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ABSTRACT
We present some preliminary measurement results for the reflection properties of common indoor materials for 300 and 1000 GHz
frequencies. These material include various wooden surfaces, concrete, rubber floor surface, and glass. All the presented materials
are very smooth and only have a very small amount of diffuse scattering. For smooth surfaces, the reflection coefficients can reliably
be estimated based on the Fresnel equations. The presented results
are a part of a larger measurement campaign aiming at searching
for refractive indices for different materials. Because these indices
are unknown, we find them by fitting the measured path gains
to those given by the Fresnel equations. Knowing the refractive
indices, researchers can model the reflection loss/coefficients simply by Fresnel equations and, e.g., adjusting the polarization based
on the desired application. The reflection coefficients have applications in all scales of communications, as the reflections are usually
the most probable source of multipath signal components. Modeling these non-line-of-sight (NLOS) components properly is important when modeling realistic propagation environments.
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INTRODUCTION

The high frequency communication solutions are becoming the
core of the future communications systems research. This is due to
large radio frequency resources in the millimeter wave (mmWave,
30–300 GHz) and terahertz band (0.3–10 THz). The upcoming 5G
systems will already utilize the mmWave frequencies [10], but the
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both mmWave and THz bands have great number of promising
applications in all the scales of communications [1, 2].
Among these applications is a concept of nanocommunications
that comprises communications solutions and research between
very simple and very small devices, biological or electronic. The
electromagnetic (EM) branch of the nanocommunications is of particular interest of this paper as we will show some channel propagation characteristics with respect to reflection on surfaces. The
THz band has been in the core of the EM nanocommunications
research for quite a long time, as it has been estimated that the
THz frequencies are reachable if the devices are similar size to a
biological cell. To be specific, not in a sense to reach as high as
the THz band, but to reach as low as the THz frequencies due extreme miniaturization of the components [3]. By utilizing novel
materials, such as graphene, the nanosized components and entire
operational devices may become possible during in the near future
[3].
Regardless of the scale of the communications, one important
aspect of modeling any communications systems of any scale is
the proper channel modeling. Most of the research on the THz
band communications focuses on the line-of-sight (LOS) communications. This is obviously important due to very high path loss
in the channel that can best be fought against by having a LOS
path available. However, it has been shown previously, e.g., by us
in [4–6], that the NLOS communications is possible due to tolerable path losses via penetrations, reflections, and diffraction. Interestingly, when we talk about nanocommunications and inherently
short distances between the devices, the NLOS paths become even
more probable due to in general large loss in the NLOS paths. That
is, if the distance is short, the large loss in NLOS path does not hurt
the communications that much due to much lower free space loss.
The very high free space loss along with the molecular absorption
loss quickly kills the signals over large distances [3].
As previously mentioned, this paper focuses on reflection loss
modeling in the THz band. We performed reflection measurements
for various common indoor materials with TeraView TeraPulse
4000 measurement device. There exists few papers addressing reflection properties of common materials by utilizing refractive indices with the Fresnel equation, such as [8, 9]. Our measurements
share a couple of materials with these papers with similar results
on those. However, there are some differences in the results handling. We model the measured refection loss directly with the Fresnel equations instead of utilizing an absorption coefficient to model
the higher frequency loss. This causes the effective refractive indices to deviate from the ones given in [8, 9]. Otherwise this paper
complements the existing results by adding some new materials.
We utilized the measured reflected path gains by fitting those to
the Fresnel equations [7] that theoretically model the reflection on
smooth surfaces. By doing so, we can find the effective refractive
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FRESNEL EQUATIONS

The aim herein is to model the reflection coefficients by the Fresnel equations. Those only depend on the refractive indices of air
and the reflecting material and the angle of incident radiation. The
problem is that we do not know the refractive indices of the most
of the materials in the THz frequencies. In order to utilize the reflection coefficients by the Fresnel equations, we estimate the refractive indices by fitting the measured reflection coefficients to
the Fresnel equations. This method gives freedom to choose the
polarization of the transmission by adjusting the parallel and perpendicular components of the reflection. Moreover, no need for
interpolation is required as the Fresnel equations are given as a
function of the angle of the incident radiation. The downside of
the method is that it is very accurate on the smooth surfaces, but
loses its accuracy as the surface get rougher. This also occurs as a
function of frequency due to higher frequency radiation sees the
surface rougher than the lower frequencies. We will discuss more
about this in the next section.
The famous Fresnel equations are as follows [7]. The total reflection coefficient R(θ i ) is
1
R(θ i ) = (Rs (θ i ) + Rp (θ i )),
(1)
2
where
q
2
n 1 cos(θ i ) − n 2 1 − ( nn21 sin(θ i ))2
(2)
Rs (θ i ) =
q
n 1 cos(θ i ) + n 2 1 − ( nn21 sin(θ i ))2
and

q
2
n 1 1 − ( nn21 sin(θ i ))2 − n 2 cos(θ i )
Rp (θ i ) =
q
n 1 1 − ( nn21 sin(θ i ))2 + n 2 cos(θ i )

(3)

are the reflectances of the perpendicular (Rs (θ i )) and the parallel
(Rp (θ i )) signal components, R(θ i ) is the reflectance of circularly polarized signal, θ i is the angle of incident, n 1 is the refractive index
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indices that give the measured output when used with the Fresnel
equations. This is a good solution, as it gives researchers tools to
model reflection by closed form expressions and where the polarization and angles can be freely chosen without a need to interpolate the measurement results.
The presented results are part of the larger measurement campaign aiming at searching for refractive indices of different materials, but also studying the scattering on the surface of the materials.
The results herein focus on some common indoor materials to already give a insight into part of the full measurement campaign.
The considered materials in this paper include medium density
fiberboard samples (MDF), concrete, glass, rubber floor material,
and sanded wood. All the samples here are very smooth and the resultant reflection gains through them showed excellent agreement
with the Fresnel equations. We give the refractive indices for two
frequencies: 300 and 1000 GHz. By these refractive indices, anyone
can recreate our measurement results by the Fresnel equations.
The rest of this paper is organized as follows. Section 2 gives
the theoretical Fresnel equations. Section 3 introduces the measurement setup and the measured materials, and the refractive indices
a brief look into the general results is given in Section 4.
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Figure 1: The Fresnel curves for s- and p-polarized radiations
in amplitude domain and the total reflectance for a circularly polarized radiation in power domain for the refractive
indices varying from one to four.

of air, and n 2 is the refractive index of the material. The refractive index of the air is assumed to be one. The above equations are
given with respect to the reflected power (absolute square).
As stated above, we utilize these equations in fitting the measured reflection coefficients. Fig. 1 shows the reflectances of both
polarizations in amplitude domain and the total reflection coefficient in power domain for the refractive indices from one to four.
What makes the fitting process difficult, is that we do not know
the polarization of our measurement device. However, it was estimated by finding the best fit by adjusting the ratio of the two
polarizations. This will be discussed in detail in the next section.

3 MEASUREMENT SETUP
3.1 Measurement Setup
The measurements for this paper were specifically aiming at measuring the reflection loss of various materials as a function of frequency. The measurements were made with TeraView TeraPulse
4000 measurement device. The measurement setup is shown in Fig.
2. The TeraPulse device consists two measurement heads visible on
the table. These heads contain the THz emitter and receiver from
and to which the partly omnidirectional beam is gathered into almost straight beam by parabolic mirrors. The measurements were
performed by keeping the distance to the reflecting surface constant at 20 cm and by varying the angle of incident on the transmitter and receiver sides. In Fig. 2 the measurement plates are pointing
to the glass sample at 45 degree angle.
The performance figures for the measurements here are given
in Table 1. The TeraPulse measurement device is based on time domain spectroscopy, i.e., the measurements are done in time domain
by sampling the received signal and the frequency domain results
are obtained afterwards by Fourier transform. The frequency resolution in Table 1 is after zero padding and value in brackets is
the true resolution without the zero padding, which was used in
smoothing the results. The maximum measurement frequency is
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Figure 2: The central unit and the measurement heads of the
TeraView TeraPulse 4000 measurement device along with
the measurement table and the glass sample.
Table 1: Performance figures of TeraView TeraPulse 4000
measurement device and the measurement setup for the
measurements herein.
Performance metric
Frequency range
Frequency resolution
Number of samples per pulse
Measurement time per pulse
Time resolution
Measurement metric
Angular range
Averaging
Measurement distance

Value
0.1 – 4.5 THz
5.9 GHz (29.6 GHz)
4096
33.9 ps
8.3 fs
Value
20 – 80 degrees
1000 samples/sample
20 cm

limited by the noise level. For the reference signal, which is measured on line-of-sight (LOS) conditions, the maximum measurable
frequencies are around 4.5 THz. The reference measurement is the
shown in Fig. 3 and it is used to calculate the path gains through
the NLOS paths. It can be assumed that the free space channel is
roughly the same among the measurement due to equal measurement distance. Thus, the division of the reflection measurements
by the reference gives the approximate reflection gain. All the results have been averaged over 1000 measurements to suppress the
noise level.

3.2

Measured Materials

The materials presented here are common indoor materials. They
are part of a larger yet unfinished measurement campaign to find
out the reflection and scattering properties of various common indoor and outdoor materials in the THz band. By knowing the reflection properties of the materials, accurate simulations and channel
characterizations in different kinds of multipath scenarios become
possible. Materials chosen for this paper are represent very smooth

Figure 3: Reference pulse shape of the TeraView TeraPulse
4000 at 20 cm distance.

surface materials that can be accurately represented by the Fresnel
equations and that are common so that the results herein can be utilized in the indoor propagation simulations and modeling. Those
include (and are also listed in Table 2) painted, laminated, and raw
medium density fiberboard (MDF), glass, sanded birch board, concrete, and rubber floor panel that is commonly used as an office
floor material. These materials are also shown in Fig. 4 except for
the glass that is visible in Fig. 1. The raw MDF is rarely used as it is
due to weak water resistance, but it was included as it is a common
base material of many furniture, such as bookshelves. Furniture are
of the made of laminated MDF, or regular wood.
A one set of materials is missing from the list of common indoor materials: metals. Those were measured, but based on our
measurements and analysis, they cannot be reliably modeled by
the refractive indices. The reason is that they reflect THz radiation
so strongly that the path gains through them are very challenging
to fit to the Fresnel equation. They appear almost as mirrors with
small amount of radiation lost most likely due to scattering, but
also partly because of finite penetration depth, i.e., the metals allow small amount of radiation to pass through, but not enough that
anything conclusive could be said about the measurement results.
The measurement shows the common trend of decreasing reflected
power as the angle of incident is decreased, but the power drop is
at worst about 1–2 dB at the range from 100 – 1000 GHz of which
most is likely to be caused by some other phenomena than the reflection itself.
In the measurements, the THz beam is directed to the center of
the surface to make sure that the beam illuminates only the surface
to maximize the reflected energy. This is important to keep the
radiated power to the surface equal for all the measured angles.
This way reflected power can be measured accurately. This, along
with the physical limitations of the measurement heads, set the
limitations to the angular range of the measurements.
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Figure 5: Measured path gains of the raw MDF sample as a
function of frequency for the measured angles of incident.
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Figure 4: The measured materials excluding the glass sample.
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4 REFLECTION COEFFICIENTS
4.1 Measurement Results
The measurements results for the reflected paths as a function of
frequency and path gain are given for the considered angles of incident for raw, painted, and laminated MDF are are shown in Figs.
5 – 7. These show the general trends of all the measurements and
already give a hint that the measurements indeed follow the Fresnel equations. It can be seen that as the angle of incident radiation
is increased, the path gain is increasing as predicted by the Fresnel equations. There quite large differences how the path gain is
behaving as a function of frequency. For instance, raw MDF shows
nearly flat path gain over the frequencies whereas in general all
the measurements showed some or large variations in path gain
as a function of frequency.
As it was mentioned above, the maximum measurable frequency
of the TeraPulse is around 4.5 THz, but due to larger loss in the
NLOS paths that also usually increases as a function of frequency,
the noise starts to corrupt and subsequently dominate the NLOS
measurements much sooner. Reflection measurements give reliable results from about 100 GHz to 1 – 2 THz depending on the
material, its refractive index and roughness. Figs. 5 – 7 show the
rough boundaries where the noise start to corrupt the results. Part
of the increasing ripple is also most likely caused by scattering,
since smoothness of the material is also dependent on the wavelength, i.e., how the radiation sees the surface of the material.

4.2

Refractive indices

We fitted the measured path gains to the Fresnel equations for two
frequencies: 300 GHz and 1000 GHz. The 300 GHz frequency shows
really good fit with all the considered materials. When moving to
1000 GHz frequency, sanded birch board and painted MDF show
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Figure 6: Measured path gains of the painted MDF sample as
a function of frequency for the measured angles of incident.

some deviations from the Fresnel equations that are most likely
due to increasing scattering as the angle of incident radiation is
increased. At high angles, the beam illuminates larger surface area
on the material that most likely has an impact on the scattering
response. Deeper analysis of this is subject to future work, where
the scattering on these and many other materials are focused on. In
general it can be said that the materials here are smooth enough
that their reflection properties can be presented very accurately
with the reflection coefficients given below.
Figures 8 – 10 show a few examples on the fitting the measured
path gains for laminated MDF and concrete at 300 GHz (Figs. 8 and
9, respectively), and for raw MDF at 1000 GHz (Fig. 10). The TeraPulse measurement device seems to polarizes the THz radiation
quite strongly and the best fit in all cases were obtained by using
97% s-polarized radiation and 3% p-polarization. Using this mixture of the polarizations, the fits are almost perfect, especially at
300 GHz. Figs. 8 – 10 also show an equivalent reflectance of circularly polarized radiation given the refractive index of the material.
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Figure 7: Measured path gains of the laminated MDF sample as a function of frequency for the measured angles of
incident.
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Figure 9: Measured path gain and fitted Fresnel equation, as
well as the equivalent reflectance for the circularly polarized radiation for concrete at 300 GHz frequency.
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Figure 8: Measured path gain and fitted Fresnel equation, as
well as the equivalent reflectance for the circularly polarized radiation for laminated MDF at 300 GHz frequency.

This is provided just as an illustration to show how much the reflection properties can change with a given refractive index with
respect to a particular polarization.
The complete list of refractive indices of the considered materials at 300 and 1000 GHz frequencies are given in Table 2. The
general trend is that the reflection gain is getting smaller as the
frequency is increased. This shows as decreasing refractive index.
However, it should be noted that this does not mean that the actual refractive index of the material would decrease as sharply as
predicted (or decrease at all). The increased loss is partly caused
by increasing scattering, but also partly by the decreasing signal
power that hides the true behavior of the signal below the noise.
When we consider pure reflection modeling for simulations and
channel models, the listed values can be adopted as refractive indices for the Fresnel equations as suggested by the measurements
herein.
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Figure 10: Measured path gain and fitted Fresnel equation,
as well as the equivalent reflectance for the circularly polarized radiation for raw MDF at 1000 GHz frequency.
Table 2: Fitted refractive indices for the measured materials
at 300 and 1000 GHz frequencies.
Material
Birch board, sanded
Concrete
Glass
MDF, raw
MDF, painted
MDF, laminated
Rubber floor
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300 GHz
1.95
2.1
2.85
1.6
2.4
2.9
1.85

1000 GHz
1.8
1.8
2.3
1.6
1.4
1.7
1.45

CONCLUSION

We presented reflection measurements for various indoor materials in the THz band. The measured path gains were fitted to the

Fresnel equations to find out the effective refractive indices of the
materials. Those can be utilized in conjunction with the Fresnel
equations to model reflection gains for arbitrary polarization. The
reflection gains, or coefficients, can be utilized in multipath propgation modeling and simulation systems. This is very important aspect of the radio channel modeling as the reflections are the most
probable source of multipath components in the THz band. As a
consequence, knowing the refractive indices of the materials gives
flexible and closed-form solution to model the loss on the reflecting
surfaces as a function of the angle of incident.

6

ACKNOWLEDGEMENT

This project (TERRANOVA) has received funding from Horizon
2020, European Union’s Framework Programme for Research and
Innovation, under grant agreement No. 761794.

REFERENCES
[1] Ian F. Akyildiz and Josep Miquel Jornet. 2010. Electromagnetic wireless nanosensor networks. Elsevier Nano Commun. Networks J. 1, 1 (Mar. 2010), 3–19.
[2] Ian F. Akyildiz, Josep Miquel Jornet, and Chong Han. 2014. Terahertz band: Next
frontier for wireless communications. Elsevier Phys. Commun. 12 (Sep. 2014), 16–
32.
[3] Josep Miquel Jornet and Ian F. Akyildiz. 2011. Channel Modeling and Capacity
Analysis for Electromagnetic Nanonetworks in the Terahertz Band. IEEE Trans.
Wireless Commun. 10, 10 (Oct. 2011), 3211–3221.
[4] Joonas Kokkoniemi, Janne Lehtomäki, Vitaly Petrov, Dmitri Moltchanov, and
Markku Juntti. 2016. Frequency Domain Penetration Loss in the Terahertz Band.
In Proc. Global Symp. Milli. Waves. 1–4.
[5] Joonas Kokkoniemi, Vitaly Petrov, Dmitri Moltchanov, Janne Lehtomäki, Yevgeni Koucheryavy, and Markku Juntti. 2016. Wideband Terahertz Band Reflection and Diffuse Scattering Measurements for Beyond 5G Indoor Wireless Networks. In Proc. European Wireless. 1–6.
[6] Joonas Kokkoniemi, Perttu Rintanen, Janne Lehtomäki, and Markku Juntti. 2016.
Diffraction Effects in Terahertz Band – Measurements and Analysis. In Proc. IEEE
Global Commun. Conf. 1–6.
[7] Alexander I. Lvovsky. 2013. Encyclopedia of Optical Engineering. Taylor and
Francis: New York, Chapter Fresnel Equations, 1–6.
[8] Radoslaw Piesiewicz, Christian Jansen, , S. Wietzke, Daniel Mittleman, Martin
Koch, and Thomas Kürner. 2007. Properties of Building and Plastic Materials in
the THz Range. Int. J. Infrared Milli. Waves 28, 5 (May 2007), 363–371.
[9] R. Piesiewicz, T. Kleine-Ostmann, N. Krumbholz, D.Mittleman, M. Koch, and T.
Kürner. 2005. Terahertz characterisation of building materials. IEEE Electron.
Lett. 41, 18 (Sep. 2005), 1002–1004.
[10] Theodore S. Rappaport et al. 2013. Millimeter Wave Mobile Communications
for 5G Cellular: It Will Work! IEEE Access 1, 1 (May 2013), 335–349.

