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Channel and Propagation Measurements at 300 GHz
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Abstract—Ultrabroadband Terahertz communication systems
are expected to help satisfy the ever-growing need for unoc-
cupied bandwidth. Here, we present ultra broadband channel
measurements at 300 GHz for two distinct indoor scenarios, a
point-to-point link of devices on a desktop and the connection of
a laptop to an access point in the middle of an office room. In
the first setup, measurements are taken with regard to distance,
different antenna types and device displacements. Additionally,
an interference constellation according to the two-ray model is
examined. In the second setup, the focus is on the detection and
characterization of the LOS- and the NLOS-paths in an indoor
environment, including a maximum of two reflections. Temporal
channel characteristics are examined with regard to maximum
achievable symbol rates. Furthermore, ray obstruction due to
objects in the transmission path is investigated.

Index Terms—Channel modeling, channel sounding, diffraction,
submillimeter channel measurements, THz communications, THz
propagation measurements, THz system.

1. INTRODUCTION

N the past years it has become obvious that wireless

data rates exceeding 10 Gbit/s will be required in several
years from now [1]. The opening up of carrier frequencies in
the Terahertz range has been identified as most promising to
provide sufficient bandwidths required for ultra fast and ultra
broadband data transmissions [2], leading to the initiation of
the IEEE 802.15 THz Interest Group (IG THz). A suitable
frequency window can be found around 300 GHz, offering
a currently unregulated bandwidth of 47 GHz [2]. As tech-
nological advance keeps up with the ever increasing demand
for wireless data transmission capacity, electrical components
for the generation of THz frequencies are already commer-
cially available [3]. Based on subharmonic Schottky diode
mixers, a 300 GHz transmission system has been set up at
the Physikalisch-Technische Bundesanstalt, Braunschweig [4].
Experiments within the Terahertz Communications Lab (TCL)
have proved the feasibility of an analog video transmission
over 22 m [4] and a digital video data transmission over 52 m
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with a data rate of 96 Mbit/s [5]. A different approach to THz
communication applying optical generation and modulation of
frequencies between 300 and 400 GHz is reported in [6].

Primarily, three different scenarios can be identified for data
communication at 300 GHz. The first one involves short dis-
tances up to 1 m as required for the wireless interconnection of
different devices on a desktop or for ultrafast kiosk downloads.
The second use case refers to THz indoor pico cells for wireless
access as, e.g., imaginable in conference-, office-, or living
rooms, whereas the third scenario is the wireless extension
of wired backbone networks over ranges greater than 10 m
[7]. Private applications will include high speed wireless data
exchange with flash drives, the almost instant download of
large files (e.g., HD films) and uncompressed video streaming
of future ultra high resolution video formats [8]. Professional
applications cover, e.g., fast file exchange on conferences,
telemedicine, and the provision of interference-free wireless
high speed networks in trade fair halls by dividing the huge
available bandwidth into multiple subbands. THz waves can
also be utilized for a wide range of different other applications
apart from data transmission like, e.g., remote sensing, radio
astronomy or security. A good overview can be found in [9].

Future THz WLANs will primarily rely on line-of-sight
(LOS) conditions and high gain antennas with gains beyond 25
dBi to overcome the high free-space [10] and additional high re-
flection losses [11]. Sophisticated antenna designs are required
to provide both high gain and the ability to serve multiple users
at different positions. Here, a very promising approach are
multibeam antennas (e.g., dielectric rod or ring-slot antennas)
as shown in [12]. In case of LOS paths blocked by persons
or objects, the concept of directed nonline-of-sight (NLOS)
communication has been proposed [2]. Hence, not only LOS,
but also NLOS channels will have to be characterized.

Employing bandwidths from several GHz up to several
10 GHz, channels at 300 GHz cannot be described with ex-
isting narrowband channel models intended for current WLAN
systems at carrier frequencies of up to 5 GHz with bandwidths
not exceeding 40 MHz [13], [14]. Therefore, the ultra broad-
band channel characterizations as presented in this paper will
be necessary to develop empiric channel models required for
system simulations of such upcoming THz data transmission
systems [15].

The remaining paper is structured as follows. In Section II
the measurement setup will be introduced in detail. Absorp-
tion coefficients of typical building materials will be given
in Section IIl. The additional attenuation due to an object
obstructing the direct ray will be examined experimentally as
well as theoretically with the knife edge diffraction model [16].
Short range and indoor channel measurements based on the
identified use cases are the central topics in the Sections IV-A
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Fig. 1. The 300 GHz measurement setup.

and IV-C, respectively. Furthermore, the interference between
the direct and a once reflected ray will be investigated in-
cluding simulations according to the two-ray model [16] in
Section IV-B. The measurement results are finally used as input
for a first empiric path loss model before the paper is concluded
in Section VI.

II. THE MEASUREMENT SETUP

The measurement setup consists of the core components of
the 300 GHz transmission system [4] and a Rohde & Schwarz
vector network analyzer (VNA) [17]. Subharmonic Schottky
diode mixers are used to up-convert a baseband test signal from
a Rohde & Schwarz ZVA 40 VNA to 300 GHz, which is trans-
mitted over the channel and downconverted at the receiver. As
perfect phase coherence is obligatory for correct vectorial net-
work analysis, a common local oscillator signal generated by a
dielectric resonator oscillator (f = 16.66 GHz) is tripled twice
and then fed to the subharmonic mixers at both the TX and RX.
The corresponding block diagram is shown in Fig. 1.

By recording the frequency dependent scattering parameter
So1 [18] for the test signal frequencies f;.s: at the VNA, the
channel transfer function at f = 300 GHz + f;..; is measured.
In the following, all S2; parameters specified in dB always im-
plicitly mean the magnitude of the transfer function whereas all
corresponding impulse responses are given as the relative re-
ceived power over time.

Since a system error correction could only be performed at
the baseband coaxial in-/output of the mixers by means of a
TOSM calibration, just including the cables between VNA and
the mixers, additional reference measurements allowing to cor-
rect the influence of the transmission system during postpro-
cessing were taken with direct interconnection of the transmitter
(TX) and receiver (RX) waveguides. Apart from the system
losses, the depicted amplitude response (Fig. 2) also includes
the antenna gains of two times 26 dBi [4] for both the TX and
RX horn antenna. In the following, the antennas are always con-
sidered as a part of the transfer path so that the antenna charac-
teristics are not discussed in more detail.

Regarding the phase response (not shown), an almost per-
fect linear phase was observed, corresponding to an electrical
length of le; system = 14.7 cm. As double sideband mixers
are used, the homodyne downconversion leads to an insignifi-
cant amplitude distortion between 0 dB at 300 GHz and 0.28 dB
at 310 GHz due to different free-space losses in the lower and

1689

36

356.5

35 foi

345+

34|

S,1 [dB]

335+

33+

325+

32 ; ; ; i H i ; ; ;
300 301 302 303 304 305 306 307 308 309 310
f[GHz]

Fig. 2. Amplitude response of the 300 GHz measurement system including the
antenna gain of twice 26 dBi.

TABLE I
MEASUREMENT PARAMETERS
Parameter Symbol Value
Measurement points N 801
Intermediate frequency filter bandwidth Afrp 10 kHz
Average noise floor Pn -113.97 dBm
Test signal power P, -5 dBm
Start frequency fstart 10 MHz
Stop frequency fstop 10 GHz
Bandwidth B 9.99 GHz
Time domain resolution At 0.1 ns
Maximum excess delay Tm 80 ns

upper sideband, which needs to be corrected. The phase re-
sponse is not influenced in any way. More details can be found
in [17]. Multiple reflections between the transceiver modules
have already been identified as a source for strong frequency
selective channel transfer functions in case of direct antenna
alignment [17], causing an uncorrectable error in measurement.
Therefore, absorber panels have been mounted at both TX and
RX for all measurements presented in this paper.

In order to achieve the best possible spatial and temporal res-
olution of approximately 3 cm or 0.1 ns, respectively, all mea-
surements were taken with the full available bandwidth of 9.99
GHz. The start frequency was bound to a minimum of 10 MHz
by the VNA and the maximum frequency could not exceed the
system limitation of 10 GHz. Due to input power restrictions of
the mixers, a test signal with a power of —5 dBm was used, pro-
viding a dynamic range of approximately 85 dB for the chosen
intermediate frequency filter bandwidth of A f;r = 10 kHz.
The number of sweep points was chosen to 801, resulting in a
maximum detectable path length of 24 m. A complete overview
of all measurement parameters is given in Table I.

III. TRANSMISSION AND DIFFRACTION MEASUREMENTS

Applying THz time domain spectroscopy (TDS), the TCL
has already quantified the transmission losses of typical
building materials [19]. Here, we determine the transparency of
objects in the LOS link with the 300 GHz measurement system
in transmission geometry and compare the resulting absorption
coefficients with the results obtained by THz TDS. S3; was
recorded at a module spacing of 10 cm with and without the
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TABLE I
ABSORPTION COEFFICIENTS OF DIFFERENT MATERIALS

Material 300 GHz @350 GHz [19]
Glass 9.98 cm—1 9.95 cm~1
MDF 4.31 em™! 4.41 em™!
Plexiglass  2.59 em ™! 2.62 cm~!
TX Diffracting edge (copper plate) RX

Fig. 3. Measuring the diffraction on an edge.

different samples brought into the ray path. The transmission
loss was determined by subtracting S21 with probe|,; from
S21,without probe |, - Based on the material thickness the atten-
uation was converted into the absorption coefficient o (Table II).
Both different methods yield similar outcomes, indicating that
absorption coefficients obtained in a spectrometer can be used
to estimate the attenuation in an obstructed transmission path.

Assuming, e.g., a medium density fiberboard (MDF) door
with a thickness of dg,o,, = 3.5 ¢m or a window with
dwindow = 2.5 cm, absorption attenuations of approximately
65.5 and 86.7 dB are calculated. This result shows that THz
WLANS will allow the reuse of the same frequency bands even
in neighboring rooms without any co-channel interference to
be expected. At the same time, high data security is achieved
simply due to the low signal levels outside the intended service
area of an access point.

Contrasting to those advantages it becomes obvious that
LOS- or directed NLOS-links will be required for reliable
data communication at 300 GHz. In order to systematically
investigate the additional attenuation due to a gradual ray
obstruction by objects, a copper plate with a thickness of 1 mm,
corresponding to a sharp edge, was brought into the direct ray
path at a distance of 35 cm from the TX and 15 ¢cm from the RX
(Fig. 3). This way, a worst case estimation of the obstruction
attenuation, receiving only a diffracted and no transmitted ray,
with given. By moving the plate orthogonally to the ray path
the degree of shadowing was varied, with Ss; being recorded in
steps of 2.5 mm between h = —10 mm and h = 17.5 mm (see
solid arrow in Fig. 3). The resulting diffraction attenuation Lp
is calculated as the difference between Saq|,,, for an obstructed
and an unobstructed path as depicted in Fig. 5. The parameter
h = 0 mm refers to the distance of the edge from the direct ray
path (dashed line) with A = 0 mm referring to the center of
the beam so that half of the first Fresnel zone [16] is shadowed.
For positive values of h the direct path is blocked whereas it is
increasingly unshadowed for increasingly negative h.
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Fig. 4. Schematic drawing of the diffraction investigation setup including pa-
rameters for the knife edge model in top view.
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Fig. 5. Measured and simulated diffraction attenuation for different degrees of
shadowing.

In the latter case, the interference of both the direct and the
diffracted ray can be observed, leading to a slight gain. As ex-
pected, even small positive values of h cause a considerable ad-
ditional attenuation of up to 30.7 dB, hindering ultra broadband
data transmission due to seriously deteriorated signal-to-noise
ratios (SNR). Therefore, fast switching from the LOS- to a di-
rected NLOS-path becomes obligatory even for marginal ray
obstructions.

In addition to the measurements, the ray obstruction by the
sharp edge is simulated according to the knife edge model as
described in [16] based on the geometry visualized in Fig. 4 in
top view. There, the copper plate is represented by the bold red
line. With 1 = s = 35¢cm, 79 = $o = 15cmand A = 1 mm,
the Fresnel parameter v is calculated as

(D
which is then used to determine the diffraction attenuation
EO Sstructe
LB|dB:—2010g<‘7b't ted )
Eunobstructed
1-C(v)-8 i (C(v)=S
0l <‘ (1)=5()+ (€)= 5) D |

2)

C(v) and S(v) denote the decomposition of the Fresnel integral
and are computed as described in [20, eq. (8.3a)].

A good match between simulation and measurements can be
observed between h = 0 mm and A = 10 mm. For nega-
tive h, the simulation results partly overestimate the measured
diffraction attenuation whereas it is underestimated beyond i =
10 mm. In the first case, the difference can be explained by a
non-perfect placement of the copper plate in the exact distance
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Fig. 6. Transfer functions for different module distances, misalignments and antenna types. (a) Horn antenna, d = 40 cm. (b) Waveguide, d = 10 cm. (c) Horn

and PE-lense, d = 100 cm.

relative to the direct ray because no optical bench has been used.
Moving the copper plate out of the direct path also increasingly
uncovers the edge of the table on which the RX is placed, so that
a second diffracted ray is received. This ray superimposes with
the direct as well as with the ray diffracted at the copper plate,
but has not been included in the simulation for the reason that
the focus is on modeling the mere influence of the shadowing
object represented by the knife edge. Moreover, the ray is re-
ceived under a comparatively large incidence angle beyond the
3 dB HPBW of the horn antenna and, hence, is of minor impor-
tance. Accordingly, the measurement setup corresponds to a re-
alistic scenario where, e.g., a person walks through the ray path,
passing by the table. Here it is noteworthy that the knife edge
approach has already been validated and applied for modeling
the ray shadowing by moving persons between 4 and 10 GHz
in [21].

From h = 10 mm onwards, the increasing deviation of up to
9.9 dB for h = 17.5 mm mainly results from the directivity of
the RX horn antenna. As h increases, so does the angle of in-
cidence of the diffracted ray at the RX. The incident diffracted
ray is attenuated additionally due to the narrow main lobe for
h > 10 mm as the modules have remained fixed and have not
been pointed directly at the absorbing edge. This aspect has to
be considered especially for systems with highly directional an-
tennas by not only calculating the diffraction attenuation, but
also respecting the antenna diagram of the RX antenna even for
small angles of incidence. If done so, the knife edge model pro-
vides a simple and valid means for simulating the ray obstruc-
tion at 300 GHz. However, as the intention of the scenario is the
investigation of the practically expected additional attenuation,
the antenna influence is considered as part of the transmission
path and hence has not been corrected here.

IV. CHANNEL CHARACTERIZATIONS

In this central chapter of the paper, we first show dis-
tance-dependent short range channel transfer functions as
required for the simulation of communication systems operated
on a desktop. For the reason that a perfect module positioning
cannot be expected from users, each channel is investigated
with regard to a certain transceiver displacement. Additionally,
the influence of different antenna types is examined. Next,

the frequency selectivity of ultra broadband channels caused
by interference of the direct and a once reflected ray will be
analyzed in detail in the second subsection. Finally, indoor
channel measurements in an office environment are presented
as obligatory for system simulations of future THz WLANS.
Both LOS and NLOS paths will be characterized.

A. Desktop Scenario (Short Range)

Typical short range applications on a desktop can be expected
to operate at distances between 20 cm and 100 cm. Suitable an-
tenna types include open-ended waveguides, horn antennas and
optional polyethylene (PE) lenses for further beam collimation.
Here, the open-ended waveguides as available at the Schottky
mixer outputs have been measured to provide a gain of 9.9 dBi
with a 3 dB half power beamwidth (HPBW) [22] of 100°. Al-
ternatively, 26 dBi horn antennas with 10° HPBW are used.
Mounting PE lenses in front of the horn antennas enhances the
gain by additional 13 dBi, each. In this case the 3 dB HPBW is
reduced to 1°.

Channel transfer functions have been recorded at specific
distances for each antenna type using the measurement setup
shown in Fig. 7. The module spacing has been varied by moving
the RX (solid arrow). By shifting the modules orthogonally
to each other (dashed arrow), a certain module displacement
has been simulated. The module misalignment, subsequently
denoted with h, always refers to the position of best module
alignment for a given distance d. In all cases the horn antenna
has been mounted at the RX, whereas the TX antenna has
been changed. To explicitly demonstrate the influence of the
different antennas, each transfer function has been corrected by
the system response, only.

For the setup with two horn antennas, a module distance
of d = 40 cm is chosen with module displacements of
h = 0cm, 2 cm, 4 cm, and 8 cm [Fig. 6(a)]. Regardless of the
displacement, a slight frequency-dependent channel behavior
with an amplitude variation of up to 2.6 dB peak-to-peak
(h = 8 c¢m) can be observed. This is a consequence of non-
perfect absorber panels since a ray reaches the RX after having
been reflected between the RX and TX modules as described
in [17]. Compared to other ultrawideband channel character-
izations at 60 GHz in extreme multipath environments like a
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Fig. 7. Measurement setup for short range channel characterizations.

car with amplitude variations of more than 30 dB peak-to-peak
(pp) [23], the measured variation still is almost negligible.

After considering the influence of the system loss and the an-
tenna gains, the recorded Sy parameter is expected to equal
the free-space loss (FSL) [16]. The FSL amounts to 74 dB for
d = 40 cm whereas a loss of approximately 75.5 dB averaged
over the whole bandwidth is measured. Reasons for the devia-
tion are the antenna mismatch at the waveguide outputs of the
mixers which could not be included in the reference measure-
ment of the system response as well as a nonperfect module
alignment at h = 0 cm.

Even a slight antenna mispointing of h = 2 cm leads to ad-
ditional attenuations of at least 4 dB. Whereas such a compar-
atively low impact on the signal-to-noise ratio (SNR) can al-
ready be taken into account in the system design by introducing
a link margin, higher additional attenuations of up to 20 dB
(h = 8 cm) can cause a serious deterioration of the achiev-
able data rates. Apart from the different path losses, the variation
of the misalignment does not influence the general channel be-
havior. This does not apply for the open-ended waveguide. Here,
the transfer functions depicted for d = 10 cm with h = 0 cm,
1 cm, 2 cm and 3 cm show a stronger frequency dependence
as the absorber panels could not be adapted to optimally fit the
waveguide output [Fig. 6(b)]. Regarding the misalignment, the
broad beamwidth of the RX open-ended waveguide allows com-
paratively high displacement lengths at short module distances
while the RX horn antenna still limits the tolerable mispointing.

The PE lense is applied at d = 100 cm with A = 0 cm, 3
cm, 5 cm, and 8 cm [Fig. 6(c)]. Apart from the provided gain
it serves as a spatial filter, suppressing reflections between the
modules. But then, an extremely high sensitivity to displace-
ments is induced due to the strong beam collimation. The un-
expected frequency dependence that can be observed for in-
creasing displacements is a consequence of a reflection between
the RX module and the circular metal fixture of the lense, which
for the reason of a flat incidence angle cannot be eliminated by
the absorber panel.

In summary, two open-ended waveguides can only be oper-
ated at shortest ranges of up to several 10 cm due to the lack
of a high SNR. Longer range wireless links will have to rely on
highly directive antennas, accordingly. Here, a precise antenna
alignment is required which is rather feasible for stationary links
like the replacement of wired high speed connections or no-
madic scenarios where a fixed transceiver unit has a preset area
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of service and only the antenna of the mobile terminal needs to
be adjusted. Additional PE lenses provide the best possible SNR
even over large distances but are critical regarding any displace-
ment so that they will primarily be used for fixed radio links,
e.g., for the extension of backbone networks.

B. Interference Examination Based on the Two-Ray Model

The short range channel measurements presented in the pre-
vious subsection were only taken under almost free-space con-
ditions and did not include a reflecting plane close to the ray
path. In case of placing devices on tables, near walls or nearby
other reflecting objects, a strong interference of the direct and
a once reflected ray can be expected despite the use of highly
directive antennas. Here the focus is on a desktop scenario with
two horn antennas and module distances of up to 100 cm. Apart
from the measurements the scenario is simulated by applying a
two-ray model [20]. Both results are compared.

To estimate the maximum possible constructive/destructive
interference, the table board was simulated by a polished copper
plate, having a nearly ideal reflection factor close to » = 1 and
hence providing the maximum amplitude of the reflected path.
The copper plate was placed 3.1 cm below the direct path so
that the reflected ray could be received under a flat incidence
angle smaller than the 3 dB HPBW of the RX horn antenna. For
the measurements, typical module distances between 60 cm and
100 cm in steps of 1 mm were chosen. Fig. 8 shows the corre-
sponding setup. Two fading dips caused by destructive interfer-
ence can be found at 65.7 cm and 98.9 cm. The transfer function
atd = 65.7 cm is demonstrated in Fig. 9, exemplarily. Here, the
system loss and antenna gains are included so that the mere path
loss is depicted. The multipath propagation leads to a strong
frequency selectivity of the channel transfer function over the
whole bandwidth, ranging from —136.7 dB to —91.4 dB. For
frequencies above 306 GHz no severe fading occurs. The mea-
sured So; parameter at those frequencies still exceeds the the-
oretical free-space loss of about 78 dB by at least 15 dB. For
f = 304.27 GHz the highest attenuation was detected. Accord-
ingly, this discrete frequency is chosen to demonstrate the dis-
tance dependence of the path loss around the first fading dip at
65.7 cm as shown in Fig. 10. For the simulation, S21_simulated
is calculated as a superposition of the direct and a once reflected
ray according to [20, eq. (6.22)]

) 3)

withd; = 63.5---67.5cmand ds = 2-4/(0.5-dy)? + h?% =
2+ /(0.5 d1)? + (3.1 cm)2. Qualitatively, a good match of
measurements and simulation can be observed. The slight devi-
ation between the measured and simulated position of the fading
dip can be explained by the limited spatial resolution of the mea-
surement setup. Still, the two-ray model proves well suited for
modeling the given interference situation. In case of simulating
other scenarios with incidence angles beyond the 3 dB HPBW
of a given antenna, the antenna diagram has to be considered,
additionally.

e—ikdi  o—ijkds

d1+d2

SQl,simulated =20- log <

e
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Fig. 8. Setup for interference investigations; direct ray represented by solid
line, reflected ray represented by dashed line.
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In conclusion, highly frequency selective channels may occur
despite the spatial filtering by the horn antennas as soon as
reflecting objects are found near the direct path, particularly
within the first Fresnel zone. Regarding the prospective appli-
cations, such interference effects seriously influence the perfor-
mance of ultra broadband data transmission systems and there-
fore will have to be considered although severe fading is ex-
pected for few discrete distances, only, as discussed in [24].
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Fig. 11. The investigated office room.

C. Office Scenario (Longer Range)

Ray tracing at 300 GHz has already been applied by the TCL
in [13] to derive a power level map and to estimate achievable
data rates in a virtual indoor scenario. Still, no channel mea-
surements required for calibration of ray tracing algorithms have
been presented so far. Therefore, this sub-section focuses on the
characterization of all detectable paths including once and twice
reflected rays in TM polarization within a small office room with
a size of 2.43m X 4.15m limited to the horizontal plane of the
TX and RX modules (Fig. 11). A schematic, full-scale illustra-
tion of all measured of all measured paths is given in Fig. 13.
The room is furnished with a wardrobe and two tables on which
the transceiver modules are placed. This simplified setup cor-
responds to a mobile device on a desktop wirelessly connected
to a fixed access point in the middle of the room. Nevertheless,
the presented measurements basically also apply to a situation
where the access point is mounted underneath the ceiling if both
modules are aligned accordingly. In this case, only the orienta-
tion of the plane of incidence, the plane of polarization and the
path lengths are changed whereas the general channel behavior
remains the same.

As high gain antennas with small beamwidths are required to
provide a sufficient dynamic range especially for twice reflected
paths, no impulse response simultaneously containing all dif-
ferent multipaths can be recorded. Instead, the complex channel
transfer functions of the different paths are measured consecu-
tively. If required, e.g., for the comparison of different antenna
types, the complete impulse response of the scenario can then
be composed of the single multipath components (MPCs). Still,
highly directive antennas are most likely to be used as reasoned
before so that several of the MPCs will be suppressed in any
case. For the measurements, horn antennas and PE lenses are
mounted at both the TX and RX. Here, the beam collimation of
the lenses also helps to avoid reflections at the two table tops
(cf. Section IV-B).

By turning the TX and RX, the room has been scanned for
detectable paths at different combinations of angles of arrival
(AoA) and angles of departure (AoD). As soon as an impulse
has been found above the noise level using the time domain
option of the VNA, the orientation of both modules has been
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Fig. 12. Transfer functions (upper row) and relative received powers (lower row) of the direct, a once and a twice reflected path; corrected by the system loss.
(a) Path (a): LOS; (b) path (c): reflection at wardrobe; (c) path (f): reflections at wall and door; (d) path (a): LOS; (e) path (c): reflection at wardrobe; (f) path (f):

reflections at wall and door.

iteratively optimized in steps of Ay = 0.5° for the partic-
ular path according to the magnitude of the simultaneously dis-
played channel transfer function. In this setup, no reflected rays
from the upper area of the room could be measured for the
reason of too high path losses. The best possible module ori-
entation for the direct path was chosen as the reference position
with prx = 0° and prx = 0° (cf. straight line in Fig. 11).
A positive AoA/AoD denotes mathematically positive angles
prx and prx, respectively. Based on the best possible align-
ment for the respective path the module orientation of either
the TX or RX is varied between Ap = —5° and Ap = 5°
while the other module remains fixed. Additionally, both mod-
ules are turned by A = +2.5° at the same time. This way, scat-
tering processes are implicitly included in the measurements.
In practice, such slight module displacements are even more
likely over longer than over shorter distances as the best possible
alignment becomes increasingly difficult to achieve. A complete
overview of the path losses for all measured paths given by AoA
and AoD is shown in Fig. 14 for the exemplary frequency of
f = 300.372 GHz. Here, the depicted magnitude of Sy; was
corrected by the system loss and two times the antenna gain of
39 dBi. All letters refer to the labels in Fig. 13 so that the paths
can be identified easily. In addition, the path characteristics are
summarized in Table III for the respective best possible module
alignment. Apart from the measured path loss, the theoretical
free-space loss is given. The difference includes the reflection
losses as well as the influence of the nonperfect module align-
ment and of the nonperfect positioning of the lenses in front of

TABLE III
CHARACTERISTICS OF ALL MEASURED PATHS FOR f = 300.372 GHz AND
BEST POSSIBLE MODULE ALIGNMENT

No. of

Path Length  Measured FSL Further TRMS
refl. path loss losses
(a) 0 167m 903 dB 86.4 dB 3.9 dB 16.5 ps
(b) 2 293 m 1293 dB 913 dB 38dB  112.1 ps
(©) 1 212m 1024 dB 885dB 139dB  127.5 ps
(d) 2 477 m 1253 dB 956 dB 29.7 dB 28.6 ps
(e) 1 278m 119.6 dB 90.7 dB 289 dB 80 ps
f) 2 345m 1451dB  924dB 5277dB 116.5 ps
(2) 1 2.8 m 1209 dB  90.9 dB 30 dB 72.1 ps
(h) 2 35lm 1284dB  929dB 355dB 117.2 ps

the horn antennas. Nevertheless, as the deviation between the
FSL and the measured loss only amounts to 3.9 dB for the di-
rect path, similar values can be assumed for the misalignment
losses in the NLOS case.

Exemplary detailed channel transfer functions and power
delay profiles of the LOS, a once and a twice reflected path are
given in Fig. 12. For lack of angle-dependent antenna frequency
responses, all depicted transfer functions include the inherent
system losses, only. The labels of the different graphs refer to
the AoA and AoD which are denoted with ¢7x /prx, where
the best possible alignment is indicated by the cross marker.
Displacements of Aprx = 0°/Aprx = —5° (downwards
oriented triangle marker), Aprx = 5°/Aprx = 0° (upwards
oriented triangle marker), and Aprx = 2.5°/Apgrx = 2.5°
(square marker) with regard to the respective best alignment
are chosen for demonstration.
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Fig. 14. Path losses of the detected paths by angle of arrival and departure for
f = 300.372 GHz.

Almost flat transfer functions are observed over the whole
bandwidth in case of no misalignment for all paths. In contrast
to the short range measurements, the impulse responses do not
show a multipath due to reflections between the TX and RX
module apart from the LOS case. This can be explained by high
reflection losses. Turning either the TX or the RX by Ap = 5°
causes additional attenuations of at least 17.1 dB in the LOS
case [Fig. 12(a)] and approximately 20 dB for the once reflected
paths [Fig. 12(b)]. Corresponding values cannot be given for
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twice reflected rays as the amplitude of the transfer functions
has already been too close to the noise floor [Fig. 12(c)].
Here it is noteworthy that Szl|¢'l‘x:0°~¢ﬂx:5° does not equal
521|‘PTX:50=‘/’RX:00 [Fig. 12(a)], which is a consequence of
asymmetric lense fixtures partly shadowing the incident ray.

Concerning the maximum values, the attenuation exceeds
40 dB for certain AoAs/AoDs. On the one hand, such high
attenuations result from the narrow antenna beamwidth, on the
other hand they are caused by high scattering losses [25] which
occur for nonspecular reflections. The influence of scattering
processes can in particular be seen in Fig. 12(c) for reflections
at the rough plaster wall where similar transfer functions can
be observed regardless of a certain mispointing.

For the temporal channel characterization, the RMS delay
spread Tryrs [26] has been determined from the power delay
profiles (PDP) applying noise clipping with a fixed threshold of
30 dB below the detected maximum of each respective PDP.
The delay spread basically increases with the number of re-
flections as the narrow beam is broadened by scattering pro-
cesses around the point of specular reflection. Especially, this
holds true for the rough surface of the plaster wall. If the cri-
terion K - Tsymbor > Trms [16], [27], where K denotes a
constant with 0 < K < 1, is applied to avoid high bit error
rates (BER) caused by intersymbol interference, symbol rates of
up to 60 and 7.8 GSymbols/s can be transmitted over the LOS
and the NLOS path (c), respectively. For these upper bounds
of possible symbol rates, Tsymbor = TrRms and K = 1 is as-
sumed. Here, path (c) was chosen exemplarily as it provides
the least attenuation of all NLOS rays. In general, K cannot be
determined analytically as the intended BER, the modulation
scheme, equalizers and the specific channel impulse response
have to be considered. A threshold found in literature for BPSK
is K = 0.1 [27].

Contrastable AoA/AoD measurements at f =
67...110 GHz with two 20 dBi horn antennas in a
conference room scenario as presented in [28] have yielded
delay spreads of up to 1.2 ns. Compared to such delay spreads,
the measured channels at 300 GHz can be considered as
flat. Depending on the modulation scheme and based on the
considerations above, even data rates beyond 100 Gbit/s can
be achieved in the LOS case regarding the temporal channel
characteristics. However, it needs to be stressed that such
low delay spreads rest upon the suppression of MPCs by the
antennas.

In summary, ultra broadband channels at 300 GHz provide
nearly flat channel transfer functions under both LOS and NLOS
conditions. Directed NLOS paths can be utilized in case of direct
ray blockage with the drawback of higher attenuations. Still, an-
tenna displacements must be avoided as much as possible espe-
cially in the NLOS case. In the future, employing beamforming
[29] in combination with planar antenna arrays could offer both
high gains and easy adaptation to module displacements.

V. AN EMPIRIC PATH LOSS MODEL

The channel measurements presented previously have shown
almost flat channel transfer functions (CTFs) in all cases. Even
though reflected path components have been detected in the in-
door environment, the pointing of the narrow beams of the TX
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Fig. 15. Theoretical free space loss as well as measured and linearly approxi-
mated path losses averaged between 300 and 310 GHz.

and RX antennas are always optimized either for the LOS or
a directed NLOS path, suppressing any other multipath com-
ponent. It is noteworthy that a certain broadening of the re-
spective received path component is observed in time domain
(cf. Fig. 12), which can mainly be attributed to the computa-
tion of the inverse discrete Fourier transform of the CTF and is
not caused by multipath propagation. Therefore, a simple nar-
rowband path loss model seems reasonably sufficient as a first
step towards channel modeling in the investigated scenarios.
Accordingly, applying an empiric one-slope model for the path
loss PL [22, eq. (4.4.1)],

PL = PLy+ 10nlog <i> 4
m
is proposed. Here, d denotes the module distance in m, P Ly
refers to the path loss at d = 1 m and n» means the prop-
agation coefficient. Both, PLg and n are to be derived from
experiments.

Always assuming the best possible module alignment under
LOS conditions, the mere path loss is determined from the mea-
surements for several module distances and different antennas
in the first [cf. Fig. 6] as well as for the direct path [cf. Fig. 12(a)]
in the second scenario. This is done by correcting the measured
So1 parameter by the system influence and antenna gains. To
account for the narrowband channel characterization, the CTFs
are averaged over the whole bandwidth from 300 to 310 GHz.
Then, a linear regression is applied in logarithmic domain to
obtain P L, and n. Basically, a good agreement between the av-
eraged theoretical free space loss, the measurements and the re-
gression line is observed in Fig. 15. Here, PL and » amount
to 85.21 dB and 2.17, respectively.

Nonperfect module alignments and further unconsidered
losses like antenna mismatches at the mixer outputs cause path
losses exceeding the FSL by, e.g., 1.41 dB at d = 10 cm.
Understandably, as the precise module pointing becomes in-
creasingly difficult with larger module distances, increasing
mispointing losses lead to a propagation constant slightly above
2. Furthermore, the wavelength of 1 mm can be considered
small compared to the room dimensions so that no waveguiding
effects are expected.
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To finally evaluate the quality of the linear regression re-
garding the actual measurement points, the standard deviation
between the measured and approximated path loss is calculated
to amount to 1.44 dB. In conclusion, the simple path loss
model proves well suited to describe the 300 GHz LOS channel
characteristics as long as no MPCs are present. This condition
can be assumed to be fulfilled, if highly directive antennas are
employed. However, especially if antenna arrays with almost
omnidirectional single array elements are investigated, the
knowledge of the respective AoA, delay, phase, amplitude etc.
of each MPC arriving at the array becomes necessary. Fur-
thermore, multipath propagation and fading effects may also
occur in rare module constellations as has been demonstrated
in Section IV-B. Accordingly, the proposed model will have
to be extended to a full three-dimensional broadband channel
model in the near future.

VI. CONCLUSION

We have presented ultra broadband channel characterizations
at 300 GHz using a Schottky diode mixer based measurement
system. The system capabilities have been investigated. Mea-
surements of absorption coefficients of typical building mate-
rials have been demonstrated. The diffraction at an edge has
been examined and modeled as an estimate of the additional ray
attenuation caused by ray blockage. It has shown, that even a
slight shadowing of the direct ray will lead to high additional
attenuations so that the utilization of a directed NLOS path be-
comes necessary. Regarding the measurement setup, the preci-
sion of the measurements compared to the simulations is limited
due to the fact that no optical bench has been employed.

In addition, a short range desktop scenario and a small
indoor office scenario have been considered for the channel
measurements. In both cases, channel transfer functions have
been presented also with regard to module misalignments.
Additionally, interference investigations have been carried out
according to the two-ray model. As highly directive antennas
have been used, it has proven necessary to avoid even slight
displacements. The analysis of the temporal path characteristics
in the indoor scenario has shown that symbol rates of up to
several 10 GSymbols/s can be achieved for the channel still to
be considered flat. This finding basically allows for a rather
simple design of THz transceivers because only rather simple
or even no equalizers are required. As a concluding result, an
empiric narrowband path loss model has been proposed based
on the observed channel transfer functions.

All measurements obtained from the isolated propagation in-
vestigations, as well as from the channel characterizations can
now be used as a guideline for the design of an appropriate
300 GHz PHY layer. For integrated system simulations, the
recorded channel impulse responses can also be implemented
as filters to account for realistic propagation conditions in the
respective scenario.

Future work based on the outcomes presented in this paper
can be, e.g., the validation of a ray tracing algorithm with the
measurements or the development of a more complex and real-
istic 300 GHz channel model, which especially requires a fur-
ther extensive measurement campaign.
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