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A hybrid method of solving near-zone composite eletromagnetic
scattering from targets and underlying rough surface”
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For composite electromagnetic (EM) scattering from rough surface and target above it in near-field condition, modified
shooting and bouncing ray (SBR) method and integral equation method (IEM), which are analytic methods combined with
two-scale model for rough surface, are proposed to solve the composite near-field scattering problems. And the modified
method is verified in effectiveness and accuracy by comparing the simulation results with measured results. Finally, the
composite near-fielding scattering characteristics of a slanted plane and rough water surface below are obtained by using
the proposed methods, and the dynamic tendency of composite scattering characteristics versus near-fielding distance is
analyzed, which may have practical contribution to engineering programs in need of radar targets near-field characteristics

under extra-low-altitude conditions.
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1. Introduction

The characteristics of extra-low-altitude targets and the
environment around targets have great value in areas of
missile-borne radar detecting in extra-low-altitude, air-borne
radar detecting, and identification towards earth ground. Elec-
tromagnetic (EM) scattering from targets in extra-low-altitude
and environments could be abstracted into scattering problems
of radar targets above rough surface. The conventional far-
field scattering from rough surface and targets has been widely
investigated in the past decades,!!~* but research on near-field
scattering from targets and surface has rarely been reported
yet, which is really a hot topic and challenging issue. The near-
field scattering from targets in free space is computed by us-
ing accurate multilevel fast multi-pole method (MLFMM), and
application advices on near-field characteristics were given in
Ref. [5]. The generalized radar cross section in the rear-field of
target was computed after confirming the current and magnetic
sources by the finite element method.[®! The backward near-
scattering field from missile target was calculated by using
time-domain physical-optics method.!”! All the above meth-
ods for near field have perfect accuracy and somewhat ade-
quacy in solving the near-field scattering from target without
rough surface. However, they could not be extended to solv-
ing the composite near-field EM scattering problems because
of difficulties caused by high frequency and rough surface
with extra electrically large size. Composite EM scattering
from rough surface and target can be solved by various high-
frequency analytical methods, such as physical optics method,
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equivalent edge currents method, shooting and bouncing ray
(SBR) and hybrid approximate method, efc. Enlightened by
SBR in far-field conditions, we propose the modified SBR
method combined with integral equation method (IEM) here
based on previous research, in order to solve the near-field EM
scattering problems of rough surface and target above it. And
the near-field EM scattering characteristics of plane-water sur-
face are analyzed in the simulation example.

2. Composite near-field EM scattering model of
target in extra-low-altitude and environment

When radar detecting targets in extra-low-altitude as
shown in Fig. 1, if the distance R between antenna and target
satisfies the following condition:

R <2D*/A, (1

where A is the wave length, D is the maximum size of target in
three dimension, then the target is in radiating near-field region
of the horn, and the couple horn is also in scattering near-field
region of scatters.

The path of EM wave propagation for near-field scattering
is probably the same as that for far-field scattering, in which
the main propagation paths contributing to scattering are clas-
sified as five types: horn-target/surface-horn, horn-target-
surface-horn, horn-surface-target-horn, horn-target-surface-
target-horn and horn-surface-target-surface-horn, and there

may be even more complex pathes with bouncing more than 3
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times, if the target is hanged in a particular angle above the sur-
face. Therefore, the SBR method can be used to describe the
propagation process. However, there are differences between
near-field situation and far-field situation as follows.

(i) The EM wave illuminating the target is not a plane
wave any more.

(i1) Green’s function has an approximate expression [for-
mula (2)] which is suitable in far-field conditions, when calcu-
lating the scattering field caused by target surface currents,

e —ikR

G= 7 2

where R is the distance between source point and observation
point.

Fig. 1. Scene of composite scattering from target in extra-low-altitude and
on rough surface.

3. Solution of composite near-field scattering
model by modified SBR-IEM hybrid method

3.1. Modified principle of dividing ray tubes

In the conventional SBR method for far-field problems,
the transmitting ray tubes are parallel to the propagating di-
rection of the incident wave, on the assumption that the equiv-
alent phase surface is a plane which all the transmitting ray
tubes perpendicular to, and rays have the same original phase
and amplitude as each other. However, the assumption about
plane wave is not available in near-field condition. Therefore,
the incident EM field must be described based on the near-field
pattern of the antenna.

Determining the transmitting direction of ray tube is sim-
ilar to simulating the equivalent phase surface of plane wave.
Firstly, the virtual aperture plane is built, which is perpendic-
ular to the line (the wide red solid line in Fig. 2) connecting
the antenna and the target center, and the projection area of the
box surrounding target on this virtual plane can be determined
as a ray aperture, all above can be seen in Fig. 2. Secondly,
in order to obtain reliable and convergent results, the modified
SBR still adopts a rule of thumb in which the distance d be-
tween adjacent rays should be chosen to be d < A /10, but rays

have not the same direction any more as the rays in conven-
tional SBR, the real directions are determined by connecting
antenna and points of divided girds in ray aperture as shown
in Fig. 3.

\.

directions of ray tubes in
conventional SBR

directions of ray tubes in
modified SBR

Fig. 3. Girds in ray aperture and directions of rays.

3.2. Modified Green’s functions in near-field conditions

When the distance |r — 7’| does not satisfy |r—r'| >
2D?/2 in the near-field condition, great error may arise if
Green’s function is still calculated by formula (2). Although
neither the whole target nor the observation point is under
the far-field condition, each facet (S,) of the target surface is
much smaller than the whole profile of the target. So the dis-
tance between each facet and observation point |r, —F| satis-
fies |[r,—7'| > ZDgn /A, where r, is the center vector of the n-
th facet S,,, Dy, is the scale of the n-th facet. The scattering di-

rection k" of facet S, is not along R (R = (r — ') /|7 —7']),
but should be
A R r—r
Kl = = o 3)
[Ry| | =5

where R, = — r¢, and the incident direction £™ can be writ-
ten as k" = — k.
Then Green’s function should be written as
e—ij~(r—r') e—jklzzsm(r—'r")

G= ~ . 4
R r “)
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observation point

n-th ray tube

Fig. 4. Scattering direction of gird face in near-field condition.

3.3. Calculation of scattering from rough surface

Rough surface can be described by two-scale model, in
which the global undulate profile is indicated by splitting
rough surface with large facet elements, and the local statis-
tical properties in each large facet is approximated by using
the classical spectrum functions for rough surface.

3.3.1. Coherent scattering contribution of small scale
model
The coherent scattering matrix Erough is modified with ge-
ometric optics reflection matrix R for small flat facet element
multiplied by the rough level factor e ~##9” determined by the
roughness, and thus it can be written as

= CARles2 =
Rrough: € o ‘R, 5

where k, denotes the component of wave vector in the normal
direction of the facet, and o is the standard variance of rough
surface height.

Then the coherent scattering field E?! from the n-th rough
facet can be calculated by ﬁrough and incident field E7

Esln (T) = eikrRrough ' Eirllp (6)

where E!'! is produced by ray tube from target facet, and E;
can be calculated by the modified SBR method, after ray track-

ing between target and rough surface is finished,
M
E, =) E}, (7
j=1

where M is the total number of target facets, E;’ is the incident
field of the j-th target facet on the n-th rough facet, and it can
be obtained after rays tracking has been accomplished.

And the total coherent scattering field from rough surface

can be described as
1 y 1
Ej =) E, (8)

n=1

where N is the total number of rough surface facets.

3.3.2. Incoherent scattering contribution of large scale
model
The incoherent scattering component is the second-order
moment of the random scattering field.!®! The scattering ma-
trix is derived from Mueller-matrix of rough surface as shown
in the following formula:

[Srough]:él/z"§07 S(;:a+iba j:17"'747 (9)

where [Srough} is the vector composed of the elements in the
diffused scattering matrix §mugh, a and b are Gaussian random
numbers with the zero mean and unit variance, and C is the
covariance matrix of Mueller-matrix, and its lower triangular
square root C'/2 can be obtained by Cholesky-decomposition.

Elements of Mueller-matrix are composed of the second-
moment of scattering matrix elements, so only the second-

moment of scattering-matrix elements is written below:

<SPquS> g €xp [762 (k? +k32~z)]
> o WO (kg — kg gy — k)
< ¥ o () e TRk ),

n=1

k' Fyg + K'FS
I = (ks k)" fogexp (~0%keksz) + =1, (10)

where p, g, r, and s denote the subscript of polarization com-
ponent 4 or v, the vertical polarization is simplified by v, the
horizontal polarization by A, and the coefficients of Kirchhoff
approximate scattering field have formulas below:

2R,

fw = €08 6; + cos 6
X [sin 6; sin O — (1 4 cos 6; cos 6;) cos(Qs — ¢;)]
2R,
Sun = "

cos 6; + cos 6
X [sin 6; sin O — (1 4 cos 6; cos 6;) cos(@s — ¢;)]

fiw = (Rp—Ry)sin(@s — ¢5),
Jon = (Ry—Rp) sin(¢; — ), (11)
where 6 and ¢ are vertical angle and horizontal angle respec-

tively, the subscripts i and s denote incident and scattering re-

spectively. And the compensation coefficients are written as
Fy, = —(cuy —qty /&) (tycqg + uv€rcr) + (v% — ctvuv/q) e,
Fup, = (cup — qty) (thea +upcr) — (Vf, — ctyup/q) 3,

Fr = (cu—qt/&) (t/cs+ug/q)sq— (u2 —ctu/q) 5284,
Fop = (ct —qu) (u/cs+1tq)sq+ (t2 - ctu/q) szsd,

Ey, = —(cstty — qsty/ &) (tvca + un€rcy) + (t\% - Cstvuv/qs) e,
Fy, = (csup — qstp) (theq + upcl) + (th2 - csthuh/qs) a5,
Fy, = —(cst —qsu) (u/cs +1/qs) sqa — (u2 — cstu/qs) 5254,
o = —(cou—qst /&) (t/cs+ugr/qs) sa
— (t2 — cstu/qs) 5254. (12)
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And the parameters in formula (12) can be written as follows:

s=sin6;, s;=sinb;, s;=-sin(Qs— ¢;),

c=cosB;, cs=cosb, cg=-cos(Qs— ),

q= \/sr—sin2 0, gqs= \/er—sin2 0,

Cq — SSs s Cd—SSs
c] = Cc| =
) 1 )
gsC

c c
t, = 1+Rvs, th=14R,, t=1+(Ry,—Ry)/2,

uy=1—-R,, up=1—Ry, u=1—(R,—Ry)/2,

ky = ksin6;cos ¢;, k, = ksin0;sing;, k; =kcos6;,

kgx = ksin6scos @5, ks, = ksinOssin s, kg, = kcos 6;. (13)

Then the diffused scattering component E2 from ray tube
on each cross between reflecting path and facet can be ex-
pressed by the product of diffused scattering matrix §r0ugh and
E; as follows:

Es2 (7’) = eikr§r0ugh -Ej. (14)

The total scattering field from each facet is the sum of coherent
component and incoherent component as expressed below:

E,=E!+E? (15)

It is emphasized that the Monte—Carlo simulation for produc-
ing rough surface is done repeatedly many times in order to
obtain the mean results, and the Gaussian random number for
each grid facet should be consistent in each simulation.

During the Monte—Carlo simulations, the target facets and
rough surface facets should be treated by using different rules
after rays tracking between target and rough surface has been
finished. The rules are that the scattering from target facets
are calculated only once, but those for rough surface facets are
implemented many times. Finally, the composite scattering
field is the sum of scattering field from target and the mean of
multiple scattering fields from rough surface.

4. Numerical examples for composite near-field
EM scattering

4.1. Numerical validations

Example 1 As shown in Fig. 5, a PEC plate with a side
length of 0.6 m is set to be above water surface perpendicular
to the plate, and the distance between water and the lower side
of the plate is 0.1 m. The frequency of incident wave is 10 GHz
with VV polarization, and the main beam width of the horn is
13°, the testing distance between the plate and horn is set to
be 13 m. The area of the truncated water surface is 5 mx5 m,
and the root mean square (RMS) value of water surface height
is about 0.01 m.

Fig. 5. Plate and water surface below.

Figure 6 shows both the composite near-zone radar cross
section (RCS) of plate—water and laboratory measurements, it
can be found that they are basically in accord with each other.
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Fig. 6. Comparisons between numerical results of the plate—water surface
by modified SBR-IEM and measurements.

Example 2 As shown in Fig. 7, a PEC ladder-shaped
The size of the
block bottom is 0.9 mx1.35 m, and its top is a square of

block is set to be above water surface.

1.35 mx1.35 m. The distance between water and block bot-
tom is 0.1 m. The parameters for horn and incident wave are
the same as those in example 1. And the testing distance is
10 m. The calculated results are approximately equal to the

measured data.

Fig. 7. Ladder-shaped block and water surface.
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Fig. 8. Comparison between numerical results of the block—water sur-
face and measurements.
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4.2. Analysis of near-zone composite scattering from plate

and water surface

In order to reveal the multiple scattering between target
and surface below, the slanted angle between plate and water
is 30° as shown in Fig. 9, and the plate side width is 0.6 m.
The plate supported by a thin bar is 2.1 m above the water sur-
face. The observation horn is at the altitude of 4.1 m. The
angle between main beam and water surface is 60°, other pa-
rameters are the same as those in example 1. Moving the ob-
servation horn to the target along the horizontal direction, the
near-zone composite RCS versus the changing horizontal dis-
tance between horn and target is obtained both by numerical
calculation and by laboratory measurement. Comparison of
the two results is firstly given in Fig. 10, showing that they
have the same tendency and amplitude. Particularly, when the
horizontal distance is around 3.8 m, the composite multiple
scattering between the plate and water surface reaches a maxi-
mum value, while the second maximum value of RCS appears
at a distance of 1.3 m where the direct scattering from target is
relatively weak. What is more, the RCS line has double peak
at 1.3 m, this is because the back of the plate is supported by
a thin bar. And the average RCS error between measurements
and calculations is more than 2 dB in the area of multiple scat-

tering existing.

= < /,, Z,

Fig. 9. Composite scattering from slanted plate and water surface.
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Fig. 10. Comparison between measured and calculated near-zone RCS
versus the horizontal distance between observation horn and target.

In the next numerical example, the near-zone composite
scattering from a missile and ocean rough surface below is
considered, which is shown in Fig. 11. The simulation pa-

rameters are set to be as follows. The incident frequency is

10 GHz with VV polarization, the missile is parallel to the +X
axis, the wind speed above the ocean is 5 m/s, the height of the
missile is 5 m above the surface, missile length is 2.57 m, mis-
sile diameter is 0.52 m, missile wing span is 2.65 m, ocean
surface size is 24 mx24 m, and the ocean is not supposed to
be PEC any more, the relative dielectric parameter of com-
mon ocean surface is set to be 60 + j32 according to double
Debye model.[°! The near-zone composite scattering is solved
by using the proposal hybrid method and MLFMM. The RCS
results are displayed in Fig. 12. The accuracy of the hybrid
method is proved by comparing with MLFMM, with the sim-
ulating step set to be 5° because of its time consuming.

z

Fig. 11. Composite scattering from missile and ocean surface.

By analyzing RCS tendency displayed in Fig. 12, the
near-field scattering from missile and ocean surface achieves
the peak value when they are illuminated vertically (around
0°), and the second peak value appears when illuminated hor-
izontally (around 90°). This is because the coherent scatter-
ing component (mirror scattering from ocean surface) makes
the main scattering contribution when incident wave is vertical
to the ocean surface, and the incoherent scattering component
rises as the incident angle increases, while the coherent scat-
tering turns weaker. The second scattering peak is caused by

scattering from the warhead of missile.

—— hybrid method
+ MLFMM
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Fig. 12. Comparison between near-zone RCSs of missile and ocean surface
versus incident angle, obtained by proposal hybrid method and MLFMM.

5. Conclusions and perspectives

A novel hybrid method is proposed to solve the near-zone
composite scattering from target in extra-low-altitude and ex-
tra electric large rough surface. The conventional SBR method
and IEM are modified in accordance with the physical mech-

anism in near-zone composite scattering problems, and the
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new hybrid method, called modified SBR-IEM, is established.
By comparing the simulated results of the modified SBR-IEM
with measured results, the accuracy of the proposed method is
testified by two numerical examples. And then the near-zone
composite scattering characteristics are analyzed by hanging
a slanted plate above the slight rough water surface, the vari-
ation of near-zone RCS with near-field distance is obtained
finally. However, the proposed method is suitable only for the
PEC targets and rough surface. In order to extend the applica-
bility of the hybrid method, the physical optics (PO) scattering
field formula must be modified to conform to the situation of
dielectric and dielectrically coated targets, which is the key
problems we will pursue in the future. Finally, the proposed

method can be generalized to solving the near-zone compos-

ite scattering from targets with complex geometric structures
and sea/ground surface, and may have great practical value in
missile-borne radar detecting and near-zone scattering prob-

lems for fuzes.
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