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Hybrid FDTD-PE method for predicting path loss in ship-borne
communication over rough sea surfaces

ZHONG Linchun', YANG Yonggqin', SU Ting', ZHONG Fuliang', CHI Kuo'

(1. School of Information and Communication Engineering, Hainan University, Haikou 570228, China)

Abstract: The challenge of predicting wave propagation for ship-borne communication systems in complex
marine environments is addressed by employing a hybrid modeling approach that combines the Finite-
Difference Time-Domain (FDTD) method with the Parabolic Equation (PE) method. A joint FDTD-PE
algorithm facilitates near-field and far-field domain modeling: the FDTD method is applied in the complex
source region to establish a coupled model that includes rough sea surfaces and ship structures, accurately
characterizing the electromagnetic wave source. In the propagation region, where only rough sea surfaces are
present, the PE algorithm is introduced to effectively enhance computational efficiency for large-scale
electromagnetic field calculations. To validate the effectiveness of the method, a comparative study with
traditional FDTD and PE algorithms evaluates performance on three dimensions: computational accuracy,
runtime, and memory consumption. Results demonstrate that the FDTD-PE hybrid method exhibits higher
computational efficiency and lower memory consumption compared to traditional FDTD methods.

methodAdditionally, the hybrid FDTD-PE method shows greater accuracy in comparison to the PE method.
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This hybrid modeling strategy provides a solution that balances precision and efficiency for electromagnetic
wave propagation analysis in complex ocean environments.

Keywords: FDTD; PE; hybrid model; ship-borne communication; radio wave propagation

0 Introduction

The rapid advancement of wireless communication technologies'’ has made ship-borne communication

1

systems™ crucial in modern maritime operations and logistics. However, effective radio wave propagation over

rough sea surfaces'

remains a significant challenge. Traditional communication networks in offshore regions
have limitations that require more flexible and adaptive solutions for ship-borne communication systems.
Specifically, insufficient coverage from terrestrial base stations, along with the high costs’™ and bandwidth

limitations™

of satellite communications, adversely affects the reliability and efficiency of ship-borne
communications.

The propagation of electromagnetic waves in marine environments is influenced by multiple factors. These
include seawater conductivity, salinity, temperature, and dynamic variations of ocean waves'". Such factors result

[ These phenomena make it difficult

in significant signal attenuation', multipath effects”, and phase variations
to accurately predict wave propagation characteristics. Traditional modeling techniques have been widely used to
simulate electromagnetic wave propagation. Common methods include the FDTD method"' ™", the method of
moments (MOM)!"" '), the finite element method (FEM)"", ray tracing"", and the PE method"’™". The FDTD
method is known for its high accuracy in simulating near-field wave behavior and complex media. However, its
computational complexity grows exponentially with propagation distance, making it unsuitable for long-range
modeling. In contrast, the PE method is computationally efficient for long-distance propagation in homogeneous
or weakly inhomogeneous environments. However, the precision and accuracy of this method are often limited in
complex marine scenarios.

To address these limitations, a hybrid method is essential for modeling the diverse propagation
characteristics in marine environments. This method combines the high precision of FDTD method with the

21-22

computational efficiency of PE method” ™. In ship-borne communications, the propagation characteristics of
electromagnetic waves differ significantly between near-field and far-field regions. In the near-field region, wave
behavior is primarily influenced by the signal source and medium properties. This requires high-precision
modeling techniques. In the far-field region, propagation becomes more uniform. There are smaller variations in
amplitude and phase, enabling efficient computation with appropriate approximations while maintaining
accuracy.

This paper proposes a hybrid FDTD-PE evaluation method for analyzing path loss in ship-borne
communications over rough sea surfaces. The proposed method integrates the strengths of FDTD method in near-
field precision modeling and PE method in far-field efficient computation. This integration overcomes the
limitations of individual approaches. It provides an accurate and efficient simulation framework for path loss in
complex marine conditions. The proposed method offers a theoretical foundation for optimizing ship-borne

communication systems and advances research on electromagnetic wave propagation in rough sea environments.
1 Hybrid FDTD-PE Model And Implementation

The architecture of the proposed method is schematically illustrated in Fig. 1. The computational framework
consists of three principal phases. First, a two-dimensional (2D) rough sea surface is generated using the Pierson-

Moskowitz (PM) spectrum'™. This is followed by domain decomposition into near-field and far-field regions. The
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partitioning between the near field and the far field is based on the distance from the source of electromagnetic
waves. The near field typically encompasses regions where the wavefronts are not fully developed and the effects
of the source dominate, while the far field is characterized by well-defined wavefronts and decreased influence
from the source. This division allows for the appropriate application of different numerical methods: the FDTD
method is more suitable for the complex interactions in the near field, while the PE method efficiently handles
wave propagation in the far field. The near-field region employs the FDTD method to establish the rough sea
surface-ship coupling model. The PE method governs the electromagnetic propagation in the far-field region. The
electromagnetic waves are excited by a ship-borne cosine-modulated Gaussian pulse source within the FDTD
region. Based on the given model, the electromagnetic waves first compute near-field interactions within the
FDTD computational domain. After appropriate selection of the range position, the time-domain near-field
solution is transformed into a frequency-domain field distribution using the Discrete Fourier Transform (DFT).
This frequency-domain distribution is then processed through strict field matching. It serves as the initial
excitation for the PE algorithm. Finally, the Finite-Difference (FD) method based on the PE method is employed
to model the long-range propagation of electromagnetic waves in a non-uniform atmospheric waveguide

environment.

Tukey window

PE region
FDTD region
Interface
(Initial field of PE )
Source |«

e a

Fig.1 Hybrid FDTD-PE ship-borne communication model.

1.1 Rough sea surface The simulation of ocean waves is a complex dynamic stochastic process. This process
is typically described using spectral functions. Common spectral functions include the PM spectrum, JONSWAP
spectrum, and Fung spectrum. The rough sea surface is generated using the PM spectrum, as it accurately
represents the energy distribution and spectral shape of fully developed seas, validated by extensive empirical
data. In contrast, the JONSWAP spectrum, optimized for fetch-limited wind-sea interactions, and the Fung
spectrum, focused on high-frequency wave components, introduce additional parameters that are unnecessary for
the target sea states of this paper. This spectrum was derived by Pierson and Moskowitz based on empirical data.

Its mathematical expression is as follows:

@ Bg:
p (1)

—exp|— , k>0
Si0=1 4k kZUf;,s)
0, k<0

where g, = 9.81 m - s7 is the gravitational acceleration,

CPML

U,y s 1s the wind speed at a height of 19.5 m above the
ocean surface, & is the wave number, while o =

8.10x10”° and B = 0.74 are dimensionless empirical

constants.
1.2 FDTD Method The FDTD method is a well-

established numerical technique for solving Maxwell's

equations. It is particularly effective for simulating

wave propagation in complex media. The rough sea Fig.2 Rough sea surface-ship coupling model.

Natural Science of Hainan University (ISSN 1004-1729) https://hndk.hainanu.edu.cn


https://hndk.hainanu.edu.cn

4 g R OR o s Al C AR BE A R P 3 S0

surface-ship coupling model is established in the near-source region using this method. As shown in Fig. 2, the
FDTD region includes the ship, the rough sea surface, and the emission source. The ship is modeled as a 2D
cross-section of a small to medium-sized unmanned surface vehicle with a metallic structure. The geometric
parameters are detailed in Fig. 2. Here, A represents the wavelength at the frequency of interest, and the vessel's
draft is set to 2 = 4/2. A Convolutional Perfectly Matched Layer (CPML) surrounds the FDTD region to absorb
outgoing waves at the boundaries. This minimizes reflections and prevents non-physical artifacts.

1.3 PE Method In the x-z coordinate system, assuming a homogeneously distributed propagation medium, the

field quantity y satisfies the 2D wave equation:

o’y Iy
%+6—Z2+k2n2w=0 (2)
where k is the wave number, and n is the refractive index. By introducing a simplified function

u(x,z) = e y(x,z), (2) can be transformed into (3):

fu . Ou Fu
ﬁ+21ka+6—zz+k2(n2—l)u20. (3)
From (3), the forward- and backward-propagating parabolic equations can be isolated as follows:
0
% = —ik(1- \/O)u, (4)
B—”:—ik(l+ \Ou, (5)
Ox
where the pseudo-differential operator Q is defined as:
1o
Q = E 8_12 +n. (6)

For forward propagation, the solution can be expressed as follows:

u(x+ Ax,7) = e ™0y (x, 7). (7)

Starting from an initial field distribution, the field throughout the propagation domain can be solved

iteratively. In this paper, the FD approach is employed to handle arbitrary boundary conditions. For the pseudo-
differential operator Q, various approximation methods exist. This study adopts the Padé(1-1) approximation,
which theoretically allows for an effective computation angle of up to 40°, making it suitable for wide-angle
parabolic equations.
1.4 Numerical Implementation of the FDTD-PE Method The hybrid FDTD-PE method combines the
FDTD and PE to simulate electromagnetic wave propagation in complex environments. The core challenge lies in
seamless coupling between the FDTD and PE regions through their interface. The numerical implementation
involves the following steps:

Domain Partitioning: The computational domain is divided into an FDTD region and a PE region. The
FDTD region includes sources and complex terrain, bounded by CPML absorbing boundaries to minimize
truncation reflections. The PE region handles simpler terrain, with a Tukey window function at the upper
boundary and an impedance boundary at the lower interface.

Time-to-Frequency Domain Conversion: At the interface x=x,,,, the time-domain electric field
E(X,4ns, nAF) from the FDTD region is converted to frequency-domain values E(X,,,,, f) using the DFT:

N
E(Xyans» ) = AtZE(x,mm,nAt) exp(—j2nfnAt), (8)
n=0
where N is the total number of time steps, and At is the time-step size. This ensures accurate initial frequency-

domain fields for the PE region.
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Field Transfer and Interpolation: The conjugated frequency-domain fields at the interface are transferred
to the PE region. If the grid sizes between the two regions differ, spatial interpolation is applied; otherwise, direct
transfer suffices. Fields within the CPML are also transferred, while non-transferred regions in PE are zero-
padded.

PE Region Computation: The conjugated interface field values serve as the initial conditions for the PE
region. The PE solver computes the frequency-domain field distribution across the frequencies of interest. If time-
domain field recovery is required, the frequency-domain fields must be calculated for all frequency components
within the signal bandwidth. Subsequently, the inverse Fourier transform is applied to reconstruct the time-

domain signal from the PE results:

E(x,f) = Af Z E(x,mAf)exp(j2nmAft), (9)

m=-M

where Af is the frequency resolution, and M determines the signal bandwidth. The received signal incorporates

the propagation delay from the interface to the receiver.
2 Numerical Results and Analysis

To validate the accuracy and effectiveness of the hybrid FDTD-PE method under the rough sea surface-ship
coupling model framework, simulated results were obtained under several different wind speeds. The tests were
conducted under the following conditions: (1) U3 =0; (2) Ujys=5m - s';and 3) U,ys=8 m * s™.

In the first example, the propagation of electromagnetic waves from a ship on a calm sea surface was
simulated and compared with the traditional FDTD and the PE. A propagation model, as shown in Fig. 1, was
established. The model consists of two layers: the upper layer is air, and the lower layer is seawater
& =72,0=5s+ m™", with the ship situated on the calm sea surface, and its geometric parameters are illustrated in

Fig. 2. A cosine-modulated Gaussian pulse was used as the source, expressed as:

(1) = Eycos [2nf.(t—1,)] exp[—47r(t _Tt‘) )2} (10)

where E, is the pulse amplitude, and f. is the modulation frequency. In this example, E,=1 V - m’,
f. =100 MHz, 7 =9.66 ns, and ¢, = 4.57.

In the full-region FDTD calculation, the simulation area is defined as {—150 m<x<3600 m,
—15 m<z<225 m}. The seawater region is denoted as {-150 m<x<3 600 m, -15 m<z<0 m}, while the air region
is denoted as {—150 m<x<3 600 m, 0 m<z<225 m}. The grid size is Ax = Az =0.075 m, with the grid count of
50 040%3 240 and the time step of Ar=0.125 865 ns. The transmitting antenna is positioned at x = 0 m, with the
source coordinates at (0, 3.6 m). Observation points are established at x; = (1000 m, 3.6 m), x, = (2000 m,
3.6 m) and x; = (3 000 m, 3.6 m). In the hybrid FDTD-PE model, the transition surface is set at X, . = 75 m. The
FDTD simulation area is defined as {—150 m<x<75 m, —15 m<z<225 m}, with the same grid size of
Ax=Az=0.075 m and grid count of 3 640x3 240. The PE simulation area is defined as {75 m<x<3 600 m,
—15 m<z<471 m}, with grid sizes of Ax=0.75m, Az=0.075m and grid count of 4 700x6 480. Since the PE
method only accounts for forward propagation and neglects backward propagation, the model retains only the
region to the right of x=0 from the FDTD method, while the left-side is omitted and internally modeled within
the PE algorithm. The remaining settings are consistent with the PE portion of the hybrid FDTD-PE model.

The transient electric fields at the observation points were calculated using both the hybrid FDTD-PE
method and the FDTD method, and the results are shown in Fig. 3. At the three observation points, the results

obtained from the FDTD-PE method agree well with those from the FDTD method. The root mean square error
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(RMSE) between the transient electric fields obtained — FDTD-PE (X,,=75m)
. . . = X107 - - FDTD
by the hybrid FDTD-PE method at observation points £ 1}
. . . 0
X, X, and x; and the transient electric fields obtained by Z 1t ‘/v\' . . . . .
o 3400 3600 3800 4000 4200 4400 4 600

the FDTD method are 2.351 2e-6, 3.129 7e-6, and
4.599 8e-6, respectively. These low RMSE values

t/ns

= %107
o . o = 5
indicate that the hybrid FDTD-PE method is highly 8 0 A
accurate and reliable for modeling transient electric § 5L . . . . . .
L & 6800 7000 7200 7400 7600 7800 8000
fields in this context. t/ns

)

During the numerical simulation with U,y = - x10°
0, in order to further analyze the results, path losses (2)’ W\
obtained by the hybrid FDTD-PE method with 73(’)8 o0 1o Ter Toe Tos 1o 1o
transition planes set at X, =30 m, X, = 75 m, and t/ns <107
X,.. =165 m were compared with those of the full Fig. 3  Comparison of the calculated results for the
FDTD method and the PE method at specific heights. tmmiﬂ; ;:z;tl;izcoggll’a;;l:l):)::';:; 333 rﬂ?;n;s“f)l 000 m,
The variation of path loss with distance at z = 0.9 m is
shown in Fig. 4a, at z = 3.6 m in Fig. 4b, and at z = 9.0 m in Fig. 4c. Atz = 0.9 m, the RMSEs between the path
loss obtained by the hybrid FDTD-PE method and the FDTD method for the transition planes at X, ;» Xanc
KNianss are 0.820 4 dB, 0.661 4 dB, and 0.629 8 dB, respectively. In comparison, the RMSE between the path loss
obtained by the PE method and the FDTD method is 3.186 0 dB. At the height of z = 3.6 m, the RMSEs for the
hybrid FDTD-PE method with the three transition planes are 0.7397 dB, 0.5801 dB, and 0.4902 dB,
respectively, while the RMSE between the PE method and the FDTD method is 3.342 3 dB. At the height of z =
9 m, the RMSE values for the hybrid FDTD-PE method compared to the FDTD method are 0.533 1 dB,
0.3464 dB, and 0.301 2 dB, and 7.804 3 dB for the PE method compared to the FDTD method. These results

demonstrate that the hybrid FDTD-PE method achieves good consistency with the full FDTD method in path loss

g
>
~
89

and

calculations and exhibits higher accuracy compared to the PE method, confirming the effectiveness of the FDTD-
PE method in simulating electromagnetic wave propagation over a calm sea surface. The computational error
between the hybrid FDTD-PE method and the full FDTD method primarily stems from two sources: one part is
the inherent paraxial approximation of the PE method; specifically, the Padé(1-1) approximation used in this
paper, as a first-order parabolic approximation, has inherent limitations in simulating large-angle propagation or
significant backscattering. The other part originates from the field matching problem at the FDTD-PE interface,
specifically the error introduced when precisely converting the time-domain full wave field computed in the
FDTD region into the starter field required for the PE region at the transition plane. By comparing the results for
different transition plane settings, it is found that an appropriately chosen transition position enables the hybrid
FDTD-PE method results to closely match those of the FDTD method, whereas setting the transition plane too
close to the ship or the transmitter may lead to larger errors. Therefore, the placement of the transition plane is
crucial, as it directly determines the size of the FDTD region and thus affects computational efficiency. In
general, when the wave approaches a plane wave during propagation, a good balance between accuracy and
efficiency can be achieved.

In the second example, the ship-sea model is constructed based on a rough sea surface generated with a
wind speed of U;ys =5 m - s, while all other numerical simulation parameters remain the same as those in the
U,y s = 0 scenario. Fig. 5 presents the comparison results of path loss between the hybrid FDTD-PE method, the
full FDTD method, and the PE method at transition planes X,,,.;, =30 m, X, = 75 m, and X,
as at different heights (z= 0.9 m, z= 3.6 m, and z = 9 m) under a wind speed of U;y;=5m * 5. Atz = 0.9 m, the
RMSEs between the hybrid FDTD-PE method and the FDTD method at the three transition

=165 m, as well

ransl
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planes are 3.317 8 dB, 2.454 9 dB, and 1.144 6 dB, respectively, while the RMSE for the PE method is 5.316 3
dB. Similarly, at z = 3.6 m, the RMSEs for the hybrid method are 1.069 7 dB, 0.987 9 dB, and 0.581 8 dB, with the
PE method yielding an RMSE of 3.2206 dB. At z = 9 m, the RMSEs for the hybrid method are 0.986 8 dB,
0.607 8 dB, and 0.425 8 dB, while the PE method yields an RMSE of 7.942 3 dB. The accuracy of the hybrid
method improves with increasing height, with particularly outstanding performance at z = 9 m, where the RMSE
is significantly lower than that of the PE method. This indicates that the hybrid method maintains high accuracy
under complex ocean conditions and effectively adapts to changes in wind speed. Furthermore, increasing the

distance of the transition plane further reduces the RMSE, enhancing accuracy and stability in the far field.

—— FDTD —— FDTD
=60 ¢ - - .FDTD-PE ( X,,,,,=30 m) 60 - - . FDTD-PE ( X,,,,, =30 m)
| - - . FDTD-PE ( X,,,,,=75m) - - . FDTD-PE ( X,,,,,=75m)
—80 |y FDTD-PE (X,,,;=165m) -80 |\ FDTD-PE ( X,,,;=165m)
- -.PE ,,\\ -=--PE
S -100 % S-100} %,
2 % 2
] Y =}
=0 N =120} \\\.\\
\.* N'ti
x“»\»\ ""ﬁ‘w:‘_h'
-140 R - eretas
H - th 140 F
M‘(’W
-160 | ) ) ) ) ) ) ) -160 | ) ) ) ) ) ) )
05 1.0 15 20 25 30 35 05 1.0 15 20 25 30 35
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— FDTD
—60 I - - . FDTD-PE (X,,,,,=30m)
\ - - .FDTD-PE (X, ,~75m)
ol N FDTD-PE ( X,,,;=165m)
4a ‘\ - PE
IPINN
S-100f \/ “¥y
2 iy Sag
S T
—120 r ‘\"‘*b.
e
-140 |
-160 | ) ) , , , , ,
05 10 15 20 25 30 35
x/km
¢ z=9.0m

Fig. 4 Comparison of path loss obtained by different methods under U, =0 m/s.

To further assess the applicability of the method under more challenging conditions, simulations were also
conducted for U,y s =8 m + s™. Fig. 6 illustrates the path loss results at different transition planes and heights. At z
= 0.9 m (Fig. 6a), significant increases in path loss are observed at certain positions due to partial submersion by
high waves, and the PE method—being a forward-only approximation—shows larger errors. However, at higher
elevations (Figs. 6b and 6¢), the hybrid method remains in good agreement with the FDTD results. At z = 3.6 m,
the RMSEs for the hybrid method are 1.8661 dB, 1.2915 dB, and 1.000 8 dB, while the PE method yields
3.7162 dB. At z = 9 m, the RMSEs are 1.4427 dB, 1.138 6 dB, and 0.907 6 dB for the hybrid method, and
7.942 3 dB for the PE method. Although errors increase with wind speed and wave height, the hybrid method still
outperforms the PE method in terms of accuracy.

Table 1 summarizes the average computation time and memory consumption of the FDTD, PE, and hybrid
FDTD-PE methods under the three wind speed conditions. Compared to the full FDTD method, the hybrid
approach achieves speedup factors of 102.06, 34.41, and 16.55 for the three transition planes, with memory
savings of 78.32%, 75.68%, and 70.40%, respectively. These results indicate that the transition plane setting

directly affects both computational efficiency and accuracy; more distant transition planes improve accuracy but
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increase resource consumption, necessitating a balanced choice. Overall, the hybrid FDTD-PE method

significantly improves computational efficiency while maintaining accuracy, fully leveraging the complementary

advantages of time-domain and frequency-domain solvers, and thus demonstrates strong potential for practical

engineering applications.
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Fig. 5 Comparison of path loss obtained by different methods under U,,;=5m - 5™
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Fig. 6 Comparison of path loss obtained by different methods under U,y =8 m - s™.

Table 1 Performance comparison of FDTD-PE, FDTD, and PE methods

FDTD-PE method

FDTD method PE method
Kipans1 =30 m Xins2=75 M Xirans3=165m
Time/s 156.85 465.17 967.27 16 008.28 22.98
Memory/MB 2931.74 3288.52 4002.16 13522.74 85.12

3 Conclusion

This paper proposed and systematically evaluated a hybrid FDTD-PE method of modeling electromagnetic
wave propagation in rough sea surface-ship coupling scenarios. By integrating the high accuracy of the FDTD
method in the near field with the computational efficiency of the PE method for long-range propagation, the
hybrid approach allows for seamless domain transition and significant resource savings. Simulation results under
various wind speeds and sea conditions demonstrate that the hybrid FDTD-PE method achieves high accuracy
across different heights and is especially effective in complex maritime environments, with superior performance
at higher observation points compared to the conventional PE method. The study also highlights the importance
of transition plane placement in balancing computational efficiency and accuracy. Overall, the hybrid FDTD-PE
method proves to be a robust, efficient, and practical solution for large-scale electromagnetic propagation analysis
in realistic maritime scenarios. Future work will focus on extending this framework to more diverse sea states,
incorporating additional physical effects, and exploring applications in broader maritime wireless communication

contexts.
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