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Terahertz (THz) channel propagation charac-
teristics are vital for the design, evaluation, and opti-
mization of THz communication systems. Moreover,
reflection plays a significant role in channel propa-
gation. In this correspondence, the reflection coef-
ficients of the THz channel are researched based on
extensive measurement campaigns. First, we set up
the THz channel sounder from 220 to 320 GHz at in-
cident angles ranging from 10° to 80°. Based on the
measured propagation loss, the reflection coefficients
of five building materials, i.e., glass, tile, board, plas-
terboard, and aluminum alloy are calculated sepa-
rately for frequencies and incident angles. It is found
that the lack of THz-relative parameters leads to an
inability to successfully fit the Fresnel model of non-
metallic materials to the measurement data. Thus,
we propose a frequency—angle two-dimensional re-
flection coefficient (FARC) model by modifying the
Fresnel model with the Lorenz and Drude models.
The proposed model characterizes the frequency and
incident angle for reflection coefficients and shows
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low root-mean-square error (RMSE) with the mea-
surement data. Generally, these results are useful for
modeling THz channels.

1 Introduction

To meet the increasing demand for higher data
rates, THz communication between 0.1 and 10 THz
is attracting a great deal of attention due to its
wide bandwidth, which can support much higher
data rates from tens of Gb/s to a few Tb/s than
millimeter wave (mmWave) communication (Zhang
et al., 2017; Chen et al., 2019; Zhu et al., 2020).
THz channel propagation characteristics play an im-
portant role in the design, evaluation, and optimiza-
tion of THz communication systems (Eckhardt et al.,
2019). Furthermore, due to the short wavelength at
THz bands, the propagation mechanisms, i.e., reflec-
tion and diffraction, may change (Zhang et al., 2019,
2020). Therefore, it is quite necessary to measure
and model the reflection coefficients at THz bands.

Recently, several measurement campaigns have
been conducted to characterize reflection coefficients
at THz bands. For example, reflection coefficients
of materials were measured in Alawnch et al. (2018)
with a dielectric lens antenna from 207 to 247 GHz.
In Xing et al. (2019), measurements of reflection coef-
ficients with incident angles of 10°, 30°, 60°, and 80°
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were carried out for drywall at 142 GHz. Piesiewicz
et al. (2005) presented a measurement of reflection
coefficients by THz time-domain spectroscopy (THz-
TDS) for different building materials from 70 to
350 GHz at angles ranging from 20° to 75°. In
Kokkoniemi et al. (2016), THz-TDS measurements
were conducted from 100 GHz to 4 THz at incident
angles ranging from 35° to 70°. In short, reflec-
tion coefficients of different materials have been mea-
sured in some THz bands. However, the dependence
of reflection coefficients on frequencies, incident an-
gles, and materials has been only partially investi-
gated. Also, there is still no comprehensive model
that can accurately describe the above-mentioned
dependence.

The contributions of this correspondence are as
follows:

1. We present an extensive reflection coefficient
measurement at frequencies ranging from 220 to
320 GHz and incident angles ranging from 10° to
80°. The extensive measurement data are collected
with five building materials, i.e., glass, tile, board,
plasterboard, and aluminum alloy.

2. We investigate the dependence of reflection
coeflicients on frequencies, incident angles, and ma-
terials based on the measurement data and Fresnel
model, which provides guidance for modeling reflec-
tion coefficients.

3. By modifying the Fresnel model with the
Lorenz and Drude models, we propose the FARC
model at THz bands.
results, sets of fitted parameters of different ma-
terials are obtained using the FARC model. The
FARC model can successfully describe the depen-
dence of reflection coefficients on frequencies and in-
cident angles.

Based on the measurement

2 Measurement of terahertz reflection
coefficients

The measurement of reflection coefficients is
conducted by a wideband channel sounder. The de-
tails of the channel sounder can be referenced in Tang
et al. (2021). The measurement setup, procedures,
and data processing are introduced in this section.

2.1 Measurement setup and procedures

The measurement of reflection coefficients is
conducted in a 25 °C clean room. Before installing

the channel sounder, the system is calibrated after
the frequency mixers are connected to each other
without antennas. System calibration was intro-
duced in Tang et al. (2021). After installing the
channel sounder, the two antennas are aligned dyef
(dres=10 cm) apart to obtain the reference power
Piet. Then the five building materials (i.e., glass,
tile, board, plasterboard, and aluminum alloy) are
fixed at the clamp successively with the transmit-
ter (TX) and receiver (RX) antennas being set as
shown in Fig. la. The distances between the TX
antenna and the materials (d;) and between the RX
antenna and the materials (d,) are both 5 cm. The
sketch of the measurement setup is shown in Fig. 1b.
The reflection coefficients of the vertically polarized
signal are measured from 10° to 80° in a step of
10°. In addition, the measurement is performed
from 220 to 320 GHz in a step of 10 GHz except
270 and 310 GHz. These two frequency points are
not measured because the measurement system is
unstable when measuring. For each measurement,
50 snapshots of in-phase and quadrature (IQ) data
are collected.

= -
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@

Fig. 1 Terahertz reflection coefficient measurement
setup: (a) actual measurement; (b) sketch

2.2 Data processing

The formula calculating the reflection coefficient
can be expressed as (Landron et al., 1993)

dt + dr Pr
Il = L 1
| | dref Pref ( )

where P, is the power received by reflection. P, and

Pt are calibrated due to systematic deviation.

3 Analysis of reflection characteristics

This section shows the reflection coefficient re-
sults of five materials. First, the dependence of re-
flection coefficients on frequencies and incident an-
gles is investigated by comparing the measurement
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results with theoretical modeling. Then, based on
comparisons, the relationships between the reflection
coefficients and five materials are described.

3.1 Frequency and angle dependence of reflec-
tion coefficients

To investigate the frequency and angle depen-
dence of reflection coefficients, the reflection coeffi-
cients of five materials are plotted from 10° to 80°
at different frequency points (Fig. 2). The results at
nine frequency points are shown. For comparison,
the Fresnel reflection coefficient model is plotted and
the formula is given as (Landron et al., 1993)

rcos b 0, — /5 — sin6,
F _ 678( o 0 )2 (COS Sin ) ’ (2)

cos b 4+ 1/ — sin®0,

where 6, is the incident angle, ¢ is the standard
deviation of the surface roughness, A is the wave-
length, and 0 is the relative permittivity. The rela-
tive properties of five materials in the Fresnel model
are summarized in Table 1. The relative properties
are theoretical values of conventional materials in the
standard environment.

The angle dependence of reflection coefficients
can be observed in Figs. 2a—2e. We can see that the
trends of the measurement results and the Fresnel
model are similar. Because of the difference between
the relative parameters used in the Fresnel model and
the THz measurement, there is a deviation between
the results of non-metallic materials and the theo-
retical results. In Figs. 2a-2d, the reflection coeffi-
cients and the growth rates of non-metallic materials
increase with the increase of the incident angle. Fur-
thermore, the growth rate obviously increases when
the incident angle is >50°. The same trends of re-
flection coefficients at different frequency bands can
be found in Ahmadi-Shokouh et al. (2011) and Kim
et al. (2021). The reflection coefficients of metallic
materials are stable at around 0.8 in Fig. 2e, and
the measurement results of the aluminum alloy are

Table 1 Relative properties of five materials

Material 6 (F/m) o (um)
Glass 3.5 0.006

Tile 5.5 0.050
Board 2.8 4.800
Plasterboard 1.8 2.200
Aluminum alloy e 4.000

§: relative permittivity; o: standard deviation of the surface
roughness

lower than the theoretical results. The reason is that
the aluminum alloy may be covered with metallic
oxide. The frequency dependence of reflection co-
efficients can also be observed in Figs. 2a—2e. The
obvious fluctuations are observed by comparing re-
flection coefficients with frequency. Moreover, the
fluctuations are related to frequency at the same in-
cident angle. The fluctuations of plasterboard and
board are within 0.2, which are smaller than those of
the other three materials.

3.2 Material
coefficients

dependence of reflection

To research the material dependence of reflec-
tion coefficients, the average reflection coefficients
of five materials are shown in Fig. 2f in the 220-
The average reflection
coefficients are the average of the measured reflec-

320 GHz frequency range.

tion coeflicients at eight angles. Comparing the av-
erage reflection coefficients of these five materials,
the average reflection coefficients of aluminum alloy
are approximately 0.28 higher than that of tile and
almost 0.50 higher than that of plasterboard. The
aluminum alloy having the largest complex dielectric
constant reflects more power, and then in turn tile,
glass, board, and plasterboard. In short, the ma-
terials with larger complex dielectric constants can
reflect more power.

4 Reflection coefficient modeling

In this section, an FARC model is proposed to
describe the dependence of reflection coeflicients on
frequencies, incident angles, and materials.

The FARC model is inspired by the Lorenz,
Drude, and Fresnel reflection coefficient models. The
Lorenz model representing the relationship between
frequency and dielectric constant of non-metallic ma-
terials is written as follows (Popescu, 2010):

2

w
SL=14—5—P2 3
b +w(2)—w2—j'yw’ (3)

where
Ne?
2

= 4
“p meg (4)

j is the imaginary unit, N is the number of electrons
per unit volume, e is the unit positive charge, m is
the mass of an electron, €y is the permittivity of vac-
uum, v is the damping constant, wg is the resonant



Chang et al. / Front Inform Technol Electron Eng 2023 24(4):626-632

——220 GHz $-280 GHz
-6-230 GHz 290 GHz
—-240 GHz — 300 GHz
—-250 GHz -A-320 GHz
["2-260 GHz — -Fresnel model e

N
=)

o
o

o
o

e
B

Reflection coefficient

Angle (°)

—+-220 GHz -280 GHz
1.07]-0-230 GHz 290 GHz
—-240 GHz —300 GHz
—250 GHz 4-320 GHz
-8-260 GHz = -Fresnel model

0.8

Reflection coefficient

€
o
(&)
2
[0}
o
o
c
S
B0.4r g
T ——220 GHz %-280 GHz
x -6-230 GHz 290 GHz
0.2 [|-%-240 GHz —300 GHz 1
250 GHz -4-320 GHz
-5-260 GHz — -Fresnel model| g5, (e)
0 T T T 1 1
10 20 30 40 50 60 70 80
Angle (°)

629

——220 GHz %-280 GHz
-©-230 GHz 290 GHz
—#-240 GHz — 300 GHz
250 GHz -4-320 GHz
-8-260 GHz - -Fresnel model

1.0

Reflection coefficient

10 20 30 40 50 60 70 80
Angle (°)

——220 GHz 4-280 GHz
1.011-0-230 GHz 290 GHz
—-240 GHz —— 300 GHz
——250 GHz 4-320 GHz
[[8-260 GHz = -Fresnel model

o
<

o
o

o
~

Reflection coefficient

.

0.2%

0 1
10 20 30 40 50 60 70 80

Angle (°)
—+Glass Board
1.0[l-e-Tile ~$-Plasterboard 1
—Aluminum alloy

o o
) ®

N
R

Average reflection coefficient
o
DN

®
320

260 280 300
Frequency (GHz)

0 1
220 240

Fig. 2 Measurement results of reflection coefficients of glass (a), tile (b), board (c), plasterboard (d), and
aluminum alloy (e) at nine frequency points compared with the calculation results obtained using the Fresnel
model, and the average reflection coefficients of five materials at eight angles (f)

frequency, and w is the angular velocity. Here, we
choose e = 1.6 x 10719 C, m = 9.3 x 103! kg, and
€0 = 8.85x 10712 F/m. The Drude model represent-
ing the relationship between frequency and dielectric
constant of metallic materials is expressed as follows
(Popescu, 2010):

w2

dp=1-— —°
b w? + jyw

In Egs. (3) and (5), w = 27f, where f is the
frequency. Therefore, the Lorenz and Drude mod-
els can describe the dielectric constant continuously
with frequency. To characterize the reflection co-
efficients in the Fresnel model at consecutive fre-
quencies, the dielectric constants of non-metallic and
metallic materials should be expressed by the Lorenz
and Drude models, respectively. Thus, we substitute
Egs. (3) and (5) into Eq. (2). The FARC model of
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the non-metallic materials is written as

FNM :eig( no‘c;)s Oc )2

cosle —4/1+ L — sin?6
e wi—w2—jyw e

)

cos b + \/1 + 72702‘2:. — sin?6,
wg—w?—jyw
(6)

and the FARC model of metallic materials is ex-
pressed as

FMM :efg( WUC;S Oe )2

w? .2
cosl. — /1 — m — sin“0,

(.4.12
cos@e—i—\/l— P

The FARC model can calculate the reflection
coefficients with physical parameters of materials
such as o, 7, wp, and wg. Because the Fresnel,
Lorenz, and Drude models that derive the FARC
model are not frequency- or material-limited, the
FARC model does not have restrictions on these two
dimensions. Moreover, the FARC model describes
the reflection coefficients with frequency and angle

(7)

— sin®6,

in wide-frequency bands continuously with only one
set of physical parameters. The Fresnel model de-
scribes the reflection coeflicients at different frequen-
cies by changing the frequency-dependent dielectric
coefficients and cannot directly use frequency as a
variable to describe the reflection coefficient. Thus,
compared with the two-dimensional dependence de-
scribed by FARC, the Fresnel model involves only
the one-dimensional dependence, i.e., angle.

We change w and A to 27tf and ¢/ f respectively,
where f is in GHz and c is the speed of light. To
characterize the model more simply, we separate 6,
and f in Eqgs. (6) and (7). For example, Eq. (6) can
be deduced as

2,2 .2 2
Fl(IM — 678”62 fecos“f.

w2
P . 9
cosbl. —4/1+ wg?iv — sin“f,
Y
> f2=if

27y

“
cosfe + 41+ 02— — sin6,
0 _2npa_js

27y

(®)

We set the separated physical parameters of the
same materials in Eq. (8) to constants. Moreover, be-
cause of the large magnitudes of 87202 /¢?, w2 /(27y),

and w?/(2my), we use powers of 10 to reduce their
fitting complexity. Thus, the statistical FARC model
of non-metallic materials can be written as

_ a g2 2
FNMS —e 10% f9cos” 0.

COSQC — \/1 + % — Sin290

) (9)

COSQC =+ \/1 =+ % — Sin290

where a, b, ¢, and d can be derived as lg(8m20?/c?),
lg(w?/(2my)), 1g(w§/(27ry)), and 27/, respectively.
They do not have the exact physical meaning. How-
ever, these parameters are related to several physical
parameters; i.e., a, b, ¢, and d are related to the
surface roughness of the materials, the ratio of the
charge per unit volume to damping constant, the ra-
tio of the resonant frequency to damping constant,
and the damping constant, respectively. Therefore,
a, b, ¢, and d can be seen as constants to be fitted sta-
tistically. Moreover, the statistical FARC model of
metallic materials can be obtained in the same way.
The statistical FARC model of metallic materials is
expressed as
Tvims = e—lOanCOSQGe
cos b, — \/1 — df%'_:jf — sin®6,

cosf, + \/1 — dflg;'_:jf — sin®6,

(10)

To verify the feasibility of this model, we fit the
reflection coefficients of the five materials based on
the measurement results. As a representative, the
results of the materials are shown in Fig. 3. Fig. 3a
shows the comparison between the FARC and Fres-
nel models, and the measurement results of the board
at 280 GHz in the angle dimension. The parameters
in the Fresnel model are set according to Table 1.
The trend of the FARC model is similar to that
of the Fresnel model. In addition, it is found that
the FARC model fits the measurement results better
than the Fresnel model at the dimension of angle.
Fig. 3b shows the comparison between the calcu-
lation results obtained using the FARC model and
the measurement results of the plasterboard in the
two dimensions of frequency and angle. The mea-
surement data fit well with the calculation results,
and most deviation values between measurement and
model results are <0.05. The fitted parameters of
five materials are summarized in Table 2. These four
parameters of non-metallic materials are similar be-
cause the reflection coefficient trends of non-metallic
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Fig. 3 Reflection coefficient fitting comparison of the
board at 280 Hz in the angle dimension (a) and the
plasterboard in the two dimensions of frequency and
angle (b)

Table 2 Fitted parameters of five materials at nine
frequency points

Material a b c d RMSE
Glass —15.45 3.93 3.97 0.06 0.11
Tile —15.18 3.96 3.72 0.02 0.12
Board —15.30 3.89 4.04 0.03 0.10

Plasterboard

—15.66 3.57 4.33 0.10 0.08
Aluminum alloy -

—15.31 6.26 0.002 0.16

RMSE: root-mean-square error

materials varying with angle are similar. The fitted
parameters of metallic materials are much different
from those of non-metallic materials because their
reflection coefficients have different trends. Further-
more, the RMSEs of glass, tile, board, plasterboard,
and aluminum alloy are 0.11, 0.12, 0.10, 0.08, and
0.16, respectively. This demonstrates the good per-
formance of the proposed FARC model. In summary,
the proposed FARC model can characterize the fre-
quency and angle well for reflection coefficients.

5 Conclusions

This correspondence focused on analysis and
modeling in THz bands of the reflection coefficients
of building materials. Based on extensive measure-
ment campaigns from 220 to 320 GHz, we determined
the reflection coefficients of five building materials.
Also, the dependence of reflection coefficients on fre-
quencies, incident angles, and materials has been
investigated by comparing the measurement results
with the calculation results obtained using the Fres-
nel model. To further describe these dependencies of
reflection coefficients, an FARC model and a statis-
tical FARC model have been proposed based on the
Fresnel, Lorenz, and Drude models. By fitting all
measurement data with the statistical FARC model,
the reflection coefficients of five materials were ob-
tained in continuous large bands. Generally, this
work is helpful in understanding THz channel prop-
agation mechanisms and in simulating THz channels.
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