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Abstract: High-frequency predictions of radar cross-sections are

usually performed using the well-known shooting and bouncing rays

(SBR) method. SBR needs many incident ray tubes for accurate

results. Therefore, its computation time is proportional to the square

of the number of ray tubes, often resulting in a prohibitively large

computation time, especially for electrically large and complex

objects. To address this problem, a new ray tube merging scheme

called line tracing SBR (LT-SBR) is proposed to reduce the number

of incident rays. Simulation results reveal that the LT-SBR has a

computational advantage over the conventional SBR and recently

introduced beam tracing SBR.
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1 Introduction

In the field of radar cross section (RCS) prediction of electrically large and

complex targets, the shooting and bouncing rays (SBR) method [1] was

developed to supplement physical optics (PO) [2], which takes into

consideration the first-order reflections. Because SBR traces incident ray
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tubes before surface integration based on PO, it can predict RCS of

complex targets in cases with multiple scattering. However, predictions

based on the conventional SBR need more time as the target’s size

increases. In general, many incident ray tubes are required in a dense grid

(<λ/10) to obtain accuracy and the area generating incident ray tubes

should be sufficiently sized for targets with large dimensions. Therefore, the

computation time of SBR is proportional to the square of the number of

incident ray tubes. There have been several trials to reduce the number of

incident ray tubes to save computation time.

　 The multiresolution grid algorithm in SBR (M-SBR) was proposed to

decrease the number of redundant ray tubes with adaptive ray grid

generation [3]. When some ray tubes hit one of the target’s facets, M-SBR
merges several incident ray tubes into a single tube with a coarser grid. In

this method, however, the resolution of ray tubes passing or impacting

around the boundaries of facets cannot be changed. Thus, the computation

time is still squarely proportional to the increase in a target’s size. The

beam-tracing SBR (BT-SBR) was recently developed to address this

drawback [4]. BT-SBR models the incident plane wave as a set of trigonal

ray tubes whose cross sections are directly shown partitions of the facets.

Because each ray tube is traced and recursively subdivided as it reflects

from the target, the computation time of BT-SBR is independent of the size

of the target, and the number of ray tubes in the method can be greatly

decreased especially for electrically large targets. However, the computa-
tion time of BT-SBR increases much more rapidly than that of M-SBR as

the number of the target’s facets increases, owing to the additional time

required to reshape beam tubes for each facet of the target.

　 In this paper, we propose a line tracing SBR (LT-SBR) method that

merges ray tubes in a linear fashion. In this method, some ray tubes of the

conventional method are merged into a single one, called a line tube. In

addition, intersection lines are calculated instead of intersection points. LT-
SBR can calculate the RCS of the target much faster than the conventional

SBR because its computation time is linearly proportional to the target’s

size. Furthermore, it has faster computation speed than BT-SBR as the

number of target’s facets increase because it does not need additional time

for generating beam tubes.

　 Following this introduction, we discuss the LT-SBR procedure in

Section 2. Section 3 presents RCS prediction of some models to verify the

efficiency of the LT-SBR, followed by the conclusion in Section 4.

2 Line tracing method

In the conventional SBR, parallel ray tubes consisting of plane waves are

generated in a uniform grid, as shown in Fig. 1-(a) [1]. To obtain a

convergent result, the grid density should be greater than ten ray tubes per

wavelength and the size of each ray tube should be less than 0.1λ×0.1λ.

The number of ray tubes is inversely proportional to the size of each ray

tube. The center of each small ray tube is traced to find the hit point on the

facet (shown as a dot in Fig. 1-(a)). On the other hand, several small ray

tubes in SBR are merged to a single large one in the proposed LT-SBR. In
particular, it makes use of the center line (shown as a thick line in Fig. 1-
(b)) of each merged large ray tube along the specific direction (shown as x̂
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-axis in Fig. 1-(b)) to find the hit point on the facet, instead of the center

point as in the conventional SBR. The large merged ray tubes are called

“line tubes.”.
　 As shown in Fig. 1, incident ray tubes in SBR traveling toward the �ẑ

direction are merged along the horizontal direction, which produces line

tubes along the x̂ direction. Therefore, the number of line tubes is

proportional to the electrical length of the target along the vertical

direction (ŷ direction). The line tracing is used to determine the

intersection line Q1Q2 on each facet of the target.

　 For the sake of computational convenience, the geometric model of the

target is rotated such that the incident rays always travel toward the �ẑ

direction. If the incident line tube launching at yi meets the trigonal facet

having three vertices, P1 (x1, y1, z1), P2 (x2, y2, z2), and P3 (x3, y3, z3), the

following relation holds:

min y1; y2; y3ð Þ � yi � max y1; y2; y3ð Þ (1)

Otherwise, there is no intersection line between the incident line tube and

the facet. If the incident line tube hits on the facet as shown in Fig. 2, the

intersection line Q1Q2 will correspond to the intersection between the line

tube and two edges P1P2 and P2P3 of the trigonal facet as follows:

Q1 :
x� x1
x2 � x1

¼ y� y1
y2 � y1

¼ z� z1
z2 � z1

yq1 ¼ yi

xq1 ¼ yi � y1ð Þ
y2 � y1ð Þ x2 � x1ð Þ þ x1

zq1 ¼ yi � y1ð Þ
y2 � y1ð Þ z2 � z1ð Þ þ z1

8>>>>><
>>>>>:

(2-a)

Q2 :
x� x3
x2 � x3

¼ y� y3
y2 � y3

¼ z� z3
z2 � z3

yq2 ¼ yi

xq2 ¼ yi � y3ð Þ
y2 � y3ð Þ x2 � x3ð Þ þ x3

zq2 ¼ yi � y3ð Þ
y2 � y3ð Þ z2 � z3ð Þ þ z3

8>>>>><
>>>>>:

(2-b)

Fig. 1. (a) Ray tubes of the conventional SBR and (b) line

tubes of LT-SBR.
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　 In second- or higher-order reflections, there are four different cases of

intersection lines between the line tube and the two edge lines of the facet.

Among them, the intersection lines of the first two cases (a) and (b) in

Fig. 3 can be easily determined using eq. (2-a) and (2-b). In the cases (c)

and (d), the intersection lines correspond to the incident line tube and the

plane containing the facet, as shown in Fig. 4. In particular, the

intersection points R1 and R2 between the two lines Q1R1 and Q2R2 of

the incident line tube and plane with its normal vector (af, bf, cf) form the

desired intersection line R1R2. The two lines Q1R1 and Q2R2 whose

direction vector is (ai, bi, ci) are respectively given by

Fig. 2. An intersection line when the incident line tube

travels toward the �ẑ direction.

Fig. 3. The intersection lines of second- or higher-order
reflection.

Fig. 4. The end points of an intersection line in second- or
higher-order reflections.
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x� xq1
ai

¼ y� yq1
bi

¼ z� zq1
ci

(3-a)

x� xq2
ai

¼ y� yq2
bi

¼ z� zq2
ci

(3-b)

In addition, the plane containing the facet whose normal vector (af, bf, cf)

and known vertex of the facet P1 (x1, y1, z1) yields

af x� x1ð Þ þ bf y� y1ð Þ þ cf z� z1ð Þ ¼ 0 (4)

Therefore, the intersection point R1 can be obtained by the intersection

between the line in Eq. (3-a) and the plane in Eq. (4). The results are as

follows:

xr1¼ afaix1þ bfbiþcfci
� �

xq1�bfai yq1�y1
� ��cfai zq1�z1

� �
afai þ bfbi þ cfci

yr1 ¼ bi
ai

xr1 � xq1
� �þ yq1

zr1 ¼ ci
ai

xr1 � xq1
� �þ zq1

8>>>>>>><
>>>>>>>:

when ai 6¼0

(5-a)

xr1 ¼ xq1

yr1¼� afbi xq1�x1

� ��bfbiy1�cfciyq1þcfbi zq1�z1
� �

bfbiþcfci

zr1 ¼ ci
bi

yr1 � yq1
� �þ zq1

8>>><
>>>:

when ai¼0 and bi 6¼0

(5-b)

xr1 ¼ xq1
yr1 ¼ yq1

zr1 ¼ � af xq1 � x1

� �þ bf yq1 � y1
� �

cf
þ z1

8>><
>>:

when ai ¼ bi ¼ 0 (5-c)

It should be noted that the general solution in (5-a) should be modified to

(5-b) or (5-c), when ai = 0 and bi ≠ 0, or ai = bi = 0 respectively. R2 can be

determined in the same manner in (5-a), (5-b) and (5-c) if R2 is within the

facet (i.e., Fig. 3-(c)). However, if R2 is outside the facet (i.e., Fig. 3-(d)), an
additional computation is required to find the intersection point R2

0

between the line R1R2 and the edge line P1P3.

　 The intersection lines can be overlapped partially or entirely, because

intersection lines are individually calculated for all facets and some facets

can be shadowed by other facets. In the cases shown in Fig. 5-(a) and (b),

the overlapped part of each intersection line described as a dotted line

(lower parts of (a) and (b)) should be removed. This removal process is

similar to “the hidden facet removal” of the conventional SBR [1].

Furthermore, if two facets share the same plane and the side edge as

shown in Fig 5-(c), the two separate intersection lines can be joined to form

a single one. This joining process can be extended to numerous facets

greater than two, and therefore it is an essential step for reducing

computational complexity.

　 If a single line tube hits two or more facets whose normal vectors are
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different, then the single line tube should be divided to calculate each path

length as shown in Fig. 6-(a). We can construct virtual facets using the

stored path length for each ray as shown in Fig. 6-(b), and thus, the final

scattered fields can be calculated by the panel evaluations of PO

integrations [2].

　 The overall algorithm of LT-SBR so far is summarized as follows.

3 Simulation results

The simple ship model made of perfect electric conductor (PEC) in Fig. 8 is

used to verify the proposed LT-SBR in terms of RCS prediction, which is

carried out along both the azimuth and elevation plane as shown in Fig. 9.

　 In Fig. 9, the results of method of moments (MoM) obtained from

commercial software FEKO and those of the conventional SBR are also

presented for the purpose of comparison. It is worth to note that the results

of the LT-SBR and SBR show a good agreement with that of the MoM.

Fig. 5. (a), (b) The removal process and (c) the joining

process.

Fig. 6. (a) Intersection line division. (b) Virtual facets.
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This implies that the proposed LT-SBR has a reasonable accuracy in terms

of RCS prediction.

　 To investigate the computational efficiency of LT-SBR, the size of the

ship model in Fig. 8 is varied from 5 to 20 times of the original size.

However, note that the number of facets modeling the ship model remains

fixed at 56 even though its size increases. In conventional SBR, it is well

known that the number of incident rays dramatically increases as the

target size becomes large, resulting in high computational complexity.

Fig. 8. Geometry of the simple ship model (56 facets).

Fig. 7. Block diagram of overall algorithm.

Fig. 9. Monostatic RCS prediction of the simple ship

model.
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Fig. 10 shows the effects of target scale (i.e., number of incident ray tubes)

on the computation time of the both SBR and LT-SBR. As expected, the
increase in the computation time of SBR against target size is proportional

to the square of the target size, whereas that of LT-SBR is linearly

proportional to the target size, which yields a significant computational

benefit. This is because the LT-SBR merges many incident ray tubes into a

single one, effectively decreasing the number of incident rays.

　 However, this benefit due to merging incident rays depends on the

target geometry. For the ship model in Fig. 8, the target’s horizontal

dimension is much larger than the vertical dimension from the side of the

target. In this case, the number of line tubes for the x̂ (horizontal) direction

is much smaller than that of the ŷ (vertical) direction, as shown in Fig. 11.

The x̂ -directed line tubes can give much more computational advantages

than ŷ -directed line tubes, as shown in Fig. 12. As a result, to accelerate the

computational speed of LT-SBR, it is recommended that the direction of

incident line tubes coincides with that of the longer dimension of the target

for each specific direction.

　 The RCS of the helicopter model in Fig. 13 was calculated as the

number of facets varied with the target’s size remaining fixed. Fig. 14

shows RCS prediction results of the helicopter model consisting of 9836

Fig. 10. Computation time of the simple ship models in

various scales.

Fig. 11. The line tubes of different directions.
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facets. It is quite apparent from Fig. 14 that the proposed LT-SBR predicts

RCS with an accuracy level comparable with MoM, conventional SBR, and

BT-SBR.
　 The computational efficiency of the LT-SBR is illustrated in Fig. 15 as

the number of facets increases when the target’s dimension remains

unchanged, which is the opposite case to the results in Fig. 10. The

computational efficiency of BT-SBR and LT-SBR is substantially superior

to that of conventional SBR. In addition, the benefit of LT-SBR becomes

Fig. 12. Computation time of simple ship models along

different directions.

Fig. 13. Geometry of the helicopter model (9836 facets).

Fig. 14. Monostatic RCS prediction of the helicopter

model.
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much more pronounced as the number of facets increases, providing better

computational efficiency than BT-SBR.

4 Conclusion

This paper proposed the LT-SBR method based on a new ray tube merging

scheme. Some small ray tubes in the conventional SBR are merged to a

large single one in the proposed method, and thus it improves computation

speed in the prediction of an electrically large target’s RCS. Furthermore,

when the target’s structural complexity increases due to the number of

facets, LT-SBR is a more efficient calculation method. The accuracy of LT-
SBR was verified in comparison with MoM, and the results were similar to

other SBR methods.

　 It should be noted that the computation of BT-SBR is independent of

the target’s size, but it is proportional to the number of facets [4].

Therefore, BT-SBR is more appropriate for large and geometrically simple

targets such as buildings in an urban environment. In contrast, the

computation time of LT-SBR depends not only on the target’s dimension

but also on the number of facets modeling the target. However, its

computation time is much lower than that of BT-SBR especially for a large

number of facets, which often occurs for geometrically complex targets, like

helicopters, tanks, and battle ships.

Fig. 15. Computation time of helicopter models in the

various numbers of facets.
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