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Abstract—The terahertz (THz) band (0.1-10 THz) is widely
considered to be a candidate band for the sixth-generation
mobile communication technology (6G). However, due to its short
wavelength (less than 1 mm), scattering becomes a particularly
significant propagation mechanism. In previous studies, we pro-
posed a scattering model to characterize the scattering in THz
bands, which can only reconstruct the scattering in the incidence
plane. In this paper, a three-dimensional (3D) stochastic model is
proposed to characterize the THz scattering on rough surfaces.
Then, we reconstruct the scattering on rough surfaces with
different shapes and under different incidence angles utilizing the
proposed model. Good agreements can be achieved between the
proposed model and full-wave simulation results. This stochastic
3D scattering model can be integrated into the standard channel
modeling framework to realize more realistic THz channel data
for the evaluation of 6G.

Index Terms—3D scattering model, full-wave simulation, rough
surface, terahertz band

I. INTRODUCTION

With the substantial commercialization of the fifth-
generation mobile communication technology (5G), the global
communication industry has started the research and explo-
ration of the sixth-generation mobile communication technol-
ogy (6G) [1]. In the future 6G era, data rate, delay, and device
connection density will be greatly improved to further support
diverse applications of 6G [2, 3], with an expected peak data
rate of terabits per second (Tbps) [4].

The THz spectrum (0.1-10 THz) is generally considered
the potential band for 6G due to its large bandwidth [5]
and excellent penetration performance [6]. However, when
the frequency moves to the THz band, the wavelength in the
sub-millimeter range is close to the size of microstructure on
rough surfaces [7]. Surfaces that are considered smooth at
lower frequency bands can become incredibly rough for THz
waves [8]. Therefore, scattering will play a significant role in
the propagation at THz bands [9].

In recent years, numerous research has been carried out
on the scattering characteristics of rough surfaces in the
THz band. It was pointed out in [10] that the roughness
of the reflected surface was a limiting factor for the error
rate performance of non-line-of-sight (NLOS), high data rate
THz wireless communication systems. The authors in [11]

proposed a method to measure ultra-wideband THz channels
on 14 rough surfaces with different materials from 500 GHz
to 750 GHz, calculating the path loss including absorption
and diffuse scattering on the rough surface of each material.
The authors of [12] studied THz channels from 300 GHz
to 310 GHz for slightly rough surfaces, and compared the
channel transfer functions among the Rayleigh-Rice (R-R)
model, the Beckmann-Kirchhoff (B-K) model, and the im-
proved B-K model. In [13], the roughness of the non-Gaussian
surface was calculated and then imported into the 3D ray-
tracer to simulate the scattered power. It was observed that in
NLOS scenarios, the deviation of the received power becomes
more obvious on rougher surfaces. In [14], the Beckmann-
Spizzichino model was found to be insufficient to accurately
simulate diffuse scattering in the THz band. The authors also
mentioned that diffuse scattering would be an important factor
of interference in the THz communication system. Therefore,
to better support future THz communication systems, it is
significant to study the scattering mechanism in the THz band,
and further establish a low-complexity and universal model.
However, although the above discussions have measured and
analyzed the scattering on rough surfaces in the THz band, an
effective model has not been proposed.

In previous work, we obtained the distribution of scattering
on rough surfaces with the help of full-wave simulations.
Based on the directive scattering (DS) model [15], we pro-
posed a two-dimensional (2D) model to reconstruct the scat-
tering distribution in the incidence plane [16]. In this paper, we
propose a 3D stochastic model to characterize the scattering
on rough surfaces in a more comprehensive way. The proposed
THz scattering model is basically identical to the simulation
results and can effectively reveal the effect of the roughness
on the amplitude and spatial distribution of the scattering.

The rest of the paper is organized as follows: Section II
briefly introduces the DS model and summarizes the limitation
of the DS model in characterizing the scattering in THz bands.
In Section III, the 3D scattering model characterizing the effect
of the roughness is proposed. Based on the proposed model, its
applicability to rough surfaces with different incidence angles
and shapes is explored in Section IV. Finally, the conclusion
and future work are given in Section V.
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II. SCATTERING OF ROUGH SURFACES

A. Full-wave simulations

To obtain the data of scattering on rough surfaces, in our
previous works, rough surfaces are imported into Feko for
full-wave simulations [16]. In this paper, we followed the same
configuration as previous studies: a 300 GHz Transverse Mag-
netic (TM) wave illuminates the rough surface at 45◦. The size
for the rough surface used for simulations is 50 mm × 50 mm,
its root-mean-square height δ is 0.5 mm and the correlation
length l is 8 mm. Details for the simulation configuration can
be found in Table I.

TABLE I: Simulation Configuration

Incident wave

Amplitude 1 V/m
Frequency 300 GHz

Incidence Angle 45◦

Rough surface

Area 50 mm × 50 mm
Roughness δ: 0.5 mm, l: 8 mm

Material Perfect electric conductor (PEC)

B. Directive scattering model

The DS model is widely used to characterize the scattering
of targets. It assumes that the scattering lobe is concentrated
around the direction of specular reflection. The scattered power
density of the DS model – PdDS – is given by [16]:

PdDS =
|EDS|2

η
= (

SK

dtdr
)2 ·

dScosθi

η · FαR
· (

1 + cos(Ψ)

2
)αR (1)

where EDS is the scattered delectric field using the DS model.
S is the scattering coefficient, described as S = |Es|/|Ei|.
η is the free space impedance, η = 120π. As shown in
Fig. 1, Ei and Es are the incident wave and scattered wave,
respectively. dt and dr represent the distances from the rough
surface element dS to the transmitter (Tx) and receiver (Rx),
respectively. K is a constant defined as K =

√
60PtGt,

where Pt is the transmitted power and Gt is the Tx antenna
gain. Ψ is the angle between the scattering direction and the
specular reflection direction. αR is the equivalent roughness,
which is related to the width of the scattering lobe. The factor
FαR serves as a scaling parameter for normalizing the power
scattered by the element [17].

Fig. 1: Schematic diagram of the DS model [16]

C. Limitations of the DS model

Based on full-wave simulations, the DS model is used to fit
the distribution of scattering on the rough surface. Fig. 2 (a)
shows the distribution of the scattered electric field on the
whole 3D surface by Feko, defined as EFeko(θs, φs), where x,

y, and z are the axis of the Cartesian coordinate system, and
OR represents the direction of specular reflection. Besides, θs
and φs are the zenith angle and the azimuth angle in the spheri-
cal coordinate system, respectively. The shape of the scattering
lobe is consistent with the assumption of the DS model, which
is gathered around the direction of specular reflection. Using
the DS model in Eq. (1) and the 3D interpolation method
proposed in [18], we reconstruct the scattered electric field on
the rough surface. The distribution of EDS(θs, φs) is shown in
Fig. 2 (b). The pattern of the DS model is an elliptical circle.
The scattered electric field decreases from the direction of
specular reflection to the surroundings. Comparing Fig. 2 (a)
with Fig. 2 (b), there are obvious limitations of the DS model.
The distribution of EFeko is highly random. However, the
distribution of EDS is too regular to reflect the randomness
caused by the roughness.

(a) (b)

Fig. 2: Comparison of (a) EFeko(θs, φs) and (b) EDS(θs, φs)

III. MODELING FOR THE SCATTERING ON ROUGH
SURFACES

Due to the limitations of the DS model, a stochastic model
characterizing the scattering on rough surfaces in THz bands
is proposed in this section.

A. Main lobe and non-main lobe

As shown in Fig. 2, strong scattering components are
mainly concentrated around the specular reflection direction.
Therefore, the whole 3D surface is divided into two parts, the
main lobe region, and the non-main lobe region. To improve
the accuracy of modeling, we use the DS model to fit the
scattering on two cross-sections (YoR plane and XoR plane)
to determine the elliptical main lobe, as shown in Fig. 3. The
YoR plane is defined as the H-plane and the XoR plane is
defined as the V-plane.

(a) (b)

Fig. 3: (a) V-plane and (b) H-plane of the main lobe

We calculate the 3 dB width of the two DS curves in
the V-plane and H-plane, denoted as Vmain and Hmain,
respectively. If |θs-θr| < Vmain/2 and |φs-φr| < Hmain/2,
the angle (θs,φs) is located in the main lobe region. θr and



φr are the zenith angle and the azimuth angle of specular
reflection, respectively. The other region is defined as the non-
main lobe region.

In the main lobe region, Pdrough is added to describe the
redistribution due to the roughness. The data for Pdrough is
drawn from the difference between the scattered power density
by Feko and the DS model, where Pdrough = |EFeko|2/η −
PdDS. As for the non-main lobe region, the DS model fits
well. Thus, PdDS is used to characterize the scattered power
density in this region. Finally, the scattered power density on
the whole 3D surface is given as follows:

Pds(θs, φs) =
|Es(θs, φs)|2

η

=

{
PdDS(θs, φs) + Pdrough(θs, φs), main lobe
PdDS(θs, φs), non-main lobe

(2)

B. The deviation angle

To simplify the modeling process, we introduce the concept
of deviation angle ψ. As shown in Fig. 4, ψ is the angle
between rref and rn. The deviation angle ψ is calculated by:

ψn = arccos[(rn · rref )/(|rn| · |rref |)] (3)

where rn is the unit vector for the nth scattering component,
rref is the unit vector for the direction of specular reflection.

Fig. 4: Schematic diagram of ψ

Utilizing Eq. (3), the scattering angle θs and φs can be
transformed into the deviation angle ψ. Then, Eq. (2) can be
expressed as:

Pds(ψ) =
|Es(ψ)|2

η
=

{
PdDS(ψ) + Pdrough(ψ), main lobe
PdDS(ψ), non-main lobe

(4)

C. Modeling for Pdrough
The scattered power density in the main lobe region is

obtained by adding PdDS and Pdrough. For the rough surface
in Section II, the value of Pdrough follows the t Location-
Scale distribution, Pdrough ∼ T(µt = -12.89, σt = 8.95, νt
= 1.96), as shown in Fig. 5. The probability density function
(PDF) for the t Location-Scale distribution is given by:

f(x) =
Γ( νt+1

2
)

σt
√
νtπΓ( νt

2
)
· [

νt

νt + (x−µt
σt

)2
]
νt+1

2 (5)

where µt is the location parameter, σt is the scale parameter,
and νt is the shape parameter. The t Location-Scale distribution
is suitable to fit the data distributions prone to large values.

Fig. 5: Fitting of Pdrough [16]
Because of the power density redistribution caused by the

roughness, some scattering components that are too strong
or weak appear in the main lobe. Therefore, the thresh-
old Pdthreshold is set to distinguish them. For this case,
Pdthreshold is equal to the maximum value of Pdrough mi-
nus 8 dB. Then, Pdrough is divided into Pdrough high and
Pdrough low.

When the power density of the scattering component is
greater than Pdthreshold, it is defined as Pdrough high and the
corresponding deviation angle of the component is ψhigh. Con-
versely, when the power density of the scattering component
is smaller than Pdthreshold, it is defined as Pdrough low and
the deviation angle of the component is ψlow.

Pdrough(ψ) =

{
Pdrough high(ψhigh), |Pdrough| ≥ Pdthreshold
Pdrough low(ψlow), |Pdrough| ≤ Pdthreshold

(6)

ψhigh follows the generalized extreme value (GEV) distri-
bution, ψhigh ∼ GEV(kG = -0.31, σG = 2.37, µG = 4.52), as
shown in Fig. 6. The PDF for this distribution is given by:

f(x) =
e
(−(1+kG

(x−µG)
σG

)
− 1
kG )

σG
· (1 + kG

(x− µG)

σG
)
−1− 1

kG (7)

where µG is the location parameter, σG is the scale parameter,
and kG is the shape parameter (kG 6= 0). The GEV distribution
typically displays a single peak, the peak of which may appear
on the left or right side of the distribution, while the opposite
side exhibits the characteristics of a long-tailed distribution.
ψlow is the empty position from the direction of specular
reflection towards the surrounding area. The scattering com-
ponents are placed at ψlow in descending order of the absolute
value of Pdrough low.

Fig. 6: Fitting of ψhigh

D. Reconstruction of the scattering

The proposed model is optimized by superimposing
Pdrough(ψ) on the DS model. By considering the amplitude



and spatial distribution of Pdrough, the scattering distribu-
tion characteristics of the rough surface can be characterized
more comprehensively and effectively. Based on the fitting
parameters of Pdrough and the DS model, we can reconstruct
the distribution of the scattering on the whole 3D surface.
The simulation result by Feko is shown in Fig. 7 (a), while
Fig. 7 (b) shows the scattered electric field Es reconstructed by
the proposed model, which is calculated by Eq. 8. In general,
the proposed model agrees numerically with the simulation
result.

|Es(ψ)| =
{√

η · PdDS(ψ) + η · Pdrough(ψ), main lobe√
η · PdDS(ψ), non-main lobe

(8)

(a) (b)

Fig. 7: Comparison of the Es between (a) Feko and the (b)
proposed model

To validate the modeling performance, we compare the
scattered electric field Es in the main lobe region obtained
by Feko with that of the proposed model. Fig. 8 illustrates the
comparison of the PDF of Es. As shown in Fig. 8, the red
histogram is the value of the scattered electric field by Feko
and the yellow histogram is that for the proposed model. Since
the randomness of the generated Pdrough by the t Location-
Scale distribution, more values of Es are at 40-45 dBm. In
general, the proposed model is in fundamental consistency
with the simulation result.

Moreover, passing the Kolmogorov-Smirnov (KS) test, the
extreme value (EV) distribution can well characterize the
distribution of Es in the main lobe region, Es∼EV(µEV ,
σEV ), where µEV is the position parameter and σEV is the
scale parameter. Table II gives the fitting parameters for Es by
Feko and the proposed model. µEV for Feko and the proposed
model are 42.22 dBmV and 43.72 dBmV, respectively. The
fitting parameters of Feko and the proposed model are very
close, which further indicates that the proposed model can
reflect the scattering characteristics of rough surfaces.

Fig. 8: Comparison of Es between Feko and the proposed
model

TABLE II: Fitting parameters of the EV distribution

Feko [dBmV] Proposed Model [dBmV]
µEV σEV µEV σEV
42.22 3.97 43.72 3.48

IV. APPLICATION OF THE 3D SCATTERING MODEL

In the previous section, we introduce the modeling process
of the 3D scattering model. To study the universality of the
proposed model, in this section, we will utilize it to reconstruct
the scattering on rough surfaces with different shapes and
under different incidence angles.

A. Different incidence angles

1) Simulation configuration: In this subsection, incidence
angles are set as 15◦, 30◦, 45◦, 60◦, and 75◦. Other configu-
rations are the same as those in Table I.

2) Parameters for modeling: First of all, the DS model is
used to describe the shape of the scattering lobe. The specific
parameters of the DS model are listed in Table III. As the
angle of incidence increases, the αR on the V-plane fluctuates
between 55.16 and 75.89, while the αR on the H-plane shows
a trend of gradual increase from 86.87 to 377.69. This means
the scattering component is more concentrated in the incidence
plane at large incidence angles.

TABLE III: Fitting parameters of the DS model

Incidence
Angle [◦]

V-plane H-plane
αR S αR S

15 71.41 0.036 115.01 0.029
30 75.89 0.032 86.87 0.026
45 57.18 0.037 103.75 0.028
60 40.94 0.036 270.56 0.021
75 55.16 0.047 377.69 0.012

Based on the above scattering lobes, Pdrough(ψ) satisfying
the t Location-Scale distribution is added to characterize the
effect of the roughness. The modeling parameters are listed
in Table IV. Vmain fluctuates between 24◦ and 32◦ as the
incidence angle increases. Hmain decreases from 75◦ to 11◦,
when the incidence angle grows from 15◦ to 75◦.

The simulation results by Feko are shown in Fig. 9 (a),
while the results of modeling are shown in Fig. 9 (b). As the
incidence angle becomes larger, the scattering lobe gradually
shifts downwards and the shape changes from a circle to a
slender line. This trend is well characterized by the proposed
model. It agrees very well with the simulation by Feko.

B. Rough surfaces with different shapes

1) Simulation configuration: In this subsection, the shapes
of the rough surface are set as equilateral triangle, square,
regular hexagon, and circle, respectively. As mentioned in [16],
variations in the surface area can significantly affect the far-
field scattering. To mitigate this effect, we have ensured that
surfaces with different shapes have the same area during
simulations, which is still set as 2500 mm2.



TABLE IV: The modeling parameters of the proposed model

Incidence
Angle [◦]

3 dB width
Vmain [◦] Hmain [◦]

15 25 75
30 24 44
45 26 28
60 32 14
75 28 11

Incidence
Angle [◦]

Pdrough ∼ T (µt, σt, νt)
µt σt νt

15 -10.41 12.07 1.48
30 -7.73 9.07 1.29
45 -12.89 8.95 1.96
60 -16.44 9.99 1.89
75 -20.08 10.18 2.25

Incidence
Angle [◦]

ψhigh ∼ GEV (kG, σG, µG)
kG σG µG

15 -0.26 2.61 4.63
30 -0.23 2.64 4.57
45 -0.31 2.37 4.52
60 -0.23 3.17 5.65
75 -0.31 2.02 3.37

(a)

(b)

Fig. 9: Comparison of Es under different incidence angles
between (a) Feko and the (b) proposed model

2) Parameters for modeling: First, the DS model is used
to fit the H-plane and the V-plane, and the parameters are
listed in Table V. Although the shapes are different, the αR
on the V-plane is always smaller than the αR on the H-plane,
which indicates that the scattering is mainly distributed in the
incidence plane.

TABLE V: Fitting parameters of DS model

Shape
V-plane H-plane

αR S αR S

Triangle 35.11 0.074 314 0.015
Square 57.18 0.037 103.76 0.028

Hexagon 128.02 0.025 143.34 0.033
Circle 40.51 0.056 210.32 0.027

Subsequently, Pdrough(ψ) is added to characterize the in-
fluence of microstructures on rough surfaces. Table VI gives
the modeling parameters. As the shape of the surface changes,
Vmain fluctuates between 18◦ and 34◦, while Hmain fluctuates
between 16◦ and 28◦.

The simulation results by Feko are shown in Fig. 10 (a), and
the corresponding results of modeling are shown in Fig. 10 (b).

When the shape of the surface is triangular, square, or circular,
the scattering lobe approximates an ellipse, whereas when the
surface is hexagonal, it approximates a circle. The variation of
the scattering lobe with the shape of the rough surface indi-
cates that the proposed model can characterize the scattering
on rough surfaces with different shapes.

TABLE VI: The modeling parameters of the proposed model

Shape
3 dB width

Vmain [◦] Hmain [◦]
Triangle 34 16
Square 26 28

Hexagon 18 24
Circle 32 20

Shape
Pdrough ∼ T (µt, σt, νt)
µt σt νt

Triangle -23.92 17.73 2.52
Square -12.89 8.95 1.96

Hexagon -16.81 15.38 2.16
Circle -20.81 11.56 1.85

Shape
ψhigh ∼ GEV (kG, σG, µG)
kG σG µG

Triangle -0.27 4.89 8.11
Square -0.31 2.37 4.52

Hexagon -0.34 2.61 5.48
Circle -0.26 2.82 5.51

(a)

(b)

Fig. 10: Comparison of Es with different shapes of the rough
surface between (a) Feko and the (b) proposed model
C. Evaluation of the proposed model

To evaluate the proposed model, the scattered electric field
Es in the main lobe region is fitted by the EV distribution
for different cases. The fitting parameters of the simulation
by Feko and the proposed model are listed in Table VII.
For different incidence angles, both the µEV of the proposed
model and the Feko range between 34 dBmV and 44 dBmV.
The σEV are ranged between 3 dBmV and 8 dBmV. To further
evaluate the performance of the proposed model, we calculate
the errors of µEV and σEV between the proposed model and
Feko. For different incidence angles, the error of µEV ranges
from 0.02 dB to 4.41 dB. The error of σEV ranges from
0.49 dB to 4.11 dB. Specifically, when the incidence angle
is 30◦, the error of µEV reaches a minimum of 0.02 dB. The
error of the fitting parameters increases, as the incidence angle
becomes larger. This may be due to the shape of the scattering
lobe changing from a circle to a slender line. Therefore, using



a width of 3 dB to divide the main lobe region of the proposed
model may no longer be appropriate at large incidence angles.

For different shapes of the surface, both the µEV of the
proposed model and the simulation result range between
37 dBmV and 44 dBmV, the σEV are ranged between 3 dBmV
and 7 dBmV. The error of µEV ranges from 0.47 dB to
2.34 dB, and the error of σEV ranges from 0.49 dB to 3.19 dB.
When the shape of the surface is hexagonal, the error of µEV
reaches a minimum of 0.47 dB.

The errors between the proposed model and Feko are
acceptable. Therefore, the proposed model can be used to
reconstruct the scattering on rough surfaces with different
incidence angles and different shapes.

TABLE VII: Fitting parameters of the EV distribution

Feko
[dBmV]

Proposed Model
[dBmV]

Error
[dB]

Incidence
Angle [◦] µEV σEV µEV σEV µEV σEV

15 38.21 7.29 38.55 5.85 0.34 1.44
30 38.11 6.11 38.13 4.92 0.02 1.19
45 42.22 3.97 43.72 3.48 1.50 0.49
60 37.03 5.96 39.46 3.39 2.43 2.57
75 34.44 7.44 38.85 3.33 4.41 4.11

Shape µEV σEV µEV σEV µEV σEV
Triangle 39.18 5.92 41.51 3.22 2.33 2.70
Square 42.22 3.97 43.72 3.48 1.50 0.49

Hexagon 40.01 5.11 40.48 3.61 0.47 1.50
Circle 37.97 6.56 40.31 3.37 2.34 3.19

V. CONCLUSION AND FUTURE WORK

In this paper, we propose a 3D stochastic model to charac-
terize the scattering on rough surfaces in THz bands. Based on
the DS model, Pdrough is defined and added to characterize
the effect of the roughness. The scattering reconstructed by
the proposed model is in good agreement with the full-
wave simulation result, which fully represents the scattering
characteristics of the rough surface. In addition, the proposed
model is capable of modeling scattering on rough surfaces
with different incidence angles and different shapes. When the
incidence angle is smaller than 45◦, the errors of the model
for both µEV and σEV are less than 1.5 dB, suggesting the
excellent compliance of modeling.

In the future, we will further model the polarization and
phase of scattering on the whole 3D surface. Finally, we expect
to establish a scattering model covering multi-dimensional
properties such as amplitude, space, phase, and polarization.
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