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Abstract

In this paper, an equivalent source shooting and bouncing ray (ES-SBR) method is proposed to combine with Method of
Moments (MoM) for scattering of electrically large thick cavity with complex terminal. The hybrid is achieved by plane wave
expansion (PWE) and the generalized reciprocity integral (GRI) method. Different from the traditional SBR method, the far-
field integral formula of the ES-SBR method is established by equivalent source to ensure the consistency of scatterings from
the exterior cavity and the interior cavity. In contrast to the existing method limited to thin and deep cavity, the proposed ES-
SBR-MoM method is applicable for arbitrary shape cavities. Due to the reusability of PWE scattering matrix, the proposed ES-
SBR-MoM method greatly improves the efficiency of cavity scattering analysis and has great application prospect in the rapid
design of low scattering cavity.
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1. Introduction

The scattering characteristics analysis of electrically large
cavity is a research hotspot in recent years. Various
approaches have been presented, including asymptotic
methods and full-wave methods. The asymptotic methods
mainly refer to the shooting and bouncing ray (SBR) method
and the iterative physical optics (IPO) method,!-*) which are
efficient but not accurate. The full-wave methods, such as
method of moment (MoM) and finite element method
(FEM),>71 can provide sufficient accuracy, but they are
inefficient for electrically large targets.

In order to balance efficiency and accuracy, extensive in-
depth research has been conducted.®'! The most common
practice is to divide the cavity into an interior region and an
exterior region for treatment respectively, which includes two
schemes: One is using the same electromagnetic method with
different accuracy for the two regions,!'>!5! and the other is
using different electromagnetic methods for the two
regions.['*!8] The latter is more suitable for electrically large
cavities, since large and smooth region is handled efficiently
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by asymptotic method. In particular, the method in Ref. [18]
has great advantages in rapid calculation, since the reusable
plane wave expansion (PWE) matrix was adopted. However,
only the scattering of the interior cavity was studied in Ref.
[18], which limited this method to thin cavity. Besides, in
order to reduce computational cost through zoning, the thin
cavity must be deep.

In this paper, a further study is conducted for electrically
large thick cavity. An interface X~ divides the cavities into two
parts. The terminal part inside the interface X is the interior
cavity, and the rest is the exterior cavity. The scattering of the
interior cavity is characterized by the PWE scattering matrix
and the generalized reciprocity integral (GRI) method,!'s]
which assumes an external current source and an external
observer in far zone. Because the traditional SBR method
cannot be combined with the GRI method, the equivalent
source shooting and bouncing ray (ES-SBR) method is
proposed to process the scattering of the exterior cavity, which
adopt a new far-field integral formula to ensure the
superposition of the scatterings. The rays are divided into two
types. The rays reaching the interface % are used to connect
the front section of the cavity and the interior cavity. The other
rays are used to get the scattering of the exterior cavity. In
contrast to the limitation of thin and deep cavity in Ref. [18],

Eng. Sci., 2025, 38, 1851 |1


https://www.espublisher.com/

Research article

Engineered Science

the proposed method can handle variable shape thick cavities
with arbitrary depth. Different from the traditional SBR-MoM
hybrid methods,!'>?% which deal with the coupling between the
SBR region and MoM region through near field, the proposed
ES-SBR-MoM hybrid method deals with the coupling
between two regions through PWE, which is more accurate
and efficient for the cavity, since the multiple reflections in the
cavity makes the near field difficult to obtain accurately. The
accuracy and efficiency of the proposed ES-SBR-MoM
method are proved by several numerical results.

2. Formulation

As shown in Figs. 1(a) and (b), the interface divides the
cavities into the interior cavity and the exterior cavity. The
scattering is also divided into the contribution of the interior
cavity and the exterior cavity. The PWE and the GRI method
for handling interior cavity is described in Section 2.1. The
exterior cavity is processed by the ES-SBR method as shown
in Section 2.2.

2.1 Scattering of the interior cavity
As shown in Fig. 2, the cavity is excited by a plane wave
generated by current source J(P) at point P in far zone. The

interface X is completely contained by a square of width 2a
at the z=0 plane. According to the GRI method, the

scattering field of the interior cavity at point P can be
expressed by Eq. (1):21

(P)p ~ J.(ESXH’ —E'x H*)2ds (1)

mlermr

where E*

p denote the direction of J(P). (E*,H*) and (E',H') are
the scattering field and the incident field at ¥ , respectively.

In K-space, the electric field £ and the magnetic field A
can be expanded into:

E(x,y,2) Flkok)| s
{H(x,y,z)} A2 J‘m.[m{ }e dk dk, )

where (E,H) and (f, g) are two pairs of Fourier transforms,
k =k X+k,y+k.z . The spectrum (f,g) on = can be

regarded as a bandlimited signal within a square of width 2a.
According to the sampling theorem, the spectrum can be
completely specified by its samples when the sampling interval
Ak is not larger than 7 /a. So, taking 7 /a as the sampling
interval, Eq. (2) can be discretized into the following form:!'®

E(x,y,O) Sf(m,n) — K (mn)Cp
{ﬁ(x,y,())} 44° ZZ{ }e

= = | g(m,n)
where f(m,n) and @(m,n) are the PWE coefficients, and

..(P) 1s the scattering field of the interior cavity,

3)
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pP=xx+)p, k(mn)—
a

e
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According to Eq. (4), for propagating plane waves, (m,n) is

2 2
SIREAL
a a

Taking Eq. (3) into Eq. (1),

, k,(m, n)—
a

(4)

truncated by

©)

E; i (PYD = Z Lf*(m,m)x &' (m,n) = f' (m,n)x g (m,m) 2

(6)
According to the orthogonality, Eq. (6) can be further
simplified as:!'®

Zf (m, n)Df (m,n)cos &°

m.n

mtenor (P)Dp ~ 2 (7)
a

where 7 is the impedance of free space. f'(m,n) and

f*(m,n) represent the incident PWE coefficient and the
scattering PWE coefficient, respectively. cos@" is defined by
f(m,n) is determined by ray tracing in this paper. Rays

are divided into quadrilateral ray tubes on an initial incident
surface as shown in Fig. 2. It assumes that there are J effective

f'(m,n) can be
determined by the inverse Fourier transform corresponding to
Eq. (2).

f:(m5n) 4 E (.X ’y_/ ’0) /k(,[ -5 )x+(v—x‘,)y] fku(sYx +5,Y )
= « )iy
{f;‘ (m,n)} 2 {Ev (xjayj,0>}e ‘ -

J=1 Ax Ay,
(&)

where (Ax;Ay;) is the projection area between X and the ray

rays tube reaching the interface X .

tube. E(x;,y;,0) is the field of central ray at the intersection
(x,,;,0) . (s,,5,,s.) is the incident direction at (x,,y;,0) .
u=sinf cos¢’ , v=sin@ sing’ . The incident direction

(¢',¢') is decided by (m,n).'%
*, cos@ =+1-sin’ @

sin &' _ A m* +n
2

a

)

cosg = sing' =

m
NI \/7

When (m,n)=(0,0) , (&',¢") is set to (0,0) . The
observation direction (6°,¢") is determined in the same way.
7 (p.q) is connected with f(m,n) by the PWE scattering
matrix E(m,n;p,q) 18]

Engineered Science Publisher


https://www.espublisher.com/

Engineered Science

Research article

7 (p.9) =28 (m.m; p.q)f" (m.n)

m,n

(10)

where §(m,n;p,q) =0°S,,0' +9SS5¢¢3" +g23°'S¢00A" +¢'S,,¢'
f(m,n) is obtained by Eq. (8). According to Egs. (3) and
(10),

E.(p,)7
Jj2ka’E, 5 (m,n)cos 6°

S, (m,n, p,q) = (11)

where o and f represent one of € or @ polarization.
E’(p,q) is the bistatic scattering field of the interior cavity
illuminated by an incident plane wave E'(m,n). The incident
direction and the observation direction are determined by Eq.
(5), and Eq. (9).

According to Eq. (11), §(m,n;p,q) can be obtained by

E'(m,n) and E‘(p,q). To ensure accuracy, MoM is used to

/ Exterior cavity
\

Interface X
Interior cavity

@

get the scattered field E’(p,q) . Different from the treatment

in Ref. [18] which introduce a hemispherical cap on the back
end of the termination section, only the grid of the interior
cavity is used for MoM in this paper, aiming to minimize the
error from the exterior cavity and reduce computational
complexity.

2.2 Scattering of the exterior cavity

The ES-SBR method is adopted for the exterior cavity. The
electric field on the surface of the exterior cavity is obtained
by ray tracing as the traditional SBR method. However, the
general far-field integral formula is not applicable since the
scattering field of the interior cavity is calculated at external
point P in far zone. Therefore, a new far-field integral
formula is derived in the ES-SBR method, which calculates
the scattering field at point P to ensure superposition.

Interface 2

nterior cavity
Exterior cavity

(b)

Fig. 1: Regional division of cavity. (a) A thin and deep cavity is divided into interior cavity and exterior cavity by an interface inside

the cavity. (b) A thick and shallow cavity is divided into interior cavity and exterior cavity by an interface at the top of the cavity.

—

; J(P) in far zone

= Rays reaching the interface
Rays hitting the exterior cavity

Interface SR

g (-0

Initial incident surface .
TLTLEEEEEEE <« Quadrilateral
T raytube

“«—_ Center
ray origin

Fig. 2: The incident plane wave generated by a current source J(P) in far zone irradiates the cavity, and the quadrilateral ray tube is

segmented on an initial incident surface for ray tracing.
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Initial incident surface | <'¢¢

Fig. 3: The vector relationship among the intersection Q ,
central ray origin R , and far zone source point P when a

central ray starting from the initial incident surface hits the
exterior cavity.

As shown in Fig. 3, a ray with origin at R intersects with
the exterior cavity at point Q . The equivalent magnetic

current K, generated by the surface electric field at point Q
is regarded as a new radiation source.

K =2E(Q)x# (12)

where 7 is the outside normal at Q. The scattering field at

point P generated by the ray tube which centered on this ray
can be determined by the new radiation source in Eq. (12).["

je [E(0)xi]

AR (13)

e”k_'wdx'dy'

Easjaymbe (P) = _U

Ax'AY'

where Ax'Ay’ is the projection area of the ray tube, R is the

=

distance from the coordinate origin to P . 7
from the coordinate origin to point Q.

is the vector

The initial incident field E' of the ray is generated by a
current source at point P, so

Fi= ]f?Zo oM

. 14
AR’ (14)

where R’ is the distance from the ray origin R, to P.
R'=|R-R,|=(R-R)cosa~R-R, (15)

R, is the distance from the coordinate origin to the initial

incident surface. « is the angle between R and R’ ,
cosa ~1 since point P is located in far zone.

Taking Eqgs. (14) and (15) into Eq. (13), the scattering field
of the ray tube at point P can be calculated by a new far-field
integral formula, which is not affected by R .

(16)

E;ja,wube (P)Uﬁ = ze;;kRi Eiu -U [E(Q)XﬁJeiﬂz.?dx,dyl
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The scattering field of the exterior cavity is the
superposition of the contributions of all the exterior effective
ray tubes.

s

L ] R
Ee;(terior (P)[[a = ZE 2imytube (P )Dp (17)
=1

where L is the number of the exterior effective ray tubes.
The monostatic radar cross section (RCS) of the whole
cavity is defined as

- - 2
E isnterinr (P )uﬁ + E cfxtyrior P UIB
o =lim4zR’ — (P) (18)
R0 | E |
where E,. (P)p and E:, . (P)Jp are determined by Eq.

(7), Eq. (16),and Eq. (17). R can be eliminated by Eq. (14),'®
so Eq. (18) can be simplified as:

2

k) | B (PYD + Eli (P
T G

(19)

According to Eq. (19), the monostatic RCS of the whole
cavity can be obtained directly from the scattering of the
interior cavity and the exterior cavity at point P .

3. Simulations and discussion

The following five simulation examples will be used to
investigate the accuracy and efficiency of the proposed ES-
SBR-MoM method. The results of all examples are simulated
on a workstation equipped with two Intel Xeon CPU Gold-
6248R and 512G RAM. The results of MoM in Altair Feko are
used as reference to demonstrate the accuracy and efficiency of
the proposed hybrid method. All models are meshed by
triangular facets. For MoM region, the side length of triangular
facets is 0.24 . For ES-SBR region, two different side length of
triangular facets are used. When the cavity is planar, the side
length is set to 0.54 ; When the cavity is curved, the side length
issetto 0.14 for ensuring the accuracy of ray tracing.

3.1 Thick rectangular cavity

To illustrate the correctness of the proposed far-field integral
formula, the proposed hybrid method is compared with the ES-
SBR method. As the thick rectangular cavity shown in Fig. 4(a),
the interface is 3.51 away from the bottom, a =44 ,Ak=7/a.
The frequency is 3GHz. Fig. 4(b) shows the monostatic RCS

of 60 polarization, at ¢ =0°, § =0°-90°. The comparison

of the real part and imaginary part of the scattering electric
fields are shown in Figs. 4(c) and (d), respectively. The
coincidence of the curves in Figs. 4(c) and (d) verifies the
correctness of the proposed far-field integral formula, which
means that the scattering electric fields from the ES-SBR
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Fig. 4: Thick rectangular cavity. (a) Dimensions of the thick rectangular cavity. (b) 80 polarized monostatic RCS of the thick
rectangular cavity. (c) Real part of the scattering electric field. (d) Imaginary part of the scattering electric field.

method and the GRI method are received at the same point and
stackable.

3.2 Cylindrical cavity

As shown in Fig. 5(a), a cylindrical cavity is used to analysis
the influence of interface position. The interface is set at 84,
104 ,and 124 away from the bottom of the cavity, respectively.
a=51,Ak=nx/a. The 69 polarized RCS of the proposed
hybrid method is compared with that of the MoM. The
frequency is 3GHz. The incident angle varies in the range of

6 =-90°-90° for ¢ =0°. It can be seen from Fig. 5(b) that all

results are in good agreement especially for small incident
angles. For large incident angle, the results of proposed hybrid
method mainly depend on the SBR method, which does not
consider the influence of edges, resulting in poor agreement at
6 =-50°—-70°and @ =50°—-70°.Comparing the results of the
proposed hybrid method when the interface is at different
positions, it can be seen that the interface position has little
effect on the results. The computational time and memory

Table 1: Computational time and memory consumption of cylindrical cavity.

Grids number of

Model Method . Memory (GB) Time (min)
MoM region
MoM 116698 154.68 91.62
84 24051 16.48 34.08
Proposed method with
: . . 102 27565 20.59 45.50
different interface position
Cylindrical cavity 122 31241 28.59 61.68
0.254 14.32 30.25
Proposed method with
: ) . 0.14 24051 16.48 34.08
different grid density
0.054 18.66 47.67
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Fig. 5: Cylindrical cavity. (a) Dimensions of cylindrical cavity. (b) ¢ polarized monostatic RCS of different interface position. (c) 69

polarized monostatic RCS of different grid side length.

consumption are shown in Table 1. It is better to set the
interface closer to the complex terminal based on the
computational complexity.

Considering that cylindrical cavity is sensitive to grid
density, triangular facets of different sizes are used to divide
the cavity. Fig. 5(c) shows the 86 polarized RCS comparison
when the side lengths of triangular facets are 0.251, 0.14
and 0.051, respectively. The corresponding grid number for
ray tracing is 74568, 468684, and 1871938, respectively. The
interface is 84 away from the bottom of the cavity. When the
side length is 0.254 , the curve coincides poorly since the
inaccurate tracing caused by multiple reflections. When the side
length is 0.14 and 0.054, the curves coincide well with that
of MoM. The computational costs are shown in Table 1.
Considering both efficiency and accuracy, it is better to set the
side length of triangular facets to 0.14 for curved cavity.

3.3 Rectangular cavity with complex terminal

The proposed method is also applicable to thin cavity. As
shown in Fig. 6(a), a spiral blade is located at the bottom of a
thin rectangular cavity. The interface is 3.54 away from the
bottom. To analyze the influence of the sampling interval, the
results from the proposed method at different sampling interval
are compared with that of MoM. Fig. 6(c) shows the sample of
angles on the xoy plane at different sampling interval. The

6 | Eng. Sci., 2025, 38, 1851

()

MoM i
— - — Grid side length of proposed method-0.25\
Grid side length of proposed method-0.11 ||

©

operating frequency is set to 3GHz. Fig. 6(b) shows the

monostatic RCS of @@ polarizations, at ¢ =0°, 6 =0°-90°.

The trends of all curves are basically consistent. The results at
Ak =k/10 and Ak =k/12 agree better with the reference one
at 50°—60° than the results at Ak =k /8, while the agreement
is worse at small incident angles since more samples will bring
greater cumulative error. Therefore, smaller sampling interval
does not help improve the overall accuracy. Considering both
computational complexity and accuracy, Ak=x/a is the
optimal sampling interval.

To verify the reusability of the PWE scattering matrix, the
cavity in Fig. 6(a) is modified as shown in Fig. 6(d). The
proposed method adopts the existing PWE scattering matrix
obtained with sampling interval of Ak =7/a . Fig. 6(e) shows
the monostatic RCS comparison between the proposed method
and MoM. The agreement of the results demonstrates the
accuracy of the proposed method and the reusability of the
PWE scattering matrix.

The computational time and memory consumption
comparison between the proposed method and MoM are shown
in Table 2. The computational time and memory consumption
of the proposed method is quite lower than that of MoM since
only the interior cavity used MoM. Besides, due to the repeated
use of PWE scattering matrix, the computational time and
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Fig. 6: Rectangular cavity with complex terminal. (a) Dimensions of the thin rectangular cavity. (b) ¢¢ polarized monostatic RCS of

the thin rectangular cavity. (c) The sample of angles on the xoy plane at different sampling interval. (d) Dimensions of the modified
rectangular cavity. (d) ¢ polarized monostatic RCS of the modified rectangular cavity.

Table 2: Computational time and memory consumption of rectangular cavity with complex terminal.

Grids number of MoM . .
Model Method . Memory (GB) Time (min)
region
MoM 83950 118.40 51.50
Thi t 1 it P d method with different Ak=r/a 336 8.27
in rectangular cavity rop(;se mf 0 ) with different ., s 11876 4.64 11.20
sampling interval
ping Ak =27/3a 6.25 15.67
MoM 82162 112.84 47.32
Modified rectangular cavity
Proposed method N.A. 0.58 2.68

Note: N.A. means that MoM is not required since the PWE scattering matrix has already been obtained.
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memory consumption of the proposed method is extremely low
for modified rectangular cavity. This comparison shows the
superiority of the proposed method in multiple calculations.

3.4 Thick and shallow cavity

As shown in Fig. 7(a), the cavity is used to verify the accuracy
and efficiency of the proposed method for thick and shallow
cavity. The interface is set to the top of the cavity. The operating
frequency is set to 1GHz. a =54, Ak = 7/ a. The monostatic

RCS of 66 polarization and @@ polarization at ¢=0°,

6 =—45°—45° are shown in Figs. 7(c) and (d), respectively.
The curves are derived from the proposed method, MoM and
the method in Ref. [18]. The MoM region of the method in Ref.
[18] only included the interior cavity here. It can be seen that
the RCS of the proposed method and MoM are in good
agreement for both polarizations, while the results of the
method in Ref. [18] are inconsistent with the other two since
the influence from the exterior cavity is nonnegligible. The
error between the method in Ref. [18] and MoM is about 8dB
at 8 =0°, while the error between the proposed hybrid method
and MoM is about 0.2dB. The computational time and memory
consumption of the three methods are shown in Table 3. The
efficiency of the hybrid method is significantly higher than that
of MoM. The efficiency of the proposed method is almost the
same as that of the method in Ref. [18], since ray tracing is not
a time-consuming process compared to MoM. These results

60 T
MoM- 66
451~ — Proposed hybrid method-6 |
. .‘ Method in [18]-66 .
30 I v
S VP\i\i“ “‘"1‘ o e
% 15 {[ 7 ! VL ,
2 i !
ot T 1
-15¢+ : : (./ . : 4
45 -30 15 0 15 30 45
0(°)

demonstrate the accuracy, universality, and efficiency of the
proposed method.

3.5 Irregular cavity

An irregular cavity is used to further validate the reusability of
PWE scattering matrix and the accuracy of the proposed method.
As shown in Fig. 8(a), the cavity transitions uniformly from the
polygon at the front end to the circle at the end. The interface is
set to the top of the cavity. The operating frequency is 3GHz.
a=554,Ak=x/a.Fig. 8(b) shows the monostatic RCS of

00 polarization, at ¢=0°, @=0°-45°. The RCS of the

proposed method and MoM are in good agreement, while the
RCS of the SBR method is inconsistent with the other two,
which demonstrates that the accuracy of the proposed method
is higher than the SBR method. To verify the reusability of the
PWE scattering matrix for irregular front section, a modified
irregular cavity was used as shown in Fig. 8(c). Fig. 8(d)

shows the monostatic RCS of 60 polarization at

@=0° 0=0°-45°. The result of the proposed method still

matches that of MoM much better than the SBR method. The
computational time and memory consumption of the three
methods are shown in Table 4. These results further illustrate
the advantages of the proposed method in accuracy and
efficiency.

134
=
(104
Q._)'
64
“ Interface
60 X
MoM-¢¢
5| [ Proposed hybrid method-p¢ i
- § Method in [18]- (p(o
=]
Z30H
2 [BA.p H’\ VA 'V
=2 VARG 5 / “\’
> 15F "'g"‘!'\w } W!
=
OF am T
-45 -30 -15 0 15 30 45
0(°)

(©

Fig. 7: Thick and shallow cavity. (a) Dimensions of the cavity. (b) 66 polarized monostatic RCS of the cavity. (c) g polarized

monostatic RCS of the cavity.

8| Eng. Sci., 2025, 38, 1851

Engineered Science Publisher


https://www.espublisher.com/

Engineered Science Research article
Table 3: Computational time and memory consumption of thick and shallow cavity.
Model Method Grids number of MoM Memory (GB) Time (min)
ode o region 00 (0] 00 010
MoM 96404 289.32 295.66 136.50 140.33
Thick and shallow cavity Proposed method 24219 15.03 14.86 30.85 29.45
Method in [18] 24219 14.33 14.80 29.83 28.89
[ MoM-60
30 Pr . g
— < = Proposed hybrid method-66|
- SBR-06
3.6 [ |
- ‘ = ] SR S U N 1S N g
114 5.54 7 0
I~ i
6.11 X ~_ 151 |
837~ Interface 30 ]
0 10 20 30 40
0(°)
(a) (b)
MolM—c%’ I I
30 —- = Proposed hybrid method- 06 |
SBR-60
264 g 151" y T - R i
2 ol A
A X
g |
=15 1 g 1
Interface T = 30 « Ejb
0 10 20 30 40
0(°)
(c) (d)

Fig. 8: Irregular cavity. (a) Dimensions of the irregular cavity. (b) 66 polarized monostatic RCS of the irregular cavity. (¢c) Dimensions

of the modified irregular cavity. (d) 89 polarized monostatic RCS of the modified irregular cavity.

Table 4: Computational time and memory consumption of irregular cavity.

Grids number of MoM . .
Model Method ) Memory (GB) Time (min)
region
MoM 49212 40.77 28.32
Irregular cavity ~ Proposed method 25487 11.97 25.78
SBR N.A. 0.42 0.92
Modified i i MoM 160906 513.33 248.75
0,1 fed rreguiar Proposed method N.A. 1.03 4.85
cavity
SBR N.A. 0.89 1.43

Table 5: Efficiency comparison between the proposed method and MoM.

Model MoM (min) Proposed method (min) Speedup
Thin rectangular cavity 51.50 8.27 6.23x
Modified rectangular cavity 47.32 2.68 17.66%
Irregular cavity 28.32 25.78 1.10x
Modified irregular cavity 248.75 4.85 51.29x%
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The acceleration performance of example 3.3 and example
3.5 is summarized in Table 5. Due to the reusability of the
PWE scattering matrix, the efficiency of the proposed method
for the modified model is quite high.

4. Conclusion

A hybrid method considering both efficiency and accuracy is
presented for electrically large thick cavity in this paper. The
proposed method adopts the PWE scattering matrix in Ref. [18]
and extends it to arbitrary cavity, which greatly improves the
applicability. In contrast to other hybrid methods, the proposed
method has significant advantages in multiple calculations with
the help of the PWE scattering matrix. Numerical results show
that the efficiency of the proposed method is much higher than
that of MoM while ensuring high accuracy. Due to the high
efficiency and the reusability of PWE scattering matrix, the
proposed method has great application prospects in the rapid
design of low scattering cavity.
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