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Abstract – This paper presents a method to finely
model the arbitrarily irregular-shaped and inhomoge-
neous dielectric target. The target is first geometrically
divided into a set of homogeneous and isotropic tetrahe-
dral regions. Each region is precisely matched with a set
of electromagnetic parameters. As a result, this can accu-
rately model the target which has an extremely complex
dielectric constant distribution and an irregular shape.
Regarding the electromagnetic scattering evaluation of
the established model, the method of moments (MoM) is
adopted in consideration of the coupling between these
tetrahedral regions, and the total scattering is obtained
by solving the matrix equation. The above two compu-
tational sections are integrated into a self-designed soft-
ware. One can just input the spatial distribution of the
dielectric constant and then the designed software auto-
matically processes the target’s geometric information
and meshes the target. Finally, the scattered electric field
and radar cross section (RCS) of the target are output
from the software. The designed software provides an
effective and accurate way to study the electromagnetic
scattering characteristics of the complex inhomogeneous
objects.

Index Terms – Dielectric inhomogeneous target, fine
geometric modeling, MoM, scattering evaluation.

I. INTRODUCTION
Inhomogeneous dielectric objects with irregular

shapes are ubiquitous, and their electromagnetic scat-
tering characteristics have enormous applications, such
as the aerosol particle multi-scattering in weather radar
[1], the turbulence scattering in tropospheric commu-
nication [2], and the aircraft wake scattering in anti-
stealth [3]. However, the electromagnetic scattering eval-
uation methods in the open literature pursue calcula-

tion efficiency by reducing the complexities of the algo-
rithm or the model. This obviously causes errors in the
estimation of the scattering properties of the target. A
self-designed software is released in this paper to accu-
rately reconstruct the complex inhomogeneous targets
with numbers of homogeneous tetrahedrons. Meanwhile,
the corresponding scattering is calculated using the in-
house code of MoM, which has been integrated into the
designed software.

Regarding the modeling of inhomogeneous targets
with irregular shapes, target models are often simplified.
For example, in calculating the aircraft wake scattering
characteristics, the radial density gradient (RDG) model
is adopted to approximate the wake vortex as a dielectric
cylinder [4, 5], and the adiabatic transport (AT) model
regards the vortex wake as a circle whose cross-sectional
radius is the function of the vortex distance [4]. All these
methods reduce the complexities of calculation, but these
approximations also reduce the abilities to accurately
describe real scenarios. It is also reported that program-
ming platforms can be utilized together with commercial
computational software to obtain the scattering of inho-
mogeneous dielectric targets. In 2015, Farahbakhsh et al.
proposed a MATLAB toolbox to model inhomogeneous
media combined with the commercial software FEKO.
Users can utilize a deterministic function of the target’s
dielectric constant with relation to the spatial position,
εr(x,y,z), to model the dielectric targets [6]. However,
if the dielectric constant distribution cannot be explic-
itly expressed, the above-mentioned toolbox is no longer
applicable. Moreover, it is difficult to accurately recon-
struct the geometric irregular targets using small cubes
(adopted in [6]), which is easy to produce large model-
ing errors in scattering calculation.

Regarding scattering estimation, empirical formu-
las are often used to calculate the scattering of
complex inhomogeneous targets. For instance, in the
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empirical formula of turbulent scattering, the structure
constant and frequency determine the radar cross sec-
tion (RCS) [7, 8]. In the Ulaby empirical model, inci-
dent angle and six undetermined coefficients determine
the backscattering of the terrain [9]. Empirical formulas
reduce the complexities and the time cost of electromag-
netic scattering calculation, but the accuracy of undeter-
mined coefficients depends on large numbers of experi-
mental data.

The main contributions of this work are three-fold:

1) For the electromagnetic scattering simulation of
random media (such as the atmospheric turbu-
lence), a spatial spectrum function and Monte Carlo
simulation-based method is first proposed (to our
best knowledge) in this paper to obtain the spa-
tial distribution of dielectric constant. On this basis,
one can apply existing numerical methods to ana-
lyze the electromagnetic scattering characteristics
of the inhomogeneous target whose dielectric con-
stant fluctuates in 3-D space, which is no longer
solely dependent on empirical models.

2) To precisely reconstruct the irregular-shaped and
inhomogeneous dielectric target for the electromag-
netic scattering simulation, a novel method based on
computer graphics and tetrahedron meshing strat-
egy is proposed.

3) Integrated with the above methods and the method
of moments (MoM), a user-friendly software for the
electromagnetic scattering simulation of complex
inhomogeneous targets is developed. This software
is not only applicable for the target with a continu-
ously varying dielectric constant, but also can han-
dle the target whose dielectric constant is arbitrarily
distributed.

The rest of this paper is organized as follows.
The methodology and the designed software are intro-
duced in detail in Section II. Methods include obtain-
ing the dielectric constant spatial distribution according
to a deterministic formula or a spatial spectrum func-
tion, modeling the irregular-shaped and inhomogeneous
dielectric target with tetrahedron elements, and estimat-
ing electromagnetic scattering by MoM. In Section III,
simulations are performed to test the designed software.
Section VI concludes this paper.

II. METHODOLOGY AND SOFTWARE
DESIGN

This section discusses the corresponding methods,
which are involved in modeling and electromagnetic
scattering calculation of complex inhomogeneous dielec-
tric targets, and the software developed based on these
methods. Specifically, the designed software provides

two separated data processing channels, say Channel-A
and Channel-B. For Channel-A, the input is the point
cloud data of the dielectric constant. Then, this infor-
mation is used to reconstruct the profile of the tar-
get. Following this, meshing and simulation modeling
are carried out. The electromagnetic scattering from the
inhomogeneous dielectric target is finally calculated by
MoM. As to Channel-B, the geometric profile and the
spatial spectrum (or deterministic formula) of the tar-
get’s dielectric constant are sent to the designed soft-
ware as inputs. Then, the simulation model of the tar-
get is established based on the computer graphics and
Monte Carlo method. At last, the electromagnetic scat-
tering of the obtained model is evaluated by MoM. The
whole simulation process is illustrated in Figure 1.

A. Obtaining the spatial distribution of the dielectric
constant

An inhomogeneous dielectric target is characterized
by a four-dimensional vector [x,y,z,εr], where [x,y,z] is
the coordinate of the sampling point and εr is the dielec-
tric constant at this point. In practical applications, the
dielectric constant distribution of inhomogeneous dielec-
tric targets may be given by point cloud data obtained
by measurement or simulation or by a deterministic for-
mula or a spatial spectrum function. To obtain the dielec-
tric constant distribution that can match the target model
used for electromagnetic simulation, we propose the fol-
lowing two solutions corresponding to the above two
cases.

Case 1: When the spatial distribution of dielectric con-
stant is explicitly given by point cloud data, the outer
boundary of the target can be automatically extracted
from the point cloud data using the Delaunay algorithm
[10]. Notably, the point cloud data may be evenly dis-
tributed or unevenly distributed. The evenly distributed
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Fig. 1. Flowchart of modeling and scattering estimation 
for the inhomogeneous target. 
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characterized by a four-dimensional vector [ , , , ]rx y z ε , 
where [ , , ]x y z  is the coordinate of the sampling point 
and rε  is the dielectric constant at this point. In 
practical applications, the dielectric constant 
distribution of inhomogeneous dielectric targets may be 
given by point cloud data obtained by measurement or 
simulation or by a deterministic formula or a spatial 
spectrum function. To obtain the dielectric constant 
distribution that can match the target model used for 
electromagnetic simulation, we propose the following 
two solutions corresponding to the above two cases. 
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constant is explicitly given by point cloud data, the 
outer boundary of the target can be automatically 
extracted from the point cloud data using the Delaunay 
algorithm [10]. Notably, the point cloud data may be 
evenly distributed or unevenly distributed. The evenly 
distributed sampling strategy can well describe the 
distribution characteristics when the spatial variation of 
dielectric constant is relatively smooth, as shown in 
Figure 2(a). To ensure the effectiveness of sampling, 
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Fig. 1. Flowchart of modeling and scattering estimation
for the inhomogeneous target.



HOU, GONG, ZUO, LIU: COMPLEX INHOMOGENEOUS DIELECTRIC TARGET MODELING AND SCATTERING ESTIMATION 528

sampling strategy can well describe the distribution
characteristics when the spatial variation of dielectric
constant is relatively smooth, as shown in Figure 2 (a).
To ensure the effectiveness of sampling, the distance
between two adjacent sampling points is recommended
to satisfy max(∆x,∆y,∆z) < λe

/
36, where λe is the

wavelength of the incident wave. In addition, consider-
ing that the dielectric constant distribution of the targets
may have significant regional fluctuation, finer sampling
is needed, as shown in Figure 2 (b). To tackle the poten-
tial situation that there are no samples in some subdi-
vision elements (tetrahedrons) due to the sparse sample
distribution, the linear interpolation method [11] is inte-
grated into this channel to supplement the necessary data.

Case 2: In some special application scenarios, the spa-
tial distribution of the target’s dielectric constant may
be given by a deterministic formula or a spatial spec-
trum function. The former case has been mentioned in
[6] and will not be described in detail in this paper.
Here, we propose a Monte Carlo method to access
the dielectric constant spatial distribution by the spatial
spectrum function. Monte Carlo method is a broad class
of computational algorithms that rely on repeated ran-
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Fig. 2. Diagram of the target’s dielectric constant data 
sampling. 
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Specifically, four main steps are as follows: 

1) Extract the vertex coordinates of each mesh 
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software. 

Fig. 2. Diagram of the target’s dielectric constant data
sampling.

dom sampling to obtain numerical results [12]. It has
been used to form complex terrain (such as rough sea
surfaces [13] and mountainous regions [14]) and to mod-
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random medium, and its dielectric constant cannot be
directly expressed by a deterministic formula related to
spatial position. It can only be described with spectrum
functions. Taking the atmosphere fluid as an example, the
steps of using Monte Carlo method to obtain the dielec-
tric constant spatial distribution are as follows:

1) Generate a 3-D Hermitian Gaussian random matrix
Gp×q×s.

2) Filter Gp×q×s by the spatial spectrum of dielectric
constant fluctuation Φ(Kr′), that is,

F(Kr′) = Gp×q×s
√

Φ(Kr′). (1)
The spatial spectrum of the atmospheric turbulence
[8] is expressed as

Φ(Kr′) = 0.033C2 |Kr′ |−11/3 , (2)
where r′ is the position vector of a certain point
(x,y,z) in space, Kr′ = (Kx,Ky,Kz) is the wave vec-
tor, |Kr′ |= 2π

/
l and 2π

/
L0 < |Kr′ |< 2π

/
l0, l rep-

resents the size of turbulence, L0 and l0 are the outer
scale and the inner scale of fluids, respectively, and
C is a constant.

3) Obtain the spatial distribution of the dielectric con-
stant fluctuation ∆εr(r′) by the inverse Fourier
transform [12]. That is,

∆εr(r′)=
∫∫∫

∞

F(Kr′)e
ir′•Kr′ dKr′ . (3)

4) Eventually, the dielectric constant spatial distribu-
tion of turbulence ε(

⇀
r
′
) can be obtained by

εr(r′) = εr0 +∆εr(r′) = 1+∆εr(r′), (4)
where εr0 is the average dielectric constant of the
random media and is set to 1 for the turbulence case
here. Combined with the given geometric profile,
this kind of target can be reconstructed accurately.

B. Modeling of the inhomogeneous dielectric target
Fine modeling is one of the key steps to explore

the electromagnetic scattering characteristics of complex
dielectric targets. Here, for the sake of fidelity, a large
number of homogeneous tetrahedrons is used to recon-
struct the inhomogeneous dielectric target rather than
cubes used in [6]. Then, combined with the spatial distri-
bution of dielectric constant, each tetrahedron is assigned
an independent dielectric constant value. Specifically,
four main steps are as follows:

1) Extract the vertex coordinates of each mesh element
(tetrahedron) from the mesh file.

2) Sample dielectric constants in the target domain. As
previously mentioned, the dielectric constant data
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can be obtained by a deterministic function related
to the spatial position (x,y,z), the spatial spectrum
function of random medium, or other simulation
software.

3) Obtain the average dielectric constant of each tetra-
hedron. Let the four vertex coordinates of the ith
tetrahedron be Vi1 = (xi1,yi1,zi1), Vi2 = (xi2,yi2,zi2),
Vi3 = (xi3,yi3,zi3), and Vi4 = (xi4,yi4,zi4), respec-
tively. Then, the tth sampling position Pt =
(x′t ,y

′
t ,z

′
t) in the ith tetrahedron must satisfy

Dυ ·D0 > 0 υ = 1,2,3,4, (5)
with

D0 =

∣∣∣∣∣∣∣∣
xi1 yi1 zi1 1
xi2 yi2 zi2 1
xi3 yi3 zi3 1
xi4 yi4 zi4 1

∣∣∣∣∣∣∣∣ ,D1 =

∣∣∣∣∣∣∣∣
x′t y′t z′t 1
xi2 yi2 zi2 1
xi3 yi3 zi3 1
xi4 yi4 zi4 1

∣∣∣∣∣∣∣∣ ,
(6)

D2 =

∣∣∣∣∣∣∣∣
xi1 yi1 zi1 1
x′t y′t z′t 1
xi3 yi3 zi3 1
xi4 yi4 zi4 1

∣∣∣∣∣∣∣∣ ,D3 =

∣∣∣∣∣∣∣∣
xi1 yi1 zi1 1
xi2 yi2 zi2 1
x′t y′t z′t 1
xi4 yi4 zi4 1

∣∣∣∣∣∣∣∣ ,
(7)

D4 =

∣∣∣∣∣∣∣∣
xi1 yi1 zi1 1
xi2 yi2 zi2 1
xi3 yi3 zi3 1
x′t y′t z′t 1

∣∣∣∣∣∣∣∣ . (8)

Especially, if any other Dυ = 0, then Pt lies on the
boundary (formed by the other three points other
than Viv). Average the dielectric constant values of
all sampling points in each tetrahedron, that is,

ε̄ri =
Ni

∑
j=1

εr j

/
Ni, (9)

where ε̄ri is the average dielectric constant of the
ith tetrahedron, Ni is the number of sampling points
in the ith tetrahedron, and εr j is the dielectric con-
stant of the jth sampling point in the ith tetrahedron
(including the sampling point on the surface).

4) Assign all average dielectric constant values to
the corresponding tetrahedrons and then create a
simulation model for electromagnetic scattering
calculation.

C. Electromagnetic scattering estimation
Here, the volume integral equation method of

moments (VIE-MoM) is employed to simulate the scat-
tering characteristics of inhomogeneous dielectric tar-
gets. According to the principle of volume equivalence,
the scattered electric field Esca can be written as [17]

Esca(r) =− jωµ0(1+
1
k2

0
∇∇·)

∫
V

G(r,r′)JV (r′)dV ′,

(10)
where ω is the angular frequency, µ0 is the magnetic per-
mittivity, k0 is the wave number in free space, JV repre-
sents the equivalent volume current, G(r,r′) represents
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 sca
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1( ) (1 ) ( , ) ( )d ,VV
j G V

k
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where ω  is the angular frequency, 0µ  is the magnetic 
permittivity, 0k  is the wave number in free space, VJ  
represents the equivalent volume current, ( , )G ′r r  
represents the Green’s function, and  
 ( )( , ) 4 ,jkG e π′− −′ ′= −r rr r r r  (11) 

r  and ′r  represent position vectors of the observation 
point and the source point, respectively. 

To solve (10), we adopt the Galerkin method with 
the SWG basis function 

     

(3 )   

( ) (3 )   .
0                   otherwise

n n n n

n n n n n

S V r T

S V r T

+ + +

− − −

 ∈


= ∈



ρ

f r ρ           (12) 

In eqn (12), nS is the area of common triangles, and 
nV +  and nV − are volumes of tetrahedrons nT +  and nT − , 

respectively. n
+ρ  is the position vector of the free vertex 

pointing to the point inside tetrahedron nT + , and n
−ρ  is 

the position vector of the internal point pointing to the 
free vertex of tetrahedron nT − . It should be noted that 
the half-SWG functions are also needed at the outer 
boundary. The geometry of the SWG function is shown 
in Figure 3. The details about the SWG functions are 
referred to [18]. 

Therefore, the corresponding impedance matrix 
equation can be built below 
 ,=Ax b  (13) 
where ( )ij N Na ×=A  is an impedance matrix with 

 
0 2

0
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∫

∫

f r

r r f r
 (14) 

where 1 2[ , ,..., ]T
Nx x x x=  is the vector of unknowns, 

1 2[ , ,..., ]T
Nb b b b=  is the excitation vector with 

 inc( ) ( )d ,  1, 2,..., .
n

n n nV
b V n N′= ⋅ =∫ f r E r   (15) 

In eqn (15), inc ( )E r  denotes the electric field of the 
incident wave. Eqn (13) is then solved by the 
generalized minimum residual method (GMRES) 
method [19]. 
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Fig. 3. The geometry of the SWG function. 
 
D. Software Implementation and User Guide  

For the convenience of systematically analyzing 
the electromagnetic scattering characteristics of various 
inhomogeneous dielectric targets, we have developed a 
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the Green’s function, and

G(r,r′) = e− jk|r−r′|
/(

4π
∣∣r-r′

∣∣), (11)

r and r′ represent position vectors of the observation
point and the source point, respectively.

To solve (10), we adopt the Galerkin method with
the SWG basis function

fn(r) =

 ρρρ+
n Sn

/
(3V+

n ) r ∈ T+
n

ρρρ−
n Sn

/
(3V−

n ) r ∈ T−
n

0 otherwise
. (12)

In eqn (12), Sn is the area of common triangles, and
V+

n and V−
n are volumes of tetrahedrons T+

n and T−
n ,

respectively. ρ+
n is the position vector of the free vertex

pointing to the point inside tetrahedron T+
n , and ρ−

n is the
position vector of the internal point pointing to the free
vertex of tetrahedron T−

n . It should be noted that the half-
SWG functions are also needed at the outer boundary.
The geometry of the SWG function is shown in Figure 3.
The details about the SWG functions are referred to [18].

Therefore, the corresponding impedance matrix
equation can be built below

Ax = b, (13)

where A = (ai j)N×N is an impedance matrix with

ai j =
∫

Vi

fi(r) · [− jωµ0(1+
1
k2

0
∇∇·)

×
∫

V j

G(r,r′)f j(r′)dV ′
j ]dV ′,

(14)

where x = [x1,x2, ...,xN ]
T is the vector of unknowns, b =

[b1,b2, ...,bN ]
T is the excitation vector with

bn =
∫

Vn

fn(r) · Einc(r)dV ′
n, n = 1,2, ...,N. (15)

In eqn (15), E inc(r) denotes the electric field of the
incident wave. Eqn (13) is then solved by the generalized
minimum residual method (GMRES) method [19].
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D. Software implementation and user guide
For the convenience of systematically analyzing

the electromagnetic scattering characteristics of various
inhomogeneous dielectric targets, we have developed
a user-friendly software, which integrates the above-
mentioned methods. To apply to most kinds of
inhomogeneous dielectric targets, the dielectric con-
stant information and geometric structure information
of the target are grouped into a data input mod-
ule of the software. The input module accepts the
point cloud data file, deterministic formula, and spa-
tial spectrum of the target’s dielectric constant and sup-
ports the geometric file in mainstream formats, such as
.stp and .igs.

In the settings of simulation frequency, incident
angle, and scattering angle, we follow the setting habits
of existing simulation software, including the initial
value, terminal value, and number of samples. To link
with different radar systems, two polarization modes,
HH and VV, are given for users to choose. The software
sets up two graph windows to visualize the spatial dis-
tribution of the target dielectric constant and the corre-
sponding scattering results, as shown in the right part of
Figure 4. At the same time, the software is equipped with
a data output port, which is convenient for users to fur-
ther analyze the scattering data. The interface for mod-
eling the inhomogeneous dielectric targets is shown in
Figure 4. The main operation procedures are as follows:

1) Select one of the following three methods to obtain
the dielectric constant distribution in the target
domain: loading the spatial point cloud data file
of the target’s dielectric constant according to the
entered data file path; entering the formula of the
dielectric constant varying with position; enter-
ing the spatial spectrum function of the target’s
dielectric constant. The corresponding geometry
file is also required when adopting the latter two
methods.

user-friendly software, which integrates the above-
mentioned methods. To apply to most kinds of 

inhomogeneous dielectric targets, the dielectric constant   

 
 
Fig. 4. Designed software to model arbitrarily inhomogeneous dielectric targets. 
 
information and geometric structure information of the 
target are grouped into a data input module of the 
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In the settings of simulation frequency, incident 
angle, and scattering angle, we follow the setting habits 
of existing simulation software, including the initial 
value, terminal value, and number of samples. To link 
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corresponding geometry file is also required when 
adopting the latter two methods. 

2) Input simulation conditions, including incident 
zenith angle, incident azimuth angle, scattering zenith 

angle, scattering azimuth angle, polarization type, and 
frequency. 

3) Press the “Run” button to start the 
electromagnetic scattering simulation for the target. 

4) Press the “Save” button to save the scattering 
calculation results of the target. 

Benefiting from the designed software, we have 
successfully carried out electromagnetic scattering 
simulations for various inhomogeneous dielectric 
targets, two of which are given in the next section. 
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The constitutive parameters are 

exp[( 2) 2]r x y zε = + + +  and 1rµ = . The 
reconstructed inhomogeneous sphere is shown in Figure 
5. The magnitude of the far zone scattered field ( )sr E  

Fig. 4. Designed software to model arbitrarily inhomo-
geneous dielectric targets.

2) Input simulation conditions, including incident
zenith angle, incident azimuth angle, scattering
zenith angle, scattering azimuth angle, polarization
type, and frequency.

3) Press the “Run” button to start the electromagnetic
scattering simulation for the target.

4) Press the “Save” button to save the scattering calcu-
lation results of the target.

Benefiting from the designed software, we have
successfully carried out electromagnetic scattering
simulations for various inhomogeneous dielectric
targets, two of which are given in the next section.

III. SIMULATIONS WITH DESIGNED
SOFTWARE

In this section, we first verify our algorithm by com-
paring the simulation results (given by the software)
of an inhomogeneous sphere, of which the dielectric
constant continuously varies with the spatial position,
εr(x,y,z), with numerical solutions in [20]. Then, we
apply our software to analyze electromagnetic scattering
characteristics of a cloud-like inhomogeneous dielectric
target, of which the dielectric constant is determined by
a spatial spectrum function.

A. Algorithm validation based on an inhomogeneous
dielectric sphere

In this section, an inhomogeneous sphere is mod-
eled by our software for verification. Specifically, the
sphere is centered at (0,0,0) with radius R = 1 m. The
constitutive parameters are εr = exp[(x+ y+ z+2)

/
2]

and µr = 1. The reconstructed inhomogeneous sphere is
shown in Figure 5. The magnitude of the far zone scat-
tered field (r |Es|) as a function of angle is calculated at
fe = 100MHz using the proposed method in Section II.

The simulation results are compared with the
numerical ones, as shown in Figure 6. The lines in Fig-
ure 6 are the results obtained by the proposed method,
and the symbols indicate the results in [20]. It can be seen
that they are in excellent agreement. This verifies the cor-
rectness of our algorithm (integrated into the designed
software) in calculating the electromagnetic scattering
from inhomogeneous targets and demonstrates that our
method also has high solution accuracy same as [20].

B. Electromagnetic scattering estimation of a cloud-
like inhomogeneous target with the designed software

In practice, many objects have irregular structures,
and the spatial distribution of dielectric constant usually
cannot be expressed by a deterministic formula, such
as the reservoir formation minerals, atmospheric turbu-
lence, and so on. But many times, we can obtain their
spatial spectrum functions of dielectric constants.
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Fig. 6. Magnitude of the far zone scattered field 
( )sr E  as a function of angle for the inhomogeneous 
sphere at 100MHzef = . 
 
B. Electromagnetic Scattering Estimation of a 
Cloud-Like Inhomogeneous Target with the 
Designed Software 

In practice, many objects have irregular structures, 
and the spatial distribution of dielectric constant usually 

cannot be expressed by a deterministic formula, such as 
the reservoir formation minerals, atmospheric 
turbulence, and so on. But many times, we can obtain 
their spatial spectrum functions of dielectric constants.  

In this section, we introduce our software to solve 
this kind of random media and establish an 
inhomogeneous target with a cloud-like shape for 
instruction. The detailed modeling processes and 
scattering calculation of the cloud-like target based on 
our software (introduced in Section II) are as follows:  

1) Get the geometry file information and input the 
spatial spectrum function. For the import of the 
geometry file, the supported file formats are “*.stp,” 
“*.igs,” etc. The geometry of the cloud-like 
inhomogeneous target is shown in Figure 7(a). The 
maximum length of the media is 0.43 m in the x -
direction, 0.16 m in the y -direction, and 0.22 m in the 
z -direction.  

The spatial distribution of the dielectric constant is 
consistent with the atmosphere fluid, that is, 

11/32( ) 0.033r rC −
′ ′Φ =K K  (see Section II-A), and basic 

parameters of the fluid are shown in Table 1. The outer 
scale is the geometry size of the target in x-, y-, and z-
directions, and the inner scale of the fluid is set to 0.003 
m. The constant C  and the average dielectric constant 

0rε  are set to 7 1 310 m− −  and 1, respectively. 
 
Table 1: Basic parameters of this kind of random media 

L0 l0 C  0rε
  L0x L0y L0z 

0.43 
m 

0.16 
m 0.22 m 0.003 

m 10–7m–1/3 1 

 
2) Generate the subdivision (tetrahedral elements) 

of the target according to the incident wave frequency 
ef . In this case, the incident wave frequency is set to 3 

GHz; thus, 31,115 tetrahedral cells are obtained. The 
geometry after subdivision is shown in Figure 7(b). 

3) Determine the dielectric constant sampling 
points. According to the spatial spectrum function to 
obtain the dielectric constant spatial distribution of 
random media (see Section II-A), let 71p q s= = = ; 
then 357,911 sampling points are generated, as shown 
in Figure 7(c). Notably, the more the sampling points, 
the more accurate it will be. The number of sampling 
points can be determined according to the specific 
application requirements. 

4) Count the sampling points in each tetrahedral 
element according to eqn (5)–(8), calculate the average 
dielectric constant by (9), and assign the average 
dielectric constant to the corresponding tetrahedral 
element. The vertex coordinates and average dielectric 
constant of each tetrahedral element are shown in Table 
2. The reconstruction of the cloud-like target is shown 
in Figure 7(d). 

Fig. 5. Reconstruction of the inhomogeneous sphere
(R = 1m, εr = exp((x+ y+ z+2)

/
2), and µr = 1) with

our software.

Table 1: Basic parameters of this kind of random media
L0 l0 C εr0

L0x L0y L0z

0.43 m 0.16 m 0.22 m 0.003 m 10−7m−1/3 1

In this section, we introduce our software to solve
this kind of random media and establish an inhomo-
geneous target with a cloud-like shape for instruction.
The detailed modeling processes and scattering calcula-
tion of the cloud-like target based on our software (intro-
duced in Section II) are as follows:

1) Get the geometry file information and input the
spatial spectrum function. For the import of the
geometry file, the supported file formats are “*.stp,”
“*.igs,” etc. The geometry of the cloud-like inho-
mogeneous target is shown in Figure 7 (a). The
maximum length of the media is 0.43 m in the x-
direction, 0.16 m in the y-direction, and 0.22 m
in the z-direction. The spatial distribution of the
dielectric constant is consistent with the atmosphere
fluid, that is, Φ(Kr′) = 0.033C2 |Kr′ |−11/3 (see Sec-
tion II-A), and basic parameters of the fluid are
shown in Table 1 . The outer scale is the geome-
try size of the target in x-, y-, and z-directions, and
the inner scale of the fluid is set to 0.003 m. The
constant C and the average dielectric constant εr0
are set to 10−7m−1/3 and 1, respectively.

2) Generate the subdivision (tetrahedral elements) of
the target according to the incident wave frequency
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Fig. 6. Magnitude of the far zone scattered field (r |Es|)
as a function of angle for the inhomogeneous sphere at
fe = 100MHz.

fe. In this case, the incident wave frequency is set to
3 GHz; thus, 31,115 tetrahedral cells are obtained.
The geometry after subdivision is shown in Fig-
ure 7 (b).

3) Determine the dielectric constant sampling points.
According to the spatial spectrum function to obtain
the dielectric constant spatial distribution of random
media (see Section II-A), let p = q = s = 71; then
357,911 sampling points are generated, as shown in
Figure 7 (c). Notably, the more the sampling points,
the more accurate it will be. The number of sam-
pling points can be determined according to the spe-
cific application requirements.

4) Count the sampling points in each tetrahedral ele-
ment according to eqn (5)–(8), calculate the aver-
age dielectric constant by (9), and assign the aver-
age dielectric constant to the corresponding tetra-
hedral element. The vertex coordinates and average
dielectric constant of each tetrahedral element are
shown in Table 2. The reconstruction of the cloud-
like target is shown in Figure 7 (d).

5) Set simulation parameters. We set the start fre-
quency to 300 MHz, the end frequency to 3 GHz,
and the frequency increment to 37.5 MHz. The inci-
dent angle is set to θt= 180◦ (zenith angle) and
φt= 0◦ (azimuth angle). The scattering angle is set
to θr= 180◦ and φr= 0◦ (backscattered field). The
detailed settings of the software in this case are
shown in Figure 8.

6) Run the software to call the MoM algorithm for the
electromagnetic scattering calculation of the target
and save the results for further analysis.

It should be noted that, for the sake of statistical sig-
nificance, we randomly generate 30 samples. Figure 9
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Table 2: Vertex coordinates and average dielectric constant of each tetrahedral element
Tetra V1 (m) V2 (m) V3 (m) V4 (m) ε̄r

1 (−0.023,0.008,0.025) (−0.036,0.013,0.025) (−0.028,0.021,0.021) (−0.023,0.009,0.015) 1.000200048
2 (−0.023,0.008,0.025) (−0.023,0.018,0.031) (−0.028,0.021,0.021) (−0.028,0.012,0.031) 1.000200255
3 (−0.035,0.003,0.023) (−0.036,0.013,0.025) (−0.023,0.008,0.025) (−0.023,0.009,0.015) 1.000199723
4 (−0.062,−0.014,

−0.017)
(−0.059,−0.004,

−0.014)
(−0.060,−0.016,

−0.008)
(−0.052,−0.007,

−0.011)
1.000199942

5 (−0.062,−0.014,
−0.017)

(−0.052,−0.007,
−0.011)

(−0.052,−0.020,
−0.010)

(−0.051,−0.016,
−0.018)

1.000199881

...
...

...
...

...
...5) Set simulation parameters. We set the start 

frequency to 300 MHz, the end frequency to 3 GHz, 
and the frequency increment to 37.5 MHz. The incident 
angle is set to =180tθ ° (zenith angle) and 

=0tφ ° (azimuth angle). The scattering angle is set to 
=180rθ °  and =0rφ ° (backscattered field). The detailed 

settings of the software in this case are shown in Figure 
8. 
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Fig. 7. Processes of reconstructing the inhomogeneous cloud-like target by our software. 
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plots three samples of the spatial fluctuation of the cloud-
like target’s dielectric constant.

Figure 10 plots the simulation results (monostatic
RCS) of the cloud-like target at different incident fre-
quencies ( fe ∈ [0.3,3] GHz). The thin gray-blue lines are

     
 
Fig. 9. Three cases of the dielectric constant spatial fluctuation of the cloud-like target. 

6) Run the software to call the MoM algorithm for 
the electromagnetic scattering calculation of the target 
and save the results for further analysis. 

It should be noted that, for the sake of statistical 
significance, we randomly generate 30 samples. Figure 
9 plots three samples of the spatial fluctuation of the 
cloud-like target’s dielectric constant. 

Figure 10 plots the simulation results (monostatic 
RCS) of the cloud-like target at different incident 
frequencies ( [0.3,3] GHzef ∈ ). The thin gray-blue 
lines are the results of several samples, and the thick 
blue line is the average value of the 30 samples. The 
light blue area in Figure 10 denotes the 95% confidence 
interval (CI) of the cloud-like target’s RCS, which 
intuitively gives the amplitude range of echo signals 
from the target at each incident wave frequency.  
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Fig. 10. Monostatic RCS versus the incident wave 
frequency. 

 
It should be emphasized that, from the thick blue 

line, we observe that as the frequency increases, RCS 
gradually increases and tends to be stable at about 1 
GHz. According to the Bragg scattering conditions, the 
scattering is stronger when the effective scatterer size is 
half of the incident wavelength [21]. In this case, this 
means that the size of the cloud-like target should reach 
the decimeter level, which is indeed the case (see Table 
1). This proves that our results are reasonable, that is, 
our software can be used for electromagnetic scattering 
simulation of random inhomogeneous dielectric targets. 
The turbulent scattering is also generally estimated by 
the empirical formula given in [8], which suggests that 

the scattering result of turbulence is proportional to the 
cubic root of electromagnetic frequency. However, this 
result does not strictly conform with Bragg’s law. 
Therefore, our method can be better used to analyze the 
spectral characteristics of turbulence than empirical 
formulas. 

 
IV. CONCLUSION 

A practical method to model the arbitrarily 
irregular-shaped and inhomogeneous dielectric targets 
is presented in this paper. The simulation example of an 
inhomogeneous sphere with a continuously varying 
dielectric constant fully verifies the correctness of our 
method, where the scattered far-field results obtained 
by the proposed method are consistent with numerical 
results. More importantly, a user-friendly software is 
developed based on our method and the designed 
software can be applied to calculate the electromagnetic 
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obtained by Monte Carlo simulation with the spatial 
spectrum of atmospheric turbulence dielectric constant 
fluctuation, is taken as an example, and the results are 
in accordance with the Bragg’s law. This fully verifies 
the wide applicability of the designed software.  

Added up, our software can not only be applied to 
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the results of several samples, and the thick blue line is
the average value of the 30 samples.

The light blue area in Figure 10 denotes the 95%
confidence interval (CI) of the cloud-like target’s RCS,
which intuitively gives the amplitude range of echo sig-
nals from the target at each incident wave frequency.

It should be emphasized that, from the thick blue
line, we observe that as the frequency increases, RCS
gradually increases and tends to be stable at about 1 GHz.
According to the Bragg scattering conditions, the scatter-
ing is stronger when the effective scatterer size is half of
the incident wavelength [21]. In this case, this means that
the size of the cloud-like target should reach the decime-
ter level, which is indeed the case (see Table 1). This
proves that our results are reasonable, that is, our soft-
ware can be used for electromagnetic scattering simu-
lation of random inhomogeneous dielectric targets. The
turbulent scattering is also generally estimated by the
empirical formula given in [8], which suggests that the
scattering result of turbulence is proportional to the cubic
root of electromagnetic frequency. However, this result
does not strictly conform with Bragg’s law. Therefore,
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our method can be better used to analyze the spectral
characteristics of turbulence than empirical formulas.

IV. CONCLUSION
A practical method to model the arbitrarily

irregular-shaped and inhomogeneous dielectric targets
is presented in this paper. The simulation example of
an inhomogeneous sphere with a continuously varying
dielectric constant fully verifies the correctness of our
method, where the scattered far-field results obtained
by the proposed method are consistent with numerical
results. More importantly, a user-friendly software is
developed based on our method and the designed soft-
ware can be applied to calculate the electromagnetic
scattering from complex, irregular, and random inho-
mogeneous targets. In this paper, a cloud-like target,
of which the dielectric constant distribution is obtained
by Monte Carlo simulation with the spatial spectrum of
atmospheric turbulence dielectric constant fluctuation, is
taken as an example, and the results are in accordance
with the Bragg’s law. This fully verifies the wide appli-
cability of the designed software.

Added up, our software can not only be applied to
modeling the inhomogeneous target with a determinis-
tic dielectric constant function and a regular shape but
also the complex target with a spatial spectrum func-
tion and an irregular shape. It provides a convenient way
to solve the electromagnetic scattering simulation prob-
lems of complex inhomogeneous targets in engineering
applications.
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