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Abstract—Atmospheric ducts, which are caused by the rapid
decrease in the refractive index of the lower atmosphere, can trap
the propagating signals. The trapping effects of the atmospheric
ducts can be utilized as a communication medium for beyondline-of-sight (b-LoS) links. Although the wave propagation and the
refractivity estimation techniques for the atmospheric ducts are
well studied, there is no work that provides a channel model for the
atmospheric ducts. Therefore, we develop a large-scale path-loss
model for the surface ducts based on the parabolic equation (PE)
methods for the first time in the literature. In addition, we develop
a ray-optics (RO) method to analyze the delay spread and angle-ofarrival (AOA) of the ducting channel with the surface ducts. Using
the developed RO method, we derive an analytical expression for
the effective trapping beamwidth of the transmitter to predict the
ranges of the beamwidth that can be trapped by the surface ducts
according to the refractivity and the channel parameters.
Index Terms—Communication channels, delay estimation,
propagation, ray-tracing, refraction, surface duct.

I. I NTRODUCTION

A

TMOSPHERIC ducts are caused by nonstandard atmospheric conditions, and wave propagation in the presence
of atmospheric ducts is called anomalous wave propagation
[1]. An atmospheric duct is a layer in which rapid decrease
in the refractivity of the lower atmosphere occurs. In this way,
atmospheric ducts can trap the propagating signals as shown
in Fig. 1. Most of the signal energy propagates in ducting
layer unlike standard atmosphere. Therefore, trapped signals
can propagate through beyond-line-of-sight (b-LoS) distances
with lower path-loss values.
Modern naval b-LoS systems mostly utilize Satellite
Communications (SATCOM). However, SATCOM has capacity problems under low coverage and high transmission delays.
In addition, the range of direct communication systems depends
on the height of transmitter towers. Generally, it is expensive or
not possible to use high transmitter towers to monitor coastal
areas. Therefore, Woods et al. [2] provides the implementation
of ducting channel for a 78-km link with low-height antennas
to monitor a reef site. According to their results, atmospheric
ducts can provide 10 Mbps for 80% of the time at 10.5 GHz.
Based on our reviews [3], ducting channel b-LoS communications can connect distances up to 500–1000 km in coastal
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Fig. 1. Signal spreading in (a) standard atmosphere and (b) duct.

and maritime environments, because duct formation is more
probable in regions with high humidity.
Although wave propagation and refractivity modeling of
atmospheric ducts are well-studied topics [3], there is no work
that considers channel modeling for atmospheric ducts. In addition, available studies cannot estimate large-scale and smallscale characteristics of ducting channels. Since ducting-channel
communication can be a promising candidate for b-LoS communications, we aim to develop a large-scale path-loss model
for surface ducts and analyze delay spread and AOA of surface
ducts for the first time in the literature. In this way, development
of large-scale path-loss model enables us to make link budget
calculations faster for different channel and duct parameters.
In addition, small-scale path-loss, fading, characteristics of the
channel can be predicted as well.
The contributions of this paper is trifold. First, we develop
a statistical large-scale path-loss model for surface ducts based
on parabolic equation (PE) simulations. The developed largescale path-loss model is utilized to predict the distribution of
small-scale fading, and communication ranges that can be provided by surface ducts via link budget analysis. We utilize PE
methods to estimate the path-loss for atmospheric ducts because
ray-tracing and normal modes techniques are both unreliable
and too resource-consuming under nonstandard atmospheric
conditions [4]. The proposed large-scale path-loss model can
estimate path-loss results for changing duct heights and channel parameters. Therefore, the developed method can provide
fast estimates of path-loss under varying channel conditions. In
addition, we develop a ray-optics (RO) method to calculate ray
trajectories with surface ducts. By using the developed method,
we analyze delay spreads to determine the fading behavior
of the channel. Available studies do not provide a realistic
analysis for the delay spread of ducting channels. Lastly, we
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develop an analytical formula to determine the effective trapping beamwidth, which represents the range of beamwidths
that can be trapped by surface ducts according to the channel conditions. Signals cannot be trapped by surface ducts
beyond the effective trapping beamwidth and their power propagates through troposphere. Energy of these signals is wasted
in b-LoS systems. For this reason, we develop an analytical
formula which can help both academia and system designers while designing efficient b-LoS communication links with
atmospheric ducts.
This paper is organized as follows. Section II provides related
works. Section III includes refractivity models of atmospheric
ducts. In Section IV, we review both PE and RO methods
to model surface ducts. In addition, this section includes the
derivation of RO methods for surface ducts and the effective
trapping beamwidth. Section V provides the derivation of largescale path-loss model for surface ducts. In Section VI, simulation results are presented for delay spread, AOA, and path-loss
of the channel under various cases. Finally, conclusion is
presented in Section VII.
II. R ELATED W ORK
Ducting-channel studies can be divided into two main
parts: refractivity estimation and wave propagation studies.
Refractivity estimation techniques aim to predict the vertical
refractivity gradient which is essential to model the wave propagation at the lower atmosphere. There are various methods for
predicting the refractivity of the lower atmosphere: the direct
measurement techniques such as microwave refractometers and
radiosonde balloons [5], LIDAR (Light Detection and Ranging)
techniques [6], in situ bulk measurements and meteorological
methods [7], GPS (Global Positioning System) measurements
[8], and refractivity from clutter techniques [9], [10]. In this
study, we utilize the refractivity measurement results presented
in [11], which is based on the atmospheric measurements in
Istanbul, Turkey, and [12] on the microwave refractometer
measurements with a helicopter in Wallops Island, VA. We
determine the parameters regarding to characterize the surface
ducts as suggested in [11] and [12].
Since RO-based techniques [13] or normal-modes-based
techniques [13], [14] are unreliable or too resource-consuming,
ducting channel propagation studies mostly focus on PE methods that utilize the paraxial approximation to the wave equation. PE can be solved with numerical methods: split-step
Fourier (SSF), finite difference (FD), and finite element (FE).
Especially with the development of SSF methods [15], PE has
become the most popular method to model anomalous wave
propagation [1], [2], [16], [17], because SSF methods provide
fast and reliable results. In addition, PE methods can take the
refractivity conditions as input and they can effectively model
the complex boundary conditions. Good review of ducting
channel wave propagation modeling and SSF-based PE method
can be found in [3] and [4], respectively.
To model wave propagation in ducting channel, there are
available wave propagation tools. The most widely used one
is AREPS that is developed by the Atmospheric Propagation
Branch at the Space and Naval Warfare Systems Center, San
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Diego [18]. Combination of RO and PE methods is also promising as suggested in [19]–[22]. Therefore, AREPS utilizes both
RO and SSF-based PE methods. In addition, PETOOL [23],
which is also based on SSF, is capable of modeling both forward and backward scattered waves under different terrain
and refractivity conditions. Therefore, PETOOL is promising
especially for regions with irregular terrain conditions. Since
PETOOL is a free and online available tool and it is calibrated
with RO methods and AREPS as described in [23], we utilize
PETOOL to model the surface ducts. In addition, we make RO
analysis to the surface ducts to estimate the delay and AOA
of the channel. Therefore, characteristics of the channel can be
estimated with hybrid methods as suggested in [19] and [20].
There are experimental studies about ducting channel wave
propagation. Woods et al. [2] provides a high data rate employment of the atmospheric ducts for b-LoS sensor networks. In
[2], the authors observed that wave propagation analysis performed in AREPS has strong consistency with the experimental
results. In addition, Refs. [24]–[27] compare the simulation
results with the PE methods and the experimental measurements for an 83-km link at 4.7, 10, and 15 GHz. According
to their results, the region had strong evaporation ducts, and the
experimental path-loss measurements were consistent with the
PE simulations. Furthermore, Hitney et al. [1] provides one of
the most extensive review of ducting channel with comparison
of PE-based results and experimental results for surface-based
ducts. The results of this work show that surface-based ducts
can provide 10–20 dB less path-loss compared to free space at
b-LoS distances. Similar experimental results to verify PE simulations is presented in [28] as well. To sum up, the results of
PE methods are validated through a number of different experimental works for different type of ducts. As a result, theoretical
results that are generated with PE-based tools can be considered
as reliable based on previous experimental validations.
III. R EFRACTIVITY
Atmospheric ducts are formed by nonstandard atmospheric
conditions. Formation and characteristic of atmospheric ducts
depend on refractivity of the lower atmosphere. Therefore,
we review refractivity and modified refractivity to characterize
atmospheric ducts.
Tropospheric radio refractive index (n) changes slightly with
the atmospheric parameters: wind, temperature, pressure and
humidity at the lower atmosphere. n varies in the order of 10−3 .
Therefore, refractivity is utilized instead of refractive index and
refractivity (N ) is given as [29]
N = (n − 1) × 106 N-units

(1)

where n is the atmospheric refractive index.
Trapped signals in ducting layer have low grazing angles.
Therefore, refractivity model should consider the curvature of
the earth. Thus, modified refractivity (M ) is defined as [29]
 
h
M =N+
× 106
R0
= N + 157 × h M-units

(2)
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surface duct is assumed as standard condition and decreases
with 118 M-units/km. We utilize the experimental surface duct
measurements [11], [12] to determine duct height and duct
strength parameters.

Fig. 2. Modified refractivity profiles of atmospheric ducts. (a) Evaporation
duct. (b) Surface-based duct. (c) Surface duct. (d) Elevated duct.

where h is the height above the surface level in km and R0 is
the earth radius in km.
According to the modified refractivity gradient, there are
four different refractive conditions. In subrefraction condition (∂M/∂z > 157 M-units/km), signal rays are refracted
away from ground through atmosphere. Standard refractivity
condition is associated with (157 M-units/km ≥ ∂M/∂z >
78 M-units/km) and this condition represents standard wave
propagation. Signals propagate downward in super-refraction
condition (78 M-units/km ≥ ∂M/∂z > 0 M-units/km). Most
importantly, trapping condition, which is also known as ducting condition, is associated with 0 ≥ ∂M/∂z, and signal rays
are trapped between surface and ducting layer. This effect can
make trapped signals to propagate over-the-horizon with low
path-loss. For the formation of atmospheric ducts, humidity is
an essential factor [3]. Thus, ducting channel is a promising
candidate for b-LoS communications especially in coastal and
maritime environments as reviewed in [3].
There are four types of atmospheric ducts according to
their formation process and refractivity profiles: 1) evaporation
ducts; 2) surface-based ducts; 3) elevated ducts; and 4) surface
ducts. As in Fig. 2(a), the modified refractivity of evaporation
ducts can be modeled with a logarithmic function [30]


z + z0
(3)
M (z) = M0 + 0.125z − 0.125δ ln
z0
where M0 is the value of modified refractivity at the surface
which is taken as 315 M-units [31], z is the vertical height, δ
is the duct height, and z0 is the aerodynamic roughness length
which is assumed as 1.5 × 10−4 m [30].
Surface-based and elevated ducts are modeled with a trilinear curve as in Fig. 2. Surface ducts are modeled with a bi-linear
curve as in Fig. 2(c). Since evaporation ducts are modeled with
the logarithmic function, evaporation ducts are complex to be
analyzed with RO-based tools. As a result, we only consider
surface ducts in this paper. However, an evaporation duct and
a surface duct having the same duct height is expected to have
similar maximum delay spread and AOA, because their refractivity profiles are closer as in Fig. 2. Thus, results presented
for surface ducts can be utilized to predict the characteristics of
evaporation ducts as well.
In this paper, surface ducts are characterized with two atmospheric parameters: duct height (δ) and duct strength (ΔM ).
Duct height is the height where the gradient of modified refractivity changes its sign as in Fig. 2(c). Duct strength is the
amount of change in modified refractivity from the bottom
to the top of the surface duct. Modified refractivity above

IV. C HANNEL M ODELING T ECHNIQUES
FOR S URFACE D UCTS
Ducting channel wave propagation requires modeling of
atmospheric parameters and complex boundary problems.
Therefore, PE methods are preferred for estimating path-loss in
ducting channels. In addition, we utilize RO methods to analyze
delay spread and AOA of ducting channel with surface ducts. In
this section, we first review PE and develop a RO-based method
to analyze delay spread and AOA of ducting channels.

A. Parabolic Equation Methods
Parabolic equation (PE) methods use paraxial approximation to the Helmholtz wave equation, and it was originally
developed in [32]. PE methods are capable of modeling the
complex boundary conditions and the refractivity variations of
the lower atmosphere [33]. Especially with the derivation of a
simple solution to PE based on split-step Fourier (SSF) method
[15], PE methods became the dominant technique to model the
wave propagation in ducting channels. Although there are other
numerical methods to solve PE, finite difference (FD) and finite
element (FE), SSF method is more preferable with its accuracy
and computational efficiency [1], [3], [4], [18], [34].
Formulation of PE for the electromagnetic problems is summarized in [35]. The theory of PE is explained in detail in
[1], [33], [36]. Interested reader may refer to these references.
However, we do not discuss the theory of PE in this paper.
Instead, we review how path-loss calculations are performed
with PE methods. For two-dimensional (2-D) narrow angle
forward scatter waves, PE in scalar form is given as [4]
i ∂ 2 u(x, z) ik 2
∂u(x, z)
=
+ (m (x, z) − 1)u(x, z)
∂x
2k ∂z 2
2

(4)

where k is the wave number, m = 1 + M 10−6 is the modified
refractive index, u(x, z) is the reduced function, x represents
the horizontal axis, and z represents the vertical axis (height).
Equation (4) can be used for both horizontal and vertical
polarization.
We utilize PETOOL [23], which is a free on-line available
tool based on the PE method with SSF, to solve (4). As discussed in Section II, PETOOL is calibrated with AREPS which
is an experimentally validated tool. With PE methods, path-loss
(P L) can be found using u(x, z) as [33]
P L = 20 log(4π/|u(x, z)|) + 10 log(r) − 30 log(λ)

(5)

where λ is the wavelength and r is the range. Unlike available propagation studies, we utilize PE methods to develop a
large-scale path-loss model for the first time in the literature in
Section V.
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Fig. 3. Wave propagation results with (a) PETOOL and (b) RO methods for 40-m surface duct, 10 GHz, 27-m transmitter height.

B. Ray-Optics Methods
Although PE methods dominate ducting channel wave propagation modeling, RO methods can be utilized to estimate
delay spreads and propagation angles [33], [37] as in hybrid
models [18], [19]. In addition, [38] provides the comparison
of AOA predictions with RO methods and the experimental
observations. According to their results, the predicted AOA values were consistent with the observations. Since PE methods
are not capable of estimating delay spreads and AOAs, RO
methods are promising for the channel modeling in ducting
layer.
RO methods utilize the well-known Snell’s equation. By
solving the Snell’s equation for stratified atmosphere, the
Eikonal equation is derived to calculate trajectory of each ray.
Trajectories of rays are utilized to calculate delay spreads and
AOA of the channel. There are some studies in the literature
which focus on ray-tracing simulations to model wave propagation in atmospheric ducts. In [39], [40], ray-tracing analysis is
performed to estimate delay in elevated ducts, but their models
assume that only three rays can reach to the receiver. According
to these papers, an 80-km link with elevated ducts shows a
few nanosecond delay spread. In [41], [42], they assume that
odd number of rays can reach to the receiver and estimate
AOA with the ray-tracing simulations for surface-based ducts.
Although existing studies have significant results for ducting
channel, more realistic results can be generated with RO methods. Therefore, we utilize RO methods to estimate the fading
characteristics of the channel and the distribution of AOA for
surface ducts. Lastly and more importantly, we derive an analytical expression for the maximum and minimum value of
the angle-of-departure (AOD) which can be trapped by surface
ducts. With the derived expression, transmitter can be designed
to maximize the efficiency of the system by only propagate in
the calculated beamwidth span.
The remaining of the section includes derivation of ray
trajectory formula and derivation of trapping beamwidth.
1) Ray Trajectories: Ray trajectories in atmospheric ducts
can be estimated with RO methods [37]. However, RO methods become more reliable above 3 GHz [29]. Since evaporation
ducts perform with lowest path-loss near 10 GHz [2], [3], [16],
we aim to focus 5–15 GHz frequency range in this paper. The
main drawback of RO methods is the inefficiency to include the
effects of frequency. However, the results generated with RO

methods show high consistency with PE results as in Fig. 3 as
suggested in [38].
In [43], the earth is assumed as flat for the ray-tracing simulations. However, the curvature of the earth becomes important
at b-LoS distances. Therefore, we utilize the earth radius transformation and the Snell’s law to find the Eikonal equation for
surface ducts by assuming the atmosphere has infinitesimal
stratified layers. In this way, ray trajectories can be estimated
with the Eikonel equation which is represented as
1
d2 z
1 dn
−
= 2
n(z) dz
R0
dx

(6)

where R0 is the radius of the earth which is used as 6370 km,
and the derivation of (6) can be found in Appendix A. n(z)
shows very slight variations with the height which is in the order
of 10−3 [44]. Therefore, (6) is simplified as
1 dn
1
d2 z
−
= 2
n(0) dz
R0
dx

(7)

where n(0) is used as 1.00035 [44].
Since surface ducts have a bilinear refractivity model as in
Fig. 2, (6) can be solved as described in Appendix B and ray
trajectories are calculated as


1 dn
1
1
−
(8)
x2 + θx + ht
z=
2 n(0) dz
R0
where θ is the angle of the ray with respect to the ground at the
transmitter. Equation (8) can be solved step by step for each ray
to calculate the trajectory of the trapped paths.
Fig. 3(b) shows the ray trajectories for a 40-m surface duct
(ΔM = 20 M-unit), and Fig. 3(a) presents path-loss results
for the same ducting conditions by using PETOOL with the
following channel parameters: 27-m transmitter, horizontal
polarization, and 10 GHz. As noticed, regions with high ray
densities are associated with low path-loss values. In addition,
shadowed regions are located at the similar locations in both
figures. Therefore, PE methods and RO methods give consistent
results.
2) Trapping Beamwidth: According to the channel geometry and atmospheric conditions, only rays that have certain
angles can be trapped by atmospheric ducts. Rays outside of
this certain range cannot be trapped and propagate through the
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strength, and carrier frequency for the first time in the literature. Our model will be independent of polarization because the
effects of polarization are not noticeable in the large scale, and
we use only horizontal polarization for both of the antennas. In
addition, surface is assumed as smooth sea surface.
We aim to model path-loss in ducting channel for b-LoS
distances where line-of-sight (LoS) transmission is impossible in the standard atmospheric conditions. For b-LoS ducting
channel, the large-scale path-loss equation is given as [45]
P L = A + 10γ log d/d0 + Xs
Fig. 4. Ray trajectories with the ray-tracing method.

atmosphere. Energy of these rays are wasted in b-LoS systems.
To increase the efficiency, we develop an analytical model to
estimate the effective trapping beamwidth at the transmitter side
for the first time in the literature.
By utilizing the proposed ray trajectory formula (8), we
derive the span of effective trapped beamwidths which depends
on the change in the refractive index, transmitter height, and
duct height. The derivation of maximum and minimum trapT
) can be found in Appendix C, and
ping beamwidths (θmax,min
T
θmax,min are found as
 

1 dn
1
T
−
(9)
θmax,min = ± 2
(ht − δ).
n(0) dz
R0
In trapping layer, refractive index decreases with height, and
this implies that dn
dz < 0. In addition, our model assumes that
transmitter is located within surface duct (ht < δ). Therefore,
the term inside the square-root in (9) is positive, and it has two
real roots.
According to (9), a 40-m surface duct with ΔM = 20
T
= ±4.64 mrad = ±0.266◦ where the transmithas θmax,min
ter height is ht = 27 m. We also perform RO simulations
based on (8) to verify our analytical trapping beamwidth formula. Fig. 4 shows the ray trajectories for the angles that are
on the boundaries. As noticed, analytically calculated trapping
beamwidth is consistent with the simulations. As a result, adaptive antenna techniques can be designed for ducting channel
systems to maximize the trapped power with this equation,
because signal transmitted out of this beamwidth region cannot
be trapped by the surface ducts. In addition, for symmetrical ducting channels, where ht = hr and refractivity profile is
range independent, the calculated trapping beamwidths form an
upper and lower bound for the AOA in the ducting channel.
V. L ARGE -S CALE PATH -L OSS M ODEL
FOR S URFACE D UCTS
Ducting channel wave propagation depends on many factors:
transmitter height, receiver height, duct height, duct strength,
carrier frequency, polarization, and surface conditions. PEbased methods are capable of taking all of these parameters as
input. Thus, we utilize PETOOL to solve PE to estimate pathloss in surface ducts for given channel parameters. We aim to
develop a path-loss model as a function of the channel parameters: transmitter height, receiver height, duct height, duct

(10)

where γ is the path-loss exponent, d0 is the b-LoS range, A
is the path-loss at d0 , and Xs is the shadow fading. The b-LoS
range is given by the well-known maximum LoS range equation
for the standard refractivity conditions as


d0 = 4.12 ht + 4.12 hr
(11)
where ht and hr are the transmitter and receiver heights,
respectively.
In this section, we develop a statistical large-scale path-loss
model based on PE simulations performed with PETOOL. We
perform the well-known regression methods to the results of
PETOOL. Similar approach can be found in [46]. In addition,
the distribution of shadow fading and the coefficients of the
channel parameters are determined by using the multivariate
linear regression method to (10). To this end, we perform PE
simulations for the path-loss of the link for different channel
conditions. Fig. 5(a) contains the path-loss results generated
with PETOOL, the free space path-loss, and the fitted line to
the PETOOL results for (10) with simulation parameters: 500km range, 40-m surface duct, 27-m transmitter and receiver,
10-GHz carrier frequency, and 20-M-unit duct strength and horizontal polarization. For the regression line fitting for (10), we
utilize the least-square fitting. Deviations from the fitting line
are treated as shadow fading, and the distribution of shadow
fading can be seen in Fig. 5(b). Shadowed regions can be clearly
seen in Fig. 3.
Since path-loss enhancements with atmospheric ducts are
most effective when both of the antennas are in ducting
layer [28], we assume that both transmitter and receiver are
located within surface duct. To develop the large-scale pathloss model, we perform extensive simulations by varying the
channel parameters: carrier frequency (f = 5−15 GHz), duct
height (δ = 10−60 m), duct strength rate (ΔM/δ = 0.1−0.3
M-unit/m), transmitter height (ht = 0−δ m), and receiver
height (hr = 0−δ m). The remaining of the section includes
the derivation of the coefficients and the statistical distribution
of the large-scale path-loss model parameters: A, γ, and Xs .
A. A Parameter
After performing a number of simulations using PETOOL,
we tried to find the statistical distribution of each parameter.
Since ducting channel that we are trying to model is symmetric, the effect of transmitter and receiver antenna heights can
be modeled with the difference between them Δh = ht − hr .
We use multivariate regression analysis in the least-square error
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Fig. 5. Path-loss results for (a) regression method and (b) distribution of the shadow fading.

sense to find the coefficients of each channel parameter. A
parameter is modeled as
⎡
⎤⎡ ⎤ ⎡ ⎤
αA
.. .. .. ..
..
βA ⎥
⎢1 . . . . ⎥ ⎢
⎥ ⎢ . ⎥
⎢ ..
⎥⎢
⎢ ⎥
κA ⎥
(12)
⎢ . Δhi δi fi Δm⎥ ⎢
⎥ = ⎣Ai ⎦
⎣
⎦⎢
⎦
⎣
..
ξA
.. .. .. ..
.
1 . . . .
A

where Δh is the height difference between the transmitter and
the receiver, δ is the duct height, f is the carrier frequency, Δm
is the change in the modified refractivity index per m, and Ai
is the resulting value for each simulation case. By performing
multivariate regression analysis in the least-square error sense,
the resulting coefficients are found as αA = 123.34 dB, βA =
0.015 dB/m, κA = 0.13 dB/m, ξA = 8.66 × 10−4 dB/MHz,
and A = −12.83 dB×m. The variation (error) of A from the
regression model is found as
⎤ ⎡α ⎤
⎡ ⎤ ⎡
.. .. .. ..
A
..
1 . . . . ⎥ ⎢ βA ⎥
⎢ . ⎥ ⎢
⎢
⎥⎢ ⎥
⎥ ⎢ ..
.
(13)
ΔA = ⎢
⎥ ⎢ κA ⎥
.
Δh
δ
f
Δn
⎣ Ai ⎦ − ⎢
i i i
⎣
⎦ ⎣ξ ⎥
⎦
..
A
. . . .
.
1 .. .. .. ..
A
Fig. 6(a) represents the deviation of A from our model, and
ΔA clearly shows a Gaussian distribution with the zero mean
and standard deviation σΔA = 2.39 dB. Therefore, A can be
represented as

coefficients βγ and κγ result in too low values when they
are multiplied with their parameters. Therefore, the effects of
these factors can be neglected in the regression method. In (15),
the frequency term is squared in order to make the error term
as close as possible to the Gaussian distribution, and as can
be seen in Fig. 6(b), Δγ has a Gaussian distribution with zero
mean and σΔγ = 0.066. In addition, the negative γ indicates
that increasing duct strength reduces the path-loss exponent.
Therefore, γ can be modeled as
γ = α γ + ξγ f 2 +

γ Δm

+ σΔγ y

(16)

where y is the zero mean unit variance Gaussian random
variable.
C. Shadowing Fading
As shown in Fig. 5(a), there is a significant shadow fading
in the link, and also the distribution of the shadow fading is
shown in Fig. 5(b). The best-fitted distribution for the shadow
fading in the channel can be found with the Kullback–Leibler
divergence (KLD) [47]. Let P and Q be the two distributions,
and the divergence of Q from P can be calculated as
DKL (P ||Q) =

ln
i

P (i)
P (i).
Q(i)

(17)

(15)

DKL (P ||Q) takes lower values when the two distributions
get closer, and it becomes 0 for the identical distributions.
We generate various distributions with MATLAB and use
(17) to determine how close the generated distributions to the
shadow fading are. The simulation results for the possible distributions can be found in Table I. According to our results, the
Weibull distribution best matches with the shadow fading for
surface ducts. Therefore, the shadow fading in the channel is
modeled with log-Weibull distribution which is also known as
Gumbel distribution.
The PDF of the Weibull distribution can be represented as
 
k x k−1 −(x/λ)k
e
,
x≥0
λ
λ
(18)
f (x; λ, k) =
0,
x<0

According to the regression results, the resulting coefficients
are found as αγ = 1.3, βγ = 2 × 10−3 1/m, κγ = −2.9 ×
10−3 1/m, ξγ = −3.47 × 10−10 1/MHz, γ = −0.58 m. The

where k > 0 is the shape parameter and λ > 0 is the scale
parameter. We perform the multivariate regression analysis to
find the distribution of k and λ as well.
We use the same methodology as in A and γ parameters.
Again, the parameters with slight effects are neglected and only

A dB = αA + βA Δh + κA δ + ξA f +

A Δm

+ σΔA x

(14)

where x is zero mean unit variance Gaussian random variable.
B. γ Parameter
By the same method, γ parameter is modeled as
⎡
⎤ ⎡α ⎤ ⎡ ⎤
.. .. ..
..
γ
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. ⎥ ⎢ βγ ⎥
⎢1 . . .
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Fig. 6. Distributions for the deviations from our multivariate regression model. (a) Distribution of ΔA. (b) Distribution of Δγ. (c) Distribution of Δk.
(d) Distribution of Δλ.
TABLE I
KLD R ESULTS

the final results are presented for the remaining multivariate fitting results. With the multivariate linear regression analysis, the
k parameter can be given as
k = α k + ξk f 3 +

k Δm

+ σΔk z

(19)

where z is the zero mean and unit variance Gaussian random
variable. αk = 0.1792, ξk = 3.36 × 10−14 1/MHz, and k =
1.85 m. The deviation of k from our model can be found in
Fig. 6(c), and this deviations can be modeled with Gaussian
distribution with zero mean σΔk = 0.26.
The λ parameter can be modeled as
λ = α λ + β λ δ + ξλ f 3 +

λ Δm + σΔλ q

(20)

where q is the zero mean and unit variance Gaussian random
variable: αλ = −1.94, κλ = 0.176 1/m, ξλ = 1.09 × 10−12
1/MHz. Fig. 6(d) shows the deviations of the λ from our
model, and it has Gaussian distribution with zero mean and
σΔλ = 1.45.
As noticed in Fig. 5(b), the shadow fading values can be
negative. However, since the Weibull distribution takes only
positive values, we first shift the shadow fading to the right by
Δa and perform the distribution fitting. To this end, Δa can be
represented as
Δa dB = αa + βa δ + κa f + Δm + σΔa w

(21)

where w is the zero mean and unit variance Gaussian random variable. The resulting values of the αa = 3.27 dB, κa =
−0.14 1/m, ξa = 3.2 × 10−4 1/MHz, and σΔa = 1.07 dB as
can be seen in Fig. 6(e).
D. Large-Scale Path-Loss Model
By combining (10), (14), (16), and (21), the statistical largescale path-loss equation is found as
P L = A + 10γΔh log d/d0 + Xs
P L = αA + βA Δh + κA δ + ξA f +

A Δm

+ σΔA x

2

+ 10(αγ + ξγ f + γ Δm + σΔγ y) log d/d0
+ W + αa + βa δ + κa f + Δm + σΔa z

Fig. 7. Path-loss versus range for standard atmosphere, free space, and atmospheric ducts.

(22)

where x, y, and z are the zero mean unit variance independent
normal random variables and W has the Weibull distribution
with k in (19) and λ in (20).

VI. S IMULATION R ESULTS
In this section, we present the simulation results with the
PE methods and RO methods. In addition, the results of the
large-scale path-loss model is compared with the PE results.
We present link budget calculations for surface ducts to predict
the communication ranges for given channel parameters.

A. Simulation Results With PEM
We utilize PETOOL to perform the PE simulations as
described in Section IV-A. Fig. 7 presents the path-loss versus range for different atmospheric ducts, the free space and
the standard atmosphere at 10.5 GHz, 5 m transmitter and
receiver, and horizontal polarizations. As noticed, the curves
for 40-m evaporation duct and 40-m surface duct (ΔM = 10
M-unit) outperform the standard atmosphere in terms of pathloss values. In addition, surface ducts have strong shadow
fading compared to the evaporation ducts.
Fig. 8(a) shows the path-loss for a 40-m surface duct (20
M-units) as a function of the carrier frequency and receiver
height. As noticed, the lower frequencies 3–5 GHz have significantly higher trapping capabilities compared to the evaporation
ducts [3], [16]. This is one of the main difference between surface ducts and evaporation ducts in terms of channel modeling
because evaporation ducts provide lowest path-loss values near
10 GHz. Surface ducts show higher trapping capabilities over
evaporation ducts due to the sharp refractivity curve of surface
ducts as described in Section III.

DINC AND AKAN: CHANNEL MODEL FOR THE SURFACE DUCTS

2735

Fig. 8. Path-loss results for 40-m surface duct, 27-m transmitter height with PETOOL. (a) Path-loss versus receiver height and frequency at 100-km range.
(b) Receiver height versus path-loss at 100-km range.

Fig. 9. 1/Tmax spread for a 40-m surface duct.

Fig. 8(b) presents the path-loss values as a function of receiver
height. As noticed, the path-loss values for the surface duct is significantly lower compared to the free space path-loss up to 18 dB.
However, the power levels have fading with respect to the vertical
height. This condition is caused by the constructive/destructive
interference of the delayed signals. The delay spread of the
channel should be examined in order to determine the fading
behavior of the channel. Therefore, the next section presents
the RO results to analyze the delay spread of the ducting
channel.

B. Simulation Results With ROM
Using the calculated ray trajectories as in Fig. 3(b), delay
spreads and AOAs of the received rays can be calculated. Fig. 9
presents 1/Tmax in Hz versus the range for 27-m transmitter
and receiver with a 40-m surface duct (ΔM = 20 M-units),
where Tmax is the maximum delay spread. As noticed from
the figure, 1/Tmax value is higher than 200 MHz line up to
400 km. Since the channel bandwidth should be much lower
than 1/Tmax for a channel to have flat fading, the ducting channel can be assumed as a flat fading channel up to 400 km with
20 MHz bandwidth.
Fig. 10 presents the AOA of the ducting channel for 27m transmitter and receiver with a 40-m surface duct (ΔM =
20 M-units). As noticed, the AOA results are bounded by
the analytical trapping beamwidth value of 0.266◦ calculated
previously in Section IV-B2.

Fig. 10. Histogram of AOA for a 40-m surface duct.

C. Large-Scale Path-Loss Model
We compare the results of our large-scale path-loss
model with PETOOL for verification. The following channel
parameters are utilized in the simulations: f = 10 GHz, ht =
hr = 20, δ = 40 m, ΔM = 20 M-unit, horizontal polarization.
Fig. 11 includes the comparison of the results in the upper figures. As noticed, our model can predict the level of the path
loss for each range. The lower figures show the distribution of
the deviations from our proposed model which can be modeled
as the small-scale fading. As noticed, the normalized deviations
can be modeled with Rayleigh distribution, and the distribution
becomes closer to the Rayleigh distribution with the increasing
range.
D. Link Budget Calculations
The link budget calculations are presented in this section, and
the following parameters are utilized in the b-LoS channel with
surface ducts:
1) transmit power (Pt ) = 30 dBm (1 W);
2) antenna gains (Gt,r ) = 30 dB;
3) cable losses (Lq ) = 10 dB.
Received power is given by
Pr dBm = PtdBm + GtdB − P LdB + Gr dB − Lq dB . (23)
The modern modems requires a minimum received power of
−80 dBm to operate at Mbps data rates [48]. Thus, the maximum P L that can provide the communication link is found as
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Fig. 11. Comparison of our large-scale path-loss model and PETOOL results. Comparision at (a) 50; (b) 250; and (c) 500 km. Histogram of deviation at (d) 50;
(e) 250; and (f) 500 km.

Fig. 13. Ray trajectory for refractive path.
Fig. 12. Link budget analysis for surface ducts.

160 dB (PL threshold) by (23). Fig. 12 presents the path-loss
curves for different frequencies for 90% not exceeded of the
time and P L threshold for a 40-m surface duct (ΔM = 10),
27-m transmitter and receiver. As noticed, 10 GHz can provide
communication links up to 1000 km. Lower frequencies can
provide higher ranges. For high duct heights (>20 m), lower
frequencies have better trapping capabilities as also experimentally presented in [49]. Since duct height of surface ducts are
generally between 20 and 60 m as in [11], [12], lower frequencies will show better trapping capabilities for the surface ducts.
However, duct height for evaporation ducts is mostly smaller
than 20 m. Thus, trapping capability of evaporation ducts significantly differs from the surface ducts as presented in [2]
and [16].
VII. C ONCLUSION AND F UTURE W ORK
In this work, we develop a large-scale path-loss model for
the surface ducts and analyze the delay spreads and AOA of
the ducting channel. According to our results, the ducting channel can be used as communication medium up to 1000 km, and
the small-scale fading in the channel shows Rayleigh fading. In
addition, our RO methods can be utilized to estimate the fading behavior of the channel. Upper and lower bounds for the
AOA of the channel can be estimated with the effective trapping
beamwidth equation.

A PPENDIX A
D ERIVATION OF THE E IKONAL E QUATION
To derive (6), the earth radius transformation is utilized
as shown in Fig. 13 [39]. Therefore, the well-known Snell’s
equation for the stratified atmosphere is given as
R0 n(z) cos(θ) = (R0 + ΔR)n(z + Δz) cos(θ − Δθ). (24)
Since the index of refraction is modeled with a bilinear curve
for the surface ducts, (24) is represented as
R0 n(z) cos(θ) = (R0 + ΔR)(n(z) −

dn
Δz) cos(θ − Δθ).
dz
(25)

We know that Δz and Δθ will be small because the step
sizes in the simulations will be low. Therefore, their squares
and multiplications will give zero Δz 2 = Δθ2 = ΔzΔθ = 0.
For small Δθ, cos(Δθ) = 1 and sin(Δθ) = Δθ. By knowing
these conditions, (25) is simplified as
dn
Δz cos(θ)
dz
+ Δzn(z) cos(θ) + R0 n(z)Δθ sin(θ) (26)
1 dn
1
Δθ
=
tan(θ)
(27)
+
n(z) dz
R0
Δz

R0 n(z) cos(θ) = R0 n(z) cos(θ) − R0
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Therefore, at the duct height (boundary z = δ), (33) is
represented as
z = δ = Kx2 + θT x + ht .

(39)

By combining (38) and (39), the maximum and minimum
effective trapping beamwidths are found as
2

2

δ = (1/4K)θT − (1/2K)θT + ht

Fig. 14. Trajectory of a trapped ray.
Δθ
Δθ Δz
Δθ
Δθ
where Δz
tan(θ) = Δz
Δx = Δx [43]. As Δx goes to 0, Δx =
dθ
dz
dx . Since θ = dx , the Eikonal equation for the Earth radius
transformation can be represented as
2

1
1 dn
d z
−
= 2.
n(z) dz
R0
dx

(28)

A PPENDIX B
D ERIVATION OF R AY T RAJECTORY E QUATION

δ − ht = −(1/4K)θ
θ

T2

T
θmax,min
T
θmax,min

T2

= 4K(ht − δ)

= ± 4K(ht − δ)
 

1 dn
1
−
=± 2
(ht − δ).
n(0) dz
R0

(40)
(41)
(42)
(43)
(44)

Since the transmitter located within duct both dn
dz and ht − δ
terms are negative, so this equation will have two real roots.

The ray trajectory (7) can be solved as
1
d2 z
1 dn
−
=
dx2
n(0) dz
R0
1
1 dn
−
z  =
n(0) dz
R0


1
1
dn
−
z =
x+θ
n(0) dz
R0


1 dn
1
1
−
x2 + θx + ht .
z=
2 n(0) dz
R0

(29)
(30)
(31)
(32)

A PPENDIX C
D ERIVATION OF T RAPPING B EAMWIDTH D ERIVATIONS
In the trapping beamwidth calculations, it is assumed that
antennas has 0 elevation angle. The procedure is designed to
find the maximum beamwidth that can be trapped by the surface
ducts with respect to duct height (δ) and transmitter antenna
height (ht ) as shown in Fig. 14.


1 dn
1
and
−
Starting form (8), let us denote K = 12 n(0)
dz
R0
we can write the following equations:
z = Kx2 + θx + ht
2

z + Δz = K(x + Δx) + θ(x + Δx) + ht .

(33)
(34)

If we subtract the above equations, the result is given as
Δz = Δx2 K + 2xΔxK + θΔx
Δz
= ΔxK + 2xK + θ.
Δx

(35)
(36)

At the boundary layer, the trapped ray will have zero Δz
for very small step sizes because the trapped signal will first
become parallel with the surface and then propagate downward.
In addition, for small step sizes, KΔx term will be nearly zero.
Therefore, (36) is simplified as
−2xK = θT

(37)

x = −(θ /2K).
T

(38)
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