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This paper proposes a hybrid method based on the forward–backward method (FBM) and the reciprocity theorem

(RT) for evaluating the scattering field from dielectric rough surface with a 2D target above it. Here, the equivalent

electric/magnetic current densities on the rough surface as well as the scattering field from it are numerically calculated

by FBM, and the scattered field from the isolated target is obtained utilizing the method of moments (MOM). Meanwhile,

the rescattered coupling interactions between the target and the surface are evaluated employing the combination of

FBM and RT. Our hybrid method is first validated by available MOM results. Then, the functional dependences of

bistatic and monostatic scattering from the target above rough surface upon the target altitude, incident and scattering

angles are numerically simulated and discussed. This study presents a numerical description for the scattering mechanism

associated with rescattered coupling interactions between a target and an underlying randomly rough surface.
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1. Introduction

In recent years, there has been a great interest in
studying electromagnetic scattering from a target situ-
ated above a rough surface.[1−7] It is well known that
the theoretical and numerical approaches associated
with targets in the vicinity of a planar interface have
been studied extensively by many researchers.[8−16]

However, considering the interface to be a rough sur-
face is a new challenge. Ye et al proposed an itera-
tive approach to differentiate scattering field from a
2D target above a 2D rough surface.[1] In Ref.[1], it
should be pointed out that both the target and the
rough surface are perfectly electric conducting (PEC).
In Refs.[2, 3], the four-path model has been used to
evaluate the scattering field from an object above a
planar or rough surface. Nevertheless, as discussed in
Section 4 of this paper, the results obtained via the
four-path model are not always accurate. In Ref.[5],
the electromagnetic scattering from a PEC target lo-
cated above or below rough surface is investigated, for

the case of TM polarization, using the method of mo-
ments (MOM). Based on reciprocity theorem (RT), a
solution for the rescattered fields between a dielectric
cylinder and a slightly rough surface is presented by
Chiu et al.[6] However, in Ref.[6], the coupling inter-
actions between the target and the surface are repre-
sented to be the double bounce model.

The forward–backward method (FBM) has been
shown to be an extremely efficient iterative MOM for
the computation of scattering field from 2D dielectric
rough surface.[17] On the other hand, as already dis-
cussed in Refs.[6, 18–20], RT can be used to treat with
the problems of electromagnetic scattering from two
adjacent targets. The objective of this paper is to
present a hybrid RT/FBM method for evaluating the
electromagnetic scattering from a 2D target above a
2D randomly rough surface. Here, dielectric materials
are considered for the target and the underlying rough
surface. In our work, the equivalent electric/magnetic
current densities on the rough surface as well as the
scattering fields from it are numerically calculated by
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FBM, and the scattered field from the isolated tar-
get is obtained utilizing the MOM. Meanwhile, the
rescattered coupling fields between the target and the
underlying surface are evaluated employing the combi-
nation of FBM and RT. Here, a compromise approach
to model the target-surface problem assumes that the
scattered waves consist of rays which are reflected off
the surface either before or after interacting with the
target.

This paper is organized as follows. The equivalent
model of the scattering problem is presented in the
next Section. In Section 3, the main concepts of FBM
are briefly reviewed and the composite scattering field
is evaluated by the RT/FBM method. In Sections 4
and 5, the numerical results and the conclusions are
reported, respectively.

2. Scattering model

Figure 1 illustrates the basic geometry considered
in this paper: a dielectric 2D target is situated above
a dielectric randomly rough interface y = f(x) with
a plane incident wave propagating toward the rough
interface. Assume that the scattered field consists of
rays that are reflected off the randomly rough sur-
face either before or after interacting with the target,
as shown in Fig.2(a–i), the composite scattering field

would be the superposition of the directly scattered
field Es

1 and Es
2, as well as the rescattered fields Es

3,
Es

4, Es
5, Es

6, Es
7, Es

8 and Es
9, i.e.

Es = Es
1 + Es

2 + Es
3 + Es

4 + Es
5 + Es

6

+Es
7 + Es

8 + Es
9. (1)

Fig.1. Geometry of the problem.

In the case that the underlying dielectric rough
surface is replaced by a planar interface, the cor-
responding scattering models, which are equivalent
to the models shown in Fig.2(a–i), are illustrated in
Fig.3(a-i) utilizing the image theory. As shown in
Fig.3, the third- and the higher-order rescattered fields
between actual scatterer and the image one have been
neglected, and the validity of this approximation has
been discussed in Refs.[19, 20].

Fig.2. Scattering mechanism of the problem.
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Fig.3. The corresponding equivalent scattering models of Fig.2 while the underlying interface is planar.

In Ref.[6], the coupling interactions between the
target and the slightly rough surface are represented
by the double bounce model, which suggests that the
composite scattered fields are likely to be dominated
by paths that involve Es

1 ,Es
2, Es

3 and Es
4. And in

Refs.[2,3], the scattering problem of the present work
has been solved by four-path model, which suggests
that the composite scattered fields are likely to be
dominated by paths which involve Es

1 ,Es
2, Es

3, Es
4

and Es
5. However, when underlying interface is pla-

nar, from Fig.3, it is obvious that the second-order
coupling fields between the actual target and the im-
age one have been neglected both in the double bounce
model and the four-path model. Whereas, as dis-
cussed in Section 4, the results obtained by four-path
model are not always acceptable.

3. Calculation of the composite

scattering field

3.1.The iterative forward–backward

method

In Ref.[17], it has been shown that the iterative
FBM is an efficient method for numerical evaluation
of scattering from dielectric rough surface. Here, this
numerical method also has been used to calculate the

scattering field from the underlying rough surface. So,
it is necessary to recall firstly the main concepts of this
method. If the incident field is TE (horizontally po-
larized) polarization, the surface electric and magnetic
fields can be evaluated by solving the following pair of
integral scalar equations:[21]

Ei(ρ) =
1
2
E(ρ) +

∫

l

{iωµ0φ0(ρ,ρ′)Js(ρ′)

+E(ρ′)[n̂′ · ∇φ0(ρ,ρ′)]}dl′, (2)

0 =
1
2
E(ρ)−

∫

l

{iωµ0φ1(ρ,ρ′)Js(ρ′)

+E(ρ′)[n̂′ · ∇φ1(ρ,ρ′)]}dl′, (3)

where Ei = Eiŷ and E = Eŷ are the incident and
total electric field, respectively. Js = n̂ × H = Jsŷ

is the equivalent surface electric current density, n̂ is
the outgoing normal to the surface.

φ0,1(ρ,ρ′) = − i
4
H

(2)
0 (k0,1|ρ− ρ′|). (4)

where φ0,1(ρ,ρ′) is the Green’s function in the 2-D
space, k0 and k1 are the propagation constants of free-
space and the target, respectively. H

(2)
0 (·) is the zero

order Hankel function of the second kind, and l de-
notes the profile of the target. ρ and ρ′ both belong
to the target’s profile. Equations (2) and (3) are ob-
tained as a simple application of the equivalence the-
orem.

Using rectangular pulse basis functions and the
point matching method, we can convert Eqs.(2) and
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(3) into the following matrix equation in the unknowns
E and Js:

S0E + Z0Js = Ei,

S1E + Z1Js = 0. (5)

Equation (5) can be expressed in a more compact form
as A·x = y. Here, the size of the matrix A is 2N×2N ,
N is the number of rectangular pulse basis functions
used to expand the unknown functions. Start from
Eq.(5) and let

E = Ef + Eb,

Js = J f
s + Jb

s , (6)

and

S0 = SL
0 + SD

0 + SU
0 ,

Z0 = ZL
0 + ZD

0 + ZU
0 ,

S1 = SL
1 + SD

1 + SU
1 ,

Z1 = ZL
1 + ZD

1 + ZU
1 , (7)

where Ef and J f
s are the forward components of mag-

netic and electric equivalent surface sources, respec-
tively, Eb and Jb

s are the backward components. In
addition, SL

0,1 and ZL
0,1 are the lower triangular part

of S0,1 and Z0,1; SD
0,1 and ZD

0,1 are the diagonal
part; SU

0,1 and ZU
0,1 are the upper triangular part.

Then, Eq.(5) can be decomposed into forward- and
backward- propagation pairs of equations

SD
0 Ef + ZD

0 J f
s

= Ei − SL
0 (Ef + Eb)−ZL

0 (J f
s + Jb

s ),

SD
1 Ef + ZD

1 J f
s

= −SL
1 (Ef + Eb)−ZL

1 (J f
s + Jb

s ), (8)

SD
0 Eb + ZD

0 Jb
s

= −SU
0 (Ef + Eb)−ZU

0 (J f
s + Jb

s ),

SD
1 Eb + ZD

1 Jb
s

= −SU
1 (Ef + Eb)−ZU

1 (J f
s + Jb

s ). (9)

Equations (8) and (9) can be calculated by iterative
technique, and the detailed procedure has been dis-
cussed in Ref.[17].

After the unknowns E and Js have been obtained
by solving the matrix equations (8) and (9), then,
the equivalent surface magnetic current density on the
rough surface and the scattered field in the free space
can be evaluated by the following equations

Ms = −n̂×E, (10)

Es(ρ) =
k0

4

∫

l

{Z0Js(ρ′)−E(ρ′)[n̂′ · k̂s]}

×H2
0 (ks|ρ− ρ′|)dl′, (11)

where k̂s is the unit vector indicating the scattering
direction, Z0 is the free-space intrinsic impedance.

For the case of TM (vertically polarized) polar-
ization, similar procedure can be applied.

3.2.Composite scattered field

In Eq.(1), Es
1 and Es

2 can be evaluated by FBM
and MOM directly. However, the other seven scat-
tered terms, i.e. Es

3, Es
4, Es

5, Es
6, Es

7, Es
8 and Es

9,
denote the rescattered fields between the target and
the underlying rough surface. To obtain the solutions
of these seven terms, unfortunately, it is necessary to
treat electromagnetic interaction, which is not only
non-plane-wave in character but have non-uniformities
in amplitude and phase, between the target and the
rough surface. For this type of problem, the exact
analytical solutions cannot be found. To overcome
these difficulties, a hybrid method is proposed to cal-
culate the interaction fields employing the FBM and
RT. In the following discussion, the hybrid method is
presented.

Let an incident plane wave of unit amplitude il-
luminates on the target and the underlying surface.
The formula for the incident wave can be written as

Ei = q̂ exp(iki · ρ), (12)

where q̂ denotes v̂i (TM) or ĥi (TE), q̂ and ki are
the unit polarization vector and wave-number vector
of the incident wave, respectively.

Suppose a line electric current source Je = p̂δ(ρ−
ρ0) and a line magnetic current source Mm = q̂δ(ρ−
ρ0) are placed at the far-zone observation point. Here,
the unit polarization vector q̂ (v̂s or ĥs) and p̂ (v̂s or
ĥs) are related by q̂ = k̂s × p̂, ρ0 is the position vec-
tor of the far-zone observation point. Along the wave-
number vector k̂s, the direct electric field generated
by Je and the direct magnetic field generated by Mm

can be written as[19,20]

Eed(ρ) =
−k0Z0

2
√

2πk0ρ0
exp

(
ik0ρ0 − i

π

4

)

× exp(−iks · ρ)k̂s × k̂s × p̂, (13)

and

Hmd(ρ) =
−k0Y0

2
√

2πk0ρ0
exp

(
ik0ρ0 − i

π

4

)

× exp(−iks · ρ)k̂s × k̂s × q̂. (14)
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When the underlying surface is illuminated by
Eed and Hmd, the corresponding scattered fields Eedr

and Hmdr can be calculated by FBM. Meanwhile, the
equivalent surface electric current density Jt and the
equivalent surface magnetic current density Mt on the
target’s surface, which are induced by the incident
field Ei, can be evaluated by MOM.

Then, based on RT,[19,20] we get

p̂ ·E′s
J3 =

∫

lt

Eedr · Jtdl,

q̂ ·H ′s
M3 =

∫

lt

Hmdr ·Mtdl. (15)

where lt represents the profile of the target’s surface.
Similarly, it is obtained that

p̂ ·E′s
J4 =

∫

lr

Eedt · Jrdl,

q̂ ·H ′s
M4 =

∫

lr

Hedt ·Mrdl, (16)

where lr represents the profile of the underlying sur-
face, Eedt and Hedt are the scattered field when the
target is illuminated by Eed and Hmd, respectively.
Jr and Mr are the equivalent surface current density
induced by Ei.

Taking the scattered field of Ei from underlying
surface as the incident field to illuminate the 2D tar-
get, we can evaluate the equivalent surface electric
density Jrt and the equivalent surface magnetic cur-
rent density Mrt on the profile of the target by MOM.
Then, based on RT, we can obtain

p̂ ·E′s
J5 =

∫

lt

Eedr · Jrtdl,

q̂ ·H ′s
M5 =

∫

lt

Hmdr ·Mrtdl. (17)

Using the similar method, we obtain

p̂ ·E′s
J6 =

∫

lr

Eedt · Jtrdl,

q̂ ·H ′s
M6 =

∫

lr

Hmdt ·Mtrdl, (18)

p̂ ·E′s
J7 =

∫

lr

Eedt · Jrtrdl,

q̂ ·H ′s
M7 =

∫

lr

Hmdt ·Mrtrdl, (19)

p̂ ·E′s
J8 =

∫

lt

Eedr · Jtrtdl,

q̂ ·H ′s
M8 =

∫

lt

Hmdr ·Mtrtdl, (20)

and

p̂ ·E′s
J9 =

∫

lt

Eedr · Jrtrtdl,

q̂ ·H ′s
M9 =

∫

lt

Hmdr ·Mrtrtdl. (21)

In Eqs.(18–21), the last character r (rough sur-
face) and t (target) of the subscripts of the current
density denote that the current density is on the pro-
file of rough surface and on the profile of the target,
respectively. The other characters of the subscripts of
the current density denote the scattering path of the
reaction field, such as Jtrt expresses the surface elec-
tric current density on the profile of the target when
it is illuminated by the rescattered field from the un-
derlying surface of the scattered field from the target.

Using Eqs.(15–21), we obtain the composite scat-
tering field

p̂ ·Es = p̂ · (Es
1 + Es

2 + Es
3 + Es

4 + Es
5 + Es

6

+Es
7 + Es

8 + Es
9)

= p̂ · [Es
1 + Es

2 + (E′s
J3 + E′s

M3)

+(E′s
J4 + E′s

M4) + (E′s
J5 + E′sM5)

+(E′s
J6 + E′s

M6) + (E′sJ7 + E′s
M7)

+(E′s
J8 + E′s

M8) + (E′s
J9 + E′s

M9)]. (22)

In Eq.(22), the relation E′s
M = −Z0k̂s×H ′s

M has
been used.

4. Numerical results

In the following discussions, only TE (horizontally
polarized) polarization case is considered due to the
limited length of the article.

In Fig.4, bistatic scattering results are compared
with the data obtained by MOM. Here, the length and
the correlation length (col) of the underlying Gaus-
sian rough surface are l = 12.8λ and col = 0.5λ re-
spectively, root mean square (rms) of the surface in
Figs.4(a) and 4(b) are rms = 0.01λ and rms = 0.03λ

respectively. The distance between the cylindrical tar-
get axial line and the rough surface is h = 2λ, the ra-
dius of the cylinder is r = 0.5λ, the relative dielectric
constant of the target and the rough surface equals to
20. Figure 5 gives the scattering angle patterns of the
monostatic scattering width for different underlying
surface. In Fig.5, the parameters of the surface and
the target are the same as those in Fig.4 except that
the distance between the cylindrical target axial’s line
and the rough surface is h = 5λ, the radius of the
cylinder is r = 1λ, the relative dielectric constant of
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the target and the rough surface is εr = 2.0. The rela-
tive errors between the results obtained by our method
and the numerical computations based on MOM are
also illustrated in the top sub-images of Figs.4 and
5. From Figs.4 and 5, it is obvious that the results

of our approach provide more reasonable approxima-
tions than that obtained via four-path method. And
as shown in the top sub-images, the relative errors
of our method are less than 3dB for most scattering
angles.

Fig.4. Bistatic scattering width of the target for different underlying surface (θi = 0◦).

Fig.5. Monostatic scattering width of the target for different underlying surface.

Figure 6 shows bistatic scattering for different in-
cident angles. Here, the distance between the cylindri-
cal target’s axial line and the rough surface is h = 5λ,
the radius of the cylinder is r = 1λ, and the other pa-
rameters are the same as those in Fig.4. Comparing
with Fig.4, we can find that the difference between the
results obtained by the four-path method and by our
method becomes less as the incident angle increases.
The reason of this phenomenon is that the rescattered
fields Es

6, Es
7, Es

8 and Es
9 will become very weak and

can be neglected when the incident angle is large.

In Fig.7, the distance between the cylindrical tar-
get’s axial line and the rough surface is h = 4λ, root
mean square of the surface is rms = 0.01λ and the
other parameters are the same as those in Fig.4. From
Figs.7 (a) and 7(b), it is found that the amplitude of
the angle patterns for the composite scattering mod-
els is larger than that for the Gaussian surface. From
Fig.7, one can also see that, with the decrease of r, the
results of the composite model will gradually approach
to those of the Gaussian surface.
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Fig.6. Bistatic scattering width of the target for different incident angles.

Fig.7. Scattering width from the composite scattering model for different target: (a) monostatic; (b)

bistatic.

A relationship between backscattering width and
h is shown in Fig.8. Here, the relative dielectric con-
stant of the target and the rough surface equals to 2.0,
rms and col of the surface are 0.05λ and 0.5λ, respec-
tively. The other parameters are the same as those in

Fig.4. From this figure, it can be seen that the value
of the scattered width periodically fluctuates with in-
creasing h. This is mainly because that the scattering
fields Es

2, Es
3, Es

4 and Es
5 interfere with each other.

Fig.8. Monostatic scattering width versus target altitude.
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5. Conclusion

Based on FBM and RT, a hybrid method is pre-
sented for evaluating the scattering field from a rough
surface with a 2D dielectric target above it. The valid-
ity of this hybrid method is verified by comparing our
numerical results with the data obtained by MOM.
Compared with the four-path model, we find that our
method is more reasonable. Furthermore, compared
with analytical method, our method has two advan-

tages: (1) complicated formulas are avoided; (2) it can
be applied to evaluate the scattering field from arbi-
trary shaped 2D target. Finally, the functional depen-
dences of bistatic and monostatic scattering from the
target above rough surface upon the target altitude,
incident and scattering angle are numerically simu-
lated and discussed. It should be pointed out that the
method proposed in this work can also be extended
to the problem of the electromagnetic scattering from
3D targets.
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