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ABSTRACT An efficient time domain shooting and bouncing ray (TDSBR) method is proposed to analyze
the transient near-field scattering from an electrically large complex object illuminated by a far-field antenna
source. The time-domain far-field incident sources can be derived by a convolution of pulsed excitation with
the inverse Fourier transform of frequency domain (FD) far-fields radiated from an antenna. In order to obtain
accurate near-field scattering results, time domain physical optics (TDPO) near-field integral representations
are proposed and reduced to closed-form expressions to improve computing efficiency by applying locally
expanded Green function approximation. Different from the plane wave incident situation, in the case of
antenna radiation, the incident fields of each individual facet in the ray path are represented by the radiation
fields from the equivalent mirror antenna derived in this paper. Since the radiation fields naturally contains
the time delay term, the complicated processing of the time delay problem can be avoided by solving the
equivalent mirror antenna radiation fields. It is simpler and more accurate than the traditional time domain
geometrical optics (TDGO) method. Numerical examples are presented to demonstrate the efficiency and
accuracy of the proposed method.

INDEX TERMS Time domain (TD), shooting and bouncing ray (SBR), near-field scattering, far-field
antenna sources.

I. INTRODUCTION
With the widespread application of short-pulse communica-
tion and ultra-wideband radar systems in target detection,
target recognition and remote sensing, the time-domain elec-
tromagnetic scattering analysis of targets has become one
of the focuses in computational electromagnetics. There
are many classical TD numerical methods such as finite-
difference TD [1] or TD integral equation [2] approaches,
which are all available to analyze the transient electromag-
netic scattering from targets. However, as the electrical size
of target increases, the computational time and resources
required by TD numerical methods will become unbear-
able. In order to analyze the transient scattering of electri-
cally large targets, a series of TD high-frequency methods
which are generalized from the frequency domain (FD)
high-frequency method are presented. Among these
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TD high-frequency methods, time domain physical optics
(TDPO) is widely used to analyze transient electromagnetic
scattering problems due to its fast computation speed and
low memory consumption. In 1994, Sun and Rusch [3] first
deduced the TDPO expression of the scattering far-field in
the TD. The scattering field can be expressed as a surface
integral of the equivalent electromagnetic current distribution
on the scatterer based physical optics (PO) approximation.
When using the numerical integration technique to evaluate
the surface integral, in order to guarantee the accuracy of
integral results, the integral step length is generally required
to be no less than 1/5 wavelength and the calculation time
will increases rapidly with an increase of the electrical size
of scatterer. It is very time-consuming to calculate the scat-
tering fields of electrically large targets. In FD, Gordon [4]
reduced the far-field PO surface integral on a flat polygonal
to a closed-form expression to improve the computational
efficiency. Zhou and Cui [5] derived the corresponding
TD expression in direct TD. However, these closed-form
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representations in TD and FD can only be available if the
observation point is located at infinity. For near-field scat-
tering, the traditional far-field assumption seriously reduces
the calculation accuracy when simulating the scattering field
close to the scatterer. In order to obtain accurate near-field
scattering results, Legault [6] presented an accurate and
efficient approach that relies on a phase approximation of
the same order as the one used in the far-field close-form
formulas. Inspired by Legault’s method, Zhou and Cui [7]
derived the TDPO surface integral expressions of scattering
near-fields and reduced the surface integral expressions on
a flat polygonal to closed-form expressions under pulsed
plane wave incident. Some other work focuses on trans-
forming the surface integrals into line integrals without loss
of precision. The line integral is mainly used to analyze
near field scattering. Fan et al. [8] developed a TDPO line-
integral representation for the scattering from a perfectly
conducting surface illuminated by an electric Hertzian dipole.
The advantage of the line integral expression is that it has the
same precision as the surface integral expression. However,
because the numerical integration technique is needed to
evaluate the line integral, the calculation efficiency of the
line integral is lower than that of the closed-form expression.
Since the PO method fails to consider the reflection fields in
the target, the single PO method cannot provide an accurate
prediction when a complex target is analyzed.

In 1980, Whitted [9], Rubin and Whitted [10] pro-
posed a ray-tracing (RT) algorithm for high-resolution two-
dimensional display of three-dimensional scenes. In 1989,
Ling et al. [11] introduced RT algorithm into electromagnetic
computing and proposed SBR to predict electromagnetic
scattering of complex targets. When SBR is used to evaluate
electromagnetic scattering of targets, the incident field of the
irradiated surface is determined by GO, and the scattering
field is generally calculated by PO integral on the illuminated
area. Since the SBR method was proposed, many scholars
have been committed to the research of SBR method, includ-
ing improving the computational efficiency and accuracy and
extending the application range. The key factor affecting the
computational efficiency of SBR algorithm is the intersecting
operation between a large number of ray beams and the target.
To improve the computational efficiency of SBR algorithm,
Suk et al. [12] introduced a multi-resolution grid algorithm
to reduce the number of initial ray tubes. Jin et al. [13] used
the octree structure to reduces the complexity of intersection
between ray and target. Bang et al. [14] further improved
the computational efficiency by mixing the multi-resolution
grid algorithm and the spatial partitioning acceleration algo-
rithm. Fan and Guo [15] introduced the graphical program-
ming interface Open Graphics Library (OpenGL) to the SBR
algorithm and further improved the computational efficiency
of the SBR by using some acceleration techniques such as
double buffering, display list and vertex cache. In 2016,
Fan et al. [16] combines kd-tree and bidirectional tracking
technology to improve the efficiency of ray intersection.
Jeng [17] proposed a hybrid method of SBR and PTD to

compute the near-field radar cross section (RCS) and Doppler
spectrum of a target when both the radiation source and the
receiver source are antennas. Guo and Guo [18] used SBR
method to solve near-field scattering of an electrically large
complex target illuminated by dipole sources. In the time
domain, Ling and Bhalla [19] proposed a time-domain ver-
sion SBR method (TDSBR) based on the classical FD SBR
algorithm in 1993. In [19], they derived a closed-form TD ray
tube integral expression to rapidly calculate the TD response
of complex targets. By summing the contributions of each ray
in the time domain, the whole time domain response of the
target can be obtained. Bhalla and Ling [20] then extended
TDSBR to imaging simulation of inverse synthetic range
aperture radar (ISAR). In 2015, Zhou et al. [21] presented
a TDSBR method based on the beam tracing (BT) tech-
nique [22]–[24] to analyze the transient scattering responses
from large PEC objects illuminated by a pulsed plane wave.
However, the BT technique can only solve the situation where
the radiation source is a plane wave. Although there are
many researches on the SBRmethod to analyze the near-field
scattering under antenna radiation in frequency domain, there
are few studies on the TD transient scattering. At present,
the researches on TDSBR are mainly about far-field transient
scattering under the incident pulse plane wave and it has not
been reported that TDSBR is used to analyze the near-field
transient scattering responses under the antenna irradiation.

In practical applications, for electrically large targets, the
receiving antenna is usually located in the scattered near-field
region of the target and the radiation field of the transmitting
antenna is not plane wave but far-field beam. A large num-
ber of studies have shown that, different from the far-field
scattering characteristics, the antenna motion, the antenna
pattern and the local irradiation, will seriously affect the near-
field scattering characteristics of the target, thus affecting the
detection and recognition of the target. So, it is necessary to
study the near-field scattering of the target illuminated by a
far-field antenna. In this paper, inspired by Zhou and Cui [7],
TDPO near-field integral representations are proposed and
reduced to closed form expressions to investigate the tran-
sient scattered near-fields from targets illuminated by far-
field antenna sources. The main point of this approach is
that the surface of target is meshed densely enough and each
individual facet is small enough that the antenna is in the far-
field region of the facet. Then each facet can be treated as a
new small object and the scattering fields of each facet can
be obtained by far-field assumption. The total fields of an
object can be obtained by adding the scattering fields of all
facet.

In addition, in the process of tracking the reflected field
value, we propose an equivalent mirror antenna method to
replace the traditional GO. Different from the plane wave
incident situation, in the case of antenna radiation, we obtain
the incident fields of each individual facet in the ray path by
solving the radiation fields of the equivalent mirror antenna.
Since the radiation fields naturally contains the time delay
term, the complicated processing of the time delay problem
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can be avoided by solving the radiation fields from equivalent
mirror antenna.

The remainder of this paper is organized as follows.
Section II discusses the derivation of the near-field TDPO
closed-form expressions. Section III describes the simple
concept of equivalent image antenna. Section IV provides
numerical examples. Section V discusses the conclusion
drawn from this study.

II. DERIVATION OF NEAR-FIELD TDPO CLOSED-FORM
EXPRESSIONS
As shown in Fig. 1, an arbitrarily shaped plate S with the unit
vector normal n̂ is illuminated by an antenna located at rs.
The receiving antenna is at point P with position vector r.
r′ denotes a point on the plate S. R = r− r′ and ρ = r′ − rs.
In FD, the radiation far-fields of an antenna can be expressed
as [25]:

Ei(r′, ω) = −jηk
exp(−jkρ)

4πρ
f (θ, ϕ) (1)

H i(r′, ω) =
1
η
ρ̂ × Ei(r′, ω) (2)

where, f (θ, ϕ) is the vector current moment. η denotes the
free-space intrinsic impedance. ρ denotes the magnitude of ρ
and ρ̂ = ρ

/
ρ.

FIGURE 1. Geometry of the scattering by a perfectly conducting flat
surface illuminated by an antenna.

Next, let F (θ, ϕ) = −jkf (θ, ϕ). Taking the inverse
Fourier transform of (1) and (2), the transient radiation far-
fields from an antenna with excitation pulse p (t) can be given
by the following:

Ei
(
r′, t

)
= p (t) ∗ F−1

[
Ei(r′, ω)

]
=

η

4πρ
p (t) ∗ F−1 [F (θ, ϕ)] ∗ δ

(
t −

ρ

c

)
(3)

H i(r′, t) =
1
η
ρ̂ × Ei

(
r′, t

)
(4)

δ (t) is the impulse function. c refers to the speed of
light in free-space. ‘‘∗’’ denotes the convolution operation.
F−1 denotes the inverse Fourier transform.

In accordance with the surface integral equations of
the electromagnetic fields in the TD presented in [26],

the TDPO scattering near-fields of the plate S can be
expressed as:

Es(r,t)=
1
4π

∫
S

{
R̂×

[
R
c
M
(
r′, t

)
+M (−1) (r′, t)]

+η
[(
J (−1)

(
r′, t

)
+
c
R
J (−2)

(
r′, t

))
·

(
3R̂R̂− I

)
+
R
c
J
(
r′, t

)
·(R̂R̂−I)

]}
∗
δ′
(
t−R

/
c
)

R2
dS ′ (5)

Hs(r,t)=
1
4π

∫
S

{[
R
c
J
(
r′, t

)
+ J (−1)

(
r′, t

)]
× R̂

+
1
η

[(
M (−1) (r′, t)+ c

R
M (−2) (r′, t))·(3R̂R̂−I)

+
R
c
M
(
r′, t

)
· (R̂R̂− I)

]}
∗
δ′
(
t − R

/
c
)

R2
dS ′

(6)

and

J
(
r′, t

)
= n̂×H

(
r′, t

)
= n̂×

[
H i
(
r′, t

)
+Hr

(
r′, t

)]
J (−1)

(
r′, t

)
=

∫ t

t0
J
(
r′, t ′

)
dt ′

J (−2)
(
r′, t

)
=

∫ t

t0
J (−1)

(
r′, t ′

)
dt ′ (7)

M
(
r′, t

)
= −n̂× E

(
r′, t

)
= −n̂×

[
Ei
(
r′, t

)
+ Er

(
r′, t

)]
M (−1) (r′, t) = ∫ t

t0
M
(
r′, t ′

)
dt ′

M (−2) (r′, t) = ∫ t

t0
M (−1) (r′, t ′) dt ′ (8)

In these expressions above, R denotes the magnitude of R and
R̂ = R

/
R. δ′(t) is the first-order derivative of the delta func-

tion. H i
(
r′, t

)
, Ei

(
r′, t

)
and Hr

(
r′, t

)
, Er

(
r′, t

)
denote the

incident fields and reflection fields on surface S, respectively.
t0 is a finite initial moment and the incident fields are 0 when
t < t0.
Suppose that plate S is a small cell subdivided from the

surface of target. If the size D of S is small enough to satisfy
both 2D2

/
λmin �

∣∣r− r′∣∣ and 2D2
/
λmin �

∣∣rs − r′∣∣
for any point r′ on S (λmin is the wavelength according to
the maximum frequency of the incident wave), then the far-
field approximation can be applied in this case [17] and the
incident fields at r′ can be represented by far-fields radiated
from transmitting antenna. Let O′ be the center of plate S
and denote the position vector of the center as rn. Apply the
far-field approximation ρ =

∣∣r′ − rs∣∣ ≈ ρn for magnitude
and ρ =

∣∣r′ − rs∣∣ ≈ ρ̂n ·
(
r′ − rs

)
for time delay, where

ρn = |rn − rs| and ρ̂ ≈ ρ̂n = (rn − rs)
/
ρn. The incident

fields on the plate S can be rewritten as:

Ei
(
r′, t

)
=

η

4πρn
p (t) ∗ F−1 [F (θ, ϕ)]

∗ δ

(
t +

ρ̂n · rs
c
−
ρ̂n · r

′

c

)
(9)

H i(r′, t) =
1
η
ρ̂n × Ei

(
r′, t

)
(10)
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It can be seen from the formula (9) that the incident field
can be expressed as the convolution of the pulsed excita-
tion p (t) with an impulse plane wave. This enables us to
approximate the incident field on each facet as a local plane
wave with different magnitude. Based on this approximation,
Hr

(
r′, t

)
in formula (7) and Er

(
r′, t

)
in formula (8) can be

expressed as:

Hr
(
r′, t

)
= RTE

[
H i
(
r′, t

)
· −êTM

] (
k̂r × êTE

)
+RTM

[
H i
(
r′, t

)
· êTE

]
êTE (11)

Er
(
r′, t

)
= RTE

[
Ei
(
r′, t

)
· êTE

]
êTE

+RTM
[
Ei
(
r′, t

)
· êTM

] (
êTE × k̂r

)
(12)

where RTM and êTM denote the reflection coefficients and
normalized direction of TM wave. RTE and êTE denote the
reflection coefficients and normalized direction of TE wave.
k̂r is the reflection direction as follows:

k̂r = ρ̂n − 2n̂
(
ρ̂n · n̂

)
(13)

By substituting (11)-(13) into (7) and (8), J
(
r′, t

)
and

M
(
r′, t

)
can be represented by the incident fields and n̂:

J
(
r′, t

)
= n̂×H

(
r′, t

)
= (1− RTE )

[
H i
(
r′, t

)
· êTM

] (
ρ̂n · n̂

)
êTE

+ (1+ RTM )
[
H i
(
r′, t

)
· êTE

] (
n̂× êTE

)
(14)

M
(
r′, t

)
= −n̂× E

(
r′, t

)
= (1− RTM )

[
Ei
(
r′, t

)
· êTM

] (
−ρ̂n · n̂

)
êTE

+ (1+ RTE )
[
Ei
(
r′, t

)
· êTE

] (
êTE × n̂

)
(15)

Then, apply the far-field approximation R =
∣∣r− r′∣∣ ≈ Rn

for magnitude and R =
∣∣r− r′∣∣ ≈ R̂n ·

(
r− r′

)
for time

delay, where Rn = |r− rn| and R̂ ≈ R̂n = (r− rn)
/
Rn. The

scattering fields Es(r,t) and Hs(r,t) can be derived as:

Es(r,t) =
η

16π2ρnR2n

{
R̂n ×

[
Rn
c
Ma (t)+M (−1)

a (t)
]

+
Rn
c
Ja (t) · (R̂nR̂n − I)

+

(
J (−1)a (t)+

c
Rn
J (−2)a (t)

)
·

(
3R̂nR̂n − I

)}
∗ δ

(
t −

R̂n · r− ρ̂n · rs
c

)

∗

∫
S
δ′

t −
(
ρ̂n − R̂n

)
· r′

c

 dS ′ (16)

Hs(r,t) =
1

16π2ρnR2n

{[
Rn
c
Ja (t)+ J (−1)a (t)

]
× R̂n

+
Rn
c
Ma (t) · (R̂nR̂n − I)

+

(
M (−1)

a (t)+
c
Rn
M (−2)

a (t)
)
·

(
3R̂nR̂n − I

)}

∗ δ

(
t −

R̂n · r− ρ̂n · rs
c

)

∗

∫
S
δ′

t −
(
ρ̂n − R̂n

)
· r′

c

 dS ′ (17)

where

J (−n)a (t) = (1− RTE )
[
h(−n)i (t) · êTM

] (
ρ̂n · n̂

)
êTE

+ (1+ RTM )
[
h(−n)i (t) · êTE

] (
n̂× êTE

)
(18)

M (−n)
a (t) = (1− RTM )

[
e(−n)i (t) · êTM

] (
−ρ̂n · n̂

)
êTE

+ (1+ RTE )
[
e(−n)i (t) · êTE

] (
êTE × n̂

)
(19)

e(−n)i (t) = p(−n) (t) ∗ F−1 [F (θ, ϕ)] (20)

h(−n)i (t) = ρ̂n × e
(−n)
i (t) (21)

If plate S is a plate of N-polygonal shape, based on Zhou’s
work in [7], the surface integral part in (16) and (17) can be
written as the following closed-form representations:

if β = 0, then∫
S
δ′

t −
(
ρ̂n − R̂n

)
· r′

c

 dS ′=δ′
(
t −

ω · rn
c

)
1S (22)

if β 6= 0, then∫
S
δ′

t−
(
ρ̂n−R̂n

)
· r′

c

 dS ′=
c

|β|2

N∑
i=0

(
ω × n̂

)
· (vi+1−vi)

δ
(
t−
ω · vi
c

)
ω · (vi+1−vi)=0

c
ω · (vi+1−vi)

 ε
(
t−
ω · vi
c

)
−ε
(
t−
ω · vi+1

c

)
 ω · (vi+1−vi) 6= 0

(23)

In the above equation, ω = ρ̂n − R̂n and β is the projection
of ω on the polygonal surface. νi and νi+1 represent the
starting and ending position coordinates of the ith edge in the
global coordinate respectively.

III. NEAR-FIELD SHOOTING AND BOUNCING RAYS
Consider that a ray tube launched from an antenna at position
P radiates to triangle 0 and reflects to an area containing some
triangle patches, as shown in Fig. 2. P1 is the mirror image
of P to triangle 0.

In order to determine which triangle is in the illuminated
area, the following steps should be carried out.

First, connect P1 to the center of triangle 0 to obtain the
forward ray and the triangle patch (i.e., triangle 7) inter-
secting with the forward ray can be obtained by intersecting
judgment. Second, we need to determine whether the three
adjacent triangles (i.e., triangle 6, 8 and 13) of the triangle 7
are illuminated. Connect the center of adjacent triangle to P1
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FIGURE 2. Intersection judgment between ray tube and triangle patches.

to obtain the backward ray. If the backward ray intersects
the triangle 0, the adjacent triangle is illuminated. Thereafter,
backward-ray-tracing process continues for these three adja-
cent triangles’ adjacent triangles until some triangles outside
the illuminated area occur.

After determining these triangles illuminated by reflected
wave, the next work is to obtain the incident fields of these
illuminated triangles. As shown in Fig. 3, triangle 1 is one of
the triangle patches in illuminated area. r0 and r1 denote the
points of triangle 0 and triangle 1, respectively. As discussed
in the last section, the incident field on triangle 0 can be
approximate a plane wave. According to Fresnel’s law of
reflection, the reflection fields on triangle 0 can be written as:

Er0(r0, t) = RTE
[
Ei(r0, t) · êTE

]
êTE+RTM [Ei

× (r0, t) · êTM
] (
êTE × ρ̂1

)
=

η

4πρ
p (t) ∗ F−1 [F1 (θ, ϕ)] ∗ δ

(
t −

ρ

c

)
(24)

Hr
0(r0, t) = RTE

[
H i(r0, t) ·−êTM

] (
ρ̂1 × êTE

)
+RTM

×
[
H i(r0, t) · êTE

]
êTE

=
1
η
ρ̂1 × E

r
0(r0, t) (25)

where

F1 (θ, ϕ) = F (θ, ϕ) ·
[
RTE êTE êTE + RTM êTM êTE × ρ̂1

]

FIGURE 3. The incident field of the triangle patch is obtained by
equivalent image antenna.

It can be seen from the reflection field expressions that the
reflection fields can be regarded as the radiation fields from
an equivalent image antenna at the point P1 with F1 (θ, ϕ).
So the reflection fields received at r1 of triangle 1 can be
substituted by the radiation fields from the equivalent image
antenna at P1. In other words, the incident fields of triangle 1
can be expressed as:

Ei1(r, t) =
η

4πρ1
p (t) ∗ F−1 [F1 (θ, ϕ)] ∗ δ

(
t −

ρ1

c

)
(26)

H i
1(r, t) =

1
η
ρ̂1 × E

i
1(r, t) (27)

Next, for the second triangle (triangle 2) that is illuminated
by the ray reflected from triangle 1, it is easy to know that
the equivalent image antenna position P2 of triangle 2 is the
mirror image of P1 to triangle 1. And the F2 (θ, ϕ) can be
derived as

F2 (θ, ϕ) = F1 (θ, ϕ) ·
[
RTE êTE êTE + RTM êTM êTE × ρ̂2

]
(28)

For the ith triangle (triangle i), the equivalent image antenna
position Pi of triangle i is the mirror image of Pi−1 to
triangle i-1. And the Fi (θ, ϕ) can be derived as

Fi (θ, ϕ) = Fi−1 (θ, ϕ) ·
[
RTE êTE êTE + RTM êTM êTE × ρ̂i

]
(29)

where ρ̂i is a unit vector pointing from Pi to the point on
triangle i.

Repeat tracing the ray until no more reflection occurs.
The incident fields of each small face can be substituted by
the radiation fields from the equivalent image antenna. The
scattering fields of each face can be evaluated by using TDPO
proposed in last section. And the total fields can be obtained
by adding the scattering fields of all faces shot by ray tubes.

IV. NUMERICAL EXAMPLES
In this section, several numerical examples are given to vali-
date both the accuracy and efficiency of the proposed TDSBR
method. The surface of target is meshed into flat triangular
facets. The frequency domain SBR is referring to as FDSBR.
The fast Fourier transform (FFT) will be used to convert the
transient results to frequency domain, and the inverse fast
Fourier transform (IFFT) for the opposite direction. In order
to prove the accuracy of this TDSBR method, we also give
some full wave results obtained by the multilevel fast mul-
tipole algorithm (MLFMA) of commercial software FEKO.
In order to compare the computation time, all the simulation
results are obtained on the same desktop computer.

We choose the third-order derivative of a modulated Gaus-
sian pulse as the excitation pulse of the antenna. The excita-
tion pulse can be expressed by

p (t) =
d3

dt3

{
cos [2π f0 (t − t0)] exp

[
−4π

(t − t0)2

τ 2

]}
(30)
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Let f0 denote the center frequency in the spectrum of mod-
ulated Gaussian pulse and fb denote the frequency bandwidth.
In the above excitation pulse expression, τ = 4/fb. t0 is a time
offset. In the following simulations, f0 = 8GHz, fb = 4GHz,
and t0 = τ are set.

A. DIPOLE SOURCE
At first, the scattering of a PEC trihedral corner reflector
with a side length of 0.3 m illuminated by a dipole source
is considered to validate both the accuracy and efficiency of
the proposed TDSBR method. The vector current moment
f (θ, ϕ) of the dipole antenna is given by

f (θ, ϕ) = Ilρ̂ ×
(
l̂ × ρ̂

)
(31)

and

F−1 [F (θ, ϕ)] = F−1 [−jkf (θ, ϕ)]

= −ρ̂ ×
(
l̂ × ρ̂

) Il
c
δ′ (t) (32)

so, the transient radiation fields of the dipole antenna with
excitation pulse p (t) can be given by

Ei
(
r′, t

)
=

η

4πρ
p (t) ∗ F−1 [−jkf (θ, ϕ)] ∗ δ

(
t −

ρ

c

)
= −ρ̂ ×

(
l̂ × ρ̂

) ηIl
4πρc

p′
(
t −

ρ

c

)
(33)

The dipole antenna is located at ri = 3 m, θi = 45◦, and
ϕi = 45◦. And l̂ = ϕ̂, Il = 1A · m. In order to improve
the accuracy of the ray tracing algorithm and satisfy the far-
field approximation condition, the trihedral corner reflector
is dispersed into 3066 small triangles with an average size of
λmin

/
3. Fig. 4(a) compares the ϕ-polarized transient mono-

static scattering electric fields by TDSBR and FDSBR with
IFFT, as well as the results obtained by theMLFMAof FEKO
in conjunction with IFFT. Fig. 4 (c) presents the correspond-
ing normalized wideband results in frequency domain. As we
can see in Fig. 4 (a) and (c), the results of TDSBR and FDSBR
agree well but slightly different fromMLFMA. There are two
main reasons for this error. First of all, this major error is
caused by high frequency approximation of SBR. Compared
with the numerical algorithm, there must be some errors.
The second reason is that the scattering field of the surface
only contains PO field, and the diffraction contribution of
the surface edge (such as diffraction physics theory) is not
considered.

In the second case, we simulate the scattering near field of
a quasi-real metallic ship model to further verify the accu-
racy of the proposed method. The size of the ship model
is 0.9 m × 0.2 m × 0.2 m. The ship is dispersed into
12588 triangles with an average size of λmin

/
3. The dipole

antenna is located at (0, 0, 5) m. And l̂ = ϕ̂, Il = 1A · m.
Fig. 4 (b) shows the ϕ-polarized transient monostatic scat-
tering electric field simulated by TDSBR, and compares the
result with that of FDSBR-IFFT and MLFMA-IFFT. And
the corresponding normalized wideband result are compared
in Fig. 4 (d). As can be seen from the Fig. 4 (b) and (d),

the results of TDSBR and FDSBR are in good agreement, and
slight differences are found by comparing with MLFMA.

TABLE 1 gives the triangle numbers (by subdividing the
surface of target) and computation time between the TDSBR
and MLFMA. The IFFT process is not included in the cal-
culation cost of MLFMA-IFFT. It is worth noting that since
the ship is a closed body, the combined integral equation
technique is used in MLFMA to improve the simulation effi-
ciency. For trihedral corner reflector, the electric field integral
equation is used in MLFMA. Compared with the electric
field integral equation, the combined integral equation con-
verges faster. Therefore, although the ship hasmore triangular
patches than the trihedral corner reflector, the calculation time
is greatly reduced due to the use of combined integral equa-
tion technique. As shown in the table, the ratio of the number
of patches of TDSBR to that of MLFMA is about 1:7, and the
ratio of the computation time is approximately 1:1096 for the
trihedral corner reflector and 1:1407 for the simple ship.

TABLE 1. Patch number and computation times comparison between
tdsbr and mlfma-ifft for the trihedral corner reflector.

As the third case, the monostatic scattering results versus
incident angle θi and the bistatic scattering results versus
observation angle θs are investigated. The definitions of ri,
θi, ϕi, rs,θs and ϕs are the same as in Fig. 4 (c). Fig. 5
and Fig. 6 show the normalized amplitudes of monostatic
scattering electric fields and bistatic scattering electric fields
of the metallic simple ship illuminated by a half-wave dipole
antenna, respectively. The result of TDSBR is obtained from
the wideband results at f = 8 GHz. In Fig. 5, the antenna is
on a circle of radius r = 5 m centered at the origin on the
ϕi = 0◦ plane and θi ranges from -90◦ to 90◦. In Fig. 6,
the transmitting antenna is located at (0, 0, 5) m, and the
receiving antenna is on a circle of radius r = 5 m centered at
the origin on the ϕi = 0◦ plane and θs ranges from −90◦

to 90◦. As shown in these figures, the results of TDSBR
and FDSBR are in good agreement. In addition to the errors
caused by the high frequency approximation, the difference
with MLFMA is due to the fact that the ship has a lot of
edge diffraction and the calculation of diffraction field is
not considered in SBR method. As shown in Fig. 5, due to
there are more edge diffraction on the ship’s bow, so the error
between TDSBR and MLFMA is obvious when the antenna
illuminates the ship’s bow (θi > 0◦).

B. DIPOLE ARRAY
In the next example, we consider the near field scattering
where the radiation antenna is a dipole array. Consider a
dipole array of N elements, pointing in the l̂ direction and
placed along the d̂ direction with equal spacing d . The phase
shift between adjacent elements is α. The current amplitude
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FIGURE 4. (a) and (c) Monostatic scattering electric fields from a PEC trihedral corner reflector illuminated by a half-wave dipole
antenna. (a) Transient result and (c) normalized wideband result. (b) and (d) Monostatic scattering electric fields from a quasi-real
metallic ship illuminated by a half-wave dipole antenna. (b) Transient result and (d) normalized wideband result.

is In. The vector current moment f (θ, ϕ) of such a dipole
array can be expressed as [25]:

f (θ, ϕ) = lρ̂×
(
l̂ × ρ̂

) N−1∑
n=0

In exp [jn (kd sin θ cosϕ − α)]

= lρ̂×
(
l̂×ρ̂

) N−1∑
n=0

In exp [jn (kd cosψ − α)] (34)

and

F−1 [F (θ, ϕ)] = F−1 [−jkf (θ, ϕ)]

= −ρ̂ ×
(
l̂ × ρ̂

) l
c

×

N−1∑
n=0

[
In exp (−jnα) δ′

(
t +

nd cosψ
c

)]
(35)
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FIGURE 5. Normalized amplitudes of monostatic scattering electric fields
from a simple metallic ship as a function of the incident angle θi.

FIGURE 6. Normalized amplitudes of bistatic scattering electric fields
from a simple metallic ship as a function of the observation angle θs.

According to (3), the transient radiation fields of the dipole
array with excitation pulse p (t) can be given by

Ei
(
r′, t

)
=

η

4πρ
p (t) ∗ F−1 [−jkf (θ, ϕ)] ∗ δ

(
t −

ρ

c

)
= −ρ̂ ×

(
l̂ × ρ̂

) ηl
4πρc

×

N−1∑
n=0

[
In exp (−jnα) p′

(
t −

ρ

c
+
nd cosψ

c

)]
(36)

We consider the near-field scattered electric field from the
quasi-real metallic ship model illuminated by a dipole array
with 7 elements (N = 7) (Fig. 7). The center of the dipole
array is at (0, 0, 20) m. The elements are placed along the x̂
axis. l̂ = ŷ, α = 0, lIn = 1A · m and d = λ0

/
2. λ0 is the

wavelength corresponding to the center frequency f0.
Fig. 8(a) shows the ϕ-polarized transient scattering electric

fields at (0, 0, 5) m simulated by TDSBR, and compares the
result with that of FDSBR-IFFT andMLFMA-IFFT. The line
marked as absolute error represents the absolute error value

FIGURE 7. A dipole array irradiates the quasi-real metallic ship model.

between TDSBR andMLFMA-IFFT. The corresponding nor-
malized wideband result are compared in Fig. 8(b). As can
be seen from the Fig. 8(a), the echo is mainly divided into
two parts. The early echo is mainly from the scattering of the
plate in the middle of the ship and the echo in the later period
mainly comes from the scattering of the prow and stern. The
results of TDSBR and FDSBR are in good agreement during
the entire echo period. The correlation coefficient between
TDSBR and FDSBR-IFFT is 0.99897. The maximum of
absolute error is 6.99 × 106 at t = 84.06 ns and the relative
error is 0.49. Since there are many edge diffraction in prow
and stern, compared with MLFMA method, the error mainly
appears in the later period of the echo. The correlation coef-
ficient between TDSBR and MLFMA-IFFT is 0.98139.

C. LINEAR ANTENNA
Finally, we consider the transient scattering from a com-
plex ship illuminated by a linear antenna. Consider a linear
antenna with a length of L, pointing in the l̂ direction. The
vector current moment f (θ, ϕ) of such a linear antenna can
be expressed as [25]

f (θ, ϕ)= ρ̂×
(
l̂ × ρ̂

) 2I0
k sin θ

[
cos

(
kl
2
cos θ

)
−cos

(
kl
2

)]
(37)

and

F−1 [F (θ, ϕ)] = F−1 [−jkf (θ, ϕ)]

=

{
−ρ̂ ×

(
l̂ × ρ̂

) jI0
sin θ

[
δ

(
t −

L cos θ
2c

)
+ δ

(
t +

L cos θ
2c

)
− δ

(
t −

L
2c

)
− δ

(
t +

L
2c

)]}
(38)

According to (3), the transient radiation fields of the
linear antenna with excitation pulse p (t) can be
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FIGURE 8. Scattering electric fields from a PEC trihedral corner reflector illuminated by a dipole array. (a) Transient result and (b) normalized
wideband result.

given by

Ei
(
r′, t

)
=

η

4πρ
p (t) ∗ F−1 [−jkf (θ, ϕ)] ∗ δ

(
t −

ρ

c

)
=

η

4πρ
p
(
t −

ρ

c

)
∗

{
−ρ̂ ×

(
l̂ × ρ̂

) jI0
sin θ

×

[
δ

(
t −

L cos θ
2c

)
+ δ

(
t +

L cos θ
2c

)
− δ

(
t −

L
2c

)
− δ

(
t +

L
2c

)]}
(39)

In the following simulation, we set L = λ0
/
2 and l̂ = ϕ̂.

The dimension of the ship is about 15 m× 1.8 m× 3 m. The
ship is dispersed into 51208 triangles with an average size
of 0.06 m.

Fig. 9(a) compares the ϕ-polarized transient monostatic
scattering electric fields by TDSBR and FDSBR with IFFT.
Fig. 9 (b) compares the ϕ-polarized transient bistatic scat-
tering electric fields by TDSBR and FDSBR with IFFT.
Since the distance between different parts of the ship and the

antenna is different, the scattering contribution will arrive at
the observation point at different times. Therefore, the total
scattering field will be separated into multiple parts in time.
As can be seen, the transient results are in perfect agreement
between the two approaches.

Then we analyze the variation of scattering field with
distance. Define the near-field RCS (NFRCS) as:

NFRCS=20 log10
(
2
√
πr
∣∣Es (r)∣∣/∣∣∣Ei (−rs)∣∣∣) (40)

Fig. 10-12 show the transient scattering field and normalized
wideband NFRCS of the ship as a function of distance ri
under the radiations of dipole antenna, dipole array and linear
antenna, separately. For the sake of illustration in figures,
the initial time of transient scattering field is shifted to t = 0.
As shown in these figures, with the change of distance,
the scattering field of the target presents different charac-
teristics. When the antenna is located in the near region of
the target, the scattering field changes irregularly, which is
the near region scattering characteristic. With the increase
of the distance ri, the scattering characteristics gradually
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FIGURE 9. Scattered electric fields from a complex metallic ship illuminated by a linear antenna. (a) Monostatic scattering
at (ri, θi, ϕi) = (30 m, 30◦, 0◦). (b) Bistatic scattering of (ri, θi, ϕi) = (30 m, 30◦, 0◦) and (rs, θs, ϕs) = (30 m, 30◦, 180◦).

FIGURE 10. Backscattering characteristic as a function of the distance ri under radiation of a dipole antenna at (θi, ϕi) = (30◦, 0◦). (a) Transient
result and (b) normalized wideband NFRCS.

become stable, that is, the far-field scattering characteristics
begin to appear. The width and envelope characteristics of
the transient scattering pulse remain stable on the whole, and

only the amplitude decreases as the distance increases. And
the NFRCS also gradually approaches a stable value, that is,
the far-field RCS.
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FIGURE 11. Backscattering characteristic as a function of the distance ri under radiation of a dipole array at (θi, ϕi) = (0◦, 0◦).
(a) Transient result and (b) normalized wideband NFRCS.

FIGURE 12. Backscattering characteristic as a function of the distance ri under radiation of a linear antenna at (θi, ϕi) = (30◦, 0◦).
(a) Transient result and (b) normalized wideband NFRCS.

V. CONCLUSION
This paper proposed an efficient time domain shooting and
bouncing ray (TDSBR) method to analyze the transient
near-field scattering from electrically large complex objects
illuminated by a far-field antenna source. The closed-form
TDPO near-field expressions are derived by applying locally
expanded Green function approximation. The incident fields
of each individual facet in the ray path is represented by the
radiation fields from the equivalent image antenna. Numeri-
cal analyses show that the proposed method performs good
accuracy for the analysis of near-field transient scattering
problem when compared with the MLFMA. The TDSBR
is applicable to analyze the near-field scattering problem
of a target illuminated by an arbitrary far-field source as
long as the impulse response of the antenna radiation field
is available. Compared with FD method, TD method has
the biggest advantage that the transient scattering echoes are

closer to the actual radar detection echoes and the transient
scattered echoes can be directly used in echo processing, such
as SAR imaging. The further work is to combine TDSBR and
SAR imaging and carry out SAR imaging research based on
transient scattering echo.
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