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Abstract

Considering the large-bandwidth characteristics of the ter-
ahertz (THz) communication system, it is highly expected
to realize high-quality and low-latency data transmission.
However, affected by the short wavelength, when THz
waves irradiate on the rough PEC (Perfect electric conduc-
tor) surface, complex surface currents are generated, which
then cause electromagnetic (EM) scattering in space. In
previous work, a deep learning (DL)-based surface current
generation model was proposed to reconstruct surface cur-
rents and scattered electric fields on rough surfaces in the
THz band accurately and efficiently. In this paper, we first
expand the database of plane waves, especially for inci-
dence with different incidence and azimuth angles. Then,
a spatial transformation method is proposed to make the
model applicable to azimuth angles spanning 0°-360°. The
results of model training and generalization tests show that
the new DL-based model can precisely reconstruct the sur-
face currents and scattered electric fields for incidence in
any direction, different incidence, and azimuth angles. In
the future, the proposed model will be integrated into the
ray-tracing simulator to characterize scattering on rough
surfaces more accurately.

1 Introduction

With the exploration of sixth-generation (6G) wireless sys-
tems, THz communications have been given much atten-
tion, which are predicted as a potential technology to revo-
lutionize data transmission capabilities significantly [1][2].
Due to the short wavelength, the THz scattering mechanism
has become a vital research topic [3]. According to the
electric field integral equation and electromagnetic bound-
ary conditions, surface currents are induced when the THz
wave irradiates a PEC rough surface, and these currents
radiate the scattered fields in space [4]. However, influ-
enced by the roughness, the distribution of surface currents
is complex and highly correlated with the microstructures
on rough surfaces, especially in the THz band. Therefore,
it is crucial to analyze and model the surface currents to
improve the study of the THz scattering characteristics on
rough surfaces.

The authors of [5] have analyzed the scattering character-

istics of PEC rough surfaces in the THz band using the
IPO algorithm combined with approximate surface cur-
rents, pointing out that roughness has a great impact on the
THz scattering characteristics. In work [6], the authors ex-
plored a calculation method of surface currents based on the
characteristic mode theory. A nonuniform mesh refinement
method based on a current pattern recognition technique
has been introduced in [7], capable of accurately describ-
ing the current distribution on non-smooth surfaces. These
literatures have made valuable explorations and improve-
ments of traditional EM computational methods attempt-
ing to enhance the computational efficiency and accuracy
of surface currents and scattered electric fields.

DL architecture is widely used to enhance modeling effi-
ciency and decrease complexity. Our previous work pro-
posed a DL-based surface current generation model to accu-
rately predict surface currents on rough surfaces in the THz
band and reconstruct the scattered electric field in space [8].
Since the shape of the rough surface is square, the distri-
bution of surface currents varies significantly with azimuth
angle. Therefore, to improve the prediction ability of the
model at different directions of incident waves and gener-
ate scattered fields at spatial angles of finer granularity. the
plane wave database is expanded in this paper, including
surface currents and scattered electric fields at different az-
imuth and incidence angles. Additionally, we introduce a
spatial transformation method that effectively extends the
applicability of the model in the azimuth dimension. The
rest of the paper is organized as follows: Section Il intro-
duces the new database, the model architecture, and a spa-
tial transformation method. Section 111 analyses the surface
currents and scattered electric fields generated by the pro-
posed model for different cases. Finally, the conclusion is
given in Section IV.

2 Database and Model

2.1 Construction of the New Database

In previous work, with the help of the full-wave simulation
software Feko, Transverse Magnetic (TM) waves with vari-
ous incidence angles were designed to irradiate PEC rough
surfaces [8]. In this paper, we further extend the simulation
configurations, especially with additional settings for the



azimuth angles of the incident waves. Specifically, a range
of azimuth angles ¢ from 0° to 45° was chosen, with every
5° as a simulation point. Furthermore, to explore the char-
acteristics of surface currents at a broader range of observa-
tions, we extend the incidence angle 6 for 0° to 80°. Mean-
while, correlation length [ and root-mean-square (RMS)
height & are used to characterize the surface roughness. A
total of 2,250 cases are contained in the new database. The
detailed simulation parameters have been listed in Table 1.

Table 1. Simulation configuration of the new database

Amplitude 1V/m
Incident | Frequency 300 GHz
wave 0 [°] 0, 10, 20, 30, 40, 50, 60, 70, 80
o [°] 0, 5, 10, 15, 20, 25, 30, 35, 40, 45
Area 35 mm x 35 mm
Rough Material Perfect electric conductor
surface [ [mm] 1.0,15,2.0,25,3.0
o [mm] 0.05, 0.10, 0.15, 0.20, 0.25

2.2 Architecture of the New Model

Based on the new database, the DL-based surface current
generation model proposed in [8] is retrained in this paper.
Several vital improvements are implemented in the model
to make it better adapted to the new training data. Firstly,
compared to directional radiation sources [8], plane wave
sources can illuminate the entire PEC surface uniformly.
Therefore, in the model framework illustrated in Fig. 1, the
Mask, used to limit the irradiation region, will no longer
be used as one of the input features. Secondly, although
increasing the size of the rough surface matrix Z helps to
reduce the error of the reconstructed scattered field, it also
increases the training time and the number of parameters
for the model. To balance the efficiency and accuracy of
the model training, we choose the Z matrix size as 256*256.
Thirdly, regarding the generation branches of J;, J;, and J;
(the x, y, and z components of the surface current), we im-
proved the original two-layer activation modulated convo-
lution block by extending it to three layers, which helps the
model to better learn the distribution of surface currents at
different azimuth angles.

The range of azimuth angles in the new database is 0°-45°,
which limits the applicability of the model for other az-
imuth angles. Fortunately, considering that the shape of the
PEC surface is square with geometric symmetry, we can
convert the azimuth angle ¢ (range 0°-360°) to ¢ (range
0°-45°) by the preprocessing in Fig. 1, and Z needs to be
spatially transformed to Z accordingly. ¢ and Z will be
the actual input to the DL-based surface current generation
model. After the prediction of the DL-based model, we get
the real and imaginary parts for the three components of
the surface current, Jy, Jy, J;, which are subsequently de-
noted uniformly as 73 for convenience. Transformations in
preprocessing are defined in Fig. 2.

Azimuth

angle [07,360°] @ = mod(¢p, 90)

' |Z = Rot.(Z, — (¢//90) x 90)

1
1
1
L .| Rough ;56 756 ‘
Surface (256, ) | v

Incidence €
angle [0°,90°]

Buissaosoidaigd

1

|

|

|

1

|

|

1 £ ’ Angle Angle Surface N

1 o : processing processing processing 1

| 59 ! branch branch branch :

| so ! T — [

. e € Merging olf branches :
wc |

| 55 ) i ] !

1 B o ! Generation Generation Generation ,

1 z g v | branch of J, branch of ], branchof J, |

1 8% N e ¥ g

I A — — —

1 [ iyl

I 1 Im(y) ReUy) _ImUy) ReUy) _ Im{J,) Re(,) ]

! V I

——————— > Redistribution of surface currents
4 _Dyadic Green’s Function

[ Scattered electric fields ]

Figure 1. New framework for generating surface currents
and scattered electric fields [8]
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Figure 2. Transformations defined in preprocessing

2.3 Redistribution of Surface Currents

To restore the distribution of surface currents, a spatial
transformation method for 73 is proposed in this paper.
Fig. 3 demonstrates the flow of restoring the actual distri-
bution of surface current I, at any azimuth angle ¢. This
method enhances the application potential of the model for
a broader range of azimuth angles. Moreover, we inter-
change the x-component (I, ) and the y-component (7, 3)
of I at certain angles based on the consideration that the
symmetry of the surface currents may result in switching of
currents, which are concentrated initially mainly in the x or
y direction, to the other direction. Fig. 4 details the flow
of restoring the surface current distribution at the azimuth
angle of 250° using the spatial transformation method. The
process for the imaginary part of the surface currents is the
same as the real part.

The Dyadic Green’s function theorem effectively charac-
terizes the relationship between the surface current and the
radiated electric field in space [9]. Based on the electric
field expressions in [8], combined with the /3 and Z matrix,
we can finally obtain the scattered electric field E; in the
half free-space.
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Figure 3. Flow of the spatial transformation method
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Figure 4. Transformation process for surface currents when
¢ =250°.

3 Performance Evaluation

In this section, the surface current and scattered electric
field with different conditions are analyzed and recon-
structed in the test set using the newly trained DL-based
model combined with the spatial transformation method.

3.1 Different Incidence Angles

Fig. 5 and Fig. 6 show the simulation and modeling re-
sults for surface current and E; at different incidence angles,
which are in excellent agreement. Since the plane waves il-
luminating at different regions of the rough surface have
different phases, the currents in the x- and y-component
show a periodic distribution. Affected by the path differ-
ence of the plane wave, the texture of the surface currents is
distributed more densely as the incidence angle increases.
In addition, the electric field in the specular reflection di-
rection is slightly smaller than the actual value when the
incident angle reaches 70°.

Fig. 7 demonstrates the modeling errors of the surface cur-
rent and E, at different incidence angles. For the error of
the E,, we only consider the region around the direction
of specular reflection where the energy is mainly concen-
trated (90% of the total energy). The root mean square error
(RMSE) of ||/, [|/y]|, [|)2]| (representing the amplitude of
the x, y, and z components of the surface currents, respec-
tively) and E; increases slightly as the incidence angle be-
comes larger, which implies that the model has difficulty
in learning at large angles due to the denser distribution of
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Figure 5. Surface current components for different inci-
dence angles
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Figure 6. E; for different incidence angles (first line is sim-
ulation results, second line is modeling results)

surface currents. Nevertheless, the RMSE of the surface
currents and scattered fields still remains below 4 dB.
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Figure 7. Modeling errors in surface currents and scattered

electric fields for different incidence angles

3.2 Different Azimuth Angles

Fig. 8 and Fig. 9 present the simulation and modeling re-
sults of the surface current and E for different azimuth
angles. It is worth mentioning that the surface current
at azimuth angles of 70° and 100° are spatially trans-
formed, which are highly consistent with the simulation
results, proving the correctness of the spatial transforma-
tion method. The direction of specular reflection for the E;
varies with the azimuth angle, which is well captured by
the model. As shown in Fig. 10, the errors of ||J,||, [|/y]],
and E; are in the range of 1-2 dB, while the prediction er-
ror of ||/;|| is around 4 dB, which validates the excellent
performance of the model.

4 Conclusion

In this paper, the DL-based surface current generation
model is retrained based on an expanded database, and a



Figure 8. Surface current components for different azimuth
angles

Figure 9. E; for different azimuth angles (first line is sim-
ulation results, second line is modeling results)

spatial transformation method is proposed to extend the ap-
plicability of the model for azimuth angles ranging from
0° to 360°. The method is evaluated on a test set and is
applicable to surfaces with different azimuth and incidence
angles. The RMSE of the x and y components of the sur-
face current is consistently less than 2 dB, and the RMSE of
the reconstructed scattered electric field is less than 4 dB in
the region of major energy concentration. The high agree-
ment between the modeling and simulation results validates
the ability of the model to accurately reconstruct the surface
current and scattered electric field of rough surfaces in the
THz band. In the future, we will extend the applicability of
the model for different dielectric surfaces.
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