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Ultra Broadband Indoor Channel Measurements and
Calibrated Ray Tracing Propagation Modeling at THz

Frequencies
Sebastian Priebe, Marius Kannicht, Martin Jacob, and Thomas Kürner

Abstract: Ultra broadband communication systems operated at
THz frequencies will require the thorough knowledge of the prop-
agation channel. Therefore, an extensive measurement campaign
of 50 GHz wide indoor radio channels is presented for the frequen-
cies between 275 and 325 GHz. Individual ray paths are resolved
spatially according to angle of arrival and departure. A MIM O
channel is recorded in a 2×2 configuration.

An advanced frequency domain ray tracing approach is used
to deterministically simulate the THz indoor propagation channel.
The ray tracing results are validated with the measurement data.
Moreover, the measurements are utilized for the calibration of the
ray tracing algorithm. Resulting ray tracing accuracies are dis-
cussed.

Index Terms: MIMO channel measurements, propagation mod-
eling, ray tracing propagation simulations, THz communications,
ultra broadband channel measurements

I. INTRODUCTION

THz communication in the frequency range from 0.3 to 3 THz
has evolved as a very good candidate to fulfill the exponentially
growing need for wireless data transmission capacity [1]. Data
rates up to 100 Gbit/s and beyond will foreseeably be required
already within the current decade [2]. Prospective uses-cases
are intra-chip communications, kiosk downloads, wirelesspri-
vate area networks and ultra fast wireless local area networks
(WLANs) [3], [4]. A good overview over further applications
in the THz band, such as imaging and material testing, can be
found in [5].

Feasibility demonstrations of multi-Gbit/s links with mm and
sub-mm waves [6], [7] have brought about industrial interest in
the THz range for communications. Monolithic integrated cir-
cuits have been reported up to 670 GHz by Northrop Grumman
as state of the art in 2011 [8]. Eventually, the Interest Group
THz has been founded within the standardization framework of
the IEEE [9].

As a prerequisite for the development and standardization of
THz wireless LANs, optimum system concepts will have to be
evaluated. Thorough knowledge of the THz indoor propagation
channel is mandatory at that stage in order to account for re-
alistic propagation conditions in the conception process.First
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simple channel measurements of a point-to-point link on a desk-
top and a WLAN connection within a small office environment
have been presented in [10] and [11]. In comparison with con-
ventional WLAN carrier frequencies like 2.4 GHz, 5 GHz or
even 60 GHz, arising differences and challenges are the high
free space attenuation, the high reflection losses and the scat-
tering from rough surfaces [12]. Furthermore, THz communi-
cations will have to cope with very high absolute bandwidths
in the order of up to 50 GHz, highly dispersive materials [13]
and a frequency-selective reflection behavior of multilayer ma-
terials [14]. A significant pulse form distortion could already
be demonstrated in UWB channels due to dispersive propaga-
tion [15]. Thus, modeling approaches designed for any lower
frequencies cannot by applied to the sub-mm wave range with-
out significant modifications. Conventional single-frequency ray
tracing (RT) [16] has been widely employed for the simulation
of wireless propagation channels from the 1990s onwards [17].
RT has been extended to broadband frequency domain RT in or-
der to correctly account for the huge employed bandwidths in
our previous work [18]. Now, the conduction of THz channel
measurements becomes indispensable for the validation of such
a specific THz indoor propagation model.

The remaining paper is structured as follows. At first, Sec-
tion II presents an extensive channel measurement campaign
in an office scenario. A vector network analyzer (VNA) with
frequency extensions mounted on rotation stages is used to
record spatially resolved channel transfer functions (CTFs) with
a bandwidth of 50 GHz from 275 to 325 GHz (Subsections II-A
and II-B). Channel properties are evaluated in the temporalas
well as in the spatial domain in the Subsections II-D throughII-
E including the polarization impact and the measurement ac-
curacies. Additionally, 2×2 MIMO channel measurements are
demonstrated in Subsection II-F.

In Section III, frequency domain RT is introduced to accu-
rately predict the propagation behavior in indoor environments.
The experimental data from Section II serves as a reference to
validate the ray tracing propagation model. A novel RT calibra-
tion method is discussed in Subsection III-B. It is applied to
significantly increase the prediction accuracy of the RT tool. Fi-
nally, calibrated RT predictions are compared to the measure-
ments in Subsection III-C before the paper is concluded in Sec-
tion IV.

II. THZ INDOOR RADIO CHANNEL
MEASUREMENTS

THz radio channel measurements are essential for the correct
propagation modeling. At such high frequencies, measurements

1229-2370/13/$10.00 © 2013 KICS



548 JOURNAL OF COMMUNICATIONS AND NETWORKS, VOL. 15, NO. 6, DECEMBER 2013

Test

head

Lens

Automatic

rotation

unit

VNA

Fig. 1. Measurement setup.

pose the versatile challenges that
• high path losses necessitate very high dynamic ranges
• huge bandwidths must be considered
• measurements must be recorded spatially resolved
• MIMO channels shall be characterized despite that omnidi-

rectional antennas are not available.
These challenges will be addressed with direction-selective
channel sounding in frequency domain and a virtual MIMO ar-
ray.

A. Measurement Setup

The core component of the channel measurement setup is a
Rohde & Schwarz ZVA50 vector network analyzer with fre-
quency extensions ZVA-Z325, which generates a complex test
signal between 220 and 325 GHz. The focus lies on the still
unregulated spectrum from 275 GHz onwards [19], so that the
VNA is operated from 275 GHz up to its maximum frequency
of 325 GHz. This allows for channel measurements with a to-
tal bandwidth ofB = 50 GHz in the lower THz range of inter-
est. In previous work, comparable measurements were limited
to B = 10 GHz [11]. A channel bandwidth of 50 GHz corre-
sponds to a very high temporal resolution of∆τ = 0.02 ns. As
a tradeoff between sweep time and maximum detectable path
lengthlmax, the CTF is sampled atNf = 3201 frequency points.
3201 points enable the resolution of a maximum excess delay
τmax = 64 ns orlmax = 19.2 m. Another compromise is made
between measurement time and noise level of the system. An IF
filter bandwidth of∆fIF = 10 kHz has been chosen. This allows
for a dynamic range of about 65 dB at the waveguide outputs of
the frequency extensions. A TRL calibration is applied to cor-
rect the measurements by the VNA system response. Remaining
uncertainties after calibration amount to at maximum 1 dB [20].

A significant increase of the maximum detectable path loss
is achieved with standard gain horns and focusing Polyethy-
lene (PE) lenses at the TX as well as the RX unit. Their half
power beamwidth (HPBW) amounts to approximately 2◦, with
which an excellent spatial filtering and hence the distinct spatial
resolution of individual multipath components (MPCs) can be
achieved. The gains of the horn antennas and the PE lenses are
determined according to the two antenna method [21]. This is
repeated as a reference for every measurement in order to ac-
count for a potentially non-perfect placement of the lensesin
front of the horns. Averaged over the entire frequency band and

Table 1. Measurement parameters.

Symbol Parameter Value

fStart Start frequency 275 GHz
fStop Stop frequency 325 GHz
B Bandwidth 50 GHz

∆fIF Intermediate frequency bandwidth 10 kHz
Nf Measurement points 3201
∆τ Temporal resolution 0.02 ns
τmax Maximum excess delay 64 ns
lmax Maximum resolvable path length 19.2 m

HPBWφ Azimuth half power beamwidth ≈2◦

∆φ Angular resolution 2◦

PLmax Maximum detectable path loss 145 dB

multiple recorded references, the total antenna gain amounts to
80.1 dB. With the noise floor aroundS21 = -65dB, path losses
of at maximumPLmax = 145 dB can be recorded. All parame-
ters are summarized in Table 1.

Quasi-omnidirectional channel impulse responses (CIRs) are
obtained by scanning the entire angular domain in the azimuth.
For this purpose, the test heads are mounted on in-house-built
rotation units driven by stepping motors, which are depicted in
Fig. 1. The highly directive antennas can be turned against each
other into any arbitrary direction in the azimuth. An angular
resolution of 2◦ is chosen for the spatial sampling of the chan-
nel according to the antenna HPBW. A reference position switch
guarantees repeatability and minimum angular deviations.Both
test heads can be oriented vertically as well as horizontally, fa-
cilitating measurements in linear horizontal and verticalpolar-
ization.

MIMO channels can be measured by shifting the TX/RX
units horizontally in the order of magnitude of one wavelength,
i.e., 1 mm at 300 GHz (cf. Fig. 1). High mechanical shifting
precisions below one wavelength are ensured through a worm
drive and an electronic caliper. Quasi-omnidirectional CIRs are
recorded consecutively at multiple, slightly different TXand RX
positions. Next, the corresponding MIMO channels are be syn-
thesized. That way, a virtual MIMO array is emulated.

Both, the VNA and the stepping motors are PC-controlled to
automatically record the spatial measurements. With the param-
eters above, the duration of one complete omnidirectional SISO
measurement in the azimuth,i.e., 360◦ × 360◦, takes approxi-
mately 90 hours.

B. Spatially Resolved Channel Measurements

In view of THz wireless LANs, the channel measurements
are conducted in a small office scenario depicted in Fig. 2. The
transmitter emulates a WLAN access point and the receiver rep-
resents a nomadic device like a laptop on a desk. The dimen-
sions amount to 3.59 m× 4.52 m× 2.82 m. All walls as well
as the ceiling are coated with plaster and the floor is covered
with carpet. The two glass windows are enframed with metal.
Apart from the two wooden desks on which the rotation units are
placed, the room is furnished with several wooden wardrobes.
One of them is mounted elevated above the metal door.

Three different TX positions are considered at TX1 = (2.72 m,
4.07 m, 1.38 m), TX2 = (0.5 m, 4.02 m, 1.38 m), and TX3 =
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Fig. 2. Scheme of the investigated office scenario; true to scale.

(2.89 m, 1.12 m, 1.38 m), which correspond to typical place-
ments of the access point in corners of the room. The RX re-
mains on the desk at RX = (0.5 m, 2.2 m, 1.38 m) for each
TX position. 180× 180 = 32,400 CTFs are recorded over the
entire angle of arrival/angle of departure (AoA/AoD) rangeof
360◦ × 360◦ in order to synthesize the quasi-omnidirectional
channel. Despite that the measurement setup would also permit
a variation of the TX and RX elevation, the investigations are
limited to the azimuth plane at a height of 1.38 m in order to
significantly reduce the complexity of the measurements from
3D to 2D. The obtained results can qualitatively be transferred
to measurements in other horizontal or in skewed planes. Only
the varying polarization characteristics would have to be taken
into account in case of different TX and RX heights.

Fig. 3 illustrates the path losses measured over the angles of
arrival and departure. Both angles are given with respect tothe
x axis in mathematically positive direction. The path losseshave
been determined as the peaks of the power delay profiles (PDPs)
recorded for the respective AoAs and AoDs. Due to the excel-
lent spatial filtering, only one path is detected at maximum in
every direction. The PDPs have been corrected by the antenna
gain and the system impact. Note that the results presented in
this paper always refer to linearθ polarization unless indicated
otherwise.θ polarization, being equal to vertical polarization in
the given setup, corresponds to TE reflections from the walls.
Similarly,φ polarization equals horizontal polarization here. As
TE reflections cause less reflection losses than TM reflections,
more and higher order indirect paths can be detected inθ com-
pared toφ polarization.

Multiple ray paths can be identified as distinct spots in the
angular power profile. Interestingly, a certain spatial broaden-
ing of the supposedly discrete rays is observed. This is due to

Fig. 3. Measured angular power spectrum at TX position 1; reflection
order of identified paths are indicated in italics.

the horns antennas used to illuminate the PE lenses, which have
a rather broad lobe with an HPBW of 17◦ [22]. They still re-
ceive a certain power that is radiated past the lenses even when
they are turned out of the main path direction by a few degrees.
Scattered rays, which may theoretically also broaden the pulses
in the spatial domain [23], could not be detected separatelyin
the power delay profiles and can be neglected as discussed later.

In contrast to a theoretical free space loss (FSL) of 91.2 dB
at 300 GHz, the loss of the LOS ray extracted from the mea-
sured PDP amounts to 97.5 dB. The reasons for the deviation
are fourfold. First, the channel frequency dispersion overthe
huge bandwidth as well as the impact of the inverse fast Fourier
transformation (IFFT) cause a temporal pulse broadening. This
effect occurs due to the frequency dependency of the free space
attenuation and leads to a pulse distortion, which has already
been observed for the LOS path in ultra wideband channels [15].
In consequence, the detected peak power is reduced by about
1.5 dB,i.e., a higher PL is measured [18]. This is not respected
in the theoretical discrete FSL for 300 GHz. Second, vertical
antenna alignment has been optimized with a water level, but
slightest misalignments can possibly not be avoided. Third, the
channel is only sampled with a limited spatial resolution, which
causes certain horizontal misalignment with respect to theactual
AoAs/AoDs. Both misalignments affect the PL only marginally
with typical deviations in the order of 1 dB as long as the rays
are received well within the 3 dB HPBW. Fourth, the VNA cali-
bration and the reference measurements bring about an inherent
uncertainty (cf. the previous subjection).

The LOS ray as well as the four first order reflections have
been marked in the profile and in the scenario scheme. All
further rays detected above the noise level have been labeled
with their reflection order in italics. For the identification of
the rays, a geometric ray search according to the image source
method [24] is employed. Based on vectorial scenario data, the
engine searches for unobstructed, specularly reflected raypaths
and determines their angles of arrival/departure as well astheir
reflection points up to an arbitrary order. In the second main
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Table 2. Detected (Det.) vs. geometrically expected (Ex.) number of

reflected paths.

TX1 TX1, φ pol. TX2 TX3

Order Det. Ex. Det. Ex. Det. Ex. Det. Ex.

1st 4 4 4 4 2 4 4 4
2nd 7 7 7 7 4 6 7 7
3rd 10 10 6 10 5 8 8 8
4rd 5 11 1 11 1 10 3 8

part of the paper, this algorithm will be combined with an elec-
tromagnetic engine for complete ray tracing simulations.

Table 2 summarizes the number of paths resolved according
to the reflection order that could be detected in contrast to the
path number that is expected geometrically. Note that Table2
respects the paths in the horizontal plane of the TX/RX units
only and does not include reflections at the ceiling and/or the
floor. At TX1, all first through third order reflections as well as
remarkable 5 out of 11 fourth order rays were recorded. Pre-
liminary measurements in a similar scenario have been limited
to up to the second order in our previous work [11]. Due to the
higher reflection losses, only 6 out of 10 and 1 out of 11 rays
were found above the noise level for the same TX position inφ

polarization. For TX2, the measurement equipment itself blocks
several rays as the TX and RX units are aligned along they axis.
2 first and 2 second order reflections could not be detected for
this reason. At TX3, all reflections up to third order have been
found, whereas the wardrobe close to the transmitter position
shadows several rays and reduces the number of expected third
and fourth order rays by 2 and 3, respectively.

The angles determined from the geometric ray search could
be fed into the spatial measurements as an a priori information
in order to significantly speed up the scanning. Still, the en-
tire angular range is considered in the measurements with the
aim to potentially identify any rays scattered or diffracted at ir-
regularities like the corners of the wardrobes. However, ascan
be seen in the angular power spectrum, no rays apart from the
geometrically expected reflections could be detected. Any in-
fluence of the tables cannot be observed either for the reason
of vertical spatial filtering. The only exception is a reflection at
the lens mount of the TX for AoA and AoD≈ 45◦, which is
barely visible in the figure due to the high loss. This reflected
ray is not part of the actual spatial channel but just occurs due
to the measurement setup itself. It can be concluded that nei-
ther diffraction nor scattering remote from the immediate region
around the specular reflection points plays any significant role.
These results match the findings of previous dedicated scattering
and diffraction measurements [12], [25].

C. Spatial and Temporal Measurement Accuracy

Apart from amplitude deviations, the measured AoAs/AoDs
as well as the ToA may also differ from the geometrically ex-
pected ray characteristics. Impairments occur for two different
reasons. First, the angular resolution is limited to 2◦ by the an-
tenna HPBW, so that the actual AoAs/AoDs of the paths can
inherently not be determined exactly with remaining deviations
between -1◦ and 1◦. Second, the accuracy of the geometrical cal-
culations strongly depends on the precision of the input data like

Fig. 4. Deviations between the geometrically expected and the mea-
sured AoAs, AoDs as well as ToAs for all TX positions.

Table 3. Mean absolute deviations between measured and

geometrically expected path characteristics for different reflection

orders.

LOS 1st 2nd 3rd 4th

AoA 0.13◦ 1.20◦ 1.11◦ 1.03◦ 1.70◦

AoD 0.13◦ 0.95◦ 1.06◦ 1.18◦ 2.04◦

ToA 0.08 ns 0.06 ns 0.08 ns 0.08 ns 0.21 ns

the dimensions of the scenario and the positions of the TX/RX
as well as those of the objects. Even slightest dimension in-
accuracies cause slight ToA deviations in face of the very high
temporal resolution of∆τ = 0.02 ns, which corresponds to a
resolvable distance of 6 mm.

In Fig. 4, the cumulative distribution functions (CDFs) of the
spatial and temporal deviations between measurements and the
geometrical modeling are depicted for all rays at the three TX
positions. The delta is defined as∆X = XGeo −XMeas. More
than 50% of the paths are measured within the inherent inac-
curacy range∆AoA,AoD = [-1◦, 1◦] and almost 100% within
[-3◦, 3◦]. Time of arrival differences are found between -0.1 and
0.1 ns for roughly 80% of the rays,i.e., between -3 and 3 cm in
terms of path lengths. Be aware that multiple reflections arein-
cluded in the CDFs, for which position inaccuracies add up. The
average inaccuracy per interaction is well below 3 cm.

Mean absolute deviations are summarized in Table 3 accord-
ing to reflection order. As expected, the imprecisions increase
with the number of reflections. Very low deviations around 1◦

and only 0.08 ns have been achieved for up to third order rays.
The only limitation is the phase condition of all rays. Due tothe
remaining uncertainties compared to the very short wavelength,
the phase can inherently not be predicted and reproduced ex-
actly. Otherwise, dimension precisions down to theµm range
would be required.

D. Broadband Channel Characteristics

Spatio-temporal channel properties become crucial for broad-
band system simulations including smart antennas. Fig. 5(a) il-
lustrates the AoA/ToA profile for TX1. Similar to the mere spa-
tial domain, the antenna-induced broadening also affects the
spatio-temporal properties. Still, all individual rays can be sep-
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(a) (b) (c)

Fig. 5. Measured PDP and CTF in the office environment for TX position 1: (a) Measured AoA/ToA profile, (b) composed measured PDP resolved
according to reflection orders, and (c) cut-out of the resulting CTF in consideration of different reflection orders.

Fig. 6. Ray path losses according to TX positions.

arated. This will later be exploited for a ray mapping between
measurements and ray tracing simulations during the RT cali-
bration.

With the aim to evaluate the impact of the reflections on the
broadband channel properties, Fig. 5(b) demonstrates the PDP
for TX1 resolved according to reflection order. Local maxima
before and after the LOS peak do not correspond to rays, but are
just a consequence of the noise introduced by the IFFT about
35 dB below the global maximum of the PDP.

The peaks of the two strongest first order reflections are at-
tenuated by no more than 7 and 9 dB compared to the LOS.
With increasing reflection order and increasing time of arrival,
the ray amplitudes decrease, typically by 5 to 10 dB per reflec-
tion process.E.g., second order reflections are found 18 dB and
more below the LOS path. Accordingly, the LOS ray and the
first order reflections also dominate the shape of the CTF as can
be seen in Fig. 5(c). The displayed CTF has been cut out of the
50 GHz wide channel in order to clearly illustrate the fadingbe-
havior. For the measured LOS path, the CTF is almost flat over
the depicted bandwidth of 8 GHz. A significant fading behavior
is introduced when first order reflections are taken into account.
Then, the CTF varies by 42 dB peak-to-peak. Second order rays
cause a change of the amplitudes in the fading dips, but do not
alter the general CTF shape. Third and fourth order reflections
have hardly any further impact on the CTF. This can be seen
with the help of the markers placed at the minima of the CTFs.

Allowing for a qualitative comparison between the three TX

Fig. 7. Ray path losses according to reflection order over all TX posi-
tions.

positions, Fig. 6 depicts the CDFs of the occurring ray path
losses for TX1 through TX3. Those range between 92 and
141 dB. Remarkably, all CDFs have a very similar function
shape. In interpretation, this indicates similar multipath am-
plitudes and hence a very similar fading behavior for all mea-
sured TX positions. Obviously, the qualitative considerations
from TX1 above can also be transferred to TX2 and TX3 or even
to further TX/RX constellations in the scenario.

Fig. 7 illustrates the ray path losses resolved according tore-
flection order. Again, the curves behave similarly and are just
shifted towards higher losses for an increasing number of re-
flections. The fourth order curve differs slightly from the other
graphs because of the incomplete number of detected fourth or-
der rays. If all fourth order rays could have been measured, a
similar graph like the other three curves would be expected.

For first order rays, the attenuations are higher by between
5.8 dB up to 19.3 dB compared to the LOS. The deviation
between the least and the most attenuated ray increases from
13.5 dB for first order to 18.3 dB and 21.9 dB for second and
third order rays, respectively. Mean attenuations of 107.7dB,
119.6 dB, 131.3 dB, and 137.1 dB are determined. Excluding
the additional attenuation caused by the longer path compared to
the LOS, typical reflection losses are found between about 5 dB
and 15 dB. The difference between the CDF curves shows that
attenuations of 12–13 dB provide a good rule of thumb for the
average additional losses per reflection to be expected in THz
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Table 4. k-factor, RMS delay spread and AoA angular spread in the azimuth for the different TX positions and reflection orders.

TX1 TX1, φ pol. TX2 TX3

k τRMS σAoA k τRMS σAoA k τRMS σAoA k τRMS σAoA

LOS only - 0.27 ns - - 0.33 ns - - 0.63 ns - - 0.20 ns -
LOS + 1st 1.69 2.88 ns 37.9◦ 4.63 3.17 ns 30.8◦ 1.90 1.63 ns 15.7◦ 6.34 1.86 ns 18.2◦

LOS + 1st to 2nd 1.56 3.49 ns 39.8◦ 4.34 3.47 ns 31.9◦ 1.85 1.89 ns 16.6◦ 4.40 2.93 ns 26.4◦

LOS + 1st to 3rd 1.54 3.69 ns 40.0◦ 4.33 3.55 ns 31.9◦ 1.85 1.99 ns 16.7◦ 4.33 2.99 ns 26.5◦

LOS + 1st to 4th 1.53 3.72 ns 40.1◦ 4.33 3.55 ns 31.9◦ 1.85 1.99 ns 16.7◦ 4.32 3.01 ns 26.5◦

Fig. 8. Ray path loss differences between φ and θ polarization for TX1

according to reflection order.

channels. This figure includes both the reflection loss as well as
the higher free space attenuation due to the longer path.

Table 4 summarizes thek-factors, the RMS delay as well as
the angular spreads for the different TX positions. Thek-factor
provides a measure for the multipath richness of a channel. It is
defined as the ratio between the power of the strongest path di-
vided by the power of all other rays. Rather lowk occur at TX1
and TX2, indicating that the powers of the reflections are almost
as high as the power of the LOS ray. Higherk-factors are ob-
served inφ polarization at TX1 for the reason that the reflections
are attenuated more compared toθ polarization. Regardless of
the position and polarization characteristics, third and fourth or-
der reflections hardly influence thek-factor at all.

The RMS delay and the angular spread, which are calculated
as the standard deviations of the power delay and the angular
power profile, respectively, represent a measure for the temporal
and the spatial channel dispersion. Interestingly, a certain small
temporal broadening already occurs for the LOS paths, which
is due to the impact of the IFFT and the channel frequency dis-
persion [18]. On the other hand, thek-factor andσAoA cannot
be defined reasonably for just one path. High delay spreads be-
tween 1.99 ns and 3.72 ns as well as angular spreads of up to
40◦ are determined under consideration of all rays. Without ef-
fective spatial filtering, strong intersymbol interference would
result in a practical THz communication system. Similar to the
k-factor,τRMS andσAoA level off from the third reflection order
onwards. In consequence, up to second order reflections prove
sufficient to model THz propagation channels.

E. Polarization

Polarization exhibits a strong impact on the multipath propa-
gation and the broadband channel characteristics. Now, theray

amplitudes are considered in detail. Fig. 8 illustrates theray
path loss differences at TX1 between linearφ andθ polariza-
tion. The bars have been sorted by magnitude according to re-
flection order. Both polarizations have been normalized with the
same LOS reference measurement. Note that in total 8 third and
fourth order paths could be detected less in horizontal compared
to vertical polarization (cf. Table 2) and could hence not bein-
cluded in Fig. 8.

Occurring additional attenuations due to TM instead of TE
reflections range between -1 and 8 dB for once reflected and be-
tween -1.8 and 24 dB for twice reflected rays. Negative values
are not expected and are just a consequence of an imperfect lens
positioning as well as slightly different antenna alignments in
horizontal compared to the vertical antenna orientation. It can be
seen that the attenuation differences tend to increase witheach
reflection. In consequence, linearφ polarization appears favor-
able compared toθ polarization to suppress multipath propaga-
tion. A drawback is the higher loss on the indirect propagation
paths, if these must be utilized for a directed NLOS transmission
in case of a LOS blockage.

Additionally, measurements are recorded for both cross po-
larizations. On the LOS path, cross polarization discriminations

XPD = 20 · log

(

ECo

ECross

)

(1)

of XPDθ = 50.1 dB and XPDφ = 42.2 dB have been recorded.
XPDθ refers to the field received inθ co polarization vs. the field
transmitted inφ and received inθ polarization. XPDφ is defined
analogously. These figures correspond to the mere depolariza-
tion caused by the antennas. Apart from the LOS ray, power in
cross polarization could only be detected in the directionsof the
first order reflections ray 3 and ray 4 (cf. Fig. 3) due to the lim-
ited dynamic range. The XPDs amount to XPDφ,ray 3 = 42.8 dB
and XPDθ,ray 3 = 31.3 dB as well as XPDθ,ray 4 = 32.4 dB,
whereas XPDφ,ray 4 could not be recorded. Compared to the
LOS reference measurements, involved reflection and scatter-
ing processes cause a decrease of the XPD by only about 7 to
11 dB. In conclusion, depolarization can be neglected in THz
communication channels as long as the TX and RX are placed
in a horizontal plane and the antennas do not induce a significant
depolarization themselves. If the TX and RX are positioned in a
plane oblique relative to the walls or reflecting objects, a strong
geometric depolarization can be expected [26].

F. MIMO Channels

THz communication systems will most likely employ multi
antenna systems because the high propagation loss has to be
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(a)

(b)

Fig. 9. Measured MIMO PDPs and CTFs for TX1: (a) PDPs and (b)
cut-out of the CTFs.

overcome and the antennas will have to counteract potentialray
shadowing [1]. With the aim of investigating the potential of
such multi antenna systems, a virtual 2×2 MIMO configuration
is considered. The TX and RX are shifted by 1 mm in positive
y direction for TX1 (cf. Fig. 2), which is equivalent to a separa-
tion of the virtual MIMO array elements by one wavelength at
300 GHz.

Fig. 9 illustrates the composed recorded power delay profiles.
The antenna indices denote the positions of the TX and RX,i.e.,
(0,0) means the position TX1, (0,1) means the RX being moved
1 mm in positivey directionetc. Very similar, but not identical
PDPs are observed for the four antenna constellations. Between
the LOS attenuations, a maximum deviation of 0.9 dB occurs,
which can be attributed to the general measurement uncertain-
ties like positioning inaccuracies. Similar differences in the or-
der of 1 dB are observed for the reflections. The phase condi-
tions vary entirely for all paths due to the fact that the element
spacing of 1 mm already corresponds to a phase shift of 2π.
In consequence, the fading behavior of the channels changes,
which can be seen using the example of a cut-out of the corre-
sponding CTFs in Fig. 9(b). Only the overall curve shapes, the
depths of the fading dips and the distances between two dips
qualitatively remain similar regardless of the position.

A measure for the similarity of the CTFs, which also indi-
cates potential channel capacities, is provided by the cross cor-
relation coefficient. Values between 0.6 and 0.86 have been de-
termined for the recorded MIMO CTFs. These indicate a rather
high channel correlation, which can also be expected in faceof

Fig. 10. 3D model of the measured and simulated scenario including up
to second order ray paths.

the small element spacings with respect to the large room di-
mensions. The ergodic MIMO channel capacity [27]

C = log2

∣

∣

∣

∣

IN +
SNR

M
·HH

∗

∣

∣

∣

∣

(2)

is considered as a simple figure of merit for a performance es-
timate of a THz MIMO system.M andN are the numbers of
transmit and receive antennas,IN is an identity matrix with the
dimensionsN ×N andSNR is the signal-to-noise ratio at the
RX. Here, the channel matrixH becomes frequency-dependent
in face of the huge employed bandwidth. Therefore, the realistic
upper bounds for the ergodic capacity of the broadband channel
is obtained by evaluating (2) at each frequency point individu-
ally and averaging the results [27]. This corresponds to a trans-
mission with a hypothetical OFDM system, whereas the number
of subcarriers equals the number of measurement points [28].

Under the assumption of 10 dB SNR, the theoretical Shannon
capacity of a single antenna system amounts to 3.46 bit/s/Hz,
whereas the 2×2 MIMO capacity determined from the measure-
ments reaches 6.21 bit/s/Hz. Note that the measured channelis
just a snapshot and does not represent a general MIMO capacity,
which can only be given in terms of outage probabilities [27]for
a large amount of channel realizations.

Spatial multiplexing could obviously yield a performance
gain in THz indoor channels. However, sufficient SNRs can in
practice not be achieved with omnidirectional antenna elements.
Instead, alternative concepts such as distributed antennasetups,
receive diversity or antenna arrays with directive elements will
have to be investigated in the future. An appropriate propaga-
tion model will be required to generate a large set of channel
realizations for such studies, which is introduced in the follow-
ing section.

III. RAY TRACING PROPAGATION MODELING

Deterministic RT propagation modeling has become state of
the art for the channel simulation of wireless communication
systems. RT will serve to simulate the wave propagation in the
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scenario investigated experimentally up to now. Fig. 10 exem-
plifies ray tracing results for TX1.

Frequency domain ray tracing is introduced subsequently
first. Then, the material parameters are calibrated. Last, the
RT simulations are validated with the channel measurements.

A. Frequency Domain Ray Tracing

In contrast to conventional WLANs, huge bandwidths of
10 GHz and beyond require the broadband simulation of THz
propagation channels at multiple frequency points [18]. Here,
this is done with an in-house developed ray tracing tool in fre-
quency domain. As a basis, the geometric ray search engine
from the first part of the paper is adopted to determine the spa-
tial and temporal ray characteristics. Apart from the LOS path
and the reflections, also diffusely scattered rays can be respected
according to the Kirchhoff theory [12]. However, as the previ-
ous section has revealed that no scattered rays could be detected
(cf. for instance the PDP at TX1 in Fig. 5(b)), diffuse scatter-
ing is neglected. Diffraction is disregarded also. Transmission
through walls, windows or objects does not play any role either
in face of very high absorption coefficients [13].

The results of the geometric computations are fed into the
electromagnetic engine. The main advantage of separating the
geometric from the electromagnetic ray tracing engine is that
the very time-consuming geometric calculations have to be per-
formed only once. Output is the electric field strengthEj (fi) of
thejth path for allNRays rays at one discrete frequencyfi. The
calculations are based on the Friis formula, the Fresnel equa-
tions and the Rayleigh roughness factor, for what dielectric pa-
rameters of all materials are needed. Fully polarimetric chan-
nel information is included [26]. Please refer to [18] for details.
All electromagnetic evaluations are repeated forNf frequen-
cies. Nf can be understood analog to the measurement points
of a VNA and must be chosen high enough to resolve the maxi-
mum expected excess delay.

From the field strengths, the sampled path-specific CTF of the
jth ray

Hj(f) =

Nf
∑

i=1

Ej (fi) ·δ (f − fi) (3)

is composed. After weighting the CTF with the antenna charac-
teristicg

H ′

j(f) =

Nf
∑

i=1

Hj(f) ·g (f, φj , θj) , (4)

the complete CTF is computed as

H(f) =

NRays
∑

j=1

H ′

j(f). (5)

Finally, the CIR can be determined from the CTF by performing
an IFFT. Note that the equations implicitly respect polarization
characteristics of the rays and antennas [26].

B. Calibration

The accuracy of ray tracing simulations strongly depends on
the scenario material parameters. These can most likely notbe

determined isolatedly as probes of walls or reflecting objects
may not be available. Moreover, scenario-specific parameters
may differ significantly from values in literature. Calibration of
the RT simulations with channel measurements still provides
an excellent means to improve the prediction precision of the
ray tracing tool, even if the material parameters are known only
roughly [29]. At the same time, a complete material parameter
set is obtained for further RT simulations.

In our previous work [18], an advanced calibration algorithm
based on iterative simulated annealing [30] has been developed
and tested with measurements, which will now be applied to
the measurements from the previous section. As a novelty, the
algorithm exploits the spatial and temporal channel informa-
tion in order to unambiguously map all rays between measure-
ments and ray tracing simulations. Compared to conventional
approaches, where the mere difference between the simulated
and measured power delay profiles is optimized in most cases,
the proposed ray mapping allows for a significant improvement
of the calibration results.

The optimization criterion is to minimize the individual de-
viations between the measured and the simulated ray powers
Pj,meas andPj,RT according to the cost function

f (X) =

√

∑NRays

j=1 (Pj,meas − Pj,RT)
2

NRays

. (6)

In each iteration cycle, new material parameters are randomized
based on the old parameter set [18], for which the new ray trac-
ing solutionX is computed. Better solutions are always adopted,
whereas worse solutions are only accepted with a certain small
probability. Unrealistic values withεr < 1 are discarded. For in-
creasing cycle numbers, the parameters are varied increasingly
less, so that a reliable convergence is achieved after several 10
cycles. As the second main feature, the algorithm is combined
with frequency domain ray tracing, so that even frequency-
dispersive materials can be calibrated. This is done by splitting
the band of interest into multiple subbands and introducingmul-
tiple complexεr per material, one for each subband. Theseεr
are varied independently during the calibration process. Here,
20 differentεr are allowed for each material over the 50 GHz
bandwidth to account for dispersion. Please refer to [18] for
further details.

Compared to the previous work, where only one TX/RX po-
sition has been taken into account, multiple measurement points
are considered for the calibration now. The ray power differ-
ences at TX1, TX1 in φ polarization, and TX2 are included si-
multaneously in the cost function (6). Because of the additional
information, better and more robust calibration results can be
expected compared to just one TX/RX constellation. TX3 is left
out here and will be used for the test of the calibration results
later. Due to the fact that only few fourth order rays have been
measured and that they are negligible with regard to the over-
all channel characteristics, only rays up to the third orderare
respected.

An initial material parameter set is adopted from our previ-
ous work [31]. Starting from values of 19.9 dB, 24.7 dB, and
22.6 dB, the cost function definitions with TX1 only, with TX1

and TX2 as well as with TX1, TX1,φ Pol., and TX2 converge to
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l.,

Fig. 11. Cost function convergence.

Table 5. Material parameters obtained from the best out of 20

calibration runs.

Wood Plaster Glass
(wardrobes) (walls) (windows)
ε′r ε′′r ε′r ε′′r ε′r ε′′r

Before cal. 1.56 0.41 1.61 0.25 7 1.4
TX1 only 1.02 1.30 5.75 6.70 4.48 1.25
TX1, TX2 1.01 1.65 4.43 8.83 9.14 0.34

TX1,TX1,φ Pol.,TX21.01 1.47 3.73 7.44 8.09 0.85

solutions with minimum cost values of 7.9 dB, 6 dB, and 9.6 dB
after 40 iterations. These results have been selected as thebest
out of 20 calibration runs. The cost function progress can be
seen in Fig. 11. Additionally, the material parameters obtained
under the assumption of constant material properties over the
band are summarized in Table 5. Due to the lack of roughness
information about the plaster, a realistic surface height standard
deviation of 0.13 mm has been assumed [32]. This property
is accounted for in the ray tracing algorithm via the Rayleigh
roughness factor. From the material parameter differencesbe-
tween before and after the calibration, the initial plastercharac-
teristics prove least appropriate and are subject to corrections.
However, as the actual wall consistency cannot be known, the
parameters can be considered to remain within a realistic range.
This holds the more for the windows and the wardrobes.

The highest accuracy is achieved with TX1 and TX2, whereas
the additional introduction of the second linear polarization
leads to worse cost values. Reason for this is thatεr have to
be found that match the measurements in both polarizations for
TX1 at the same time. The measurements in the two polariza-
tions are subject to slight independent errors such as imperfect
lens placement (cf. Subsection II-E). Due to the fact that the
overall cost function is minimized, a compromise between the
deviations in the two polarizations is obtained. Generallyspeak-
ing, the more information is respected, the more universal the
results become opposite to potentially higher cost values.

Fig. 12 contrasts a cut-out of the power delay profile for TX1

before and after calibration. The complete cost function def-
inition with TX1 in both polarizations and with TX2 is em-
ployed. A significant improvement compared to uncalibratedRT
is achieved regardless of the reflection order. Measured and
simulated rays deviate by up to 18.2 dB in the depicted tem-
poral range before calibration, which is reduced to a maximum

Fig. 12. Cut-out of the measured, the uncalibrated and the calibrated
PDPs at TX1.

m

l.

Fig. 13. Ray power differences between measurements and RT before
and after calibration at TX1.

of 6 dB thereafter.
A quantitative comparison of all ray amplitude deviations at

TX1 is given in Fig. 13. After calibration, 50% of the rays dif-
fer by about 5 dB or less, whereas more than 80% of all rays
have a deviation of less than 10 dB. Uncalibrated, these figures
amount to 14.4 dB and 29 dB, respectively. Note that the power
differences are calculated per path. Errors accumulate in case
of multiple reflections. The very high deviations of 30 dB and
more actually correspond to values in the order of 10 dB per
reflection. Remarkably, the cost function definition does not
have any significant impact on the high calibration quality.The
reason is that the measurements at the different positions im-
plicitly include the same information on the material behavior.
Calibration with just one TX obviously already achieves very
good results, which agree well with the channels measured for
further TX placements. Otherwise, higher cost values would
be expected for the cost function definition with TX1 and TX2
compared to TX1 only. Note that this indicates a good and re-
producible measurement accuracy, but the deviations stillreveal
limitations of the possible measurement and calibration preci-
sion at THz frequencies.

In order to ensure the universality of the results, the calibrated
ray tracing simulations must be tested against further measure-
ments that have not been included in the calibration process.
Moreover, measured channel characteristics have to be repro-
duced correctly, which will be tested in the next Subsection.
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m

calibrated

calibrated

uncalibrated

Fig. 14. Difference between measurements and RT simulations at TX
position 3 for a cost function respecting TX1, TX1,φPol., and TX2.

Table 6. Measured vs. simulated broadband channel characteristics;

τRMS in (ns), σAoD in (◦).

TX1 TX1, φ pol. TX2 TX3

Mea. RT Mea. RT Mea. RT Mea. RT

k 1.53 2.76 4.33 3.39 1.85 2.47 4.32 2.97
τRMS 3.72 4.87 3.55 4.57 1.99 1.63 3.01 5.02
σAoD 37.0 29.3 24.7 30.9 18.3 22.2 31.7 34.0

C. Comparison between Measurements and RT Simulations

Now, the parameter set obtained after the calibration with
TX1 and TX2 is adopted for RT predictions at TX3. Thus, the
general applicability of the calibration results to further posi-
tions is validated.

Analogously to Fig. 13, Fig. 14 depicts CDFs of the ray am-
plitude differences between measurements and simulationsat
TX3. Here,calibrated refers to the RT results with material pa-
rameters obtained from the calibration without TX3. The cal-
ibration helps to significantly improve the RT predictions,al-
though TX3 hasnot been respected in the cost function. Even
the amplitude differences at TX1, serving as reference, are only
slightly better than the ones of TX3. In consequence, the cali-
bration results from just a few points can be used for the accurate
wave propagation simulation at further positions.

Allowing for a quantitative evaluation of the ray tracing ac-
curacy, a comparison of the measured and simulatedk-factors,
the RMS delay spreads and the AoD angular spreadsσAoD is
given in Table 6. Similark-factors result with average devia-
tions around 1, whereasτRMS is overestimated by 1–2 ns apart
from TX2. σAoD is in good agreement for TX1,φ Pol. as well
as for TX2 and deviates by at maximum 7.7◦ for TX1. The rea-
sons for the deviations are the residual ray power differences
after calibration as well as different LOS attenuations, which
cannot be calibrated. Still, compared to the results beforecal-
ibration, an accuracy improvement is achieved also in termsof
the figures of merit. E.g., values ofk = 12.98,τRMS = 0.90 ns
andσAoD = 8.9◦ are determined from uncalibrated RT for TX2,
which deviate significantly more from the measurements than
after calibration (cf. Table 6). Generally, the overall behavior
of the broadband channel properties can be described well with
RT. Of course, RT does not reproduce the measurementsexactly,
but still provides a realistic basis for system simulationsand the

derivation of a first THz channel model. This will be subject to
future work.

Regarding the universal reusability of the calibration results,
the obtained parameters can of course be employed for RT sim-
ulations in other setups given that the same materials are present
in the respective scenario. Although the calibration process ex-
ploits the spatial channel information for the ray mapping,the
calibration outcome does not inherently depend upon the sce-
nario dimensions or shape. The material information is extracted
independently from any geometry. New measurements and a re-
calibration will just be required for other materials.

In order to finally assess the applicability of RT to MIMO
channels, channel transfer functions have been generated for
the MIMO configuration in Subsection II-F. From the measure-
ments, a channel capacity of 6.21 bit/s/Hz has been calculated,
whereas the capacity determined from ray tracing amounts to
5.67 bit/s/Hz. Qualitatively, the simulated and measured capaci-
ties agree sufficiently well. Deviations can be explained with the
scenario model inaccuracies and with the inherent limitations
of the measurements, such as the non-perfect antenna pointing.
These slight non-deterministic errors cannot be reproduced by
RT and cause a lower spatial correlation in the measurements
than in the simulations.

In summary, calibrated frequency domain ray tracing pro-
vides a good means to accurately model THz indoor commu-
nication channels.

IV. CONCLUSION

In view of future ultra broadband THz communication sys-
tems, 50 GHz wide channel transfer functions have been
recorded between 275 and 325 GHz in a typical office sce-
nario. Three different transmitter/receiver constellations have
been considered, whereas one setup has been measured fully
polarimetric. Moreover, a 2×2 MIMO link has been measured
with a capacity of 6.21 bit/s/Hz. Up to fourth order reflections
could be detected. High measurement accuracies with average
ToA and AoA/AoD deviations below 0.2 ns and 2◦ have been
achieved in respect to geometrical considerations. Only upto
second order rays noticeably influence the broadband channel
properties. Typical attenuations per reflection amount to 12-
15 dB.

Additionally, frequency domain ray tracing has been intro-
duced. After calibration with an advanced simulated anneal-
ing algorithm, the RT prediction accuracy has been improved
significantly. Only a few measured TX positions have already
proven sufficient to reach a stable calibration result. Finally, RT
has been validated against the measurements. Frequency do-
main RT has been demonstrated to be well suited to simulate
the indoor wave propagation at THz frequencies.
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