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Copyright © 2022 Conghui Qi et al. �is is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

In radar detection, it is important to investigate the near-�eld scattering characteristics since the far-�eld condition is not easily satis�ed
for the distance between the radar and the electrically large ship on the sea surface. A high-frequency techniques of the physical optics
(PO) and shooting and bouncing rays (SBR) with local expansions based on the facets of the target are proposed to take the elec-
tromagnetic scatterings in the near zone.�erefore, it is a more straightforwardmethod tomodify the computation from traditional far-
�eld problem to near-�eld problemwith the singularity-free characteristic. Simulation results show that it has high accuracy but requires
very little increase in computational costs in the near-�eld problem. Moreover, the 1-D high-resolution range pro�le (HRRP)
demonstrates that the near-�eld scattering mechanism is much di�erent from the cases in the traditional far-�eld problem.

1. Introduction

�e electromagnetic (EM) backscattering from a large target
plays an important role in target detection and monitoring.
However, in the ocean environment, the distance between
the target and detecting radar is not far enough to satisfy the
far-�eld condition for the target on the sea surface especially
when the target is large. For example, for a ship with a length
of 150m at X band, its far-�eld distance is a minimum
observation distance from the radar on the order of 1200 km
[1, 2]. Actually, most previous studies of this kind of problem
have simply considered as the scattering in the far-�eld
problem [3]. However, the scattering characteristic in the
near �eld is much di�erent from the far �eld. �us, the
analysis of the near-�eld scattering is very necessary when
the large target is in the near zone. Such a large target is more
easily characterized by using high-frequency techniques
from a computational perspective, such as the physical
optics (PO) and shooting and bouncing rays (SBR) [4, 5].
�erefore, the near-�eld scattering of a ship model is well
worth investigating by using high-frequency techniques.

To our knowledge, few studies are involved in the near-
�eld analysis [6–8]. In the near-�eld calculation, the

scattering calculation is generally formulated as a surface
integral [9] of the assumed currents uniformly distributed on
the divided facets. It is problematic since it requires �ne
meshing facets. Alternatively, Gordon [10] presented a
contour-integral representation for the near-�eld mono-static
problem, which requires coarse meshing facets with a lower
computation complexity. Unfortunately, his �nal expression
su�ers from the singularity problem when the projected point
of the near-�eld source falls right on the facet contour of the
interesting target. Cui’s valuable work [11] extends the
Gordon’s representation and presents a treatment to the
singularity problem and to derive analogous contour-integral
representations for both the electric and magnetic scattered
�elds. However, it is much complicated in the computation
and only involves a mono-static scattering problem.

In this paper, the di�erent order expanded phase ap-
proximations are investigated to characterize the scattering
behaviour of phase term in Green’s function in the near �eld.
�en, the local expansion based on the facets of the target is
presented to account the near-�eld scattering contributions
into account since this expansion relies on a phase approxi-
mation of the same order as the one used in the standard
formulation in the far �eld, which is a more straightforward
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method to modify the computation from traditional far-field
problem to near-field problem. Also, it is particularly attractive
since the proposed method requires very little increase in
computational cost and yields excellent accuracy in the near-
field scattering computation. In order to investigate the dif-
ference between the near-field backscattering and the far-field
backscattering, the one-dimensional (1-D) high-resolution
range profile (HRRP) in the near zone is employed to provide
deeper insights into the scatterings. In these simulations, the
full-size ship at X band is employed here, which is such large
scale that few researches have been involved.

2. Different-Order Phase Approximation

For source point r′ and observation pointr, the distance
R � |r − r′|should be examined to develop the relationships
between approximations and minimum distance require-
ments. *e standard procedure of |r − r′|is to obtain the
approximation by Taylor expansion [12]; thus,

r − r′
􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌 � r − 􏽢r∙r′ +
1
2r

r′2 − 􏽢r∙r′( 􏼁
2

􏼐 􏼑

+
1
2r

2 r′2􏽢r∙r′ − 􏽢r∙r′( 􏼁
3

􏼐 􏼑 + O
1
r
3􏼠 􏼡,

(1)

where 􏽢r is the unit vector of r.
*e approximations of interest in (1), characterized by

their order in 1/r, are the zeroth-order approximation
R0(r, r′) and the first-order approximation R1(r, r′). *e
number of terms retained, in accordance with the order,
essentially dictates the accuracy of the expansion series.

*e zeroth-order approximation R0(r, r′) and its
dominant error term ∆1(r, r′) of order O(1/r)are expressed
as

R0 r, r′( 􏼁 � r − 􏽢r∙r′ ≈ r − r′
􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌, (2a)

∆1 r, r′( 􏼁 �
1
2r

r′2 − 􏽢r∙r′( 􏼁
2

􏼐 􏼑. (2b)

*erefore, the behaviour of the phase term in Green’s
function is e− jk|r− r′| ≈ e− jkr∙ejk􏽢r∙r′ .

Alternatively, the first-order approximation R1(r, r′)
and its dominant error term ∆2(r, r′)of order O2(1/r) are
expressed as

R1 r, r′( 􏼁 � r − 􏽢r∙r′ +
1
2r

r′2 − 􏽢r∙r′( 􏼁
2

􏼐 􏼑 ≈ r − r′
􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌, (3a)

∆2 r, r′( 􏼁 �
1
2r

2 r′2􏽢r∙r′ − 􏽢r∙r′( 􏼁
3

􏼐 􏼑. (3b)

*erefore, the behaviour of the phase term in Green’s
function is e− jk|r− r′| ≈ e− jkr∙ejk􏽢r∙r′∙e− jk1/2r(r′2− (􏽢r∙r′)2).

*is phase expansion will inevitably lose accuracy for fixed
r′ and increasing r. *is is illustrated in Figure 1 which depicts
an observation point situated on the x axis at (x, 0). *is is
illustrated in Figure 1 which depicts the phase error Δφ be-
tween the exact phase term and approximation R0(r, r′) and

R1(r, r′) at an observation point (x, 0) situated on the x axis,
respectively. *e point sources are located at (0, y) over a
length D � 133m, reproducing the dimension of a surveillance
ship and the electromagnetic wavelength λ � 0.03m at 10GHz.

Each point (x, y) in Figure 1 corresponds to the phase
error of the source at (0, y) when observed from the point
(x, 0). *e phase error is shown to oscillate increasingly
quickly between − π to π as we move away from the center
elements when using the traditional zeroth-order approxi-
mation in Figure 1(a), while the first-order approximation in
Figure 1(b) produces a more accurate phase approximation.
However, it should be clarified that the phase error for a ship
target in the near-field zone will be much more complicated
since it is an ensemble of phase errors from all source points.
It is proved that the phase factor is an important issue in
near-field scattering problem.

3. Near-Field High-Frequency Techniques

It is problematic since it relies on the high-order approxi-
mate Green’s function in the calculation of near-field
scattering. An alternative approach relying on a phase ap-
proximation of the same order as the one used in the
standard formulation in the far field is here presented.

3.1. Local Expansions. *e procedure for a large target is to
subdivide its surface S into a collection of facets with each
facet Sn, n � 1, 2, · · ·N, and N is the facet number of target.
For a source point r′ at a given n-th facet with its geometry
center r′(n)

c , the phase term of Green’s function can be
expanded at a center r′(n)

c ; thus, the standard procedure of
|r − r′|is

r − r′
􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌 � r− r′(n)

c − r′ + r′(n)

c

􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌

≈ r− r′(n)

c

􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌 − 􏽢k
(n)

r′ − r′(n)

c􏼒 􏼓,
(4)

where the unit vector 􏽢k
(n)

is defined by
􏽢k

(n)
� (r− r′(n)

c )/|r− r′(n)

c |; r′is on the n-th facet of target of
interest. If r′(n)

c � r0′ is the geometry center of target, the
above expression recovers to the original formulation in far-
field problem.

On the contrary, r denotes the location of the trans-
mitted radar or received radar. For the transmitted radar,
r � ri, ri � − rt􏽢ri; for the received radar, r � rs, rs � − rr􏽢rs.
Here, rt, 􏽢riare the magnitude and direction of the vector
from the position of transmitted radar to the geometry
center of the target, respectively. Also, rr, 􏽢rs are the mag-
nitude and direction of the vector from the geometry center
of the target to position of transmitted radar, respectively.
*erefore, the unit vector 􏽢k

(n)
can be rewritten as [13]

(1) For the incident wave on n-th facet,

􏽢k
(n)

i �
r′(n)

c − ri
r′(n)

c − ri
􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌

. (5a)
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(2) For the scattered wave from n-th facet,

􏽢k
(n)

s �
rs − r′(n)

c

r′(n)

c − rs
􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌

. (5b)

3.2. Modifications of High-Frequency Techniques. Instead of
the plane wave in the far-field problem, the spherical wave
excited by a point source is represented as a primary illu-
mination. According to the phase approximation based on
the expansion center r′(n)

c on n-th facet, thus, the incident
electric field at r′ is

E(n)
i r′( 􏼁 �

e− jk ri− r′| |( )

ri − r′
􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌
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e− jk ri− r′(n)

c

􏼌􏼌􏼌
􏼌􏼌􏼌( 􏼁e− jk􏽢k

(n)

i ∙ r′− r′(n)

c( 􏼁

ri − r′(n)

c

􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌

∙􏽢ei,

(6)

where 􏽢eidenotes the polarization vector of incident electric
field, the wavenumber k � 2π/λ.

Consistent with the assumptions for far-field illumina-
tion and observation, the above approximation applies to
both primary illumination for physical optics (PO) method
and electromagnetic secondary interaction effect for
shooting and bouncing ray (SBR) method. For the SBR
computation, its unit vector of incident wave and incident
field is determined by equations (5a) and (6), respectively,
replacing the plane wave in far-field problem [14].

For the PO calculation, since the quantity 􏽢rs is now
insufficiently accurate, it should be replaced by the 􏽢k

(n)

s .
Also, the counterparts to the standard integral representa-
tions are straightforwardly obtained by modifying the
quantity κ � 􏽢ri − 􏽢rs to κ(n) � 􏽢k

(n)

i − 􏽢k
(n)

s , as defining the
􏽢k

(n)

i ,􏽢k
(n)

s in (5a). *e scattered field by the primary illumi-
nation is then obtained by summing the contributions from
all illuminated facets. Besides, the secondary scattered field
by the interaction effect among the facets can be obtained by
summing the contributions from all tracing ray tubes, where
its scattered wave vector is determined by equation (5b).

*us, the total fields from primary and secondary contri-
butions are coherently summed again.

Finally, the high-frequency technique and ray-tracing
process are realized on graphics processing unit (GPU)
where the algorithm is performed and accelerated in parallel
[15, 16]. *erefore, the RCS simulator can be straightfor-
wardly developed by modify the far-field computation based
on the abovementioned treatments. For the computational
cost, it is noted that the above treatments are only the
modifications to the formulations in traditional far-field
problem, and the proposed method requires very little in-
crease in computational cost.

4. Simulation Results

Some simulations are investigated for the computation
accuracy and scattering characteristics by using the pro-
posed method.

4.1. Square Plate. For the computation accuracy, a 2m
square plate illuminated by a y-oriented electric Hertzian
dipole with the moment α � 1Am is employed to test the
accuracy of the contour-integral representation based on the
local expansion in the PO calculation. *e dipole source is
along a ri � 1.5m arc that is directly above one of the plate’s
edges with elevation angle uniformly ranging from 0° to 90°
with 0.25° step in the xz-plane. *ere are three different
methods: standard surface integral [9], contour integral of
Gordon’s work [10], and the proposed method. Figure 2
shows that the proposed method has a quite good agreement
compared to the standard surface integral. It has the sin-
gularity-free characteristic. In comparison, the singularity
will appear along an entire segment of the arc by using the
contour integral of Gordon’s work. *erefore, it has been
proved that the local expansion representation can solve the
singularity problem of contour integral and provide a nu-
merically stable result.

For the computation efficiency, Table 1 compares the
number of meshing facets and computation time between
the surface and contour integrals for this case. *e meshing
size of surface integral is much smaller than that of contour
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Figure 1: Comparisons on phase approximations. (a) Zeroth-order approximation. (b) First-order approximation.
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integral. *e ratio of computation complexity to calculate
contour and surface integrals is about 1 : 426, and the ratio of
the averaged computation time is more than 1 :12 for each
incident angle. Reduction in computational time is not the
order of computation complexity since computation is in
parallel in GPU acceleration. It indicates that the proposed
method is more efficient for the scattering problem of an
electrically large target.

4.2. Surveillance Ship. A surveillance ship is further inves-
tigated in the simulation, and the size is
132.8m(L) × 20m(W) × 23.3m(H), as shown in Figure 3.
*e radar frequency is at X band, 10GHz. In this condition,
the far-field criterion is R≥ 1200Km.

In near-field scattering, the radar distance R is a var-
iable in the generalized RCS definition. *e special sce-
nario, such as the missile-target encounter scenario, is first
investigated to analyze the complicated scattering phe-
nomenon in the near field. *e mono-static generalized
radar cross section (σnf ) [17] of horizontal-horizontal (HH)
and vertical-vertical (VV) polarization scatterings of the
ship is also investigated to analyze the scattering differences
between the traditional far field and the near field, at
different distances 1km and 10km. *e radar incident
angles are of the azimuthal anglesΦ � 0° ∼ 180°, at a
supposed elevationΦ � 75°.

As shown in Figure 4, the near-field scatterings are
obviously different from the far-field results. Also, there are
some interesting scattering phenomena that the near-field

scattering values are much smaller than far-field scattering at
three azimuth angles Φ � 0°;90°; 180°. It can be explained
that the scattering from some dihedral structures composed
of deck and ship’s emplacement has significant scattering
contributions in far-field problem, but the near-field scat-
terings fail. In the far field, the EM reflected rays will go back
to the direction of incidence, resulting in a larger mono-
static scattering, but the EM rays cannot return to the
original direction in the near-field problem due to the di-
vergences of the incident wave.

Furthermore, in order to explore the scattering mech-
anisms in the near zone, the one-dimensional (1-D) high-
resolution range profile (HRRP) [18] is employed to provide
deeper insights into the scatterings, as shown in Figure 5.
*e resolution is 0.5m, and its radar bandwidth is
B � 300MHz at a central frequency fc0 � 10GHz. Each point
scatterer is associated with the effective scattering of its
nearby subregion. Some scatterings do have not a distinct
contribution in short radar distances, even some scattering
characteristics disappear. In contrast, the scatterings of the
plane region become stronger. It indicates that the near-field
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Table 1: Comparison of computation complexity between contour and surface integrals.

Meshing facets Averaged computation time per angle (sec.)
Surface integral of ref. [9] 92140 2.45
*e proposed method 216 0.12
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y
x

Figure 3: A surveillance ship.
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scattering energy is divergent and nondirectional, which
leads to a more complicated scattering problem.

5. Conclusion

For an electrically large target, the far-field distance in
electromagnetic scattering is hard to be satisfied in real
radar target detection systems. *us, the near-field scat-
tering analysis is an urgent problem in order to investigate
the ship backscattering characteristic. *e scattering
computation of a ship target in the near zone is imple-
mented by the high-frequency techniques with some
modifications in formulations. It indicates that the pro-
posed method with the local expansions based on the facets
of the target has an excellent accuracy without an increase

in computational cost. From the simulation results, it is
found that the near-field scattering is quite different from
the far-field problem. It is also noted that the near-field
scattering is a comprehensive problem, involving the radar
parameters, frequency, distance, incident angle, etc., and
the radar antenna pattern. *erefore, more workers are
needed in this research area.
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Figure 4: Scattering differences between far field and near field. (a) HH polarization. (b) VV polarization.
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Figure 5: High-resolution range profile (HRRP) at different distances. (a) HH polarization. (b) VV polarization.
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