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ABSTRACT A ray tracing method based on the geometrical optics and physical optics approximation is
proposed for calculation of the scattering from rough metal surface with rough coating in terahertz regime.
Geometrical optics is utilized to describe the wave propagation concerning the reflection and transmission,
whereas physical optics is applied to obtain the scattering fields by equivalent currents on the surfaces. The
method provides a reliable treatment of scattering from rough layers involving identical/different roughness.
The scattering predictions of the rough layers are compared to the multilevel fast multipole algorithm
(MLFMA) to demonstrate the efficiency and accuracy of the proposed method. Once validated, we use
the method to carry out a sensitivity study of the bistatic radar scattering cross section to variations in layer
parameters of interest in terahertz coating target detection, such as the roughness of the coating and metal
surface, thickness of the coating layer.

INDEX TERMS Electromagnetic scattering, terahertz regime, ray tracing, rough coating.

I. INTRODUCTION
The investigation on the scattering characteristics of objects
at the terahertz frequencies is very important because of the
advantages of the terahertz wave for active detection, e.g.,
terahertz radar applications [1]. Reference [2] investigated the
electromagnetic (EM) scattering characteristics of perfectly
electrical conducting targets in the terahertz regime through
the use of ray-based high-frequency techniques. Unfortu-
nately, [2] suppose the surfaces of the objects are smooth.
It is well-known that the terahertz wavelength is far smaller
than that of millimeter and may be close to the roughness
of the objects’ surface. Hence, the reasonable assumptions
that the surface of objects are smooth are inappropriate at
terahertz frequencies. Some experiment have demonstrated
the minor surface features can affect the terahertz scattering
behavior of metallic objects [3], that is to say, the surface
roughness can modulate more information of the object onto
the scattering fields at terahertz frequencies and may bring
crucial evidence for automatic object recognition in the ter-
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ahertz radar applications although it produce big challenges
to scattering computation. Therefore, it is necessary to study
the EM scattering characteristics of object with rough surface
at terahertz frequency. At present, some researchers have
studied the scattering from objects considering the rough-
ness in the terahertz frequencies and obtained theoretical and
experimental achievements [1], [4], [5].

Due to various demands, the radar objects are usually
coated with certain materials, such as radar absorbing mate-
rials. The scattering characteristics of the coated objects are
significantly different from those of the uncoated objects.
Presently, most of the studies concerning the EM scatter-
ing characteristics of coated objects mainly concentrate on
microwave frequencies [6]-[8]. Hence, the surfaces of the
object and coating mentioned in [6]–[8] are often supposed
to be smooth. In reality, both the metal and coating surfaces
should be considered as rough surfaces at the terahertz
frequencies and the scattering from the rough case is more
complex than that from the smooth case in the terahertz
frequencies. Thus, there is few research focusing on the scat-
tering characteristics of the rough case. This paper is focus
on the sensitivity study of the terahertz wave scattering from
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rough metal surface with rough coating. The investigation
in this paper is a foundation for studying the EM scattering
behavior of the military targets coated by rough material in
terahertz regime which is our planned work. The problem is
related to the scattering of layered rough surfaces. An appro-
priate treatment of the layered rough surface is essential for
sufficiently accurate EM field modeling in terahertz wave
radiation and scattering problems.

At present, the scattering from rough surface has always
been a typical and important problem in the field of EM scat-
tering and remote sensing [9]. Many approaches have been
proposed to study the scattering of the rough surface, includ-
ing fully numerical methods and analytical methods. The
fully numerical methods can give exact results while it will
takemore timewhen employing it to solve the scattering from
multilayer rough interfaces. The empirical approach [10]
based on the some experimental data can give accurate
results, but cannot clarify the physical scattering mechanism.
Some more efficient analytical techniques such as Kirchhoff
approximation [11], multilayer stabilized extended bound-
ary condition method (M-SEBCM) [12], and small pertur-
bation method (SPM) [13]–[17] are proposed to deal with
the scattering from a multilayered rough surface structure.
Such studies have been studied on rough surface scattering
subject, their focus are to get the scattering coefficient of the
rough surface, which is a real number. Besides, the object
of these research works is usually terrain and ocean surface
based on certain PDF (probability density function) that can
be simply tread as an infinite rough plate. The scattering data
are used to determine the subsurface properties of natural
layered rough surface structures [18] and the analytical results
can be applied to the modeling of natural layered media such
as ice and sand layers.

However, the target can no longer be regarded as an
infinitely rough surface in the application of terahertz radar
and the echo signals are complex number with phase infor-
mation, which cannot be provided by the scattering theory
of rough surface. To date, most researchers utilize high-
frequency methods based on geometrical optics, physics
optics, and shooting and bouncing ray (SBR) technique for
the problems of terahertz scattering [19], [20]. However,
these methods have been applied for smooth surfaces and
few study have been done concerning the rough surface.
We presented an approximate scattering modeling for sim-
ulation of the layered rough structure in terahertz regime
based on physical optics method [21]. The model is valid
for thin rough layered surface with low incident angles. The
thickness and roughness of the coating are assumed to be
small, besides that, the model suppose that two layered rough
interfaces have same height PDF. In these cases, a good
approximation of the reflection at this structure is to solve a
single effective reflection coefficient at the coating interface.
However, the roughness of layered surfaces is not always the
same in reality. In other words, the profile of the coating rough
surface is often different from that of the metal layer. Hence,
there is still a great challenge presently in terahertz regime to

simulate the scattering from the metal surface with coating
materials having different roughness.

To solve this problem, the paper present a ray tracing
method based on the geometrical optics and physical optics
approximation for calculation of the scattering from finite
rough metal surface with rough coating. Geometrical optics
is utilized to describe the wave propagation concerning
the reflection and transmission, whereas physical optics is
applied to obtain the scattering fields by equivalent currents
on the surfaces. Our method can provide both the average
scattering coefficient and the complex scattering signals with
phase information based for terahertz radar imaging. More
important, the simulation model proposed in this paper can
be extended the terahertz wave scattering modeling of the
coated target in the future work. Validation of our model is
performed by comparisons with MLFMA. Once validated,
we use the method to carry out a sensitivity study of the
bistatic scattering radar cross section (RCS) to variations in
layer parameters of interest in terahertz coating target detec-
tion, such as the roughness of the coating and metal surface,
thickness of the coating layer.

The paper is organized as follows. Section II describe the
scattering strategy and theoretical formula of the method
in details. Section III contains the model validation results
against MLFMA. In Section IV, the sensitivity study of the
scattering to variations in layer parameters of interest are
shown. Section V ends with the conclusions of this paper and
recommendations for further investigation.

II. THE SCATTERING STRATEGY AND THEORETICAL
FORMULA
Fig. 1 visualizes ray propagation in dielectric coating layer on
a rough underlying layer. As shown in Fig. 1, S1 denotes the
air-coating interface. (ε1, µ1) is the permittivity and perme-
ability of the coating material and S2 denotes the underlying
layer surface. Plane triangle meshes are used for surface mod-
eling. The incident waveEi in�0 arrive at the coating surface
and induce the scattered fields Es1. The transmitted field ET1
can be obtained based on Fresnel transmission coefficients.
The incident field reaching the plane triangle mesh of the
metal surface can be gotten from ET1 by considering the
attenuation of the wave in the coating material layer and the
reflected fieldER12 on the same triangle mesh can be described

FIGURE 1. Ray tracing process of our method in the coating layer.
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by using Fresnel reflection coefficients. Also, the incident
field Ei12 reaching the metal surface of S1 can be calculated
from ER12 by considering the attenuation of the wave in the
coating material layer. Then Es2 can be obtained by means
of the equivalent currents density on S1 solved by Ei12 based
on physical optical approximation. Keeping track of the rays
and Esn (n = 1, 2, 3 . . .) for every bounce can be gotten.

A. WAVE PROPAGATION THROUGH THE ROUGH
LAYERED SURFACE
As shown in Fig. 2, consider the scattering configuration
of the coated metal surface illuminated by an plane wave.
Let ki and ks signify the incident and scattering vectors,
respectively. θi and θs are the incident and scattered angles,
while ϕi and ϕs are the incident and scattering azimuthal
angles, respectively.

k̂i = − sin θi cosϕix̂− sin θi sinϕiŷ− cos θiẑ

k̂s = sin θs cosϕsx̂+ sin θs sinϕsŷ+ cos θsẑ (1)

FIGURE 2. Geometry for scattering by a rough layer.

In the paper, the waves are assumed to exhibit a time-
harmonic dependence according to exp(jωt), so that the prop-
agation in space can be expressed by the factor exp(−jk · r).
The incident field can be given by the following

Ei(r) = ei exp(−jki · r),Hi(r) = hi exp (−jki · r) (2)

The main task of the approach is the computation of
reflected and transmitted waves at the interfaces. As can be
seen from Fig.1, there are mainly three general cases of the
ray propagation in coating layer shown as in Fig.3-5.
Case 1: As shown in Fig.3, the scattered fields Es1 can

be calculated from the equivalent EM currents based on the
incident wave Ei reaching the coating surface.

FIGURE 3. The first propagation case in the rough coating layer.

In this paper, a general formulation of transmission and
reflection wave for a general interface between two different
media is written as

E(r)=

{
ζ
m|n
TE

[
EI (rc) · êTE

]
êTE

+ζ
m|n
TM

[
EI (rc) · êTM

]
(êTE × k̂

m|n
ζ )

}
e−jk

m|n
ζ ·(r−r

c)

=Ea(r)e
−jkm|nζ ·(r−r

c) (3)

H(r)=

{
ζ
m|n
TE

[
HI (rc) · (−êTM )

] (
k̂
m|n
ζ ×êTE

)
+ζ

m|n
TM

[
HI (rc) · êTE

]
êTE

}
e−jk

m|n
ζ ·(r−r

c)

=Ha(r)e
−jkm|nζ ·(r−r

c) (4)

here, ζm|nTE and ζ
m|n
TM denote the Fresnel transmission or

reflection coefficients, respectively. km|nζ represents the
reflected or transmitted wave vector. The superscript m andn
can be 0∼2, which represent �0 ∼ �2. rc is at the center
of every subdivision surface element on the surface. Then,
the transmission and reflection waves for different interfaces
and incident directions can be obtained by simply setting
parameters of media in general formula. Then the transmit-
ted EM fields in �1 can be written ET (r) and HT (r) from
(3) and (4) by

EI (rc) → Ei(rc1), HI (rc)→ Hi(rc1)

k̂
m|n
ζ → k̂

0|1
t , km|nζ → k0|1t , ζ

m|n
TE → T 0|1

TE , ζ
m|n
TM → T 0|1

TM

(5)

here, rc1 is at the center of every subdivision surface element
on the coating surface. T 1|0

TM an T 1|0
TE are the transmission

coefficients of S low1 (the lower surface of S1) for TM and TE
waves, respectively. êTE and êTM are the normalized direction
of TE and TM waves, respectively

êTE =
k̂I × n̂∣∣∣k̂I × n̂∣∣∣ , êTM = êTE × k̂I (6)

here k̂I = k̂i, n̂ = n̂1, n̂1is the normal unit vector of Supp1 .
As a consequence of the boundary conditions, the tangen-

tial components of all wave vectors are continuous. Thus,
the transmission wave vector k0|1t can be obtained by the
following

k = kt t̂+ knn̂ (7)

In order to implement the ray-tracing process, it is also
necessary to obtain the propagation direction of the trans-
mitted wave. For a lossy medium, the transmitted wave is
nonuniform. The directions of constant phase and amplitude
planes of the nonuniform wave are not identical. So, in the
most general case, the propagation direction of transmitted
wave k̂

0|1
t can be given by the following

k̂ =
Real(kt )t̂+ Real(kn)n̂∣∣Real(kt )t̂+ Real(kn)n̂

∣∣ (8)

here, Real(·) denotes the real part. In order to solve k0|1t
and k̂

0|1
t , kt = k1t = ki · t̂1, kn = k1n = −

√
k21 − k

2
1t ,
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t̂ = t̂1, n̂ = n̂1 in (7) and (8). k1 is characterized by the
dispersion relations

k21 = ω
2ε1µ1 (9)

t̂1 denotes the tangential unit vector of the triangle mesh of
Supp1 and can be obtained as

t̂1 = n̂1 × (k̂i × n̂1) (10)

Case 2: Fig. 4 shows the reflected scattering of the metal
surface. The transmission wave reaching the center of every
subdivision surface element rc2 on S2 in Fig. 4 should be
described as ET (rc2) and H

T (rc2) based on (5).

FIGURE 4. The second propagation case in the rough coating layer.

Then with the aid of Fresnel law of reflection, the reflected
EM fields ER12(r) and H

R
12(r) of metal surface can be gotten

from (3) and (4) by

EI (rc) → ET (rc2), H
I (rc)→ HT (rc2)

k̂
m|n
ζ → k̂

1|2
r , km|nζ → k1|2r , ζ

m|n
TE → R1|2TE , ζ

m|n
TM → R1|2TM

(11)

here, R1|2TE and R1|2TM are the Fresnel reflection coefficients of
upper surface of S2 (S

upp
2 ) for TM and TEwaves, respectively.

êTE and êTM can be obtained by (6) with k̂I = k̂
0|1
t , n̂ = n̂2.

n̂2 is the normal unit vector of Supp2 (Fig. 4). Similar to case 1,

k1|2r and k̂
1|2
r can be solved by (7) and (8) with kt = k ′1t =

k0|1t · t̂2, kn = k ′1n =
√
k21 − k

′2
1t , t̂ = t̂2, n̂ = n̂2. t̂2 is the

tangential unit vector of the triangle mesh of Supp2 and can be
obtained as

t̂2 = n̂2 × (k̂
0|1
t × n̂2) (12)

Case 3: Fig. 5 shows the transmission and reflected scat-
tering of the coating surface, respectively. The incident wave
reaching the air-coating interface shown as in Fig. 5 should
be described as ER12(r1) and H

R
12(r1) based on (11).

By using Fresnel law of transmission, the transmitted
fields through the coating surface can be written as ET21(r1)
and HT

21(r1). They can be solved from Ea(r) and Ha(r) in
(3) and (4) by

EI (rc) → ER12(r1), HI (rc)→ HR
12(r1)

k̂
m|n
ζ → k̂

1|0
t , km|nζ → k1|0t , ζ

m|n
TE → T 1|0

TE , ζ
m|n
TM → T 1|0

TM

(13)

FIGURE 5. The third propagation case in the rough coating layer.

here, T 1|0
TM an T 1|0

TE are the transmission coefficients of S low1
(the lower surface of S1) for TM and TE waves, respectively.
êTE and êTM can be obtained by (6) with k̂I = k̂

1|2
r , n̂ = n̂1.

Similar to case 1, k1|0t and k̂
1|0
t can be solved by (7) and (8)

with kt = k0t = k1|2r · t̂1, kn = k0n =
√
k20 − k

2
0t , t̂ = t̂1,

n̂ = n̂1. k0 is characterized by the dispersion relations

k20 = ω
2ε0µ0 (14)

Then the surface equivalent currents density on the coating
surface can be solved based on physical optical approxi-
mation to obtain Es2 considering one reflection at S2 (See
subsection B of section II for details).

In order to solve the scattered fields Esn, it needs to keep
track of the rays. The reflected wave on S1 into �1 can be
written asER21(r),H

R
21(r). They can be solved from (3) and (4)

by

EI (rc) → ER12(r
c
1), HI (rc)→ HR

12(r
c
1)

k̂
m|n
ζ → k̂

1|0
r , km|nζ → k1|0r , ζ

m|n
TE → R1|0TE , ζ

m|n
TM → R1|0TM

(15)

here, R1|0TE and R1|0TM are the Fresnel reflection coefficients of
S low1 for TM and TE waves, respectively. êTE and êTM can be

obtained by (6) with k̂I = k̂
1|2
r , n̂ = n̂1. Similar to Case 1,

k1|0r and k̂
1|0
r can be solved by (7) and (8) with kt = k ′′1t =

k1|2r · t̂1, kn = k ′′1n = −
√
k21 − k

′′2
1t , t̂ = t̂1, n̂ = n̂1.

Then the incident EM fields reaching Supp2 can be obtained
from ER21(r

c
2) and H

R
21(r

c
2). Case 2 and case 3 are carried out

alternately and repeatedly in following ray tracing process.

B. THE COMPUTIONS OF THE SCATTERED FIELDS
By using physic optical approximation, the EM far fields can
be expressed in terms of the equivalent EM currents based on
Stratton-Chu formula [23] as

Es = jk0
e−jkr

4πr

∫
s
k̂s ×

[
k̂s ×

√
µ0

ε0
J(r′1)+M(r′1)

]
× ejks·r

′

1dS ′ (16)

Hs = −jk0
e−jkr

4πr

∫
s
k̂s ×

[
J(r′1)−

√
ε0

µ0
k̂s ×M(r′1)

]
× ejks·r

′

1dS ′ (17)
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where, the observation point r is in �0. r′ denotes the source
point on Supp1 . It should be noted that (18) and (19) are derived
by means of the far-field approximation that observation
point r is very far away from source point r′. The equivalent
EM currents based on physic optical can be written as

Jn =


n̂1 ×HT

1 = n̂1 × hT1 e
−jki·r′1 = Ja1e−jki·r

′

1

n = 1 (for Case 1)

n̂1 ×HT
21 = n̂1 × hT21e

−jki·r′1 = Jane−jk
1|2
r ·r′1

n ≥ 2 (for Case 3)

(18)

Mn =


ET1 × n̂1 = eT1 × n̂1e

−jki·r′1 = Ma1e−jki·r
′

1

n = 1 (for Case 1)

ET21 × n̂1 = eT21 × n̂1e
−jki·r′1 = Mane−jk

1|2
r ·r′1

n ≥ 2 (for Case 3)

(19)

By substituting (18)-(19) into (16)-(17), the scattered fields
of subdivision surface can be respectively expressed as
follows

Esn = jk0
e−jkr

4πr
k̂s ×

[
k̂s ×

√
µ0

ε0
Jan +Man

]
×

∫
s

e−j(kI−ks)·r
′

dS ′ (20)

Hsn = jk0
e−jkr

4πr
k̂s ×

[√
ε0

µ0
k̂s ×Man − Jan

]
×

∫
s

e−j(kI−ks)·r
′

dS ′ (21)

here n = 1, 2, 3 · · ·N .N is the total number of the ray tracing.
The surface integral part in (20)-(21) can be simplified as
follows [22]

W =
∫
e−j(kI−ks)·r

′

dS ′ =
∫
e−jω·r

′

dS ′

=


e−jω·r

′
c1S β = 0

1

jβ2

3∑
i=0

{ (
ω × n̂

)
· (vi+1 − vi)

·e−jω·
vi+vi+1

2 sin c
(
ω
vi+1−vi

2

)} β 6= 0

(22)

here ω = kI − ks. kI denotes ki for Es1 and k1|2r for Es2,
respectively.β = ω−

(
ω · n̂

)
n̂ is the projection of vectorω on

the triangle mesh and vi is the position vector of the ith vertex
of the trianglemesh in the global coordinate. Substituting (22)
into (20)-(21), the total fields from every mesh on S1 can be
expressed as follows

Estotal(r) =
N∑
n=1

Esn(r) (23)

Hs
total(r) =

N∑
n=1

Hsn(r) (24)

Then the total scattering fields is the superposition of
scattering fields from all surface meshes on S1.

III. VALIDATION OF THE SCATTERIGN MODEL
For excitation, a plane wave with f = 1THz is utilized.
In all the following simulation examples, both the incident
and scattering plane are the xoz plane (both ki and ks are set
in xoz plane) and the receiving polarizationmode is horizontal
polarization.

A. THE SCATTERIGN FOR DIFFERENT BOUNCES
The bistatic RCS by our method under different bounces are
presented in Fig. 6 and 7. The black solid RCS lines (no
bounce) only consider the reflection of the incident plane
wave at S1. The colored lines represent the scattering from
the rough layers where the wave undergoes one or more
reflections at S2 (corresponding to different bounces). Large
errors are introduced by the black solid lines in Fig. 6 and 7
compared with the simulations considering ray propagation
in the dielectric coating. The reason is that the simula-
tion of the black solid lines doesn’t take ray propagation
in the dielectric coating into account (no reflection at S2).
Moreover, the incident wave can easily penetrate the air-
coating interface because the relative permittivity of coating
εr1 = 2.05− j0.1 is very close to that of air. Thus, the simu-
lation of the black solid line is unreliable.

FIGURE 6. Bistatic RCS for a rough layer with identical roughness.

FIGURE 7. Bistatic RCS for a rough layer with different roughness.

It can be found that the simulations tend to be constant
gradually with the increasing of the ray bounces in Fig.6.
Moreover, there is no difference between the simulations
based on three and four bounces. The conclusion from
Fig. 6 are same as that from Fig. 7. The finding indicates
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that the simulation considering three bounces corresponding
to the maximum number of computed equivalent current
contributions is sufficient to quantify the scattering process.
Thus, three bounces are allowed in the dielectric coating for
following simulations.

Since there is no relevant experimental measurement data
at present, we evaluate the accuracy of our method by using
classical numerical methods in section B and C .

B. THE TWO ROUGH SURFACE WITH IDENTICAL
ROUGHNESS
As the degenerate cases, Fig. 8 compares the bistatic RCS
of the smooth layers with dimensions 1x × 1y = 16λ ×
16λ by using our method with that by using MLFMA. It can
be seen that RCS result of the smooth layers by our method
is in a good agreement with that by MLFMA. When RCSs
are relatively very small (smaller than −55 dB), there is the
discrepancy between the RCSs curves. It is mainly due to that
edge diffraction ignored in our method has a great influence
on scattering for smooth case.

FIGURE 8. Bistatic RCS for a smooth layer.

For the rough case, we chose 10 realizations for the rough
layer in the following results. Fig. 9 and 10 compare the
bistatic RCS of the rough layers with identical profile by
using our method with that by using MLFMA. The related
parameters of two rough interfaces are presented in figures.
The thickness of the coating layer in Fig.9 and 11 is 0.1λ and
0.3λ, respectively. δ and l are the root-mean-square (RMS)

FIGURE 9. Bistatic RCS for a rough layer with identical roughness.

FIGURE 10. Bistatic RCS (hh) for a rough layer with identical roughness.

height and correlation length, respectively. d is the mean
thickness of the coating layer. As can be seen in Fig. 9 and 10,
a very good scattered field prediction near the specular direc-
tion is possible. The mean errors and computation time of
our method are compared with that of MLFMA in Table. 1.
As shown in the table, both themean errors and the pear errors
of the simulations by using two methods are acceptable. The
ratio of the computation time approximates 1:46 and 1:60 for
Fig. 9 and 10, respectively.

TABLE 1. Computation error and time for simulations.

C. THE ROUGH SURFACE WITH DIFFERENT ROUGHNESS
Fig.11-12 compares the bistatic RCS of the rough layers with
different roughness by using our method with that by using
MLFMA.

FIGURE 11. Bistatic RCS (hh) for a rough layer with different δ.

The related parameters of two rough interfaces are pre-
sented in figures. The similar conclusions can be found from
these two figures. The mean errors and computation time of
our method are compared with that of MLFMA in Table. 2.
The ratio of the computation time approximates 1:54 and
1:56 for Fig. 11 and 12, respectively.
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FIGURE 12. Bistatic RCS (hh) for a rough layer with different l .

TABLE 2. Computation error and time for simulations.

IV. NUMERICAL SIMULATIONS
The scattering from the coatedmetal surface is comparedwith
that from uncoatedmetal surface in Fig. 13. The coatingmate-
rial is fiber reinforced plastic (FRP) with εr1 = 4.56−j0.608.
The correlation length of the rough surface is 200 µm and the
average thickness of the coating is 140 µm. The coating and
metal surfaces have different RMS heights.

It can be found that, as the metal surface is coated by
FRP, the RCS for most scattering angles decrease because
the coated material is lossy. When the roughness of the metal
layer is much larger than that of the coating layer, there is an
interesting case shown in Fig. 13(d) that the RCS of the coated
case is greater than the uncoated case (black solid line) for the
specular scattering angles.

The phenomenon can be explained by comparing
Fig. 13 (b) with Fig. 13 (d). The roughness of the metal layer
in Fig. 13 (b) is as same as that in Fig. 13 (d), while the
roughness of the coating layer in Fig. 13 (b) is larger than that
in Fig.13 (d). We focus on the RCS for the specular scattering
angles (S-RCS).When themetal layer is very rough, the wave
reflected by the metal layer and then transmitted through the
coating layer become weaker in the specular scattering direc-
tion. Hence, the S-RCS for coated case is greatly affected
by the roughness of coating layer. When the coating layer is
rough (Fig. 13 (b)), the S-RCS for the coated case is lower
than that for the uncoated case. As the roughness of the
coating decrease, the S-RCS for the coated case increase and
even exceed the S-RCS for uncoated case (Fig. 13 (d)).

Next, fixing RMS height of coating surface (δ1) to be 5µm,
changing the RMS height of metal surface (δ2), the effect of
roughness on bistatic RCS is studied in Fig. 14 for f = 2
Thz and f = 6 Thz, respectively. The coating material is
poly tetra fluoroethylene (PTFE). Please be noted that the
overall scattering can be very sensitive to the roughness of
the metal. As the metal roughness increases, the incoherent

FIGURE 13. Comparison of the Bistatic RCS for coated metal surface with
that for metal surface without coating.

scattering increases and the coherent scattering weakens.
Keeping δ2 constant, the bistatic RCS with increasing δ1 are
done in Fig. 15. It can be found that the RCS with different δ1
appear similar. Their sensitivity to the RMS height of coating
change is small. The main reason is the wave transmitted into
coating easily with the dielectric parameters closed to that of
the air. Hence, the variations in the coating roughness have
very small effects on the results in most angles.

Finally, to see the effect of the thickness (d) of the coating,
it is changed from tens to hundreds of microns. The results are
depicted in Fig. 16 and Fig.18 for the coating being FRP and

VOLUME 7, 2019 116805



R. Wang et al.: Study of the Terahertz Wave Scattering From Metal Surface Coated by Rough Lossy Coating

FIGURE 14. Bistatic RCS of coated metal surface versus the roughness of
metal layer.

FIGURE 15. Bistatic RCS of coated metal surface versus the roughness of
coating layer.

FIGURE 16. Bistatic RCS versus the thickness for PTFE coating.

PTFE, respectively. In Fig. 16, as the thickness increases from
50 µm to 300 µm, there is little difference can be observed,
whereas in Fig. 18, this difference is obvious with the change
of the thickness of the coating. This is consistent with the
expectation that since the increased imaginary part of εr1
raises the coating layer loss, the scattered fields are more
sensitive to changes of d .
It should be noted that the RCS is not monotonic with

respect to d for the coating being FRP as shown in Fig. 17.
This is obvious since, by changing d of the coating layer
in a certain range, the wave interference will be enhance or

FIGURE 17. Bistatic RCS versus the thickness for FRP coating.

weakened. It is seen that, for larger d , the results tend to a
certain limit which is associated with the layered structure.

Indeed, in accordance with [23], when d is larger than the
wave penetration depth, the metal is not sensed by the waves
and hence has no effect on the simulation. For lossy media,
ε1 = εr1ε0 = ε′ − jε′′ is complex. The wavenumber k is
complex too. A wave propagating in a certain direction also
decays exponentially in that direction. Let k = kR− jkI , then
the transmitted wave can be written as

ET = et exp [−(kI · r)] exp [−jkR · r] (25)

Here, exp [−(kI · r)] denotes wave amplitude attenuation and

kI =

ω2µε′

2

√1+
(
ε′′

ε′

)2

− 1

0.5

(26)

Suppose the wave vertically incident upon the layer, (25)can
be rewritten as

ET = et exp [−(kI z)] exp [−jkRz] (27)

here z = 2d .
Then we can give the variation of the wave amplitude

attenuation coefficient (WAAC) with the thickness of the
coating layer for the vertically incident case in Fig. 18.
At f = 1.5 THz, for the chosen values of permittivity,
the wave penetration depth is about 300 µm (since WAAC is

FIGURE 18. Wave amplitude attenuation coefficient versus d for FRP
coating.
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about 0.06), meaning that, in both the 300 µm∼600 µm sep-
aration cases, the metal is barely detected, and therefore their
RCS appear similar (shown in Fig. 19). As expected, the RCS
shown is not sensitive to change of the larger thickness and
coincides with that of the coating layer only.

FIGURE 19. Bistatic RCS versus the thickness for FRP coating.

It should be noted that the RCS results in Fig. 17 and 19 are
symmetrical about the direction of zero degree. This is mainly
because that the roughness of the coating and metal surfaces
in Fig. 17 and 19 are small, thus the RCS feature is close to
that for smooth surface case.

V. CONCLUSION
A solution to EM scattering from rough metal with arbi-
trary dielectric coating for terahertz frequencies developed
and presented in this work using a ray tracing method. The
method can simulate the scattering from the rough layered
structures with different roughness, which cannot be solved
by using the approximate method proposed in Ref [21]. Our
method can provide both the average scattering coefficient
and the complex scattering signals with phase information
based for terahertz radar imaging. More important, the sim-
ulation model proposed in this paper can be extended the
terahertz wave scattering modeling of the coated target in the
next work which cannot be provided by recent rough-surface
scattering theories. Validation of our simulation model is
performed by comparisons with MLFMA to demonstrate the
efficiency and accuracy. A sensitivity study of the bistatic
RCS to variations in layer parameters of interest in terahertz
coating target detection, such as the roughness of the coating
and metal surface, thickness of the coating layer is carry out
by using our method.

The ray tracing model developed here is planned to be
used in EM scattering and imaging of terahertz coated
targets.
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