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Abstract—Modeling propagation channels for future pico-cel-
lular indoor THz communication systems requires the knowledge
of the reflective properties of building materials. The reflectivity
of smooth, optically thick materials can be modeled with Fresnel
equations. In case of materials with a rough surface, diffuse
scattering reduces the power reflected in the specular direction.
Kirchhoff scattering theory can be employed to derive modified
Fresnel equations which account for these losses by introducing
a Rayleigh roughness factor calculated from the measured sur-
face height distribution of the sample under observation. Using
the resulting, analytically derived reflection coefficient based on
material parameter and surface measurements in propagation
models enables the simulation of arbitrary configurations. We
present a set of calculated and measured reflection coefficients
for a selection of common indoor building materials which are in
good agreement, thus verifying our modeling approach. Further-
more, we illustrate by ray-tracing simulations the effect of wall
and ceiling roughness on propagation in future indoor scenarios.
Both, absolute power levels and propagation patterns are shown
to be strongly influenced by scattering. In some cases, reflected
transmissions with longer propagation paths can be more efficient
than the shorter ones in terms of incurred losses.

Index Terms—Kirchhoff approximation, ray-tracing, rough sur-
face scattering, THz channel modeling, THz communication.

I. INTRODUCTION

THE increasing demand for higher data rates in wireless
communications is shifting attention towards frequencies

above 100 GHz [1], [2]. Future indoor wireless communication
systems will have to support data rates of tens of Gbps [3] and
will need very large bandwidths. They might be accommodated
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in the THz range and could potentially work with directed trans-
missions supported by omni-directional dielectric mirrors [4],
[5]. The first two atmospheric frequency windows, which might
be used for such systems in the future are centered at 300 and
350 GHz, respectively.

Before the introduction of such systems, the THz propaga-
tion channel must be thoroughly investigated. We use site-spe-
cific modeling, implemented with ray-tracing to calculate the
spatial channel properties [4]. Its reliability depends on the ac-
curacy of the estimated signal propagation in the modeled envi-
ronment. In case of future THz communication systems which
will rely on directed high gain antennas, accurate prediction of
reflection losses in the specular direction will be crucial for de-
termining the channel behavior. Reflection losses of building
materials in the THz range can be measured for chosen an-
gles of incidence [6] or modeled for arbitrary ones. An effi-
cient method to model reflective properties of building mate-
rials, based on Fresnel equations and measured material param-
eters was proposed in [7]. However, this technique is limited
to smooth materials only, as scattering losses are not taken into
account. Scattering properties of building materials at THz fre-
quencies have not yet been studied for the modeling of propa-
gation for communication purposes. Yet, the reduction of the
reflected power in the specular direction due to diffuse scat-
tering cannot be neglected when modeling propagation effects
with high gain antennas in realistic environments with a substan-
tial amount of rough surface materials. Also, robust scattering
models are needed that can be implemented in ray-tracing algo-
rithms to enhance the propagation modeling.

In general, the problem of rough surface scattering can be
solved with numerical simulation approaches that are based on
integral or differential equation methods to solve the underlying
Maxwell boundary value problem [8], [9]. However, numerical
approaches are rather complex and usually time-intensive. In-
stead, under certain conditions analytical approximations can be
used. Such algorithms are very robust, give physical insight into
the problem and can be easily implemented in ray-tracing. Here,
we extend the method which we presented in [7] and which ac-
counts for the reflectivity of smooth materials above 100 GHz,
in order to model reflective properties of rough materials in the
specular direction. The extension utilizes the Kirchhoff theory
of scattering from rough surfaces [10], which is implemented
into the existing model by multiplication of the reflection coeffi-
cient derived from the Fresnel equations with a Rayleigh rough-
ness factor. This factor can be calculated from measured surface
roughness data of the investigated material. The extended model
is verified by the measurement of reflection data for common
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Fig. 1. Reflection from a smooth (left) and from a rough (right) surface.

building materials with rough surfaces in the frequency range
from 0.1 to 1 THz.

The paper is structured as follows: in Section II the modified
Fresnel equations that model scattering in the specular direc-
tion are introduced and the surface roughness measurements as
well as the calculation of the roughness parameters are shown
for common building materials. Section III presents reflection
measurements and compares them with simulations based on
simple and modified Fresnel equations as introduced in Sec-
tion II. Also, in this section ray-tracing signal coverage calcu-
lations in a simple indoor scenario with smooth materials are
compared to simulations in a corresponding scenario with rough
materials to underline the importance of proper modeling of
the propagation environment. Concluding remarks wrap up this
paper in Section IV.

II. ROUGH SURFACE SCATTERING

A. Modified Fresnel Equations

The reflection of a plane wave from a smooth and from a
rough surface is schematically shown in Fig. 1.

In order to account for scattering losses in the specular direc-
tion, the Fresnel reflection coefficients must be multiplied by the
Rayleigh roughness factor [10]

with

(1)

Here, is the angle of incidence and reflection, the stan-
dard deviation of the surface roughness and the free space
wavelength of the incident wave. The modified reflection co-
efficients and that model the reduction of the signal
power in the specular direction are then

and

(2)

where and are the Fresnel reflection coefficients for
a smooth surface in the case of TE or TM polarized waves, re-
spectively, which can be efficiently and reliably calculated in the
THz range from the frequency dependent index of refraction
and absorption coefficient [7] by

and

(3)

Fig. 2. Investigated materials: ingrain wallpaper (left) and concrete plaster
(right).

Here, is the angle of refraction,
the free space wave impedance and the wave

impedance of the reflecting material, which is calculated using
the expression

(4)

where and are free space permeability and permittivity,
the velocity and the frequency of the incident wave.

The Kirchhoff solution to the scattering problem assumes that
there is no multiple scattering, no shadowing and that the sur-
face is locally smooth, i.e., there are no sharp edges or corners.
Furthermore, (2) will only deliver accurate results if the surface
height distribution is Gaussian and the correlation length of the
surface (see below) exceeds the wavelength [11].

B. Surface Roughness Characterization

Here, we investigate three planar samples of two common
building materials as shown in Fig. 2.

One sample consists of ingrain wallpaper (Raufaser) glued
on paperboard while the other two samples are pieces of con-
crete plaster with different roughness. The average thickness is
6.5 mm for the ingrain wallpaper on paperboard and 8.6 mm for
the plaster samples. These materials are very common in indoor
environments and are hence representative examples for propa-
gation modeling.

The surface roughness of the samples is measured using
commercially available equipment for optical 3D micro- and
nanometrology [12]. With a 5x objective, lateral and vertical
resolutions of 25 m and 5 m are achieved, respectively. The
surface height distribution of the samples is obtained
by processing the measured surface roughness data which has
been offset to a zero mean value. Histograms of the measured
surface height distribution for the examined samples are shown
in Fig. 3.

The surface roughness of the samples is approximated by a
Gaussian distribution. The calculated standard deviation of
the surface height of the samples is shown in Table I.

As is part of the exponent in the Rayleigh factor it has
a strong influence on the modified reflection coefficients pre-
sented in (2).
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Fig. 3. Histograms of measured surface height offset to zero mean of ingrain
wallpaper (top), plaster sample 1 (middle) and plaster sample 2 (bottom).

TABLE I
CALCULATED STANDARD DEVIATIONS FOR THE EXAMINED SAMPLES

It is clear from (1), that the roughness factor of a material
depends on frequency and angle of incidence. Physically, this
dependence can be explained with phase effects of the Kirch-
hoff solution that trace back to the relationship between surface
roughness and wavelength, expressed with the ratio as well
as to the cosine function of the angle of incidence. A good mea-
sure of roughness is given by the parameter . If its value is
much smaller than 1 then the surface roughness is small and
the power in the specular direction is only slightly reduced. For
values of near 1 the surface is moderately rough and the spec-
ular reflectance is diminished, but still considerably stronger
than in non-specular directions. The values of greater than
1 stand for very rough surfaces where diffuse scattering dom-
inates the reflection behavior. Furthermore, due to the cosine
function in the factor formula, the effective surface roughness
seen by an incoming wave is smaller towards higher angles of
incidence. For the samples at hand the parameter is shown in
Fig. 4 for the frequency range between 100 GHz and 1 THz for
two angles of incidence: 25 and 60 .

The values of for the ingrain wall paper and plaster sample
2 are much bigger than the values of for plaster sample 1. For
all angles of incidence and frequencies above 300 GHz the ab-
solute values of for ingrain wallpaper and plaster sample 2
are greater than 1, so that a significant reduction of the reflec-
tion coefficient is expected. The factor of plaster sample 1 has
a value greater than 1 only for smaller angles of incidence or

Fig. 4. Calculated parameter g for the three samples for angles of incidence of
25 (top) and 60 (bottom).

higher frequencies. Hence, a significant reduction of the reflec-
tion coefficient of plaster sample 1 is expected in a more limited
range of angles of incidence and frequencies than in the case of
the other two samples.

In order to further verify the validity of the employed Kirch-
hoff approach we calculate the correlation length for the sam-
ples. This figure of merit provides information about the corre-
lation of the height of neighboring points on the surface, i.e.,
whether the irregularities are densely packed or not. Physically,
this criterion verifies the assumption of local surface smooth-
ness and gives a quantitative statement about the wavelengths
at which phase effects are dominating over amplitude effects.
If two different points on the surface are and

then the corresponding heights are
and . The correlation function for the points
on the surface is then defined as [10]

(5)

where is the distance between the points and and is the
expectation operator. The correlation length is then defined as
the distance for which the correlation function drops to

. The calculated correlation functions of the samples
are shown in Fig. 5.

Corresponding correlation lengths are listed in Table II, to-
gether with the frequencies for which the free-space wave-
length is equal to the correlation length .

For frequencies greater than , the correlation lengths are
greater than the wavelength of the incident wave. For all in-
vestigated samples the constraint that the correlation length
must be greater than the wavelength [11] is met already for
frequencies well below 300 GHz so that accurate results can
be expected.
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Fig. 5. Calculated correlation functions of the samples: ingrain wallpaper (top),
plaster sample 1 (middle), and plaster sample 2 (bottom).

TABLE II
CALCULATED CORRELATION LENGTHS T FOR THE EXAMINED SAMPLES AND

CORRESPONDING FREQUENCIES WHERE THE WAVELENGTH IS EQUAL TO THE

CORRELATION LENGTH

III. THZ MEASUREMENTS AND REFLECTION SIMULATIONS

A. Transmission and Reflection Measurements

We measure the absorption coefficient and the refractive
index of the investigated samples with THz time-domain spec-
troscopy in transmission geometry as in [7]. Then, we calculate
the reflection coefficients in the specular direction from the
modified Fresnel equations. In order to verify our method we
compare our calculations with THz time-domain measurements
performed in reflection geometry. Both, transmission and
reflection measurements are performed using a commercially
available THz time-domain spectrometer with fiber-coupled
transmitter and receiver [13]. The measurement set-up is shown
in Fig. 6.

High density polyethylene lenses with a focal length of 120
mm are used to collimate and focus the beam. In the transmis-
sion experiment, a sample and a reference pulse are measured
with and without sample in the propagation path. A window
function is applied to the time-domain data to remove unwanted
multiple reflections [14]. The frequency dependent index of re-
fraction and the absorption coefficients of the sam-
ples are calculated from the phase and amplitude information of
the Fourier spectra of the pulses in the frequency range between
0.1 and 1 THz [15]. These measurements are performed on
samples with smooth surfaces to avoid scattering losses which
would result in incorrect material parameters. In case of the in-
grain wallpaper a 1.14 mm thick, mechanically pressed stack of
single sheets served as sample.

The obtained refractive indexes and absorption coefficients
are displayed in Fig. 7.

Fig. 6. THz measurement setup in transmission (top) and reflection geometry
(bottom). Index of refraction and absorption coefficient, which are measured in
the transmission setup, are used to model the results of the reflection measure-
ments.

Fig. 7. Measurements of refractive index (top) and absorption coefficient
(bottom) of the investigated samples in transmission geometry.

In reflection geometry the transmitter, receiver and lenses are
mounted on a movable rail allowing the measurements to be per-
formed for six different angles, i.e., 25 , 30 , 40 , 50 , 60 and
70 for both TE and TM polarization. A sample and a reference
measurement where a blank copper plate replaces the sample
are performed. The ratio of the Fourier spectra yields the fre-
quency dependent reflection coefficients.

B. Reflection Coefficient Simulations

Furthermore, we calculate the reflection coefficients and
from our measurements of absorption coefficients and re-

fractive indexes using the conventional Fresnel equations, as in
[7]. These coefficients are then multiplied by the Rayleigh fac-
tors of the corresponding materials taking into account the dif-
ferent standard deviations of the surface height in order to get

and .
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Fig. 8. Calculated magnitude of reflection coefficients r and r and of
modified reflection coefficients r and r and direct reflection measure-
ments of ingrain wallpaper in the frequency range from 100 to 450 GHz for
two angles of incidence of TE and TM polarized waves: 25 , 60

Fig. 9. Calculated magnitude of reflection coefficients r and r and of
modified reflection coefficients r and r and direct reflection measure-
ments of plaster sample 1 in the frequency range from 100 to 1000 GHz for
two angles of incidence of TE and TM polarized waves: 25 , 60 .

The calculated magnitude of reflection coefficients and
(dashed lines) as well as the calculated magnitude of mod-

ified reflection coefficients and (solid lines) for the
ingrain wallpaper are shown for illustration in Fig. 8 for TE
and TM polarized waves for the frequency range between 100
and 450 GHz and two different angles of incidence (25 and
60 ). The corresponding curves for plaster sample 1 and plaster
sample 2 are shown for an extended frequency range between
100 and 1000 GHz in Figs. 9 and 10, respectively, since a smooth
absorption curve as shown in Fig. 7 allowed for a more reli-
able modeling at higher frequencies in this case. The directly
measured reflection coefficients (interconnected symbols) are
shown for comparison. Additionally, in Fig. 11 the calculated
magnitude of modified reflection coefficients and as
well as the directly measured values for wallpaper and plaster
sample 2 are shown as a function of angle of incidence for TE
and TM polarized waves at the frequency of 350 GHz.

Fig. 10. Calculated magnitude of reflection coefficients r and r and of
modified reflection coefficients r and r and direct reflection measure-
ments of plaster sample 2 in the frequency range from 100 to 1000 GHz for
two angles of incidence of TE and TM polarized waves: 25 , 60 .

Fig. 11. Calculated magnitude of modified reflection coefficients r and r

and direct reflection measurements of wallpaper and plaster sample 2 for angles
of incidence between 0 and 90 at a frequency of 350 GHz for TE and TM
polarized waves.

A good agreement between the simulated modified reflection
coefficients and and the measured reflection coeffi-
cients can be found for all materials, incident angles, polariza-
tion types and frequencies. The simulated conventional reflec-
tion coefficients and conform with the measured data
only for long wavelengths, depending on the material rough-
ness, angle of incidence and polarization. Except for these lim-
ited cases the simulated conventional reflection coefficients de-
viate significantly from the measured ones. The difference be-
comes more and more significant as the frequency increases and
is correlated to the parameter .
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For frequencies and angles of incidence for which the param-
eter takes on values greater than 1, the specular reflections
are strongly diminished. Also, for a given angle of incidence
and polarization the amplitude of the reflection coefficients de-
creases with increasing frequency. This is expected, since with
an increase in frequency, the effective roughness of the material
(described by the parameter ) grows along with the scattering
losses in the specular direction.

C. Ray-Tracing Signal Coverage Simulations

A simple illustration of the application of the modified
scheme for the calculation of reflection coefficients to channel
modeling at THz frequencies is shown by an example of
ray-tracing simulated signal coverage at 350 GHz in an indoor
scenario with and without rough materials. Link budget analysis
for indoor application scenarios shows that future THz com-
munication systems will have to work with high gain antennas,
directed for maximum gain to compensate for high free-space
losses [3], [4]. Around 32 dB gain for each single antenna will
be needed to support 10 m links. In order for such systems to
be robust they would have to operate with different directed
NLOS paths (reflections from walls etc.) to avoid shadowing
by moving objects (e.g., people). Any viable communication
would then take place with antennas looking at each other
either directly (LOS case) or indirectly through reflections in
the specular direction (concept of directed NLOS paths, [3]).
Different specular paths could be potentially realized either
with a multi-antenna or a phased-array antenna system. The
function of such an antenna system would be to find optimum
paths at any given time.

The requirement that future THz communication systems will
have to rely on high gain antennas has a direct impact on the
propagation paths that have to be considered in propagation
modeling. In [16] it is shown with ray-tracing simulations and
verified with measurements that when working with directive
antennas in indoor environments multipath sources can be ne-
glected as they do not contribute significantly to the power delay
profile and hence are irrelevant for a communication system.
Any multipath coming from outside of the maximum gain di-
rection of the antenna will be attenuated by the antenna radia-
tion pattern. In [16] it is shown that the 3 dB beamwidth should
be smaller than 15 to suppress multipath effectively. Antennas
that we take into account are high gain (32 dB) and consequently
they have small 3 dB beamwidths (e.g., 5 when realized as con-
ical horns). Hence, they will attenuate efficiently any multipath
that will come from outside of their maximum gain direction. In
our case the incoherent diffuse scattering is considered as mul-
tipath and is therefore neglected. Moreover, calculations of the
scattered power at 350 GHz show that the specular term domi-
nates over the diffuse incoherent scattering for both considered
cases of rough plaster surfaces (at least 15 dB offset between
incoherent parts and specular terms).

We simulate single non-line-of-sight (NLOS) specular paths
of propagation in a room where there are only walls, i.e., without
windows, furniture or any other objects. The dimensions of the
room are 6 m 5 m 2.5 m. The transmitter with an output
power of 0 dBm is positioned in the middle of the room just
below the ceiling at the point m, m, m,

Fig. 12. Ray-tracing simulation of the received power of single reflected TE
polarized plane waves in a room with (top to bottom): smooth plaster walls,
slightly rough plaster walls (plaster sample 1) and rough plaster walls (plaster
sample 2).

with the origin located in the bottom left corner. The position of
the receiver is varied in the plane 1 m above the floor. It is as-
sumed that both transmitter and receiver are equipped with an-
tenna systems in order to gather transmitted power of different
possible single NLOS paths. For each single path antennas have
32 dB gain and are directed for maximum radiation. The cov-
erage simulations are performed for a frequency of 350 GHz for
three cases:

1) the walls are covered only with smooth plaster;
2) the walls are covered only with plaster with a small rough-

ness (plaster sample 1);
3) the walls are covered only with plaster with a considerable

roughness (plaster sample 2).
The plane of the receiver at m is sampled with 15

points in the direction and 13 points in the direction keeping
a distance offset of 0.25 m from the walls. At each of the total
195 receiver positions the power in the single reflected paths is
summed up including the free-space propagation and the reflec-
tion losses. The results of the simulations for TE polarized plane
waves are shown in Fig. 12.

The total received power at each receiver position is dom-
inated by the reflections from the ceiling, as in this case the
distance from the transmitter to the respective receiver is the
shortest of all possible paths. Varying between and

dBm, the received power in the room with smooth
plaster walls decreases only very slightly from the middle
of the room towards the walls. The distance that the single
path signals reflected from the ceiling must travel increases
when the receiver moves away from the transmitter towards
the walls. However, the increasing free-space path losses are
almost completely compensated for by decreasing reflection
losses, as the angle of incidence increases. In the case of a
room with slightly rough walls the received power is between

and dBm. As previously, the power does not vary
considerably throughout the room. Yet, in this case the power
distribution is inverted, i.e., the power increases towards the
walls. This is due to the property of roughness that causes the
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material reflectivity for smaller angles of incidence to be far
more affected than for larger angles. The reflected power is
reduced compared to the power predicted by the conventional
Fresnel equations. For the room with rough walls the received
power varies between and dBm maintaining the
inverted character. Here, the influence of roughness is clearly
visible. The reflectivity at smaller angles, that corresponds
to positions of the receiver near the middle of the room is
diminished heavily, while it increases rapidly for larger angles.
This decrease in the reflectivity losses dominates over the
increase in the free-space propagation losses. Hence, in the case
of significant roughness, the received single reflected power
increases considerably when the receiver moves away from
the transmitter towards the walls. This phenomenon depends
on the distribution of angles of incidence and therefore on the
placement of the transmitter and the choice of the receiver
positions in potential indoor THz cells.

Also, the absolute power levels are strongly influenced by dif-
fuse scattering. If the roughness is not taken into account prop-
erly in the propagation modeling the received power levels will
be miscalculated by 1.5 dB for the scenario with plaster sample
1 and 12.2 dB for the scenario with plaster sample 2 on average
when compared to the power levels predicted for a scenario with
smooth materials only. Similar calculations performed for TM
polarized waves yield an average error of 1.8 dB and 14.7 dB,
respectively. This clearly shows the importance of including
scattering effects in specular direction in propagation modeling
for future indoor THz communication systems with high gain
antennas.

IV. CONCLUSION

We extended the approach from [7] for the modeling of the
reflectivity of optically thick, smooth building materials at THz
frequencies to materials with a rough surface. The extension is
based on multiplying the conventional Fresnel equations with a
Rayleigh factor obtained from the knowledge of surface rough-
ness statistics by Kirchhoff theory of scattering. Reliably cal-
culated reflection losses in specular direction are required for
an accurate prediction of the signal propagation in NLOS sce-
narios of future indoor THz communication systems with high
gain antennas. The theory is in good agreement with direct mea-
surements of the reflection properties of typical rough building
materials.
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