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Abstract. A new algorithm based on shooting and bouncing rays is introduced in this paper. The 
proposed method is able to achieve the radar cross section (RCS) and radar image of the target 
inside the dielectric box. A model of dihedral corner reflectors inside a dielectric box is built in this 
paper, and the RCS and the radar image is calculated by the proposed method. 

Introduction 
The methods for radar cross section (RCS) calculation of complex targets made of electric 

conductor are becoming more and more consummate during these years. However, for targets 
structured by both electric conductor and dielectric materials, the RCS prediction methods are 
awaiting progress.  

In this paper, the transmission calculation is introduced into shooting and bouncing rays (SBR), 
and then a new algorithm to calculate the RCS and radar image of targets inside dielectric is 
developed. The SBR method is a high frequency asymptotic method. It was first introduced by H. 
Ling to calculate the radar cross section of cavities [1], and later extended to arbitrarily shaped 
targets [2]. The procedure for SBR method can be broken down in three major steps [3]: the ray-
tracing step, the field tracking step and the physical optics step. 

In this paper, the dielectric box is designated as transparency, and the electric conductor is 
holophote in the ray-tracing step. In the field tracking step, the principle of transmission is 
introduced to calculate the filed in the back of dielectric, and the principles of geometrical optics 
(GO) is used when the ray meets the electric conductor. The physical optics (PO) is applied to 
calculate the scattering filed from the exit points in the physical optics step. 

The RCS calculation method for targets inside the dielectric box 
This section discusses the method for RCS calculation of targets inside the dielectric box. This 

method is based on shooting and bouncing rays.  
The ray tracing.First in the ray-tracing step, import the geometry information of the target into 

the software, and then designate the dielectric box as transparency, and the electric conductor as 
holophote. 

Before ray tracing, create a virtual aperture, which is perpendicular to the incident direction [4]. 
This aperture is divided into dense grids. GO rays are shot into the target area in order to model the 
incident plane wave. Each ray is represented by a line starting at the aperture and along the incident 
direction. Once the incident rays have been defined, the impact points of each ray on the object 
surface can be determined. The ray transmits through the dielectric box, reflects by the electric 
conductor. The reflection rays can be calculated by the Snell’s law. Consequently, by using the 
reflected ray as the incident ray, the above procedure can be repeated until the ray exits the target 
area. 

Fig.1 is a demonstrative illustration of ray tracing. The left of the figure is the virtual aperture. It 
is divided into dense grids. In Fig.1, a ray is emitted from the aperture, and impact the dielectric box 
at the point P1. The transmitted ray starts at the point P2, and reflects at the point P3 on the electric 
conductor. The reflected ray by Snell’s law hits the electric conductor at the point P4. Then the new 
reflected ray from point P4 transmits through the dielectric box, and returns to the aperture. This is 
the procedure of ray tracing for a ray with trace level 2. 
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Fig.1: Schematic of ray tracing 

The EM field tracking.The information of impact points is obtained in the ray-tracing step. 
Fig.2 shows the impact points when the ray incidents into the dihedral corner reflector inside a 
dielectric box. 

Seen from Fig.2, a representative ray has six impact points with the object structured by the 
dihedral corner reflector and the dielectric box. The purpose of the EM field tracking is to obtain the 

electric field at the point 6P . 

The incident field at the point 1P is determined by the polarization mode. The incident field is [5] 
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where RTS is the transform matrix from the Cartesian coordinates to the spherical coordinates, 
Eθ and Eϕ are the incident electric fields in the spherical coordinates. For the vertical polarization 
mode, the electric field is 1, 0E Eθ ϕ= = . For the horizontal polarization mode, the electric field 
is 0, 1E Eθ ϕ= = .  
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Fig.2: Schematic of impact points  

The propagation equation for plane wave in free space is 
jkle−⋅= AEEB                                                 (2) 

where AE is the electric field at point A, BE is the electric field at point B, k  is the wave number, l  
is the distance that  electric field travels from point A to point B. According to (2), the electric flied 
changes can be calculated when the plane wave is propagated from one point to another such 
as 2 3 3 4 4 5, ,P P P P P P→ → → .  

When the electric wave transmits through the dielectric material at points 1P  and 5P , the 
transmitted filed can be writing as  

( ) ( )ˆ ˆ ˆ ˆp
i iT T⊥

⊥ ⊥= ⋅ + ⋅t i i
p pE E e e E e e                                 (3) 
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where iE is the incident electric field, ˆ⊥e  and ˆpe are the unit vectors of the vertical and parallel 

modes, iT ⊥ and p
iT  are the transmission coefficients for vertical and parallel modes. Transmission 

coefficient can be write as  
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where 2
1 2 sinr iγ π ε θ λ= −  is the propagation factor in the dielectric; d is the thickness of the 

dielectric box; rε is the permittivity of the dielectric; iθ  is the incident angle; 01Z is the uniformed 
impedance, it is  
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where pZ and Z⊥ stands for the uniformed impedances of parallel mode and vertical mode. 
In high frequency situation, the reflection of electromagnetic waves on the target surface obeys 

the algorithm of geometrical optics. According to the Snell's reflection law and the boundary 

conditions, the reflected field at points 3P  and 4P can be expressed as 
ˆ ˆ= ⋅ ⋅ −r i iE 2(n E ) n E                      (6) 

where n̂ is the normal vector of the reflection point, iE  is the electric field of the incident wave, rE  
is the electric field of the reflected wave.  

Applying to the above method, the electric field at exit point of each ray can be obtained. 
The scattering field calculation.Seen from Fig.2, the total scattering field can be break into two 

main parts, one is the transmission field from the dihedral corner reflector; the other is the reflection 
field from the dielectric box. 

This paper adopts the method of PO [5] in the final scattered field computation. PO is a typical 
high-frequency asymptotic method. This method uses the electromagnetic current on the surface 
instead of the scatter, and integrates the induction field of the current to obtain the scattered field.  

For the transmission field calculation at the point 6P , the induced current can be expressed as 
( ) ( )rHnrJ ′×=′ iˆ2                         (7) 

where n̂ is the normal vector, ′iH (r )  is the incident magnetic field at the exit point, ′r  is the position 
vector of the exit point. 

According to Kirchhoff's law, the transmission field contribution can be obtained by 
accumulating the field contribution of each transmitted ray [6]: 
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where ŝ  is the unit vector of the scattering direction, 0Z  is the wave impedance in free space, R  is 
the distance from the target to the antenna, and ′r  is the position vector of the observation point. In 
this paper, (8) can be solved by the Gordon's method [6, 7]. 

For the reflection field calculation at the point 1P , the reflection coefficient is[8] 
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where the parameters in (9) are the same with those in (4). 
The induced magnetic current and electric current of the reflected field can be expressed as 

ˆˆ ˆ ˆ ˆ ˆ ˆ(1 )( ) (1 )( )( )p⊥ ⊥ ⊥ ⊥= + Γ ⋅ × + −Γ ⋅ ⋅i i
H pJ e E n e e E n i e                     (10) 
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where pΓ and ⊥Γ are the reflection coefficients for the parallel and vertical mode; î is the unit vector 
of the incident direction. 

The reflection field contribution is  
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The total scattering field can be write as 
s st srE = E + E                                             (13) 

sE is the total scattering field in the Cartesian coordinates. The scattering field received by the 
radar receiver is determined by the polarization mode, and the polarization is decided in the 
spherical coordinates. The scattering field in the spherical coordinates is  

ˆ ˆ
ˆ ˆ0
ˆ ˆ

s sE Eθ ϕ

   
   

 = ⋅ ⋅ = ⋅    
   
   

s s

r r

E E STR θ θ
φ φ

                    (14) 

where STR is the transform matrix from the spherical coordinates to the Cartesian coordinates, 
sEθ and sEϕ  are the scattering fields in the spherical coordinates. The scattering field by the radar 

receiver is  
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When the scattering filed by the radar receiver is obtained by (15), the RCS can be expressed as 
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where iE is the incident field at the target. 

Computational examples 
The high resolution range profile of the target inside a dielectric box.The first example is the 

RCS and high-resolution range profile (HRRP) calculation of the dihedral corner reflector inside a 
dielectric box. The model is shown in Fig.3. The right-angle side length of the dihedral corner 
reflector is 1m. The size of the dielectric box is 3m, and the thickness of the dielectric box is 0.05m.  
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Fig.3: Dihedral corner reflector inside a dielectric box  

In the example, the elevation angle is 0° (the angle between the radar line of sight and XOY 
plane). The azimuth angle is 0° (the angle between the projection of radar line of sight on XOY 
plane and the X-axis). The frequency sweeps from 1GHz to 10 GHz with a step of 20MHz. HH 

polarization is used in the calculation. The permittivity of the dielectric box is 4.0 0.5r iε = − . The 
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HRRP can be achieved by inverse Fourier transforming the computed scattered fields over 
frequency domain. The result is shown in Fig.4.  

In Fig.4(a), the RCS increases along with the frequency. The HRRP shown in Fig.4(b) has four 
scattering centres. A stands for the scattering centre of the dielectric board, B is the virtual image of 
the dielectric board, C stands for the scattering centre of the dihedral corner reflector, and D is the 
virtual image of the dihedral corner reflector. 

 

Fig.4: The RCS and HRRP of the dihedral corner reflector inside a dielectric box 
The radar imaging of the target inside the dielectric box.In the following example, the radar 

image of the model shown in Fig.3 is studied. The scattered fields of the model are calculated by the 
proposed method described in sectionⅡ first. The radar image is generated by inverse Fourier 
transforming the computed scattered fields over frequency and aspect domain [9].   

In this example, the model is calculated with a center frequency of 5GHz.  The bandwidth is 
6GHz, and the frequency increment is 20MHz. The elevation angle is 0°. The azimuth angle sweeps 
from -8.6° to 8.6° with a step of 0.172°.  HH polarization is used in the calculation. The permittivity 

of the dielectric box is . In Fig.5, the result is compared with the radar image of the 
dihedral corner reflector.  

 

Fig.5: Radar image 
The Fig.5(a) is the radar image of the dihedral corner reflector using the same parameters. The 

Fig.5(b) is the result of dihedral corner reflector inside a dielectric box by the proposed method. In 
the Fig.5(b), A stands for the scattering centre of the dielectric board, B is the virtual image of the 
dielectric board, C stands for the scattering centre of the dihedral corner reflector, and D is the 
virtual image of the dihedral corner reflector. 

Summary 
In this paper, a new procedure in RCS calculation and radar image formation for targets inside 

the dielectric box based on SBR is introduced. The proposed method is used to calculate the RCS 
and the radar image of the dihedral corner reflectors inside the dielectric box. 
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