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Transmission, Reflection, and Scattering
Characterization of Building Materials

for Indoor THz Communications
Fatima Taleb , Goretti G. Hernandez-Cardoso , Enrique Castro-Camus , and Martin Koch

Abstract—The future communication technologies are naturally
evolving toward higher carrier frequencies in order to satisfy the
demand for increasing data rates. Terahertz (THz) frequencies
appear to make high-speed and high data rate communications pos-
sible. However, due to the high free-space damping above 100 GHz,
communication systems are limited to short range, seldom, non-
line-of-sight transmission links, which rely mostly on the reflection
properties of walls and other surfaces. We have investigated the
scattering coefficients of a representative collection of 50 build-
ing materials used for construction. The optical and reflection
properties of the samples were measured using THz time-domain
spectroscopy and the scattering coefficients were modeled based
on the Fresnel–Rayleigh equations and the Kirchhoff theory. The
proposed Kirchhoff–Rayleigh approach is appropriate for the scat-
tering characterization of rough surfaces with limitations to resolve
the scattering coefficients of materials with a complex structure.
Nonetheless, the measured data show the reflection potential of ma-
terials commonly found in indoor environments, giving important
insight into the further modeling of THz communication channels.

Index Terms—Building materials, non-line-of-sight (NLOS)
transmission links, scattering characterization, terahertz (THz)
communications.

I. INTRODUCTION

THE future of high speed, short range, and high data rate
communications relies on carrier waves with frequencies

above 100 GHz. Many efforts have been made for the develop-
ment of this technology, for instance, in the early 2000 s, a group
led by Tadao Nagatsuma succeeded in transmitting data rates in
the range of a few Gb/s at frequencies of 120 GHz [1], later in
2012, Song et al. [2] demonstrated 24 Gb/s data transmission
at 300 GHz and most recently, Oshiro et al. [3] introduced the
PAM4 modulation for terahertz (THz) wireless communications
employing a resonant tunneling diode receiver. THz communi-
cations systems, however, are limited by the high free-space
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damping at frequencies above 100 GHz [4], [5] and many times
rely on a line-of-sight link. Nevertheless, a line-of-sight system
is likely to be interrupted if objects or people move into the
beam path [6], [7]. This problem could be overcome using alter-
native transmission paths running over indirect non-line-of-sight
(NLOS) links [6], [8], [9], including reflections from the walls,
as seen in [10, Fig. 1.1] or [6, Fig. 3], along with the ability of
steering the beam path. One approach would be microstrip patch
antenna arrays. An early design for such antennas for 0.3 THz
was reported in [9] and [11]. Another approach is beam-steering
devices. Several such devices have been demonstrated [12], [13],
[14], [15], [16], [17], yet their capability is still quite limited. In
any case, the signal transmission will depend on the reflections
from walls and other surfaces; therefore, it is important to know
the scattering properties of materials usually found in an interior
environment.

To this extent, investigations on the THz and scattering prop-
erties of some building materials have been carried out [18], [19],
[20], [21]. The reflection properties of only a few selected mate-
rials, such as gypsum, plaster, and wallpaper, were studied using
THz time-domain spectroscopy and the scattering coefficients
were modeled using the Kirchhoff approach [20]. Furthermore,
the reflection and scattering properties entered into a ray tracing
software to simulate the signal coverage of a typical indoor
scenario showing the strong impact of the diffuse scattering
on the NLOS propagation paths. This approach and the data
presented in [19] and [20] have been used in subsequent years for
the design of THz communication systems [22], [23], [24], [25],
[26], [27], [28], [29]. Meanwhile, there has been other works
demonstrating data transmission over NLOS paths involving
the reflection of building materials [5] and the diffuse bistatic
scattering response of several metallic rough surfaces [30].
The latter measurements were performed using transmitter and
receiver modules operating only at a few frequencies from 100
to 400 GHz.

In this article, we present the investigation of the scattering
coefficients of a set of 50 representative building materials
commonly found in indoor environments. We studied the optical
and reflection properties by means of THz time-domain spec-
troscopy, characterized the roughness of the surface using pho-
togrammetry and modeled the angle- and frequency-dependent
scattering coefficients based on the modified Fresnel equations
and an extended Kirchhoff approximation [31]. Finally, we
present a detailed discussion for a few exemplary building
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TABLE I
BUILDING PRODUCTS LISTED BY MATERIAL TYPE

samples regarding the differences between the measured and
modeled data to set the limitations that the scattering model is
to overcome for the further calculations of indoor THz commu-
nication channels.

II. MEASUREMENTS

A representative collection of 50 building materials used for
construction was studied. The set of samples covers from natu-
rally occurring materials to man-made products, all commonly
present in indoor environments. A complete list of the samples,
classified by material type, is presented in Table I.

For a comprehensive understanding of the scattering proper-
ties, the diffuse reflection was measured and compared with the
modeled scattering coefficients. For this purpose, all materials
were prepared into 5 cm × 5 cm samples, the roughness of the
surface was characterized, and the optical properties and the
reflection and scattering coefficients were investigated at THz
frequencies.

A. Surface Characterization

The roughness profile of the building materials was char-
acterized by means of photogrammetry. Photogrammetry is a
technique used to reconstruct an object three-dimensionally

Fig. 1. Surface characterization of a building material. The sample is (a) three-
dimensional modeled by means of photogrammetry then, the (b) surface heights
are calculated from which the (c) height distribution and (d) correlation length
are determined.

by combining many photographic images. The object is pho-
tographed from different angles and a 3-D model is created
combining the information contained in the photographs of
the object, from which physical characteristics are calculated.
Using this technique, every sample was placed on a rotational
stage and 50 photographs were acquired using a professional
digital camera, the 3-D model reconstruction was performed
using the free version of the 3DF Zephyr software, and the
roughness profile of the material surface was calculated with
the open-source and free software CloudCompare. From the
3-D model, further calculations, such as the standard deviation
σ of the surface height distribution and the correlation length L,
which indicates the correlation between the heights of adjacent
points, were performed as described in [20]. An example of the
roughness characterization of a sample can be seen in Fig. 1.

B. Optical Properties and Reflection Characterization

The transmission, reflection, and scattering properties of the
building materials for TM polarization were investigated by
means of a terahertz time-domain spectrometer (THz-TDS), as
schematically depicted in Fig. 2. The optical properties were
studied with the THz-TDS system in transmission configuration.
Reference waveforms were recorded in the absence of sample,
and subsequently, samples were placed in the THz beam path.
The waveforms acquired were preprocessed by removing the dc
offset they had and were windowed in order to remove spurious
echoes in the signal coming either from reflections in the TDS
system or the sample itself. The refractive index was determined
following the methodology described in [32], which in brief
leads to the following equations:

n(ω) = 1− c

ωl
(φsample − φreference) (1)

and

κ(ω) = − c

ωl
ln

(
(n(ω) + 1)2

4n(ω)

|Esample|
|Ereference|

)
(2)
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Fig. 2. THz-TDS. In transmission configuration, the emitter (Tx) and receiver
(Rx) are facing each other, a pair of lenses drive the THz radiation from the
emitter through the sample and to the receiver in a single optical axis. In the inset,
the THz-TDS spectrometer is mounted on a goniometer system in reflection
geometry. The emitter (Tx) and receiver (Rx) are placed at a certain angle from
each other facing two optical axes.

where φi and |Ei| are the phase and amplitude of the Fourier
transforms for i = sample/reference, c is the speed of light, ω is
the angular frequency, and l is the thickness of the sample, which
was determined by using a digital vernier. The thicknesses,
refractive indices, and extinction coefficients of all samples are
provided in the supplementary material. The reflectivity of the
sample was then calculated by means of the Fresnel coefficient
rTM. Subsequently, the emitter and receiver antennas of the
spectrometer were placed on the arms of a goniometer system
(inset to Fig. 2) and the THz signal scattered from the sample
was recorded at different angles fixing the position of the THz
emitter at θi = 30◦, while the THz receiver was swept over the
angle range from θr = 0◦ to θr = 90◦ with 1◦ step. Likewise,
reference waveforms were recorded replacing the sample by a
metal plate. The illuminated area was approximately 4 cm2.

The THz-TDS system we used is based on an Er:fiber laser,
which produces ∼90 fs pulses at a repetition rate of 100 MHz,
with an average power of ∼120 mW and central wavelength
of 1550 nm. The pulses were split into two parts: the first one
was fiber coupled and sent to a biased InGaAs photoconductive
emitter in order to produce THz transients, while the second part
of the pulse was sent to a computer-controlled delay line, and
subsequently, fiber coupled and sent onto an InGaAs photocon-
ductive detector. By recording the current in the photoconductive
detector as a function of the delay-line position, it is possible to
reconstruct the time-dependent waveform of the THz electro-
magnetic transient.

C. Kirchhoff–Rayleigh Scattering Model

The proper modeling of the scattering patterns of indoor
building materials strongly depends on the geometry of their sur-
faces. For instance, the reflection properties of smooth, optically
thick materials, in which specular reflection dominates, can be
easily characterized with the Fresnel equations [18]. Yet, most

Fig. 3. Scattering from a rough surface with height distribution σ and auto-
correlation length L. The incident wave under the angle θi is reflected in the
direction of θr .

of the building materials have rather rough surfaces and diffuse
reflections need to be considered. To this extend, the Kirchhoff
theory of scattering from rough surfaces can be implemented
to model the losses in the specular direction and the diffuse
reflection patterns.

In this study, we characterize the scattering patterns of a
wide set of materials, with surfaces ranging from smooth (σ
= 0.009 mm) to rough (σ = 0.5 mm) by means of the Rayleigh-
modified Fresnel equations and the extended Kirchhoff theory
merged together in what we refer as the Kirchhoff–Rayleigh
model. Each approach is weighted by an error function centered
at λ0, threshold wavelength at which the surface is considered
smooth, calculated from the Fraunhofer criterion [33]

σ =
λ0

32cosθi
(3)

where θi is the incident angle with respect to the normal of the
surface and σ is the standard deviation of the surface height
distribution (see Fig. 3).

Therefore, depending on the roughness of the surface, the
specular reflection and diffuse scattering patterns are calculated
following the Fresnel equations modified with the Rayleigh
roughness factor or the extended Kirchhoff theory, on a weighted
contribution of both, the main formulations of which are
described in the following.

1) Specular Reflection, the Rayleigh–Fresnel Equations:
When a plane wave is reflected from a smooth surface, the
reflectivity in the specular direction can be calculated using
the simple Fresnel reflection coefficients. In reality, however,
surfaces are mostly found to be rough and the reflection power
is reduced due to diffuse scattering. Hence, in order to fully
describe the reflectivity in the specular direction for the case
of a smooth to moderately rough (σ < λ0/32cosθi) surface, the
Fresnel reflection coefficients are multiplied by the Rayleigh
roughness factor [18]

ρ = e−g/2 (4)
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where

g =

(
4πσcosθi

λi

)2

(5)

with θi being the incident angle, σ the standard deviation of
the surface roughness, and λi the free-space wavelength of the
incident wave. Then, the modified reflection coefficient r′TM is
given by

r′TM = ρ · rTM (6)

where rTM is the Fresnel reflection coefficient for TM-polarized
waves incident on a smooth surface, which can be calculated
from the frequency-dependent refraction index n.

It has to be noted that this approximation does not provide an
angular-dependent function that describes how the radiation lost
in the specular direction is redirected in other directions. Yet,
if the wavelength is long in terms of the Fraunhofer criterion
(3), the loss would be ≤ 1.5% at an incidence angle of 30◦.
Therefore, to first approximate, the only measurable effect is
the loss in the specular reflection, and we have, thus, assumed
that the nonspecular components are negligible in the Fraunhofer
regime.

2) Diffuse Scattering, the Extended Kirchhoff Theory: The
modified Fresnel coefficient describes the reflectivity in the spec-
ular direction accounting for the losses due to diffuse scattering.
Furthermore, the diffuse reflections for rougher surfaces can
be described by an extended model of the Kirchhoff theory,
previously proposed to investigate the scattering properties of
typical indoor building materials [20], which states that a wave
incident on an optically thick, rough surface under an angle θi
is scattered in the direction given by the angle θr (as in Fig. 3)
as follows:

〈ρρ∗〉 = 〈rr∗〉 · 〈ρρ∗〉∞ (7)

where r, given by rTM = (cosθi − n)/(cosθi + n), denotes
the Fresnel reflection coefficient of the scattering surface and
〈ρρ∗〉∞ describes the mean scattering coefficient of an infinitely
conductive surface as

〈ρρ∗〉∞ = e−g ·
(
ρ20 +

πL2F 2

A

∞∑
m=1

gm

m!m
e−(v2

x+v2
y)L

2/4m

)
(8)

with

ρ0 = sinc(vxlx) · sinc(vyly) (9)

vx = k · (sinθi − sinθr) (10)

vy = k · (−sinθr) (11)

g = k2σ2(cosθi + cosθr)
2 (12)

and

F (θi, θr) =
1 + cosθicosθr − sinθisinθr

cosθi(cosθi + cosθr)
. (13)

Here, A = lx · ly is the illuminated area, k represents the free-
space wavenumber, and the Rayleigh roughness factor g, given
by (12), is an indicator of the relative surface roughness at a
given wavelength.

Fig. 4. (a) Photograph of a fire clay brick sample. (b) Measured and modeled
scattering coefficients at 300 GHz as a function of the reflected angle, the green
line shows the noise level of the THz-TDS system. (c) Color map of the modeled
and measured scattering coefficients as a function of frequency and reflected
angle.

Finally, the scattering coefficients are calculated as function
of the frequency f by

s(f) = erf

(
λ − λ0

σerr

)
· 〈ρρ∗〉+

[
1− erf

(
λ − λ0

σerr

)]
· r′TMr′∗TM

(14)
valid for a wavelength range λ, with λ0 given by the Fraunhofer
criterion in (3), and a standard deviation σerr. The reflection
coefficients according to the extended Kirchhoff theory 〈ρρ∗〉
and the Rayleigh–Fresnel equation r′TM are given by (6) and (7),
respectively.

III. RESULTS

The scattering coefficients of the investigated building mate-
rials have been found to vary significantly depending not only on
the optical properties and roughness of the surface but also on the
material composition and its internal structure. In the following,
we present a few examples of the scattering characterization of
some structural materials, insulators, caulking compounds, and
other building products. The scattering characterization of all
building materials is found in the supplementary material, and
the corresponding figures are referred with the prefix S.

Starting with structural materials, we studied bricks, stone,
cement, and different gypsum and wood samples. A photo-
graph of a fire clay brick, with a slightly rough surface (σ =
0.024 mm), is shown in Fig. 4(a) together with a polar plot of the
scattering coefficient at 300 GHz as a function of the reflected
angle in Fig. 4(b). We picked 300 GHz since it is one of the
target frequencies for the next generation of telecommunication
systems; however, the measured and calculated frequency and
angle-dependent scattering coefficient between 0.1 THz and 1.0
are shown as color maps in Fig. 4(c). The lobe in the specular
direction is nicely resolved, showing a good agreement between
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Fig. 5. (a) Photograph of a Flexfuge cement sample. (b) Measured and
modeled scattering coefficients at 300 GHz as a function of the reflected angle,
the green line shows the noise level of the THz-TDS system. (c) Color map of
the modeled and measured scattering coefficients as a function of frequency and
reflected angle.

measurements and modeling, with sidelobes in the nonspecular
direction falling below the noise threshold.

Two different types of cement, Flexfuge and Universal, a Be-
ton concrete sample, and lime with marble grains were also an-
alyzed. The scattering characterization of a sample of Flexfuge
cement with σ = 0.029 mm can be seen in Fig. 5. The scattering
coefficient at 300 GHz as a function of the reflected angle in
Fig. 5(b) shows a well-resolved lobe in the specular direction
with sidelobes right above the noise level. This good agreement
between the modeled and measured data is also observed on
the frequency- and angle-dependent scattering coefficients in
Fig. 5(c). Moreover, we could see a similar behavior on the
Universal cement sample (see Fig. S3) and on the Beton concrete
(see Fig. S4). These materials are particularly interesting since
they are usually left unfinished after being cast. On one hand,
their nice reflection properties are not influenced by covering
materials and, on the other hand, diffuse scattering could follow
the patterns imprinted on the surface by the formwork. This
response could be seen in the sample of lime with marble
grains (see Fig. S5) with a good reflection coefficient in the
specular direction and nice diffuse scattering patterns given by
the marbles on the surface.

As for gypsum materials, we investigated composites, either
mixed or layered, of gypsum and different aggregates. The
scattering characterization of a gypsum–carton layered sample
is shown in Fig. 6 as an example. As seen in the photograph of
Fig. 6(a), the sample has a smooth surface with σ = 0.009 mm
and a porous internal structure, noticeable on the inset. This
particular composition of the sample could explain how the
modeled and measured scattering coefficients roughly correlate
in the scattering coefficient at 300 GHz as a function of the
reflected angle, as shown in Fig. 6(b), and in the frequency-
dependent scattering patterns, as shown in Fig. 6(c). The lobe

Fig. 6. (a) Photograph of a gypsum–carton layered sample, the inset shows
a microscopic image of its longitudinal section. (b) Measured and modeled
scattering coefficients at 300 GHz as a function of the reflected angle, the green
line shows the noise level of the THz-TDS system. (c) Color map of the modeled
and measured scattering coefficients as a function of frequency and reflected
angle.

measured in the specular direction is barely resolved with even
larger differences between the measured and modeled data of
the nonspecular lobes. We believe that the top thin layer on the
sample together with its porous structure may lead to multiple
internal reflections that could contribute to the measured diffuse
scattering. A similar behavior with better agreement between
the modeled and measured data was observed in a second
gypsum–carton layered sample (see Fig. S7). A reasonable good
scattering response of the mixtures of gypsum and different
aggregates (see Fig. S8–Fig. S10) was observed only with
slight variations depending on the reflection properties of the
aggregates; meanwhile, the scattering coefficients of a gypsum
sample with a rough surface and high porosity could merely be
resolved above the noise level (see Fig. S11).

Different samples of wood-based materials, ranging from raw
to compressed wood, were studied. In Fig. 7, the scattering
characterization of a raw wood sample, namely Spruce Fir,
is presented. The surface is considered to be nearly smooth
(σ = 0.014 mm) with a fibrous structural tissue, as seen in
Fig. 7(a). A slight agreement between the modeled and measured
diffuse scattering can be observed in the scattering coefficient
at 300 GHz as a function of the reflected angle, as shown in
Fig. 7(b), and in the frequency-dependent scattering patterns, as
shown in Fig. 7(c). The measured lobe in the specular direction
is nearly resolved with a small difference in the amplitude.
The nonspecular lobes, on the contrary, are barely seen in the
theoretical curve, whereas a multitude is measured in the experi-
ments with notable differences in amplitude. This inconsistency
between modeling and measurements could be attributed to
the fibrous structure of the raw wood contributing to multiple
internal reflections. The same behavior was observed on a second
sample of Spruce Fir (see Fig. S13) and on a sample of Douglas
Fir wood (see Fig. S14).
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Fig. 7. (a) Photograph of a Spruce Fir wood sample, the inset shows a micro-
scopic image of its longitudinal section. (b) Measured and modeled scattering
coefficients at 300 GHz as a function of the reflected angle, the green line shows
the noise level of the THz-TDS system. (c) Color map of the modeled and
measured scattering coefficients as a function of frequency and reflected angle.

Fig. 8. (a) Photograph of a compressed wood sample. (b) Measured and
modeled scattering coefficients at 300 GHz as a function of the reflected angle,
the green line shows the noise level of the THz-TDS system. (c) Color map of
the modeled and measured scattering coefficients as a function of frequency and
reflected angle.

In addition, the characterization of a compressed wood sample
with a nearly smooth surface (σ= 0.014 mm) is shown in Fig. 8.
Compared with the porous raw wood, there is a better agreement
between the modeled and measured scattering coefficients with
a well-resolved specular lobe in both, the scattering coefficient at
300 GHz as a function of the reflected angle and the scattering
patterns as a function of the frequency, see Fig. 8(b) and (c),
respectively. Multiple lobes in the nonspecular direction are
present in the modeling that fall below the noise level. Contrary
to the raw wood, the compression of the wood fibers in this

Fig. 9. (a) Photograph of a Bitumen Balin membrane. (b) Measured and
modeled scattering coefficients at 300 GHz as a function of the reflected angle,
the green line shows the noise level of the THz-TDS system. (c) Color map of
the modeled and measured scattering coefficients as a function of frequency and
reflected angle.

sample reduces the air gaps in the internal structure, which
results in a higher refractive index and in a larger reflectivity.
Two other samples of compressed wood (see Figs. S16 and S17)
and two more of high-density fiberboard (see Figs. S18 and S19)
present similar reflection patterns, with a nicely resolved lobe
in the specular direction and the diffuse scattering coefficients
depending only on the roughness of their surfaces.

Other interesting building products are insulators. Although
insulators are mostly underneath the surface coating, in some
cases, these materials are used as false ceilings or as wall
coverings. In this work, we investigated different insulation
materials. In Fig. 9, the scattering characterization of a Bitu-
men Balin membrane can be seen. Bitumen, also known as
asphalt, is a composition of many mineral materials with dif-
ferent particle sizes, which makes the membrane surface rough
(σ = 0.087 mm). The scattering coefficient at 300 GHz as a
function of the reflected angle in Fig. 9(b), and the angle- and
frequency-dependent scattering coefficients in Fig. 9(c) show a
reasonable agreement between the measured and modeled data
with a broad lobe in the specular direction and the nonspecular
patterns well resolved even with similar amplitudes right above
the noise level. At higher frequencies, however, this agreement
is not longer observed due to the increasing noise impact given
by the high-frequency roll-off of the signal-to-noise ratio of the
THz-TDS system. A multilayered acoustic panel (see Fig. S22)
with a smooth surface and air gaps within the structure was also
studied showing a similar response as the Bitumen membrane
only with a slight difference in the amplitude of the main
lobe, probably due to the contribution of air on the reflection
coefficient. Different is the case for a mineral insulation board
(see Fig. S23) with a rough surface and a highly porous structure,
which results in scattering coefficients falling below the noise
level.
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Fig. 10. (a) Photograph of a ceramic tile with a rough surface. (b) Measured
and modeled scattering coefficients at 300 GHz as a function of the reflected
angle, the green line shows the noise level of the THz-TDS system. (c) Color map
of the modeled and measured scattering coefficients as a function of frequency
and reflected angle.

Multiple samples of plastic, glass, ceramic, and marble were
analyzed too. These materials are commonly found in indoor
environments as floor tiles, wall coverings, room dividers, and
decoration. Therefore, a comprehensive knowledge of their scat-
tering patterns is of special interest for the indoor communica-
tion channels. Examples of the scattering characterization of
these materials are presented in the following paragraphs. The
scattering coefficients of a ceramic tile is shown in Fig. 10. A
good agreement can be observed in the scattering coefficient at
300 GHz as a function of the reflected angle in Fig. 10(b), with a
nicely resolved lobe in the specular direction and the sidelobes
reasonably following the modeled patterns. The measured and
simulated scattering coefficients as a function of both, frequency
and the observation angle, are presented in Fig. 10(c). The
main and surrounding lobes are comparable with the modeled
data; nevertheless, as the observation angle falls off the specular
direction, the noise impacts the data quality due to the much
lower signal levels. Same is the case for higher frequencies.
Yet, and despite the rough surface of the ceramic tile with σ =
0.097 mm, the overall scattering behavior is well modeled.

Some indoor tiles have a thin plastic coating to produce a
wood-like finishing. These plastic coatings are similar to ceram-
ics in terms of structure, such as roughness and surface regularity,
and the optical properties, i.e., refractive index and reflectivity.
The scattering characterization of a tile with a polyurethane
coating is seen in Fig. 11. A similar behavior to the ceramic tile
can be observed on the scattering coefficient at 300 GHz as a
function of the reflected angle in Fig. 11(b), and on the scattering
coefficients as a function of the frequency and observation angle
in Fig. 11(c). The main lobe is nicely resolved along with the
sidelobes, except those far away the specular direction, which are
likely buried in noise. This nice agreement between modeling
and measurements was also observed in all the ceramic and

Fig. 11. (a) Photograph of a tile with a polyurethane coating. (b) Measured and
modeled scattering coefficients at 300 GHz as a function of the reflected angle,
the green line shows the noise level of the THz-TDS system. (c) Color map of
the modeled and measured scattering coefficients as a function of frequency and
reflected angle.

Fig. 12. (a) Photograph of a white glass sample. (b) Measured and modeled
scattering coefficients at 300 GHz as a function of the reflected angle, the green
line shows the noise level of the THz-TDS system. (c) Color map of the modeled
and measured scattering coefficients as a function of frequency and reflected
angle.

marble tiles (see Figs. S25–S32), as well as in the plexiglass
sample (see Fig. S34), each with a wel-resolved main lobe in
the specular direction and sidelobes right above the noise level.

Another interesting material for this study is glass, particu-
larly due to its larger refractive index at THz frequencies that
results in a higher reflectivity than for other materials found
indoors. The scattering characterization of a smooth sample of
glass with σ = 0.009 mm is presented in Fig. 12. The scattering
coefficient at 300 GHz as a function of the reflected angle in
Fig. 12(b), along with the scattering coefficients as a function of



428 IEEE TRANSACTIONS ON TERAHERTZ SCIENCE AND TECHNOLOGY, VOL. 13, NO. 5, SEPTEMBER 2023

Fig. 13. (a) Photograph of a silicone sample, the inset shows a microscopic
image of the surface. (b) Measured and modeled scattering coefficients at
300 GHz as a function of the reflected angle, the green line shows the noise
level of the THz-TDS system. (c) Color map of the modeled and measured
scattering coefficients as a function of frequency and reflected angle.

both, the frequency and the observation angle in Fig. 12(c), show
a very good agreement between the measured and the modeled
data and are mainly determined by the reflection in the specular
direction. The same response in the scattering coefficients of the
dark glass (see Fig. S36) was observed.

Moreover, we investigated the so-called caulking compounds,
flexible sealing materials used to close up gaps in building struc-
tures. As an example, the scattering characterization of a silicone
sample is shown in Fig. 13. Surprisingly, and despite silicone
exhibits a relatively small refractive index in the THz range,
its modeled and measured scattering coefficients at 300 GHz
as a function of the observation angle in Fig. 13(b) and as
a function of the angle and frequency in Fig. 13(c) show a
reasonable agreement with a well-resolved lobe in the specular
direction. Yet, the measured data in the nonspecular direction
do not agree as nicely to the modeled data, possibly due to
air bubbles in the silicone sample, visible in the inset, which
could cause internal reflections contributing to a stronger diffuse
scattering, and the varying thickness along the surface sample,
which leads to unexpected nonspecular lobes. A similar behavior
could be seen in the second sample of silicone (see Fig. S38)
and, overall, in all the caulking materials (see Fig. S39–S44)
studied in this work, probably due to their flexible nature and
application technique.

The reflection properties of other building products, such
as paint, textiles, and foam materials, were also studied. For
example, the scattering characterization at 300 GHz of spray
foam and of a piece of carpet can be observed in Fig. 14. As
for the spray foam sample in Fig. 14(a) with σ = 0.1 mm, the
modeled scattering coefficient at 300 GHz as a function of the
observation angle in Fig. 14(b) shows a main lobe in the specular
direction with decreasing sidelobes. Nevertheless, the modeled
data fall below the noise level of our measurement system

Fig. 14. Photograph of (a) spray foam and (c) carpet. Correspondent measured
and modeled scattering coefficients at 300 GHz as a function of the reflected
angle. The modeled coefficients in (d) fall below −80 dB. The green line shows
the noise level of the THz-TDS system.

and, therefore, the measurements cannot resolve the scattering
patterns. We could observe the same behavior in two more foam
samples, namely a laminate pad (see Fig. S46) and polystyrene
foam (see Fig. S47). Foam materials exhibit a refractive index
of approximately 1 at THz frequencies, resulting in a reflection
coefficient close to zero, hence the low scattering coefficients.
Similar is the case for the piece of carpet in Fig. 14(c) with a
refractive index of 1.05, a surface considered as highly rough
with σ = 0.5 mm and a significantly fibrous structure, resulting
all together in scattering coefficients falling far below −80 dB
and, therefore, not depicted in Fig. 14(d), where we can see
the measured data right at the noise level. Contrary to foam and
fabric materials, the colored lacquer (see Fig. S49) and wall paint
(see Fig. S50) samples exhibit better reflection properties with a
reasonable well-resolved lobe in the specular direction and nice
diffuse scattering patterns. However, defects in the paint layers,
such as cracking, flaking, and clumping, should be considered
as they may lead to different scattering coefficients.

It can be noticed that the traditional scattering theories,
on which the Kirchhoff–Rayleigh model used in this study
is based, have certain limitations. For instance, the Kirchhoff
approximation fails if the surface has sharp edges, spikes, or
other geometrical irregularities sometimes encountered in some
indoor building materials. Moreover, multilayered and/or porous
structures are not considered in the scattering model, which
may lead to multiple internal reflections and interfacial scat-
tering, that contribute to the experimentally measured behavior.
A very clear example of these limitations is observed in the
scattering characterization of a magnesite-bonded wood sample
with a highly rough surface (σ = 0.27 mm) and a multilayered
carton structure, as shown in Fig. 15. As observed in Fig. 15(b)
and 15(c), a single lobe in the specular direction is modeled.
However, the measured data show not only the main lobe in
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Fig. 15. (a) Photograph of a magnesite-bonded wood sample. (b) Measured
and modeled scattering coefficients at 300 GHz as a function of the reflected
angle, the green line shows the noise level of the THz-TDS system. (c) Color map
of the modeled and measured scattering coefficients as a function of frequency
and reflected angle.

the specular direction but also strong diffuse scattering with
amplitudes above the noise level. This disagreement between
the modeled and measured scattering coefficients could be at-
tributed to the complex composition of the sample with several
layers of wood fibers randomly bonded together and a very
irregular surface with multiple sharp edges and air gaps, as
seen in Fig. 15(a). None of these features are considered by
the traditional scattering models and highlight the limitations
of the Kirchhoff–Rayleigh approach for the modeling of the
reflection properties of indoor building materials. Therefore,
improvements on the model remain to be made for the further
modeling of indirect THz communication channels.

IV. CONCLUSION

We have presented the investigation of the scattering coeffi-
cients of a representative collection of 50 building materials. The
optical and reflection properties of all samples were measured
using a fiber-coupled THz-TDS, the roughness characterization
was performed by means of photogrammetry, and the specular
reflection and diffuse scattering coefficients were modeled based
on the modified Fresnel equations and the extended Kirchhoff
theory. The measured refractive indices and scattering coeffi-
cients show promising reflection properties of some materials
commonly found in indoor environments, e.g., glass, ceramic,
stone, plastic, and cement composites. Other materials, such
as foam, textiles, and porous compounds, exhibit rather low
reflectivity, yet these building products are usually encountered
underneath a covering surface. Comparing measured with mod-
eled data, the proposed Kirchhoff–Rayleigh approach is shown
to be appropriate for the scattering characterization of building
materials with random rough surfaces. However, the model fails
to reproduce the scattering behavior of samples with a complex
structure. Materials with complex structures have particular

features, such as sharp edges, air gaps, and other geometrical
irregularities on the surface, and a multilayered and/or porous
bulk structure, which either violate some assumptions of the
Kirchhoff theory or are not considered in any of the traditional
scattering approximations. That is the case for multilayered and
porous structures, which lead to multiple internal reflections,
that contribute to the scattering properties of the material. Yet,
and despite these features are not considered for the modeling
of the scattering coefficients in this study, the measured data
offer valuable insights into the scattering potential of these
rough and multilayered materials commonly found in indoor
environments, making the NLOS THz data transmission a more
real case scenario. This contribution is the first comprehensive
study on the optical behavior of broad families of building
materials and is expected to be very relevant for the future design
of THz frequency communication systems. Modifications in
the scattering Kirchhoff–Rayleigh approximation for the proper
modeling of THz communication channels are left for future
works.

DATA AVAILABILITY

The surface, transmission, reflection, and scattering char-
acterization data are available on https://doi.org/10.6084/m9.
figshare.21539109.
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