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Abstract—In order to derive reliable propagation models for fu-
ture terahertz indoor pico-cellular communication systems, accu-
rate reflectivity data of building materials is necessary. Here we
present reflection terahertz time domain spectroscopy (THz-TDS)
measurements and matching transfer matrix simulations of the
frequency dependent reflection coefficient of multi layer building
materials in the frequency range from 100 to 500 GHz for a set of
angles, both in TE- and TM-polarization. Two prominent strati-
fied structures, a double pane window and white paint on plaster
are investigated as they usually account for large areas in indoor
environments. Communication systems located above 100 GHz are
expected to be strongly affected by the variations of the reflectivity
over the frequency and incident angle of such stratified materials
as they will rely both on line of sight (LOS) and non line of sight
(NLOS) propagation. We discuss this impact on the power distri-
bution in a sample scenario employing the ray-tracing method.

Index Terms—Multilayers, nonhomogeneous media, ray-
tracing, stratified materials, submillimeter wave communication,
THz channel modeling, THz communication, transfer matrix.

I. INTRODUCTION

FUTURE short range wireless communication systems will
require more bandwidth than current ones like WLAN or

BLUETOOTH and the emerging ones, like UWB, or 60 GHz
systems, can provide. If the current trend continues, an extrap-
olation shows that data rates of several tens of Gbps will be re-
quired in the future [1]. Applications for such high speed data
links might include generic data transfer, e.g. as wireless exten-
sions of 10 Gbps Ethernet, or uncompressed HD video trans-
mission [2]. To meet these high bandwidth demands is a chal-
lenging task. Moreover, the lack of unoccupied and unregu-
lated frequency bands seems to make a spectral shift towards
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carrier frequencies above 100 GHz, namely into the terahertz
regime, highly interesting. Especially in the lower THz range the
overall attenuation, including free-space propagation losses and
atmospheric losses, is still at a level where viable signal trans-
missions with multi-gigabit data rates can be expected. While
line-of-sight (LOS) mode of communication is always prefer-
able, robustness against shadowing can be achieved by directed
non-line-of-sight (NLOS) transmissions with reflections from
walls and other objects in the environment [3].

For a cost-efficient and reliable communication system
design a precise propagation model is mandatory, so that the
required antenna gain and other system parameters can be
predicted in advance without the need of expensive, site spe-
cific measurements. The signal coverage in indoor application
scenarios can be estimated by ray-tracing [4] simulations
in conjunction with the link budget analysis technique [5].
However, accurate simulations require the knowledge of the
reflective properties of the propagation environment.

If the surface reflection dominates the overall reflection co-
efficient of the investigated structure, classical Fresnel equa-
tions [6] sufficiently describe the reflectivity. This is the case
if the thickness of the obstacle is large compared to the wave-
length and the material is absorbing strong enough, so that in-
ternally reflected waves are nearly completely attenuated when
they reach the surface. For frequencies below 100 GHz, [7] and
[8] analyze the properties of some common building materials.
Measurements and simulations of the reflectivity of such mate-
rials at terahertz frequencies can be found in [9]. However, in the
presence of optically thin materials or stratified stacks, multiple
reflections must be included in the calculations. Frequency and
angle dependence of the reflection coefficient can differ consid-
erably from the ones of optically thick materials, due to con-
structive and destructive interference of reflected waves.

The internal reflections phenomenon has been thoroughly
studied in literature for propagation modeling at microwave
frequencies [10], [11]. Sato et al. [12], [13] and Langen et al.
[14] investigated the reflection coefficients of stratified indoor
materials at 57.5, 78.5, 95.9 GHz and 60.2 GHz respectively.
However, the reflection modeling is not based on measured
material parameters, but on the fitting of model equations
to the reflection curves. Furthermore, due to the narrowband
character of the measurements, only the angle but not the
frequency dependence of the reflection coefficient is discussed.
Especially the latter has strong influence on the design of wide
band communication systems with NLOS propagation via
reflections present. The impact of multiple reflections on wave
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propagation in future ultra broadband communication systems
above 100 GHz has not been studied yet.

In this paper we present frequency and angle dependent re-
flection measurements for both TE- and TM-polarization, along
with the corresponding transfer matrix simulations in the fre-
quency range between 100 and 500 GHz taking into account
the frequency dependence of the complex refractive index of
the single layer materials. A plaster sample, covered with white
paint and a double pane glass window are studied as examples
for two commonly encountered multilayer structures in indoor
scenarios. The investigated materials usually account for a con-
siderable surface area in indoor environments and thus are of
special importance for the propagation modeling. Furthermore,
ray-tracing simulations in a sample indoor scenario are per-
formed in order to discuss the impact of the internal reflections
effect on the frequency dependent spatial power distribution.

The remainder of this paper is organized as follows. In
Section II the experimental setup and measurement techniques
are introduced. Numeric calculations and THz-TDS reflection
measurements of the reflection coefficients of stratified stacks
follow in Section III. Afterwards, Section IV discusses the
impact of multiple reflections on wave propagation in an indoor
communication scenario at 350 GHz and finally, Section V
finishes with a conclusion.

II. EXPERIMENTAL SETUP AND MEASUREMENTS

Two slightly different experimental configurations, both
based on a commercially available fiber coupled terahertz time
domain spectrometer [15] are employed. The spectrometer
consists of a diode pumped femtosecond laser
which generates 80 fs laser pulses. The pulses are chirp prec-
ompensated, splitted and directed to the receiver and transmitter
photoconducting antenna via polarization maintaining fibers.
The emitter antenna is biased, so that the laser pulse generated
photo carriers are separated in the DC field, emitting a terahertz
pulse. On the receiver side, the photocurrent which corresponds
to the electric terahertz field present when the femtosecond
pulse gates the receiver is detected. The receiver path includes a
delay rail. By sweeping the time delay of the receiver pulse and
detecting the photocurrent at each rail position the complete
terahertz time-domain waveform is sampled [16]. The available
bandwidth of the system is 1.1 THz with a peak dynamic range
of 48 dB.

The first configuration is a transmission THz-TDS setup as
shown in Fig. 1(a), which is used to determine the refractive
index and the absorption coefficient of white paint, glass and
plaster as a function of frequency between 100 and 500 GHz.
The optical parameters are needed for the transfer matrix sim-
ulations. In order to obtain the angle and frequency dependent
measurements of the reflection coefficient, the transmission
setup is mounted on movable rails, making it capable of reflec-
tion measurements as illustrated in Fig. 1(b).

For the transmission measurements the time domain pulses,
once with and once without the sample of the single layer
material in the focal spot, are measured. The refractive index

and the absorption coefficient are calculated from
the phase and amplitude information of the Fourier spectra

Fig. 1. Fiber coupled THz-TDS setup in (a) transmission and (b) reflection
geometry.

together with the thickness of the sample [16]. A Blackman
time domain window is used to ensure that multiple reflections
are not included in determining and [17].

The reflection setup is now employed to analyze the re-
flectance behavior of the material stack. The first sample
consists of 2.92 mm glass, 1.96 mm air and then again 2.92
mm glass, which represents a double pane window. The second
sample is made of a thick piece of plaster and a 695 layer
of white paint on top, which represents a wall. The reflections
from the backside of a typical wall will not noticeably affect the
reflection coefficient in the frequency range studied due to the
high attenuation in the material, so that only the thickness of the
paint on top is relevant. All thicknesses are measured with an
accuracy of . Reflection data are obtained for 25 , 30 ,
45 and 60 for the double pane window structure and for 30 ,
40 , 50 and 60 for the white paint on plaster sample, both in
TE- and TM-polarization. A sample and a reference pulse are
measured, where a polished copper plate serves as THz mirror
which replaces the sample for the detection of the reference
pulse. Again, a window is applied to the time domain data, but
this time large enough to include multiple reflections. An FFT
is used to find the Fourier spectra from which the reflection
coefficients are calculated by taking the ratio of the sample and
the reference pulse.

III. TRANSFER MATRIX SIMULATIONS AND REFLECTION

MEASUREMENTS

The simulations presented here are based on the transfer ma-
trix method [18]. The chosen implementation employs two ma-
trix types, the and the matrices which describe the be-
havior of a propagating wave in a stratified material as

(1)
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when no wave coming from the backside of the stratified mate-
rial is present. represents the propagation through the layer
m while covers the effects at the interface between layer m
and layer .

The matrix can be written as

(2)

with as refractive index, as angle of propagation and as
thickness of layer m. represents the free-space wave number.

The matrix can be formulated as

(3)

using the Fresnel reflection and transmission coefficients for
bulk materials

(4)

with for TE-polarization and
for TM-polarization.

The amplitude reflection and transmission coefficients of the
stratified material can then be written as

(5)

The simulations use the frequency dependent refractive index
and absorption coefficient obtained from the transmission ex-
periment. With the knowledge of the frequency dependent op-
tical parameters of the single materials any multi-layer structure
consisting of a combination of these components can be pre-
cisely modeled for its transmission and reflection behavior.

Fig. 2 depicts the refractive index and the absorption coef-
ficient of glass, plaster and white paint obtained by the trans-
mission measurements. Please note, that white paint is analyzed
here for the first time, while the results for glass and plaster are
reproduced from [19]. Between 100 and 500 GHz, the white
paint has a rather high average refractive index of 2.09
which can be attributed to titania particles, used as white color
pigment. The average refractive index of plaster is

, yielding . The glass has an average
refractive index of 2.56 so that together with
for air results.

Fig. 3 and 4 illustrate the amplitude reflection coefficient of
the double pane window structure and paint on plaster, respec-
tively. Part (a) of the figures corresponds to TE-polarization and
part (b) to TM-polarization, both measured (solid lines) and sim-
ulated (lines with symbols).

Fig. 2. Frequency dependent absorption coefficient a and refractive index n of
plaster, white paint and window glass.

A very good agreement between simulated and measured re-
flection coefficients can be found for all angles of incidence, po-
larization types and frequencies. As expected, strong variations
in the reflection coefficient result from the multiple reflections
in the structure. Peak to peak values in the measured frequency
range are as high as 0.54 for the double pane window and 0.23
for the painted plaster. The stronger variations in the double
pane sample can be explained by the bigger in that struc-
ture. For high frequencies the oscillations decrease, as the cor-
responding wavelengths are now considerably smaller than the
thickness of one single layer of the structure. The small discrep-
ancies between the measured and simulated data might be the re-
sult of fluctuations of the laser power during the measurements
of reference and sample pulse as well as slight thickness devia-
tions from the measured value. For the paint on plaster sample, a
slight decrease in the measured reflectivity with increasing fre-
quency compared to the simulations can be observed. Possibly,
this can be explained by scattering due to slightly rough surfaces
of the single layers. Kirchhoff’s scattering theory suggests in-
creasing diffusive losses with increasing frequencies in specular
direction as shown in [20].

The different behavior for TE- and TM-polarization over the
angle of incidence is to some extent comparable to that of a
single layer material. While there is no clear Brewster angle with
zero average reflection for TM-polarization due to the differing
refractive indices, the curves show a minimum located between
the Brewster angles of the individual materials. For TE-polar-
ization the average reflectivity increases with increasing angles
similar to bulk materials.

IV. RAY TRACING SIMULATIONS IN A SAMPLE INDOOR

SCENARIO

In order to discuss the relevance of multiple reflections on
wave propagation modeling for future terahertz communica-
tion systems, we present ray tracing simulations of the received
signal power in an empty room at the level of
0.95 m above the floor. The transmitter with an output power of
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Fig. 3. Measured data (solid lines) and transfer matrix simulations (lines and symbols) of the frequency and angle dependent amplitude reflection coefficient of a
double pane window.

Fig. 4. Measured data (solid lines) and transfer matrix simulations (lines and symbols) of the frequency and angle dependent amplitude reflection coefficient of
a white paint on plaster.

0 dBm is centered in the room 0.2 m below the ceiling. We ana-
lyze two scenarios. Scenario 1 models the room with 0.2 m thick
concrete plaster as floor material, two double pane windows
(without frames) on the front wall and white paint on plaster
as ceiling and wall material. Each window has dimensions of
2.3 m 1.1 m, is positioned 1.1 m above the floor and 0.6 m to
the left, respectively to the right of the side wall. Scenario 2 ne-
glects multiple reflections by substituting the double pane win-
dows with massive glass blocks and the white paint on plaster

with simple plaster walls. We perform two types of simulations,
spatial signal coverage at a single frequency and frequency de-
pendent received power at a chosen receiver position.

First, the spatially received power is analyzed in order to
investigate the influence of multiple reflections on the signal
coverage in future indoor THz communication systems. Re-
ceived NLOS signal power at 350 GHz, including reflection
and free-space propagation losses is simulated for once reflected
propagation paths for receiver positions in the plane parallel to
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Fig. 5. Simulated spatial signal coverage resulting from single reflection paths
for TE- and TM-polarization calculated once with the Fresnel and once with
the multiple reflections approach. (a) TE with Fresnel reflections; (b) TE with
multiple refections; (c) TM with Fresnel reflections; (d) TM with multiple re-
flections.

the floor at the height of 0.95 m. The chosen frequency cor-
responds to the center of an atmospheric frequency window,
where future THz communication systems could be accommo-
dated. It is assumed that both the transmitter and the receiver
are equipped with directive antennas with 30 dB gain each. Fur-
thermore, it is assumed that for each transmitter receiver pair the
antennas are aligned so that always the single reflection propa-
gation path with minimum transmission losses is chosen at a
time. Due to the high directivity of the antennas, other possible
paths with one reflection are effectively cancelled out by the ra-
diation patterns and it is not necessary to take them into account
when calculating the received power [21]. Moreover, our simu-
lations show that twice reflected paths lie approximately 10–15
dB below the level of once reflected ones. This fact, in addition
to the small beam widths of the antennas makes their potential
contribution to the received signal level negligible.

The simulated spatial signal coverage for TE- and TM- polar-
ization, resulting from once reflected waves is shown in Fig. 5.
Both, simulations considering and neglecting multiple reflec-
tions are shown.

As already observed in [20], in case of once reflected paths
for TE-polarization, modeled with simple Fresnel equations, the
power maintains almost a steady level in the plane of the re-
ceiver, varying only very slightly between 40.5 and 41.2
dBm. This can be explained with decreasing reflection losses
due to the increasing incident angle when moving away from
the center of the room, which compensates for the growing free-
space losses due to the increased propagation distance. In case,
multiple reflections are considered, the calculated power dimin-
ishes clearly from the center of the room towards the walls,
varying between 35.5 and 39.5 dBm. The decreasing reflec-
tion losses no longer compensate for the raising propagation
losses. Yet, the absolute signal level is predicted to be higher
than in the simple Fresnel case, which can be attributed to the
higher average reflectivity of paint on plaster than of plaster
only.

Fig. 6. Simulated received power over the frequency resulting from once re-
flected waves at a fixed position in the room.

For TM-polarization, the general trend of the received once
reflected power is similar for both modeling cases. Here, the
power levels decrease substantially from the center of the room
towards the walls. Because the reflection losses in the TM-case
are higher than in the TE-case, the increasing free-space prop-
agation losses are not compensated for. In Fig. 5(c) and (d) a
circular boundary in the coverage pattern is observed. This can
be explained by the sudden switch of the lowest loss propagation
path. Inside the circular area, the waves are reflected from the
ceiling, whereas outside of it the reflections originate from the
walls. The clear edge in the pattern is due to the abrupt change
of the incident angle of the lowest loss beam. As for TE-polar-
ization, the predicted power for multiple reflections, varying be-
tween 36 and 46 dBm is higher than for the simple Fresnel
case, where it takes on the values in the range 42 and 56
dBm. Also, the influence of the windows on the received power
patterns can be clearly seen. Near the windows, the power levels
are increased, taking on similar values in both modeling cases.

Furthermore, the level of the received signal is analyzed at a
chosen spatial position in order to illustrate the influence of mul-
tiple reflections on the frequency dependence of the received
power. The chosen receiver position is at the coordinates: 4.5
m, 1.25 m, 0.95 m. As in the previous case, the transmitter and
the receiver are equipped with 30 dB gain antennas and it is as-
sumed that once reflected NLOS path with minimum transmis-
sion losses is chosen. The simulated frequencies cover the range
between 300 and 400 GHz, encompassing the atmospheric fre-
quency window. The calculated received power for a single re-
flection path once for TE- and once for TM-polarization are
shown in Fig. 6. Simulations are performed with and without
multiple reflection effects, according to the two considered sce-
narios.

The calculated received power, when reflections are modeled
with simple Fresnel equations shows a linear decrease with fre-
quency for both TE- and TM-polarization. Considering that the
material parameters, especially the refractive index do not very
considerably in the investigated frequency range, it is clear that
the power decrease is attributed to the increasing free-space
propagation losses, which we calculate according to the Friis
free-space formula. In contrast, the calculated power, when mul-
tiple reflections are taken into account shows a far more com-
plicated behavior, oscillating around the values predicted by
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the simple Fresnel approach. This strong frequency dependence
will have to be considered in the design and planning of fu-
ture ultra wide band communication systems working in NLOS
mode via reflections.

V. CONCLUSION

We present measurements and transfer matrix simulations
of the angle and frequency dependent reflection coefficient of
stratified building materials in the terahertz regime, as well as
ray-tracing simulations for a sample indoor communication sce-
nario at 350 GHz. The transfer matrix simulations agree very
well with the measured reflection coefficients. The ray tracing
simulations emphasize the importance of including multiple re-
flections from stratified structures in NLOS propagation models,
especially when broadband systems are considered.
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