
SCIENCE CHINA
Information Sciences

December 2025, Vol. 68, Iss. 12, 220304:1{220304: 15
https://doi.org/10.1007/s11432-025-4633-x

c
 Science China Press 2025 info.scichina.com link.springer.com

. RESEARCH PAPER .

Special Topic: Terahertz Communications for 6G and Beyond: How Far Are We?

A modeling method for terahertz scattering on rough
dielectric surfaces based on deep learning and

physical optics approximation

Ben CHEN1,2, Zhangdui ZHONG1,2, Danping HE2* , Ke GUAN1,2,
Jianwu DOU3 & Keping YU4

1State Key Laboratory of Advanced Rail Autonomous Operation , Beijing Jiaotong University, Beijing 100044, China
2School of Electronic and Information Engineering, Beijing Jiaotong University, Beijing 100044, China
3State Key Laboratory of Mobile Network and Mobile Multimedi a Technology, Shenzhen 518055, China

4Graduate School of Science and Engineering, Hosei Universi ty, Tokyo 184-8584, Japan

Received 29 April 2025/Revised 23 August 2025/Accepted 15 O ctober 2025/Published online 14 November 2025

Abstract Terahertz (THz) communication systems are anticipated to p lay a pivotal role in enabling various emerging
technologies such as the Internet of Things and cloud comput ing, o�ering wide bandwidth and low latency for e�cient and
reliable data transmission. However, the sub-millimeter w avelength of THz waves leads to considerable scattering e�e cts
when interacting with rough surfaces. Therefore, an accura te scattering model for rough surfaces is crucial for the rel iable
characterization of THz wireless channels. In this paper, w e �rst analyze the properties of the equivalent currents (el ectric
and magnetic currents) on the dielectric rough surface with di�erent conditions in the THz band; then a deep learning
architecture proposed in previous work is extended to gener ate equivalent electric and magnetic currents. Additional ly, a
scattering modeling method is presented for rough dielectr ic surfaces combined with the physical optics approximatio n. In
the future, the proposed model will be incorporated into the ray-tracing-based THz channel modeling framework to assis t
the development and deployment of THz communication device s.
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1 Introduction

With the unique advantages, including tens of gigahertz (GHz) of continuous bandwidth, picosecond-level
symbol duration, and ultra-large scale antenna arrays, terahertz (THz) band (0.1{10 THz) communica-
tions are regarded as a promising technology for future wireless communication systems that can provide
ultra-high-rate wireless data transmission for various emerging technologies [1{ 5]. However, compared
to low-frequency communications, the propagation characteristics of THz waves are more environmen-
tally sensitive and exhibit completely di�erent properties in multiple cha nnel dimensions and propagation
mechanisms [6,7].

Scattering, as one of the fundamental and complex phenomena ofelectromagnetic (EM) wave propaga-
tion, is expected to play a particularly signi�cant role in the THz band. As the wavelength of THz waves
is comparable to the size of microstructures on rough surfaces, the interaction of the THz wave with
rough surfaces leads to complex scattering results that may notably impact signal strength and overall
channel performance [8]. The study of THz scattering on rough surfaces is of prominent importance not
only in the �eld of wireless communication, but also in various �elds, such as high-de�nition imaging [9],
sensing [10{ 12], and information security [13,14]. A comprehensive understanding and accurate modeling
of THz scattering are crucial for the design and optimization of reliable THz systems. Furthermore, the
dielectric properties of the surface material signi�cantly in
uence the strength of the scattered power on
rough surfaces, which should be considered when developing scattering models.
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In recent years, with breakthroughs in hardware equipment and growing academic interest, plenty of
measurements for rough surface scattering in the THz band havebeen carried out [15]. The authors
of [16{ 18] measured the scattering signals from surfaces with di�erent roughness, observing the di�use
scattering phenomenon of wide-bandwidth THz signals. The authors of [19] provide a comprehensive
analysis of the e�ects of polarization, incidence angle, and materialtype for rough surface scattering in
the sub-THz band, and point out that compared to polarization and frequency, the RCS value shows
a more pronounced dependence on the incidence angle. All the above experimental results imply that
rough surfaces of common materials may induce signi�cant scattering e�ects in the THz band.

Ray tracing (RT), as a deterministic channel modeling technique, has been widely used for the analysis
of re
ection and scattering characteristics of THz waves [20{ 22] and the inversion of EM parameters of
materials [23]. The authors of [10,24] explored the cause and propagation process of multipath in indoor
short-range communication channels based on RT simulations, highlighting the signi�cant time and spa-
tial dispersion caused by re
ections and scattering from rough surfaces in THz channels. Further studies
in [25,26] conducted THz channel measurements in indoor and high-speed train scenarios, coupled with
RT analysis, revealing that scattering plays a pivotal role in data transmission, particularly in non-line-of-
sight links. Even under conditions involving rough surfaces, scattering can still contribute substantially
to communication capacity. Undoubtedly, scattering will be a critical propagation mechanism in future
THz communications. Therefore, the development of an e�cient and reliable scattering model for rough
surfaces is an essential prerequisite for accurate modeling of theTHz channel.

Traditional modeling methods for rough surface scattering are generally classi�ed into numerical meth-
ods, approximation methods, and theoretical methods [27]. Numerical methods o�er high accuracy in
calculating the scattering of complex targets by discretizing the Maxwell's equations, despite the chal-
lenges in computational complexity, time consumption, and memory usage. Approximation methods
are suitable for the scattering calculation of rough surfaces meeting certain conditions, o�ering higher
e�ciency but lower accuracy than numerical methods. Theoretical models describe scattering phenom-
ena using mathematical formulations based on speci�c assumptionsor theoretical foundations, providing
faster computational speeds, which are particularly advantageous for enhancing the e�ciency of RT
simulations [27,28].

However, in the THz band, given the complex mechanisms of rough surface scattering and its di�erences
from low-frequency scattering, researchers realized that traditional scattering models may be insu�cient
to e�ectively characterize the THz rough surface scattering, and further improvement of existing modeling
methods is urgently required. The author of [29] highlighted the limitations of conventional scattering
theories (such as the IEM and GHS models) for EM waves with submillimeter wavelengths under condi-
tions of large roughness. In [30], a hybrid approach combining geometrical optics (GO) and physicaloptics
(PO) was utilized to accelerate the computation of THz scattering from groove-like objects. An improved
Beckmann-Kirchho� (B-K) scattering theory was proposed in [31] to overcome the modeling limitations
of the classical theory at large incidence angles and wide scatteringangles in the THz band. The author
of [32] proposed a scattering modeling approach based on the domain decomposition �nite-di�erence time-
domain (DD-FDTD) method, which signi�cantly reduced computation al burden and enhanced modeling
e�ciency by placing the target and rough surface in di�erent FDTD s ubdomains. The process of THz
rough surface scattering modeling has been greatly facilitated by the proposal of new modeling methods.
However, it is still a challenge to obtain an e�cient and highly accurate THz scattering model with strong
generalization capability.

Recently, the integration of arti�cial intelligence (AI) with communic ation technologies has become a
prominent research direction [33, 34]. Nevertheless, deep learning (DL)-based rough surface scattering
modeling approaches remain relatively scarce. In previous work, Ref. [35] utilized a generative neural net-
work model to obtain the electric currents on perfect electric conductor (PEC) rough surfaces. However,
when the material is changed to a dielectric, the incident wave excites both electric currents and magnetic
currents on the object's surface, with both acting as radiation sources to generate the scattered electric
�eld. To address this, in this paper, the DL model is architecturally im proved to generate the electric and
magnetic currents for rough dielectric surfaces. Then, combinedwith electric and magnetic current gains,
which are calculated based on the PO approximation, a scattering model for rough dielectric surfaces in
the THz band is �nally proposed.

The contributions of this paper are as follows.
� The characteristics of electric and magnetic currents on rough dielectric surfaces are analyzed based

on the full-wave simulation database. Then, with the assumption of the PO approximation, the electric
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Figure 1 (Color online) Dielectric scattering based on the surface e quivalence principle [ 36].

and magnetic current gains for di�erent dielectrics are calculated to derive the equivalent currents for the
rough surface of the target dielectric.

� By incorporating the magnetic current generation branch, the DL model is architecturally improved
to generate electric and magnetic currents for the rough surface of the reference dielectric.

� A THz scattering model for dielectric rough surfaces is �nally proposed, which is tested to be reliable
at di�erent incidence angles, dielectric rough surfaces, and incident polarization states.

The structure of the paper is as follows: Section 2 describes the database construction of electric and
magnetic currents on rough dielectric surfaces based on full-wavesimulation software. Section 3 presents
the electric and magnetic current gains based on the assumption ofthe PO approximation. Section
4 introduces the DL model for generating electric and magnetic currents for the rough surface of the
reference dielectric. Section 5 proposes a scattering model for rough dielectric surfaces and presents the
scattering modeling results in di�erent conditions. Finally, the conclusion is in Section 6.

2 Database construction of electric and magnetic currents o n rough dielectric
surfaces

The surface equivalence principle is an e�ective method for simplifyingEM scattering calculations [36].
It introduces an equivalent surface that encloses the target object, transforming surface scattering into
radiation generated by equivalent electric and magnetic currents on the equivalent surface, without taking
into account EM phenomena inside the object. The process of scattering from a dielectric body based on
the surface equivalence principle is shown in Figure 1.

Although existing EM theories adequately describe the scattering phenomena of dielectric bodies,
the short wavelength in the THz band poses signi�cant challenges tothe computational e�ciency and
storage requirements of classical methods. The full-wave simulation software FEKO integrates various
EM computation algorithms, among which the multilevel fast multipole m ethod (MLFMM) algorithm,
o�ering a substantial improvement in computational e�ciency, par ticularly in solving scattering problems
involving electrically large targets.

2.1 Dielectric rough surfaces

To investigate the scattering behavior of rough dielectric surfaces, it is essential to �rst analyze the
distribution of surface roughness. In nature, textures vary signi�cantly across materials such as wood,
tiles, and sea surfaces, with the distribution of surface microstructures exhibiting high randomness.

Physical measurements, AI algorithms, and mathematical modelingare commonly used to obtain
surface roughness data. Measurement techniques such as 3D pro�lers and optical detectors [37] can
directly measure the surface data of real-world materials, but theoperation tends to be complex and time-
consuming. AI models excel at learning the features of material surfaces and can realistically generate
the surface structure of a speci�c material [38]. In contrast, mathematical models typically assume that
surface irregularities follow certain statistical distributions, such as Gaussian, exponential, or uniform
distributions. By extracting roughness distribution parameters, like arithmetic mean roughness, root
mean square (RMS) height, and correlation length, the rough surface can be statistically reconstructed.
However, mathematical models may idealize the surface, potentiallyneglecting the complexities of real
material structures. In addition to the above schemes, the digital twin for materials has been proposed
in recent years to characterize the properties of materials in multiple physical dimensions [39].

The rough surfaces studied in this paper are Gaussian rough surfaces, which are widely utilized in EM
scattering research. It can be generated using the Monte Carlo method, with its statistical distribution
characteristics controlled by the RMS height (� ) and correlation length (l ) [8].
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Figure 2 (Color online) Re
ection coe�cient with various thickness es.

Figure 3 (Color online) Electric and magnetic currents excited on ea ch surface of the dielectric body.

When EM waves incident on lossy dielectric materials, they penetratethe material and gradually
attenuate with distance. In engineering applications, the skin depth is de�ned as 1=Re(
 ), representing
the propagation distance at which the wave amplitude decays to 1=e of its initial value. The complex
propagation constant 
 is given by [40]


 = j!
p

��

r

1 � j
�
!�

; (1)

where j denotes the imaginary unit, ! is the angular frequency,� is the magnetic permeability, � is the
electrical conductivity, and � is the real part of the permittivity.

To improve simulation e�ciency, the thickness of objects should not be too large. Figure 2 shows the
re
ection coe�cient of a transverse magnetic (TM)-polarized wav e incident on rectangular objects with
various thicknesses, calculated using FEKO. The material of the object is set to Glass, with the real part
of the relative permittivity ( � r ) of 5.79 and the � of 5.12 S/m at 300 GHz [41]. The results indicate that
when the thickness of the object reaches approximately twice theskin depth, the re
ection coe�cient
tends to be stabilized, and almost matches that of an in�nitely thick object. It can therefore be inferred
that the scattering behavior is very weakly a�ected by the re
ect ed �eld from the backside of the object
after the thickness reaches twice the skin depth.

2.2 Full-wave simulation con�guration

When a plane wave irradiates a rectangular dielectric body with a �nite area, electric and magnetic
currents are excited on each surface. As shown in Figure 3, a TM plane wave is set in FEKO to irradiate
a rough dielectric body with the upper surface roughness characterized by � = 0 :175 mm andl = 1 mm.
The dielectric is Glass. The EM computation method of FEKO is set to MLFMM, which can obtain the
scattered electric �eld and the electric and magnetic current on the rough surface.
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Table 1 Simulation con�guration of Database 1.

Parameter Value

Incident wave

Amplitude 1 V/m

Frequency 300 GHz

Polarization TM

Incidence angle 10 � {80 � , interval of 10 �

Dielectric body

Thickness Twice the skin depth

l 1{3 mm, interval of 0.5 mm

� 0.035{0.175 mm, interval of 0.035 mm

Dielectric Glass [ 41], Ceiling [ 41], Plaster [ 25]

Area of the upper surface 35 mm � 35 mm

As the electric and magnetic currents on the upper surface of therough surface are of primary interest,
to assess the contribution to the scattered electric �eld, they are substituted into the following equation
to calculate the scattered electric �eld:

~Es(r ) = � j!�
NX

n =1

Ĝn (r; r 0) ~Jn (r 0)Sn +
NX

n =1

~M n (r 0) � r Gn (r; r 0)Sn ; (2)

where r and r 0 represent the spatial location of the electric �eld and the surfaceelement, respectively.
Jn , M n , Ĝn , Gn , and Sn represent the electric current, magnetic current, Dyadic Green's function, scalar
Green's function, and area of thenth surface element, respectively [42,43].

Figure 3 illustrates a comparison of scattering results between theFEKO simulation and the solution
that only considers the electric and magnetic currents on the upper surface at di�erent incidence angles.
The results demonstrate that at small incidence angles, the scattered electric �eld is basically consistent
with the FEKO simulation. As the incidence angle increases, deviationsoccur in regions away from the
specular direction. This suggests that the electric and magnetic currents on the rough upper surface of
the Glass dielectric primarily contribute to the scattered electric �e ld in the upper half-space, particularly
near the specular re
ection direction.

With the help of the MLFMM algorithm in FEKO software, a plane wave is in cident on rough dielectric
surfaces at di�erent incidence angles (� i ) to generate databases of electric and magnetic currents. In this
paper, two databases of electric and magnetic currents are constructed.

The parameters in Database 1 exhibit a relatively regular distribution, which facilitates better control
of variables and enhances data analysis. This database includes 25 square surfaces with varying roughness,
and the incidence angle is uniformly selected from 0� to 80� . The types of dielectrics used are Glass,
Ceiling, and Plaster [25] (the � r and � are obtained from the literature in Table 1), with thicknesses set to
twice the skin depth of the corresponding dielectric. The speci�c parameters of Database 1 are presented
in Table 1.

In Database 2, the values of� and l are randomly selected within a speci�c range, and Gaussian
surfaces are generated using the Monte Carlo method, resulting ina total of 400 square rough surfaces.
The dielectric of the rough object is Glass with a thickness equal to twice the skin depth. The incidence
angles are randomly chosen between 0� and 90� , combined with the rough objects to create a total of 1000
distinct cases. This database exhibits stronger stochasticity, which is suitable for the training of neural
networks to improve the generalization capability of the model. The speci�c parameters for Database 2
are provided in Table 2.

3 Generation of electric and magnetic current gains

In this Section, the relationship between electric and magnetic currents of di�erent dielectrics is analyzed
in Database 1, and the electric and magnetic current gains are calculated based on the physical optics
approximation.

3.1 Analysis of simulation results in Database 1

Figure 4 illustrates the real part of the electric and magnetic current densities on the upper surface where
the dielectric is Ceiling and Glass, with the roughness being� of 0.07 mm, l of 1 mm and the incidence
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Table 2 Simulation con�guration of Database 2.

Parameter Value

Incident wave

Amplitude 1 V/m

Frequency 300 GHz

Polarization TM

Incidence angle 0 � {90 � , randomly chosen

Dielectric body

Thickness Twice the skin depth

l 1{3 mm, randomly chosen

� 0.03{0.20 mm, randomly chosen

Dielectric Glass [ 41]

Area of the upper surface 35 mm � 35 mm

Figure 4 (Color online) The real part of the electric and magnetic cur rent densities on the upper surface.

angle is 40� . It can be observed that, for the same dielectric, the components of the electric current in the
x and y directions are highly similar to the components of the magnetic current in the y and x directions,
respectively. This is due to the orthogonal relationship between the electric and magnetic �elds of the
incident plane wave. Furthermore, the distribution characteristics of electric and magnetic currents for
di�erent dielectrics but with the same surface structures exhibit strong consistency. This implies that it
is possible to �rst generate the electric and magnetic currents forone dielectric, which is de�ned as the
reference dielectric, and subsequently generate the electric andmagnetic currents of another dielectric,
which is then called the target dielectric, by multiplying with a gain facto r.

To explore the transformation relationship between the electric and magnetic currents of di�erent
dielectrics, the current distributions are �rst converted into �xe d-size matrices. Then the electric and
magnetic current ratio of each surface element on the target dielectric to that on the reference dielectric,
with the same surface structure, is calculated. Figure 5 illustratesthe statistical distribution of the
electric and magnetic current ratios, with Glass chosen as the reference dielectric and Ceiling as the
target dielectric. The distribution of the ratios follows the Gaussian distribution. Due to the polarization
direction, the amplitude of Jy and M x is weaker and the ratio results are more dispersed. Therefore, the
average values of the electric current ratios and magnetic current ratios can be de�ned as theRJ andRM

with the following equations:

RJ =
1
N

NX

n =1

�
Jtar ;n

Jref ;n

�
; RM =

1
N

NX

n =1

�
M tar ;n

M ref ;n

�
; (3)

whereN is the number of surface elements of the rough surface,Jtar ;n and M tar ;n are the electric current
and magnetic current of the nth face element of the target dielectric, respectively.Jref ;n and M ref ;n are
the electric current and magnetic current of thenth face element of reference dielectric, respectively. The
values ofRJ andRM vary depending on the type of reference dielectric.

Excluding the componentsJy and M x with small amplitudes, the RJ of the di�erent components are
basically the same, as well as theRM of the di�erent components. To simplify the calculations, RJ;x is
selected asRJ for each component of the electric current, andRM;y is selected asRM for each component
of the magnetic current. Based on the results of Database 1, theRJ and RM can be obtained under
varying incidence angles and surface roughness parameters. By de�ning Glass as the reference dielectric,
we can deriveRJ and RM for di�erent target dielectrics and �t the curves with the polynomia l as shown
in Figure 6.
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Figure 5 (Color online) The statistical distributions of the electr ic and magnetic current ratios, with Glass chosen as the refe rence
dielectric and Ceiling as the target dielectric.

Figure 6 (Color online) The �tted R J and R M for di�erent target dielectrics.

Figure 7 The vector relations at TM-polarized incidence and TE-pola rized incidence.

The calculation of electric and magnetic current gains using �tting requires a prior FEKO simulation,
which is limited in e�ciency.

3.2 Generation of electric and magnetic current gains based on the physical optics ap-
proximation

The PO method calculates the scattered electric �eld by dividing the surface into a number of tiny surface
elements, each of which calculates the equivalent currents excitedby the incident wave, independently.
These equivalent currents are then considered new radiation sources to generate the scattered electric
�eld. The PO approximation assumes that every point on the surface of an object is locally 
at and it
does not take into account the mutual electromagnetic interactions between the surface elements, which
can lead to shadow areas in surface regions that are not directly illuminated by the incident wave. A
possible solution is to use the iterative physical optics (IPO) methodto calculate the interactions between
the surface elements, which leads to results that are closer to thenumerical methods, but may result in a
poor computational e�ciency [ 44]. This paper uses the coordinate system shown in Figure 7 to indicate
the vector relations for incident/re
ected electric �eld ( E i / Er ), and incident/re
ected magnetic �eld
(H i / H r ) at TM- and TE-polarized incidence, respectively.

In the coordinate system de�ned in Figure 7, the electric and magnetic currents can be calculated
by [45,46]

"
~JTM

~JTE

#

= n̂ �

"
1 + � TM 0

0 1� � TE

# "
~H i; TM

~H i; TE

#

; (4)
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Figure 8 (Color online) The modeling errors of the reconstructed ele ctric and magnetic current components of the target dielect ric.

"
~M TM

~M TE

#

= � n̂ �

"
1 � � TM 0

0 1 + � TE

# "
~E i; TM

~E i; TE

#

; (5)

where ~JTM and ~M TM are the equivalent electric and magnetic currents at TM-polarized incidence. ~JTE

and ~M TE are the equivalent electric and magnetic currents at TE-polarized incidence. � TM and � TE are
the Fresnel re
ection coe�cients at TM- and TE-polarized incidenc e.

Based on (4) and (5), for surfaces with the same geometry, the ratio of the target dielectric to the
reference dielectric in terms of the electric and magnetic currentscan be de�ned as electric and magnetic
current gains in this paper, which is calculated using the new formula:

RJ; TM =
1 + � tar ;TM

1 + � ref ;TM
; RJ; TE =

1 � � tar ;TE

1 � � ref ;TE
; (6)

RM; TM =
1 � � tar; TM

1 � � ref ;TM
; RM; TE =

1 + � tar ;TE

1 + � ref ;TE
: (7)

However, for rough surfaces, the normal vectors of each localsurface element are di�erent, which
implies that the incidence angle of each local surface element should be calculated. To simplify the
calculation, in this paper, the incidence angle of the entire large rough surface is used to calculate the
re
ection coe�cient, rather than calculating the incidence angle of each local surface element separately.

The modeling error of the reconstructed electric and magnetic current of the target dielectric is eval-
uated at TM-polarized incidence. Here, the reconstruction results are obtained by multiplying the simu-
lated electric and magnetic currents on the upper surface of the reference dielectric by the corresponding
electric and magnetic current gains. In this case, the reference and target dielectrics are selected as Glass
and Ceiling, respectively, and the surface roughness is� = 0 :14 mm andl = 1 :5 mm. First, the amplitude
square of the electric (or magnetic) current is sorted in descending order, and summed individually until
it exceeds 95% of the total sum of squares. This �lters out the electric (or magnetic) current with ex-
tremely small linear values. Then, the modeling errors of the reconstructed electric and magnetic current
components of the target dielectric are shown in Figure 8. Due to the TM-polarized incidence, theJy

component and M x component are generally weak, so their modeling errors are not shown. It can be
observed that these reconstructed components are all less than 1 dB, indicating that within the roughness
considered in this paper, the modeling error is minimal. Additionally, compared to the statistical �tting
method in Section 3.1, this approach avoids the time-consuming simulations required in advance.

4 Deep learning model for electric and magnetic currents for the rough sur-
face of the reference dielectric

In [35], a DL model for THz scattering on PEC rough surfaces was introduced. In this paper, the
DL model is extended to accommodate the generation of electric and magnetic currents for dielectric
rough surfaces. As discussed in the previous section, there is a conversion relationship between di�erent
dielectrics for electric and magnetic currents. To simplify the modeling process, we only focus on the
electric and magnetic currents on the upper surface of the reference dielectric. In this paper, Glass is
chosen as the reference dielectric.
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Figure 9 (Color online) The architecture of the DL model.

The architecture of the DL model is shown in Figure 9. Both rough surfaces and equivalent currents
require proper matrix representation before training. The input parameters consist of the rough surface
matrix and the incidence angle. The features of the rough surfacematrix are extracted through the
residual block, while the features of the incidence angle are processed through the fully connected layer.
After feature fusion, the model consists of 3 main branches, 6 sub-branches, and 12 output branches that
generate the electric and magnetic currents. The modulated convolution block supports the inclusion of
additional information to enhance the model's training e�ectiveness. To prevent information loss as the
network deepens, the incidence angle is incorporated into the modulated convolution block to enhance
the model's ability to learn the relationship between the incidence angleand the equivalent current
distribution [ 35]. The �nal output includes 12 matrices representing the real and imaginary parts of the
x, y, and z components of the electric and magnetic currents for the reference dielectric.

Compared to the DL model presented in [35], the model in this paper incorporates several key im-
provements aimed at enhancing its performance and generalizationcapability.

� The neural network architecture has been further deepened and expanded with additional output
branches to better capture complex relationships and improve themodel's ability to generate accurate
magnetic currents.

� Due to the strong correlation between the distribution features of M x and Jy , as well as the strong
correlation betweenM y and Jx , these pairs are placed within the same branch to facilitate more e�cient
feature learning.

� In this paper, the DL model is trained using a more stochastic database (Database 2) to enhance its
generalization ability. The increased diversity in the training data impr oves robustness and ensures that
the network can adapt more e�ectively to unseen cases in practical applications.

The electric and magnetic currents predicted by the DL model at di�erent incidence angles are shown
in Figure 10. In this case, the roughness is� of 0.14 mm andl of 1 mm. The �rst three rows represent the
x, y, z components of the electric current, while the last three rows represent thex, y, z components of
the magnetic current. It can be found that the generation results of the DL model are basically consistent
with the simulation. Since the database used for model training is TM-polarized incidence, the values of
Jy and M x are relatively small, resulting in comparatively higher deviations. In addition, to obtain the
electric and magnetic currents at TE-polarized incidence, it is necessary to regenerate the database at
TE-polarized incidence and retrain the DL model.
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Figure 10 (Color online) The electric and magnetic currents output by the DL model at di�erent incidence angles.

Since the incident electric �eld is set to 1 V/m with a phase of 0 in the database, if the components
of the incident plane wave in the TM and TE polarization directions are aTM and aTE , respectively, the
electric and magnetic currents of the reference dielectric should be modeled as follows:

(
~Jref ;TM = aTM � ~JDL ;TM ;
~M ref ;TM = aTM � ~M DL ;TM ;

(
~Jref ;TE = aTE � ~JDL ;TE ;
~M ref ;TE = aTE � ~M DL ;TE ;

(8)

where ~JDL and ~M DL are the electric and magnetic currents output by the DL model, respectively.

5 Modeling of THz scattered electric �elds on rough surfaces

In this section, a modeling process for THz rough dielectric surfacescattering is �rst proposed. Sub-
sequently, the modeling results of the scattered electric �eld at di�erent incidence angles, dielectric
materials, and polarization conditions are analyzed.

5.1 Modeling method of THz scattered electric �elds on rough dielectric surfaces

The proposed THz rough dielectric surface scattering model is illustrated in Figure 11. The input
parameters include� , l , EM parameters, and � i .

Firstly, a random rough surface is generated according to� and l , then the rough surface matrix and
� i are input into the DL model to generate the electric and magnetic currents of the reference dielectric
under the TM and TE polarization, respectively. Then, the electric and magnetic currents of the target
dielectric are modeled by incorporatingRJ and RM in Section 3.2:

~Jtar = ~Jref ;TM � RJ; TM + ~Jref ;TE � RJ; TE ; (9)
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Figure 11 (Color online) THz rough dielectric surface scattering mod el.

~M tar = ~M ref ;TM � RM; TM + ~M ref ;TE � RM; TE : (10)

Finally, substituting ~Jtar and ~M tar into (2) to obtain the scattered electric �eld of the target dielectr ic
rough surface in the upper half-space.

When the target dielectric is close to ideal metal (assuming its relative permittivity is 1 and conductivity
is 107), the above calculations still seem to be valid. Due to the fact that the re
ection coe�cient of
the ideal metal is 1 for TM polarization and � 1 for TE polarization, thus the magnetic current will
disappear [47].

5.2 Reconstruction results of scattered electric �elds

We compared the scattered electric �elds of the model reconstruction and the ground truth for di�erent
incidence angles, dielectrics, and incidence polarization states. Onlythe equivalent electric and magnetic
currents on the upper surface of the target dielectric body simulated by FEKO are extracted, and using
(2) to calculate the scattered electric �eld, which is taken as the ground truth in this paper.

5.2.1 Modeling of scattered electric �elds based on Database 1

Since Database 2 is used for model training, the cases in Database 1are chosen to test the generalization
ability of the model. The far-�eld scattering results from the rough surface (l = 1 mm, � = 0.14 mm)
with dielectric of Plaster at TM-polarized incidence are compared between the ground truth and the
proposed model at incidence angles of 20� , 40� , and 60� , as shown in Figure 12. The far-�eld scattered
electric �eld in this paper has been processed for distance and phase, which is de�ned asE far with units
of V rather than V/m. When the incidence angle is small, the electric �eld between the model and the
simulation at the upper hemispherical surface is in general agreement, but at the large incidence angle,
the prediction error becomes larger for the electric �eld values that are far away from the direction of
specular re
ection.

Figure 13 presents the scattered electric �eld of the rough surface (l = 2 mm, � = 0.105 mm) with
dielectrics of Ceiling, Plaster, and ideal metal at TM-polarized incidence with incidence angle of 30� . It
is notable that the scattered electric �eld is signi�cantly enhanced as the re
ection coe�cient increases,
indicating a strong correlation between surface dielectric properties and scattering behavior. The sim-
ulation and modeling results are in close agreement, validating the accuracy of the model in predicting
the scattered electric �eld on rough surfaces of di�erent dielectrics.

Figure 14 illustrates the root mean square error (RMSE) of the far-�eld scattered electric �eld modeling
results for di�erent dielectrics, roughnesses, and incidence angles at TM-polarized incidence. Modeling
errors are considered only for the region that accounts for 90% of the total power in the upper half-space.
It can be observed that the modeling error decreases with increasing roughness. This may be due to that
the DL model can learn the relationship between the surface heightand the equivalent current distribution
more easily at large roughness. On the other hand, the smoother surface may cause the scattered power
to be concentrated in a narrow scattering region, while for those regions far away from the direction
of specular re
ection, the scattered power is extremely weak, which leads to a larger modeling error.
Furthermore, as the incidence angle increases, the current distribution is denser, increasing the di�culty
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Figure 12 (Color online) Comparison of far-�eld scattered electric � elds at di�erent incidence angles.

Figure 13 (Color online) Comparison of far-�eld scattered electric � elds for di�erent dielectrics.

Figure 14 (Color online) RMSE of far-�eld scattered electric �eld wit h di�erent dielectrics and incidence angles.

of learning for the DL model and leading to larger modeling errors. Inaddition, there are certain errors
in the calculation of electric and magnetic current gains, as can be seen in Figure 8.

The computational e�ciency of the proposed model is further evaluated in this paper. At seven di�erent
incidence angles, the modeling of the rough surface scattering is carried out by the proposed model with
the dielectric being Ceiling, and the average computational time is 36 sfor one case. In contrast, the
FEKO simulation (without GPU acceleration) requires an average computational time of 570 s per case.
The proposed model reduces the computation time to approximately 1/16 of that required by the FEKO
simulation.
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Figure 15 (Color online) Modeling of scattered electric �elds for di� erent incident polarization states.

5.2.2 Modeling of scattered electric �elds for di�erent incident polarization states

First, a database is constructed that is identical to Database 2 but with TE-polarized incidence. Then the
DL model is retrained based on the new database to generate the induced electric current and magnetic
currents at TE-polarized incidence.

By varying the values of aTM and aTE , we compared the scattered electric �elds for di�erent incident
polarization states based on the proposed model, as shown in Figure15. In this case, the incidence angle
is 40� , the dielectric is Plaster, and the surface roughness isl of 2 mm and � of 0.14 mm. It can be
observed that as the TE-polarized incident component increases,the amplitude of the scattered electric
�eld increases, which is related to the re
ection coe�cient in this cas e. Then, the modeling error is
evaluated within the dominant scattering region that contains 90% of the total scattered power. The
modeling errors for this case are 2.3, 2.0, and 2.8 dB, respectively, indicating that the proposed model can
e�ectively reconstruct the amplitude of the scattered electric �e ld for di�erent incident polarization states.

5.3 Application of the proposed model to a larger-sized diel ectric surface

For the modeling method described above, the size of the rough surface is �xed. However, for scattering
modeling of larger or irregular rough surfaces in real-world scenarios, it is necessary �rst to generate the
individual small surfaces and then assemble them to compute the equivalent current of the entire large
surface. Figure 16(a) illustrates the height distribution of a rough surface with a side length of 70 mm.
As the rough surface area expands, the computational complexity of the MLFMM algorithm in FEKO
simulation grows, leading to a substantial increase in processing time.

To achieve scattering modeling of this surface based on the proposed method, it is �rst divided into
smaller square surfaces, each with a side length of 35 mm. Then, theequivalent current of each small
surface is modeled separately, taking into account the incidence angle, phase, and polarization. The
dielectric of the rough surface is selected as Ceiling. When a 300 GHz TM-polarized wave illuminates
the rough surface at 40� , the equivalent currents of each small surface are generated separately using the
proposed model, taking into account the incidence angle, phase, and polarization. The scattered �eld
electric �eld is modeled, as shown in Figure 16(b). The RMSE of the reconstructed scattered electric
�eld is 2.9 dB, evaluated within the dominant scattering region that contains 90% of the total scattered
power, indicating that the modeling is e�ective.

6 Conclusion

This paper proposes an e�cient and accurate modeling method for rough dielectric surface scattering
based on a DL model and PO approximation. Compared with the far-�eld scattered electric �eld calcu-
lated by the simulated equivalent current on the upper dielectric surface, the RMSE of the reconstructed
scattered electric �eld by the proposed model is less than 4.5 dB forGaussian rough surfaces of di�erent
dielectrics. Additionally, as the roughness decreases and the incidence angle increases, the RMSE shows
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Figure 16 (Color online) (a) The height distribution of a larger-size d rough surface and (b) the modeled scattered electric �eld.

an upward trend, suggesting that the model is more suitable for cases with slightly larger roughness and
smaller incidence angles. For modeling e�ciency, compared to FEKO simulation, the computation time
is reduced to 1/16 by the proposed model. Furthermore, the proposed model can be used to generate
electric and magnetic currents on multiple small surfaces, which canthen be used to model the scattering
of a larger-sized rough surface. In the future, this work can be integrated into RT-based THz channel
modeling approaches to reliably and rapidly characterize scatteringmodeling of rough surfaces in complex
scenarios.
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