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Abstract: The electromagnetic (EM) scattering characteristics of the rough sea surface is very im-
portant for target surveying and detection in a sea environment. This work proposes a scaled sea
surface designing method based on a rough thin-film medium. For the prototype sea surface, the
permittivity is calculated with the seawater temperature, salinity, and EM wave frequency according
to the Debye model. The scale film material is mixed with carbon black and epoxy, whose volume
ratio is optimized with the genetic algorithm through the existing electromagnetic parameter library.
This method can overcome the previous difficulties of adjusting the same permittivity of the prototype
sea water. According to the EM scaled theory, the scaled geometric sample is numerically generated
with the D-V spectrum for the given wind speed, and is fabricated using 3D printing to keep the
similar seawater shape. Then, the sample is sprayed with a layer of film material for EM scattering
measurement. The simulated and measured radar cross-section (RCS) results show good consistency
for the prototype seawater and scaled materials, which indicates the proposed scaled method is a
more efficient method to get the seawater scattering characteristics.

Keywords: scaled measurement; rough sea surface scattering; equivalent permittivity

1. Introduction

The electromagnetic (EM) scattering characteristics of the complex natural sea surface
are very important for integrated perception information of marine ecological environments,
ocean battle scenes, and so on [1]. When satellite or airborne radars detect and warn targets
(such as ships, aircraft, etc.) in the actual sea environment, the echo signal will inevitably
include clutter of the rough sea surface. Ocean environment information such as a wind
field, sea surface salinity (SSS), and sea surface temperature (SST) can be obtained from
the observation data of meteorological or ocean satellites according to the EM scattering
mechanism of the sea surface [2–4]. The theoretical research on EM scattering of the rough
sea surface mainly focuses on the calculation of rough surface scattering, such as forward
and backward method (FBM), sparse matrix canonical grid (SMCG), finite element domain
decomposition method (FEDDM), etc. [5–8]. However, numerical calculation methods are
often limited by the performance of computer hardware, which limits their simulation
scale. In addition, numerical methods are not able to consider the factors of the detection
system. Therefore, it is necessary to develop rough sea surface measurement technology.

Radar cross-section (RCS) is an important parameter describing the EM scattering
characteristics, which is defined as 4π times of the ratio of the scattered power received by
the target in a unit solid angle to the power density of the incident wave on the target [9].
The measurement of RCS often requires a large enough area to carry out measurement
experiments, especially for scatter measurements involving complex marine environments,
and often consumes huge resources and manpower. In addition, due to the uncertainty of
the actual measurement environment, it is impossible to achieve a deterministic analysis of
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the detection environment. With the development of microwave devices and measurement
technology, the laboratory measurements of RCS have become possible [10,11]. The mea-
surement method in laboratories is mainly divided into the far-field method, the compact
field method, and the near-field method. The far-field method often needs a very large area
so that the measured target is far enough from the measuring antenna. The compact field
method is too difficult to detect in a complex ocean environment, which makes it difficult
to operate. The near-field measurements often use a limited beam to illuminate the target.
The illumination of a narrow beam on the sea surface often causes false edge diffraction
from the sea surface edge. In view of the above difficulties, the scaled measurement uses
the scaled model of the prototype surface, and infers the measured data to the RCS of the
prototype surface based on the EM scaled theory.

The scaled model design often involves metallic and non-metallic objects. According
to the previous scale method, the scaled materials should have the same permittivity as
the prototype ones [5,12]. Since the seawater is a dispersive medium, the magnetic loss
coating on the metallic surface [13,14] is designed according to the reflection loss of the
coating backed by a perfect conductive plate. Reference [5] presented a scale method
to simulate the dynamic sea surface in a water basin. This method requires that the
water salinity and temperature must be changed simultaneously to get the appropriate
permittivity of the prototype seawater. It is still limited for the permittivity value. As the
scale frequency increases to hundreds of GHz, it is nearly impossible to achieve according
to the relationship of permittivity with salinity or temperature [15]. Moreover, the salt will
corrode the equipment in the water basin, so it is a destructive measurement. Therefore,
how to support a new way to establish the practical permittivity and a low-cost scaled
seawater material is still valuable for designing the scaled sea environment. With the
proper scaled seawater material, the complex scattering characteristics of the rough sea
surface could be easily obtained in a laboratory.

This article is arranged as follows. Section 2 deduces the relationship of scaled model
and the prototype one according to the EM scaling principle. Section 3 introduces the
design and construction process of the scaled sea surface model. Section 4 gives the RCS
results of the prototype sea surface with the simulation and measurement methods, as well
as the performance analysis of the rough film medium for a scale rough sea surface. Finally,
the conclusion is presented in Section 5.

2. Scaling Principle for Rough Sea Surface Scattering
2.1. The Scaling Principle for Scaled Sea Surface Using Rough Thin-Film Media

The scaling principle for a sea surface with a rough film medium is mainly to get
the same reflection and scattering of electromagnetic waves as the prototype sea sur-
face. The calculation of electromagnetic scattering from the sea surface mainly includes
high-frequency approximate calculation and precise calculation by numerical methods [6].
According to the similarity criterion, the geometric size of the prototype sea surface and
the scale model must be in good proportionality. Moreover, the permittivity in two elec-
tromagnetic systems must remain strictly the same. When the prototype material is a
dispersive material, it is difficult to construct the scaled materials which have the same
dispersion relationship as that of the prototype material. For the structure of the scaled sea
surface, we use the principle of the high-frequency approximation algorithm to optimize
the electromagnetic parameters of the scaled material. The starting point of the physical
optics method is derived from the Stratton-Chu scattering field integral equation, in which
the total scattering electric field and the scattering magnetic field formula on the surface of
the object are expressed as follows [7].

Es(r) =
ikeikr

4πr

x [
ZJs
(
r′
)
+ ŝ×Ms

(
r′
)]

e−iks ·r′ds′ (1)

Here, k is the propagation constant of free space, Z is the intrinsic impedance of free space,
ŝ is the unit vector of the scattered wave, r is the position vector of the point on the surface,
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r = |r|. Js = n̂× H is the surface current, Ms = n̂× E is the surface magnetic current, n̂ is
the normal unit vector outside the surface, and H and E are the total magnetic and electric
field on the rough sea surface, respectively.

According to the Snell reflection laws of a flat dielectric interface, the induced current
on the flat interface can be expressed as

ZJs =
(
Ei· p̂i

)
(n̂× q̂i)(1 + Rv)−

(
Ei·q̂i

)(
n̂·k̂i

)
(1− Rh) (2)

Ms =
(
Ei· p̂i

)(
n̂·k̂i

)
(1− Rv) +

(
Ei·q̂i

)
(n̂× q̂i)(1 + Rh) (3)

Here, Ei is the electric field vector of the incident plane wave. q̂i =
k̂i×n̂
|k̂i×n̂| , p̂i = q̂i × k̂i are

the perpendicular and parallel polarization vectors of the flat interface. Therefore, when
the reflection coefficients at prototype frequency f0 and scaled frequency f1 are equal, i.e.,
Rv,h( f0) = Rv,h( f1), the induced current Js and Ms will be equal, and the prototype material
and the scaled-down material can meet the strict similarity criterion. However, when the
sea surface model is scaled down from low frequency (for example 7.75− 7.85 GHz) to high
frequency (23.25− 23.55 GHz for a three-times reduction ratio), it is difficult to guarantee
that the permittivity of the scaled rough surface is exactly equal to that of the prototype
rough surface.

This paper intends to use the equivalent electromagnetic model based on the reflection
coefficient approximation to design the scaled sea surface at multiple angles. Then, the
RCS of the scaled surface is expressed as

σ′ = lim
r′→∞

(
4πr′2

E′s × H′s
E′ i × H′ i

)
= (KL)

2σ (4)

Here, KL is the scaling factor. The field quantities with an apostrophe are those in the scaled
system. Equation (5) is the scaling principle between the scaled system and the prototype
system, which can be transformed into logarithmic form as

10 log σ′ = 20 log KL + 10 log σ (5)

2.2. Reflection Coefficients of Seawater

The reflection coefficient of the sea surface can be expressed as a function of the
permittivity at a given incidence angle. The reflection coefficient under vertical polarization
and horizontal polarization is expressed as [16,17]

Rv =
εr cos θi −

√
εr − sin2 θi

εr cos θi +
√

εr − sin2 θi

, Rh =
cos θi −

√
εr − sin2 θi

cos θi +
√

εr − sin2 θi

(6)

Here, θi is the incident angle of electromagnetic wave and εr is the complex relative
permittivity of seawater. The permittivity of sea water is often a complicated function of
seawater temperature T, seawater salinity S, and electromagnetic wave frequency f . The
GW2020 model was developed by Yiwen Zhou et al. [18]. using the measurement data
from advanced equipment. The inversion experiment of the measured data shows that
this model has more advantages than the KS model [19] and the MW2012 [20] model in
seawater salinity inversion. According to the GW2020 model, the relative permittivity of
seawater is expressed as follows.

εr(S, T) = 4.9 +
εs(T)R(S, T)− 4.9

1 + i2π f τ(T)
− i

σ(S, T)
2π f ε0

(7)
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Here, εs(T) is the permittivity of pure water at rest frequency ( f = 0), ε0 is the vacuum
permittivity, τ(T) is Debye relaxation time, S is salinity (psu), T is temperature (◦C), and f
is incident wave frequency (Hz). The specific Debye parameter forms are fitted as follows
with the measured data.

τ(T) = 1.7503e−11 − 6.1299e−13T + 1.2451e−14T2 − 1.1493e−16T3 (8)

εs(T) = 8.8052e− 4.0179e−1T − 5.1027e−5T2 + 2.5589e−5T3 (9)

R(S, T) = 1− 3.9719e−3S + 2.4921e−5ST + 4.2756e−5S2 − 3.9283e−7S2T − 4.1535e−7S3

σ(S, T) =
(
9.5047e−2 S− 4.3086e−4S2 + 2.1618e−6S3)× [1 + 3.7602e−2T+

(10)

6.3283e−5T2 + 4.8342e−7T3 − 3.9748e−4ST + 6.2652e−6S2T] (11)

Supposing sea surface temperature T = 20 ◦C, Figure 1 shows the permittivity of
pure water and seawater with the GW2020 model. Suppose sea surface temperature
T = 20 ◦C, salinity S = 30 psu, frequency f = 7.8 GHz, the permittivity of seawater is
εr = 61.7− 35.5 i. Figure 2 shows the reflection coefficient amplitude with the incident
angle under vertical polarization and horizontal polarization. Since Rv changes remarkably
with incident angles, it is used for later parameter optimization.
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3. Design and Manufacture of Scaled Sea Surface

In order to make the RCS of the prototype sea surface and the scaled sea surface
meet the scale ratio formula, we need to spray the scaled sea surface model with a layer
of equivalent material, so that the reflection coefficient of the scaled sea surface model is
approximately equal to the reflection coefficient of the prototype sea surface. In this section,
the equivalent material is first designed, and the scaled sea surface model is manufactured
for measurement in the scale system.

3.1. Permittivity Measurement Based on the Waveguide Method

According to the transmission/reflection method [21], the permittivity can be re-
versed as

εr =
(

λ0/λc

)2
+

1
Z̃2

c

[
1−

(
λ0/λc

)2
]

(12)

Here, λ0 is the length of an electromagnetic wave in air, λc is the cutoff wavelength of the
waveguide. Z̃c is expressed as

Z̃c =
(

1 + Γc

)/(
1 + Γc

)
(13)

Here, Γc is the reflection coefficient of the measured sample surface.

3.2. Preparation of the Surface Material for Simulating a Rough Sea Surface

Carbon black is a kind of conductive material, and its conductivity is closely related to
its microstructure, particle size, and structure and surface properties. The actual material is
shown in Figure 3. The density of carbon black is 2.00 g/cm3 and the density of paraffin is
0.90 g/cm3.
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The crystal phase of the powder was estimated by an X-ray diffractometer (D/teX
Ultra250, Rigaku Smartlab II, Tokyo, Japan) with Cu K-radiation (wavelength = 0.154 nm),
and the scan step size was 0.02 deg/s with 50 steps/degree. The morphology of the compos-
ites was measured using scanning electron microscopy (German ZEISS GeminiSEM 300).
The raw commercial carbon black was supplied by Jinan Hongshun Chemical Co. Ltd.,
Jinan, China. The morphology of the carbon black cluster and the particle dispersion in the
resin can be shown in Figure 4. The aggregated nano carbon black had a spherical shape
with a diameter about 20~50 nm, and the carbon black cluster was uniformly dispersed in
the epoxy resin.
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Figure 5 shows the XRD patterns of the carbon black particle. The diffraction peaks
(0 0 2) and (1 0 0) of the carbon show typical carbonous material characteristics, while the
other very low intensity value shows a low amount of disorder in the samples.
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Figure 5. The XRD curve of carbon black.

In this section, we make the scaled seawater materials by mixing a certain proportion
of carbon black and paraffin. The carbon black mainly determines its dielectric properties;
the paraffin is treated as a lossless connecting agent. The volume ratio of carbon black
determines the permittivity of the mixed material. The preparation process is divided into
the following steps:

(a) Weigh two parts of paraffin with a mass of 1 g. Then, weigh the carbon black with a
mass of 0.75 g and 0.95 g, which corresponds to the volume ratio of 25% or 30% in the
mixed material, respectively.

(b) Pour the weighed paraffin into the small beaker and heat it on the heating table. After
the paraffin dissolves, the carbon black is timely poured into the small beaker and
stirred. During mixing, the small beaker shall not leave the heating table to prevent
the mixed materials from curing rapidly, resulting in uneven mixed materials. Then,
the mixed material is solidified quickly.

(c) An appropriate amount of evenly mixed material is poured into the metal groove on
the heating table. The thickness of the metal groove is 2.22 mm, so the thickness of
the final measured sample is also 2.22 mm. When the mixture fills the metal groove
evenly, a rectangular sample is cut with a blade, as shown in Figure 6.
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3.3. Measurement Data of Scattering Parameters and Inversion of Permittivity

Suppose that the prototype frequency is 7.75− 7.85 GHz (center frequency is 7.8 GHz),
and the scaled factor KL = 3, so the scaled frequency is 23.25− 23.55 GHz. The waveguide
system is used to measure the permittivity. As shown in Figure 7, the measuring system
consists of a vector network analyzer (VNA), a coaxial line, a coaxial waveguide converter,
and a BJ220 rectangular waveguide. The wave transmission mode is usually TE10 wave,
and the frequency range is 17.6− 26.7 GHz.

1 
 

 

Figure 7. The transmission/reflection coefficient measurement system. Where the red arrow points is
where the sample is placed. The instrument circled in red is a vector network analyzer (VNA). The
blue arrow shows the coaxial line.

The sample (mixture of carbon black and paraffin) is easily placed unevenly and has a
certain thickness. The non-uniformity of the contact between the waveguide surface and
the sample surface will lead to a certain deviation between S11 and S22 and S12 and S21.
The measurement results show that this difference is very small. In order to minimize
the influence of this deviation on the inversion results, S11 = S22 = (S11 + S22)/2 and
S12 = S21 = (S12 + S21)/2 are taken for inversion calculation.

Figure 8 shows the measured S11/S22 parameters and S21/S12 parameters and the
retrieved dielectric constant values. The vertical axis of S parameters is in dB, that is,
20 log |S|. When the carbon black volume ratio is 25%, the complex relative permittivity of
the mixed material is about 32− 14i between 23.25 and 23.55 GHz. When the volume ratio
is 30%, the complex relative permittivity of the mixed material is about 68− 43i. Moreover,
if the volume ratio is 0%, the complex relative permittivity of pure paraffin material is
about 2− 0.01i.
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Figure 8. The measured scattering parameters and inversed permittivity. (a) Carbon black volume
ratio is 25%; (b) carbon black volume ratio is 30%.
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3.4. Optimization of Permittivity of the Rough Film

The geometric model of the scaled rough surface can be made by 3D printing. Then,
it is sprayed with a layer of film material to generate the scaled rough sea surface model.
According to the scaled condition in Section 2, if the reflection coefficients of the scaled
surface model and the prototype sea surface model are approximately equal in all incident
angles, the RCS of the corresponding rough surfaces will meet the scaling formula. For
the given prototype sea surface (including the frequency and sea surface temperature and
salinity), the permittivity εr is calculated according to the Debye model of seawater, and
the corresponding reflection coefficient Rfull is also calculated for different incident angles.
Then, for a given scaled coefficient KL, the volume ratio of carbon black and paraffin for
the scale model is optimized through the existing electromagnetic parameter library. The
optimization function is expressed as

min
90◦

∑
θi=0◦
|Rfull − Rscall| (14)

Here, Rscale is the reflection coefficient of the scaled sea surface. Then, the best volume ratio
of carbon black in the mixture is optimized with the genetic algorithm to minimize the
above optimization function. The optimization process is as follows [22–24].

(1) Initialization of population size, crossover probability, mutation probability, and
iteration number. The random function is used to generate 0 or 1, and a single
population is binary coded to generate the initial population. The coding length is
related to the scale of the volume ratio and its discrete precision. Here, the discrete
precision is set as 1%.

(2) Electromagnetic parameter fitting calculation. The spline interpolation method is used
to calculate the equivalent electromagnetic parameters (complex relative dielectric
constant) of each proportion of mixed scaled materials.

(3) Calculate the fitness of each individual in the population according to the optimization
function in Equation (9). Judge the termination conditions so that the optimization
function is greater than the set parameter (it is set as 80 in this paper) according to
the individual with the largest fitness in the population. If so, the calculation ends,
otherwise go to the next step.

(4) Copy the binary code of the old group to obtain the new group according to the
crossing probability and crossing point.

(5) Select appropriate chromosomes (referring to the binary code of a single individual)
to participate in the crossover according to the crossover probability and crossover
point. The original chromosome is replaced with the generated new chromosome.

(6) Randomly select some genes to participate in mutation according to the mutation
probability (that is, their binary code changes from 0 to 1 or from 1 to 0). With this
operation, a new population is obtained again.

(7) Steps 4–6 generate the new generation population. Calculate the fitness of the new
generation population, and compare it with the previous population. If the fitness
of the new population is greater than that of the previous population, go to step 3
with the new population. Otherwise, the new population will be eliminated and the
previous population will be used to transfer to Step 3.

According to the above optimization function, the reflection coefficient performance
parameters can be expressed as a function of four variables (material addition ratio, the real
part of the complex relative dielectric constant, the imaginary part of the complex relative
dielectric constant, and the incident angle of the electromagnetic wave). The decoding
process is to convert the binary number of the final optimized proportion into a value
between the maximum filling proportion and the minimum filling proportion.
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3.5. Physical Preparation of the Rough Sea Surface Model

The real rough sea surface is usually considered to be composed of numerous random
sine waves with different amplitudes, wave numbers, and phases. Thus, it can be described
with some statistical parameters. As an important statistical characteristic, a wave spectrum
is defined as the Fourier transform of the rough sea surface’s autocorrelation function,
which describes the internal energy distribution of the wave with respect to frequency and
direction. The geometric generation of the rough sea surface is generally realized by the
wave spectrum. The Monte Carlo method is based on the assumption that the sea surface is
linearly superimposed by countless sine waves. The height fluctuation of the sea surface is
obtained by filtering the wave spectrum and then the inverse Fourier transform. The wave
spectrum used in this paper was proposed by Durden and Vesecky based on the scattering
cross-section data of RADSCAT. The form of the DV spectrum is [25].

W(k,ϕ) =
1

2πk
S(k)Φ(k,ϕ) (15)

S(k) =
0.001
πk4


exp

[
0.74k2

c

(
1
4 −

1
k2

)]
k < 2(

bku2
∗

g+γk2

)alog( k
2 )

k ≥ 2
(16)

Here, b = 1.25, a = 0.0225, g = 9.81, γ = 7.25× 10−5, u∗ is the friction velocity. Φ(k,ϕ) is
the direction factor. Here, we use the spreading function given by Fung and Lee as

Φ(k,ϕ) = 1 +
2

1− N

(
1− R
1 + R

)(
1− exp

(
−sk2

))
cos(2ϕ) (17)

N =

∫ ∞
0 k2s(k) exp

(
−sk2)dk∫ ∞

0 k2s(k)dk
, R =

0.003 + 0.00192U12.5

0.00316U12.5
(18)

Here, s = 1.5× 10−4, U12.5 is the wind speed at 12.5 m above the sea level. Figure 9 shows
two random rough sea surface samples generated by the Monte Carlo method and the DV
spectrum when the wind speed is 5 and 10 m/s, respectively.
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(a) U12.5 = 5 m/s; (b) U12.5 = 10 m/s.

The manufacturing of simulated sea surface materials is based on molding the UV
curing resin on the 3D printer workbench. Using the laser with specific intensity and
wavelength, the surface of the light curing resin material is solidified in the order of point
to line and line to surface. When the drawing of one layer is completed, the lifting table
will move the height of one layer and then solidify the other layer [26]. In this way, layers
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are superimposed to form a three-dimensional solid. Figure 10a shows the geometry of the
scaled sea surface model.
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Figure 10. Scaled surface model for measurement. (a) Front view before spraying; (b) front view after
spraying; (c) back view after spraying.

For the preparation of the dielectric coating on the rough sea surface, it is only neces-
sary to spray equivalent dielectric coating on the surface of the local sea surface model. As
a functional coating, the equivalent dielectric coating not only has certain commonalities
but also has its own characteristics compared with ordinary coatings [27]. According to
Section 3.4, the volume ratio of carbon black of the mixed material is optimized as 30%.
After spraying a very thin thickness of mixed paint, the final scaled model is shown in
Figure 10b,c. If the sample area is large and there are many coatings configured at one
time, the disperser equipment shall be used to stir and disperse the configured coatings to
prevent the long spraying process, which leads to the phenomenon of absorbent settlement
in the configured coating.

4. Comparison of the RCS between the Prototype and Scaled Sea Surfaces

Firstly, the RCS of a single sea environment is simulated and analyzed to verify the
sea surface based on the rough film medium meeting the scaling conditions under different
conditions, and then the practical application of the scaled sea surface is verified by an RCS
test of the scaled sea surface physical model.

4.1. RCS Simulation of the Rough Sea Surface

Suppose that the sea surface temperature of the prototype seawater is T = 9.6 ◦C, the
sea surface salinity is S = 4 psu, and the electromagnetic wave frequency is f = 7.8 GHz.
The complex relative permittivity of the prototype sea surface is calculated as 61.3− 36.2i
according to the Debye model. With the above optimization algorithm, the volume ratio of
carbon black is 28.5%, and the optimized complex relative permittivity is about 60.9− 37.9i.
Then, the polarization reflection coefficients of the prototype surface and the scaled surface
are shown in Figure 11. The two sets of curves are adequately consistent.

Two wind speeds (2, 4 m/s) and two frequencies (7.75 GHz, 7.85 GHz) of the pro-
totype rough sea surface are considered. The scaling coefficient is set as KL = 3, and
the corresponding measurement frequencies of the scaled sea surface are 23.25 GHz and
23.55 GHz, respectively. The prototype sea surface is 1.5 × 1.5 m, and the scaled sea surface
is 0.5 × 0.5 m. In order to eliminate the influence of rough surface edges as much as
possible, the incident angle of the electromagnetic wave is set as 0~60◦. Figure 12 shows
the RCS of the prototype and scaled sea surfaces with different wind speeds. It can be seen
that the RCS value of the sea surface decreases with the increase of wind speed. The curves
of the RCS differences between the prototype sea surface and the scaled sea surface are
stable for different wind speeds, frequencies, and incidence angles, and the average RCS
difference is about 9.5 dB, which meets the RCS scaling theoretical formula in Equation (6).
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Figure 12. The RCS (dBsm) variation of the prototype and scaled rough sea surfaces with the incident
angle. The black line represents 1.5 m × 1.5 m of the prototype sea surface. The red line represents
0.5 m × 0.5 m of the sea surface. The blue line shows the difference (T = 9.6 ◦C, S = 4 psu).
(a) f = 7.75 GHz, U12.5 = 2 m/s; (b) 7.85 GHz, U12.5 = 2 m/s; (c) f = 7.75 GHz, U12.5 = 4 m/s;
(d) f = 7.85 GHz, U12.5 = 4 m/s.
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4.2. Measurement of the Scaled Rough Sea Surface

In this section, the manufactured scaled sea surface in Figure 10 is used for mea-
surement in the darkroom. The measurement system is shown in Figure 13, including
instrument automatic control subsystem, turntable control subsystem, and RF measure-
ment subsystem [28]. The RF subsystem mainly includes a vector network analyzer (VNA),
power amplifier, directional coupler, and antenna. The vector network analyzer has a
built-in signal source, and its RF output signal is amplified by the power amplifier and con-
nected to the directional coupler. The signal at the coupling end of the directional coupler
is connected to the reference port of the vector network analyzer as a reference signal. The
direct signal of the coupler irradiates the target outward through the transmitting antenna,
and the receiving antenna will collect the echo signal of the tested target and send it to the
test port of the vector network analyzer. Finally, the amplitude and phase of the target echo
is obtained by comparing the amplitude and phase of the test signal with the reference
signal [29].
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In order to measure the RCS of the scaled surface at different angles, the scaled rough
surface needs to be placed on the turntable vertically; then the azimuth angle needs to be
rotated by the turntable [30]. The test frequency is 23.4 GHz, and the selected calibrator is a
metal plate of 0.18 m × 0.18 m. The low scattering support and background cancellation
technology is used to effectively reduce the impact of background reflection such as the
turntable, darkroom wall, antenna leakage, and target support on the test. The RCS of the
test target at each frequency point and direction can be obtained according to Equation (10).

σT = σS × PT/PS (19)

Here, σT is the RCS of the measured target and PT is the corresponding echo power.
Similarly, σS is the RCS of the metal plate calibrator, and PS is its echo power.

The scaled sea surface is 0.4 m × 0.4 m, the thickness can be obtained according to
the scale factor, and the specific size is not constrained. The RCS test result curve of the
scale sea surface is shown in Figure 14, compared with the RCS simulation result. With
the change of the electromagnetic wave azimuth, the RCS curve of the scaled sea surface
simulated and tested is relatively consistent. At each angle, the mean of the difference
(absolute value) between the two curves is about 5.5 dB, which shows that the scaled sea
surface model constructed in this paper has practical application.
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5. Conclusions

This work proposes a scaled sea surface designing method based on a rough thin-film
medium. Since the permittivity of sea water is dispersed according to the Debye mode,
this paper discussed a mixed material with carbon black and epoxy, whose volume ratio is
optimized with the genetic algorithm. This method can overcome the previous difficulty
of adjusting the same permittivity of the water. The geometry of the scaled rough surface
sample is numerically generated with the DV spectrum and is fabricated using 3D printing
to keep the similar seawater shape. Then, the surface sample is sprayed with a layer of
film material for the EM scattering measurement. The prototype sea surface and scaled sea
surface models corresponding to different frequency and wind speeds are simulated to
verify the scaling relationship between the scaled sea surface and prototype sea surface
based on the rough film medium. Moreover, an indoor test system is constructed for RCS
measurement of the scaled rough surface samples. The simulated and measured RCS
(radar cross-section) results show good consistency for the prototype seawater and scaled
materials, which indicates that the proposed scaled method is an efficient method to obtain
the broadband EM scattering characteristics of rough sea surfaces.

Author Contributions: Data curation, Y.Z.; Writing—original draft preparation, C.G.; supervision
and methodology, H.Y.; measurement and validation, L.W. and Y.X. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded in part by the National Key Research & Development Program
of China (No. 2021YFB3900401) and in part by the National Natural Science Foundation of China
(Grant No. 61871424 and No. 61901268).

Institutional Review Board Statement: Informed consent was obtained from all subjects involved
in the study.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Li, J.; Guo, L.X.; Zeng, H. FDTD investigation on the electromagnetic scattering from a target above a randomly rough sea surface.

Waves Random Complex Media 2008, 18, 641–650. [CrossRef]
2. Simon, H.Y.; Julian, C. Sea Surface Salinity and Wind Retrieval Using Combined Passive and Active L-Band Microwave

Observations. IEEE Trans. Geosci. Remote Sens. 2012, 50, 1022–1032.
3. Fore, A.G.; Yueh, S.H.; Tang, W.; Stiles, B.W.; Hayashi, A.K. Combined Active/Passive Retrievals of Ocean Vector Wind and Sea

Surface Salinity With SMAP. IEEE Trans. Geosci. Remote Sens. 2016, 54, 7396–7404. [CrossRef]
4. Hong, S.; Shin, I. Wind Speed Retrieval Based on Sea Surface Roughness Measurements from Spaceborne Microwave Radiometers.

J. Appl. Meteorol. Climatol. 2013, 52, 507–516. [CrossRef]
5. Zhao, Y.; Zhang, M.; Chen, H. The EM Scattering of Electrically Large Dielectric Rough Sea Surface at 240 GHz Using a Scale

Model. IEEE Trans. Antennas Propag. 2012, 60, 5890–5899. [CrossRef]

http://doi.org/10.1080/17455030802302134
http://doi.org/10.1109/TGRS.2016.2601486
http://doi.org/10.1175/JAMC-D-11-0209.1
http://doi.org/10.1109/TAP.2012.2215291


Sensors 2022, 22, 6290 15 of 15

6. Toporkov, J.V.; Brown, G.S. Numerical simulations of scattering from time-varying, randomly rough surfaces. IEEE Trans. Geosci.
Remote Sens. 2000, 38, 1616–1625. [CrossRef]

7. Chatzigeorgiadis, F. Development of Code for a Physical Optics Radar cross Section Prediction and Analysis Application. Master’s
Thesis, NAVAL Postgraduate School, Monterey, CA, USA, 2004.

8. Yu, D.F.; He, S.Y.; Chen, H.T.; Zhu, G.Q. Research on the electromagnetic scattering of 3D target coated with anisotropic medium
using impedance boundary condition. J. Electron. Inf. Technol. 2011, 33, 458–462. [CrossRef]

9. Hess, D.W. Introduction to RCS measurements. In Proceedings of the Antennas and Propagation Conference IEEE, Loughborough,
UK, 17–18 March 2008.

10. Pan, W.; Huang, C.; Chen, P.; Ma, X.; Hu, C.; Luo, X. A low-RCS and high-gain partially reflecting surface antenna. IEEE Trans.
Antennas Propag. 2014, 62, 945–949. [CrossRef]

11. Fang, C.; Chen, Y.; Xu, Y.; Hua, L. The analysis of change factor of the simulation of the bistatic quantum radar cross section
for the typical ship structure. In Proceedings of the 2018 IEEE Asia-Pacific Conference on Antennas and Propagation (APCAP),
Auckland, New Zealand, 5–8 August 2018; pp. 190–193.

12. Gatesman, A.J.; Goyette, T.M.; Dickinson, J.C. Polarimetric Backscattering Behavior of Ground Clutter at X, Ka, and W-band. In
Proceedings of the Algorithms for Synthetic Aperture Radar Imagery XII, Orlando, FL, USA, 28–31 March 2005; pp. 428–439.
[CrossRef]

13. Xu, Y.; Yuan, L.; Gao, W.; Wang, X.; Liang, Z.; Liao, Y. Wide band design on the scaled absorbing material flled with flaky CIPs. J.
Phys. D Appl. Phys. 2018, 51, 065004. [CrossRef]

14. Yuan, L.; Xu, Y.; Gao, W.; Dai, F.; Wu, Q. Design of scale model of plate-shaped absorber in a wide frequency range. Chin. Phys. B
2018, 27, 044101. [CrossRef]

15. Meissner, T.; Wentz, F.J. The complex dielectric constant of pure and sea water from microwave satellite observations. IEEE Trans.
Geosci. Remote Sens. 2004, 42, 1836–1849. [CrossRef]

16. Tsang, L.; Kong, J.A.; Ding, K.H.; Ao, C.O. Scattering of Electromagnetic Waves: Numerical Simulations; Wiley: New York, NY,
USA, 2001.

17. Wang, F.; Yang, X.; Liu, X.; Niu, T.; Wang, J.; Mei, Z.; Jian, Y. Design of an ultra-thin absorption layer with magnetic materials
based on genetic algorithm at the S band. J. Magn. Magn. Mater. 2018, 451, 770–773. [CrossRef]

18. Zhou, Y.; Lang, R.H.; Dinnat, E.P.; Le Vine, D.M. Seawater Debye Model Function at L-Band and Its Impact on Salinity Retrieval
from Aquarius Satellite Data. IEEE Trans. Geosci. Remote Sens. 2021, 59, 8103–8116. [CrossRef]

19. Klein, L.; Swift, C. An improved model for the dielectric constant of sea water at microwave frequencies. IEEE Trans. Geosci.
Remote Sens. 1977, 25, 104–111.

20. Meissner, T.; Wentz, F.J.; Ricciardulli, L. The emission and scattering of L-band microwave radiation from rough ocean surfaces
and wind speed measurements from the Aquarius sensor. J. Geophys. Res. Ocean. 2015, 119, 6499–6522. [CrossRef]

21. Liao, S.; Gao, B.; Tong, L.; Yang, X.; Li, Y.; Li, M. Measuring complex permittivity of soils by waveguide transmis-
sion/reflection method. In Proceedings of the IEEE International Geoscience and Remote Sensing Symposium, Yokohama, Japan,
14 November 2019; pp. 7144–7147.

22. Hong, S.S.; Lee, W.; Han, M.M. The feature selection method based on genetic algorithm for efficient of text clustering and text
classification. Int. J. Adv. Comput. Sci. Appl. 2015, 7, 2074–8523.

23. Jang, S.H.; Kim, T.Y.; Kim, J.K.; Lee, J.S. The Study of Genetic Algorithm-based Task Scheduling for Cloud Computing. Int. J.
Control. Autom. 2012, 5, 157–162.

24. Dhodhi, M.K.; Ahmad, I.; Ahmad, I. A multiprocessor scheduling scheme using problem-space genetic algorithms. In Proceedings
of the IEEE International Conference on Evolutionary Computation, Perth, WA, Australia, 29 November–1 December 1995;
pp. 214–219.

25. Durden, S.; Vesecky, J. A physical radar cross-section model for a wind-driven sea with swell. IEEE J. Ocean. Eng. 1985, 10,
445–451. [CrossRef]

26. Berman, B. 3-D printing: The new industrial revolution. Bus. Horiz. 2012, 55, 155–162. [CrossRef]
27. Li, J.; Chen, K.; Fan, L.; Peng, W.; Huang, L. Current status and developments in radar absorbing materials. J. Funct. Mater. 2005,

36, 1151–1154.
28. Li, S.; Chan, C.; Tsang, L.; Li, Q.; Zhou, L. Parallel implementation of the sparse-matrix/canonical grid method for the analysis of

two-dimensional random rough surfaces (three-dimensional scattering problem) on a Beowulf system. IEEE Trans. Geosci. Remote
Sens. 2000, 38, 1600–1608.

29. Li, L.; Huang, Y.; Zhou, L.; Wang, F. Triple-band antenna with shorted annular ring for high-precision GNSS applications. IEEE
Antennas Wirel. Propagation Lett. 2016, 15, 942–945. [CrossRef]

30. Williams, P.; Trivailo, P. Dynamics of circularly towed aerial cable systems, part i: Optimal configurations and their stability. J.
Guid. Control. Dyn. 2012, 30, 766–779. [CrossRef]

http://doi.org/10.1109/36.851961
http://doi.org/10.1002/mop.25728
http://doi.org/10.1109/TAP.2013.2291008
http://doi.org/10.1117/12.604765
http://doi.org/10.1088/1361-6463/aaa3c7
http://doi.org/10.1088/1674-1056/27/4/044101
http://doi.org/10.1109/TGRS.2004.831888
http://doi.org/10.1016/j.jmmm.2017.12.025
http://doi.org/10.1109/TGRS.2020.3045771
http://doi.org/10.1002/2014JC009837
http://doi.org/10.1109/JOE.1985.1145133
http://doi.org/10.1016/j.bushor.2011.11.003
http://doi.org/10.1109/LAWP.2015.2482604
http://doi.org/10.2514/1.20434

	Introduction 
	Scaling Principle for Rough Sea Surface Scattering 
	The Scaling Principle for Scaled Sea Surface Using Rough Thin-Film Media 
	Reflection Coefficients of Seawater 

	Design and Manufacture of Scaled Sea Surface 
	Permittivity Measurement Based on the Waveguide Method 
	Preparation of the Surface Material for Simulating a Rough Sea Surface 
	Measurement Data of Scattering Parameters and Inversion of Permittivity 
	Optimization of Permittivity of the Rough Film 
	Physical Preparation of the Rough Sea Surface Model 

	Comparison of the RCS between the Prototype and Scaled Sea Surfaces 
	RCS Simulation of the Rough Sea Surface 
	Measurement of the Scaled Rough Sea Surface 

	Conclusions 
	References

