na¥ T/:/ 1801
-
-5, 100 160 = L1160 %
k3] o) 120
s 140 140
50 50 & )
120 | 120 60 —— New scattering PE
— AREPS
0 ‘ 100 100 0 T . Y >
0 50 100 150 0 50 100 150 30 60 90 120 150

Distance (km)

Distance (km)

Distance (km)

Fig. 12. (a) Spatial propagation loss calculated by new scattering parabolic equation model, (b) spatial propagation loss calculated by AREPS, (c)
difference of path loss vs. distance distribution at height of 30 m under two calculation methods in the evaporation duct on Wuxi—Nanjing link.
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Fig. 13. (a) Spatial propagation loss calculated by the new scattering parabolic equation model, (b) spatial propagation loss calculated by
AREPS, (c) difference of path loss vs. distance distribution at height of 30 m under two calculation methods in the evaporation duct on

‘Wuxi—Zhoushan link.

The new scattering parabolic equation fully considers the
The
propagation loss vs. distance for a height of 30 m was ob-

influence of turbulence factors and terrain fluctuations.

tained. It can be seen that calculation results of the new scat-
tering PE model and that of AREPS are consistent in tendency.
Since the source code of AREPS is unacquirable, and along
with the update of the version of AREPS, the algorithm con-

ducted by the application could be more precisely improved,

and small difference on the results could exist. More improve-
ment targeting the real climate or terrain could be done on
the basis of the new scattering PE model. It is more operable
comparing with AREPS. The applicability of the model under
complex terrain factors is verified.

The minimum receiver signal level is assumed to be
—160 dBW, which referenced from the configuration of GPS

L2 receiver. If path loss is under 160 dB when signal arrived
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at another city, the long distance propagation form. Then there
is probability that CCI between these two cities could happen.

From Fig. 12(c), it can be seen that before 90 km, the
terrain did not fluctuate too sharply, and the turbulence effect
effectively reduced the propagation loss. At around 90 km
and 135 km on the path link, owing to the existence of peaks
up to 200 m, the propagation loss suddenly increased, that is,
the radio wave was completely cut off by the mountain, and
it was difficult to bypass the mountain to form a super hori-
zontal propagation. Because of the topographical factor, the
path link does not generate long-distance CCI. According to
Fig. 13(c), the terrain of Wuxi—Zhoushan path is relatively
stable because of the topography, and the turbulence effect re-
duces part of the propagation loss. However, the propagation
loss reached 180 dB at around 150 km. Therefore, in the case
of the evaporation duct, CCI does not happen on the Wuxi—
Zhoushan route.

The simulation parameters for the surface-based duct are
listed in Table 2.

Table 2. Simulation parameters for the surface-based duct.

Frequency (GHz) Beam width (°) Emission elevation angle (°)
2 3 0
Polarization Antenna height (m) Base layer height (m)
Horizontal 60 40
Duct thickness (m)  Base layer slope Trapping layer slope
40 0.12 -0.12

Figures 14 and 15 show the spatial distributions of the
propagation loss calculated by the new scattering parabolic
equation model and AREPS when there is a surface-based duct
on Wuxi—-Nanjing and Wuxi—Zhoushan links. In the case of a
strong surface duct, both results are relatively consistent be-
fore the abrupt change in topography, and the applicability
of the model in the case of the mountain peak, water path,
and surface-based duct was validated. Figure 12 shows that
the propagation loss of the Wuxi—Nanjing path is reduced, but
clear truncation is observed at the two peaks. Hence, in the
case of the surface duct, the link cannot form a long-distance
CCIL
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Fig. 14. (a) Spatial propagation loss calculated by the new scattering parabolic equation model, (b) spatial propagation loss calculated by
AREPS, (c) difference of path loss vs. distance distribution at height of 60 m under two calculation methods in the surface-based duct on

Wuxi-Nanjing link.
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Fig. 15. (a) Spatial propagation loss calculated by the new scattering parabolic equation model, (b) spatial propagation loss calculated by
AREPS, (c) difference of path loss vs. distance distribution at height of 60 m under two calculation methods in the surface-based duct on

‘Wuxi—Zhoushan link.

As shown in Fig. 15, in the case of the surface duct,
there is no terrain fluctuation at 110-210 km on the Wuxi—
Zhoushan link. According to the map, the section passes
through Hangzhou Bay. The sudden changes in the topograph-
ical factors led to an increase in propagation loss, but there
were no high mountain peaks to block the propagation. Be-
cause of the strong surface duct effect and the turbulence ef-
fect, the signal loss was still about 150 dB when it reached

Zhoushan area, beyond 300 km. That is, when a surface duct
with strong duct strength was formed under certain weather
conditions, the Wuxi—Zhoushan link may experience CCI.

4.3. CCI analysis of four path links under different mete-
orological conditions

We use the new scattering parabolic equation model to
calculate the distribution of spatial propagation loss and prop-
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agation loss vs. distance at a certain height on the four path
links in evaporation duct and the nonuniform turbulent envi-
ronment under the fourth generation mobile networks, 2 GHz.
Other parameters were the same as those mentioned in the pre-
vious section.
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Figure 16 shows the spatial distribution of the propaga-
tion loss in the evaporation duct on the four path links cal-
culated by the new propagation model. Figure 17 shows a
comparison of the propagation loss in the evaporation duct on

different urban paths at a height of 30 m above the ground.
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Fig. 16. Spatial distribution of propagation loss of the fourth generation mobile networks in evaporation duct and turbulent medium from (a)
‘Wauxi to Hangzhou, (b) Wuxi to Nanjing, (c) Wuxi to Shanghai, and (d) Wuxi to Zhoushan.

Path loss vs distance at height 30 m

300
In evaporation duct
250
)
Z 200f
2
2
< L
8 150 Wuxi to Hangzhou
- — Wauxi to Nanjing
100 — Wuxi to Shanghai
— Wuxi to Zhoushan
500 50 100 150 200 250

Distance (km)
Fig. 17. Comparison of propagation loss vs. distance at a height of 30 m
on different urban paths.

According to the simulation results, under the environ-
ment of an evaporation duct and a turbulent medium, the over-
the-horizon propagation effect is weak. Despite the close dis-
tance and the flat terrain of Wuxi—Shanghai link, the loss at
90 km is as high as 160 dB. When the minimum receiving loss
sensitivity of the receiver is 160 dB, among the four path links,
the CCI problem may occur only in Wuxi—Shanghai link. In
other path links, owing to the switching of the propagation
medium between land and water surfaces, the truncation of

the mountain peaks or the long-distance of propagation, there
is no hidden risk of CCI despite a strong evaporation duct.

The new scattering parabolic equation model was used to
calculate the distribution of spatial propagation loss and prop-
agation loss vs. distance at a certain height on the four path
links in a surface-based duct and nonuniform turbulent envi-
ronment under the same parameter settings as described in ear-
lier sections. The spatial distribution of the propagation losses
in the surface-based duct on the four path links calculated by
the new propagation model are shown in Fig. 18.

Figure 19 shows the comparison of propagation losses in
a surface-based duct on different urban paths at a height of
60 m above the ground. Compared with the evaporation duct,
the surface duct has stronger intensity, thereby significantly
enhances the over-the-horizon propagation effect. The new
scattering parabolic equation model considers the relationship
between the turbulence effect and the height of the base layer
and the thickness of the trap layer of surface duct. It also simu-
lates the influence of turbulence on the over-the-horizon prop-
agation better.

According to the propagation loss distribution of the com-
munication signal at a height of 60 m on Wuxi—Nanjing link,
except for the presence of two peaks up to 200 m high (which
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intercept the propagating signal), CCI may occur on the other
In the Wuxi-
Hangzhou link, which passes through Taihu Lake, there are

three path links in the surface-based duct.

several sections of land and water boundary switching, and
hence, the path loss fluctuates greatly. The Wuxi—Shanghai
link experiences no significant changes in propagation loss be-
cause of the flat terrain. The distance from Wuxi to Zhoushan
across Hangzhou Bay is longer. In addition to a certain mu-
tation in the border area, path loss on water surface is small,
and Hangzhou Bay has no significant impact on the over-the-
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horizon propagation between the two cities. In addition, ac-
cording to the satellite map shown in Fig. 10, within 90 km
from Wuxi, except for the Taihu area on the Wuxi—Hangzhou
link, the first 90 km of the other three links of the Wuxi—
Nanjing, Wuxi—Zhoushan, and Wuxi—Shanghai are similar in
topography and geomorphology, and there are no large undu-
lations in the plain area. Therefore, under the identical duct
and turbulence settings, the path loss in the distance direction

has little difference.
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Fig. 18. Spatial distribution of propagation loss of the fourth generation mobile networks in the surface-based duct and turbulent medium from
(a) Wuxi to Hangzhou, (b) Wuxi to Nanjing, (c) Wuxi to Shanghai, and (d) Wuxi to Zhoushan.
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Fig. 19. Comparison of propagation loss vs. distance at a height of 60 m
on different urban paths.

5. Discussion

By calculating the over-the-horizon propagation loss at
the frequency of the fourth-generation mobile communication
signal caused by the duct effect and turbulence effect, which

occur on the four path links Wuxi—-Nanjing, Wuxi—Shanghai,
Wuxi—Zhoushan, and Wuxi—-Hangzhou, whether CCI occurs
on the four path links under the condition of analog receiver
sensitivity, is analyzed. In terms of duct strength, the surface
duct is stronger than the evaporation duct, and the electromag-
netic wave signal propagates farther with less loss in the sur-
face duct environment. With regard to the coupling of the top
layer of the surface duct and turbulence, a new nonuniform
turbulence mode is used to simulate the combined effect of
the actual surface duct and turbulence effect better. However,
statistics show that, in fact, an evaporation duct has a higher
probability of occurrence than that of a surface duct. Although
the duct strength is not stronger than that in the latter, the CCI
in the evaporation duct environment is more frequent, so the
simulation results in evaporation duct and turbulence environ-
ment are more practical. In addition, the analysis shows that
flat terrain has little effect on propagation loss, except in the
case of a sudden change in the topographical medium such as
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the alternation between water and land media or a prominent
mountain blockage. Therefore, if there is no abrupt terrain be-
tween the propagation links, only the ducts and turbulence will
have a great influence on CCI. In this work, CCI propagation
in the east of China plain was studied. The model is also appli-
cable to similar terrains in other countries. Evaporation ducts
and surface ducts occur mostly in the plains and near the water
bodies after a rain. CCI can easily occur between cities with
flat terrains when ducting and turbulence exist.

6. Analysis of long-distance CCI in 5G area

The 5G mobile communication technology will support a
greater bandwidth, more connections and lower latency. From
the perspective of the key technology of the entire physi-
cal layer, the main innovation of 5G commercial technology
is the introduction of massive multiple input multiple out-
put (MIMO) technology, which can improve the effective-
ness and reliability of communication. In the enhanced large-
bandwidth scenario of enhanced mobile broadband (eMBB)
deployment, the massive MIMO base station (MMBS) plays a
key role.

With the official launch of 5G mobile phone mobile data
packages by the three major operators in China, most cities in
China have begun large-scale deployment of base stations for
5G mobile communications. Owing to the special TDD char-
acteristics of the TD-LTE system, a certain GP cannot com-
pletely avoid long-distance CCI. In the rural areas of the cen-
tral China plain and certain coastal areas, when atmospheric
ducts are formed under certain weather conditions, the long-
distance CCI between the base stations of the TD-LTE system
is bound to intensify. This problem is difficult to eliminate fun-
damentally through the conventional network structure adjust-
ments. The optimization algorithm can be used to determine
the type of atmospheric duct interference, and then, the atmo-
spheric duct interference can be suppressed algorithmically to
stabilize the network indicators. Alternatively, one can locate
the interference source when the long-distance CCI occurs and
improve base station networks and systems sequentially.
Different
frequency bands cause different propagation loss in ducting

The 5G signals would be millimeter wave.
and tropospheric turbulence. The receiver minimum level
would change as well. More intensive networking systems
are needed. The new scattering PE model could be used to
evaluate the probability of CCI between cities or long distance
links before the base stations are located, or the frequency
bands could be allocated as sparingly as possible considering
the simulation results.

7. Conclusion

In the 5th generation mobile networks of the future,
higher communication frequency bands will be accompanied

by greater tropospheric scattering effects and more serious
over-the-horizon propagation. The over-the-horizon propaga-
tion of the corresponding Sth generation mobile networks may
cause CCI and affect the information security of information
propagation. In the eastern part of China, which has areas
with plains and open areas, the increase in temperature after
a heavy rain is likely to form an atmospheric duct. When the
signal propagates through the trapping layer of the duct, it can
travel farther through the turbulent scattering at the top of the
duct layer with a low propagation loss. In cities in the plains,
there is a high probability of occurrence of CCI.

In this paper, a new scattering parabolic equation model is
proposed. This model is suitable for calculating the effects of
CClI caused by over-the-horizon propagation between different
urban surfaces in turbulent media when an evaporation duct
or a surface duct forms. The over-the-horizon communica-
tion between four city links, namely Wuxi—Hangzhou, Wuxi—
Nanjing, Wuxi—Shanghai and Wuxi—Zhoushan were analyzed.
The possibility of CCI was evaluated based on the propaga-
tion loss calculated by the model on the corresponding link.
We concluded that both the ducting effect and the turbulence
effect may enhance the over-the-horizon propagation, thereby
reduce the path loss and causing CCI. In addition, in the pres-
ence of towering mountains or islands on the path, on reach-
ing the duct trap height, signal propagation may be affected. If
the obstacle is sufficiently high, the signal may be completely
blocked. An abrupt change in the boundary medium under the
propagation of land and water affects propagation, but a longer
land surface and water surface interface have little effect on
the over-the-horizon propagation and CCI. In this work, only
CCI caused by over-the-horizon propagation of complex ter-
rain between cities was evaluated. However, elimination of
this phenomenon requires further study.
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