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Abstract—This paper presents the preliminary results of a
propagation study at sub-THz frequencies considering line-of-
sight (LOS) links in a dense urban environment. Path loss and
wideband parameters are estimated and assessed through a
deterministic simulation, using a software tool and a high-
resolution digital map of the area. The study reveals that in
street canyons reliable coverage can be provided up to 237 m
at 140 GHz, provided that directional antennas are exploited in
both terminals. In open spaces using omnidirectional and
directional antennas at the terminals, wireless links can be
established up to 140 m. The path loss can be predicted
accurately by the close-in (CI) model, yielding path loss
exponents 2.1 and 1.7, and standard deviations 2.2 and 1.8 dB,
for open space and street canyons, respectively. Finally, the
delay spread of the channel is found in the range of 2.7-24.0 ns,
whereas the supported coherence bandwidth varies from 53 up
to 178 MHz, thus indicating the frequency selective
characteristics of the propagation channel.

Index Terms—channel modeling, D-band, deterministic
simulation, outdoor environment, path loss, sub-THz
communications.

I. INTRODUCTION

There is an ever-increasing demand for frequency
spectrum to support high user densities, very low latencies
and speeds that reach Tb/s in beyond fifth-generation (B5G)
and the upcoming sixth-generation (6G) wireless networks
[1], [2]. Currently, for the 5G networks there is a spectrum
allocation in the sub-6 GHz band (FR1) and at the frequency
bands of 26-28 GHz and 60 GHz (FR2). However, the
available spectrum is limited and is expected to be congested
in the years to come, being unable to fulfill the requirements
of the next generation wireless networks.

To overcome these limitations the research community
have envisaged to exploit sub-THz frequencies where a
massive amount of spectrum is available and can easily
support throughputs up to Tb/s [3]. However, the wireless
links at those frequencies suffer from severe path loss and
excess loss due to atmospheric absorption (oxygen and water
vapor) [4]. Therefore, specific frequency regions should be
allocated in order to minimize those losses. More
specifically, the D-band region (110-170 GHz) has recently
gained popularity, providing a vast bandwidth of 60 GHz [5].
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Fig. 1. Specific attenuation versus frequency spectrum for standard
atmospheric conditions. The red rectangle indicates the D-band region.

The atmospheric absorption in the specific region is low
where the specific attenuation remains below 2 dB/km, as
one can observe in Fig. 1. The specific attenuation versus
frequency in Fig. 1 was calculated according to [6].

In this context, it is a very intriguing task to assess the
signal propagation above 100 GHz, especially in outdoor
environments, where mainly directional short-range wireless
links are expected to be used with the aim of compensating
the increased path loss. Apart from path loss, it is also pivotal
to study the wideband channel characteristics. There are
limited research efforts that appear in the existing literature
where measurement campaigns above 100 GHz are
presented for outdoor environments [3]-[5] and [7]-[11]. The
corresponding measurement campaigns are primarily
focused on the characterization of the directional nature of
the channel, presenting results for path loss and power
angular spectrum. There are few papers that provide time
delay parameters [8], [9].

The present work presents a propagation study based on
simulations carried out at 140 GHz, considering a dense
urban environment. The simulation is also performed as a
complementary validation attempt, comparing the simulated
results with existing measurements. The propagation
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scenario involves line-of-sight (LOS) links where the
transmitter (Tx) and receiver (Rx) are placed below rooftop.
Open space area and street canyon propagation are assessed
for different antenna combinations, delivering, apart from the
path loss results, the time delay parameters of the channel.
The rest of the paper is structured as follows. The
simulation environment and procedure are outlined in
Section II. The processing of the simulated data and the
extraction of the wideband parameters are described in
Section III. The path loss analysis and the time delay results
of the simulated channel are delivered and discussed in
Section IV, followed by a brief conclusion in Section V.

II. SIMULATION ENVIRONMENT AND PROCEDURE

The propagation study was carried out using a software
tool (Advanced Topographic Development & Images, “ICS
Telecom” [12]), which, with the help of 3D digital maps,
delivers numerous propagation analyses up to 300 GHz. The
high-resolution digital terrain map (DEM) was acquired from
aerial photographs. The simulation takes into consideration a
dense urban environment, downtown Athens, Greece. The
digital map has a resolution better than 1 m and represents all
buildings’ outlines and heights. The simulated environment
is about 10 km?, part of Athens city center, with six or seven
storey buildings. There are narrow streets (about 8-10 m
wide) that form propagation canyons, and also central
avenues (about 32 m wide). The average building height was
in the range of 18-25 m.

Fig. 2 depicts two parts of downtown Athens where two
different scenarios were examined. Both scenarios represent
a LOS below-rooftop propagation condition. The first
(Scenario 1), shown in Fig. 2(a), is an open space area
(square) where the Tx is placed in the middle and various Rx
positions are selected around. The second scenario (Scenario
2), presented in Fig. 2(b), involves a street canyon, where the
Tx is located in the middle of the street with different Rx
positions selected along. The distance between Tx and Rx in
both scenarios varies from 41 to 237 m. The Tx height is
assumed to be 10 m above the ground (e.g., mounted on
lampposts), whereas the Rx height is selected 1.7 m above
the ground in every location and scenario. It is worth
remarking that the trees appearing in the maps are not
included in the digital map during the simulation procedure.

The analysis was conducted at 140 GHz. In Scenario 1, a
biconical antenna with a gain of 2 dBi was selected at the Tx,
which was omnidirectional in azimuth plane with a 3-dB
beamwidth of 60° in the elevation plane [4]. A directional
horn antenna was assumed in the Rx, with a gain of 19 dBi
and a 3-dB beamwidth of 40° in azimuth and elevation
planes, respectively. The Rx antennas were always pointing
at the Tx so as to maximize the gain and compensate the
excess losses. In Scenario 2, directional antennas of 21 dBi
gain were assumed for both Tx and Rx terminals, with a 3-
dB beamwidth of 20° in azimuth and elevation planes,
respectively.

Fig. 2. Propagation study environment in parts of downtown Athens. (a)
Scenario 1. (b) Scenario 2. The photos are taken from Google Earth™. The
trees appearing in the area are not embedded in the digital map during the
simulation procedure.

The Tx and Rx antennas were also pointing at each other. All
the antennas were assumed to have vertical polarization,
whereas a Tx output power of 10 dBm was considered. A
transmitted bandwidth of 2 GHz was also considered that
corresponds to a time resolution of 0.5 ns.

The software tool produces a fully deterministic
simulation where the buildings appear as physical obstacles
to the signal propagation. Wideband scenarios can be also
simulated utilizing the 3D ray-tracing module of the
software, thus resolving the destructive and constructive field
strength effects that depend on the time of arrival difference
between the direct and the reflected components. The power
delay profile and delay spread can be also estimated [13],
[14]. Based on the ray tracing technique, the tool determines
all the direct and reflected paths in the propagation area and
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generates an output file with power-delay samples. Finally,
the power received at each Rx location is calculated.

III. DATA PROCESSING

As mentioned in Section II, the simulation tool produces
the power-delay samples, or the power delay profile (PDP)
of the channel that is expressed as

P(0) =l (2 = D @} (8- 7) (1)

k

where a,f and 7 are the power-delay samples, respectively,

of the k-th multipath component and §(-) stands for the unit
impulse function, and /,(7) denotes the baseband impulse
response of the channel. Data reduction is applied to the
generated PDP samples to extract the power-delay samples
that produce appropriate results. A data binning procedure is
performed where each PDP is quantized into bins of 0.5 ns
and within each bin the power values are averaged producing

an equivalent power A12< at Tx time delay [15]. The final
reduced PDP is given by

P(1)= ) Az (D)8(z~Ty) 2)
K

Then, each PDP is normalized to its power gain Puom(7) =
P(7)/G,, where G, = ZK Az (7) and a threshold of -30 dB

below the maximum is imposed [16]. From equation (2), the
maximum delay (MD), the mean excess delay (MED) and
the rms delay spread (DS) of the channel are calculated.
Details for those parameters and their corresponding
expressions can be found in [17], [18].

The received power at each Rx location is then used to
calculate the path loss. De-embedding the antenna gains, the
path loss, in decibels, is expressed as

PL(d) =Py +Gp + G, — P.(d) 3)

where d is the distance between Tx and Rx in meters, Gr:
and Ggc denote the Tx and Rx antenna gains in dBi,
respectively, Pr. stands for the Tx output power in dBm, and
finally, P, denotes the received signal power, in dBm, at each
Rx location at distance d from the Tx.

IV. RESULTS AND DISCUSSION

First, path loss results are assessed and modeled for each
examined scenario. Path loss provides valuable information
about the coverage range of the wireless link. Fig. 3
illustrates the simulated path loss versus distance, where at
the maximum distance of 237 m in Scenario 2 a path loss of
113 dB (-66.7 dBm received power) was estimated.
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Fig. 3. Path loss versus distance for both examined scenarios. The CI-
model is fitted to the simulated path loss data.

The maximum path loss is about 122 dB and is observed in
Scenario 1 at a distance of 137 m. The path loss value at the
maximum distance of 140 m is equal to 120 dB. Therefore,
omnidirectional picocells can also operate in open spaces
without any problem, yet directional antennas should be
adopted in the Rx in order to avoid the excess losses.

A widely adopted model that is used to characterize path
loss is the close-in (CI) path loss model with 1 m reference
distance [8]. The modeled path loss, in decibels, is expressed
as

PIS (d) = PLyg +10nlog,, (di) +x, 4)
0

where d is the distance in meters between Tx and Rx, » is the
path loss exponent, dj is the reference distance (selected 1 m)
and PLyy is the free space path loss, in decibels, given by
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with 4 being the wavelength in meters. Finally, x, in (4) is
the shadow fading that is modeled by a zero mean Gaussian
variable with standard deviation ¢ in decibels. The specific
model is fitted to the simulation data as shown in Fig. 3,
where low errors are obtained. The path loss exponent value
in Scenario 1 is found equal to 2.1 with ¢ = 2.2 dB. The
corresponding values for Scenario 2 are n = 1.7 and ¢ = 1.8
dB. The exponent in Scenario 1 (open space area) is slightly
higher than that of free space (n = 2) due to the presence of
the omnidirectional antenna at the Tx which generates
multiple reflected components that arrive at the Rx. These
probably increase the rate of destructive interference, thus
deteriorating path loss. In Scenario 2 the corresponding
exponent, which is lower than 2, implies a typical waveguide
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effect due to the canyon propagation, formed by the tall
buildings that surround the Rx.

Based on the obtained results, it is evident that the CI
model can accurately predict path loss for wireless links at
140 GHz. The results are of the same order of magnitude
with those reported in [4], [7], and [8], where the path loss
exponent and ¢ for LOS omnidirectional links are found
equal to 1.9 and 2.7 dB, respectively. For directional links
these parameters are found equal to 2.1 and 2.8 dB,
respectively.

Furthermore, it is important to assess the wideband
channel characteristics and its time delay parameters. Fig. 4
presents, the produced PDPs for two indicative Rx locations
for both scenarios. In Scenario 1 (Omni/Directional
antennas) the PDP is found wider than that of Scenario 2
(Directional/Directional antennas), as one can observe in Fig.
4. In Scenario 1, the MD, MED and DS values are equal to
187, 7.3, and 23.7 ns, respectively, whereas in Scenario 2,
the corresponding values are found 24.5, 1.5, and 2.7 ns. It is
obvious that in Scenario 2 the DS is reduced as compared
with Scenario 1. This implies that in street canyons the LOS
component dominates the signal propagation with few other
multipath components to exist (e.g., reflections from the
ground and building facades), when narrow-beam antennas
are used for LOS links in sub-THz bands. On the other hand,
in open space areas (Scenario 1) apart from the LOS
component, there exist many multipath components due to
the omnidirectional antenna at the Tx and the wide-beam
antenna at the Rx, thus increasing the excess delay.

The time delay parameters are comparable with those
reported in [7] where in simulated LOS omnidirectional links
the MD is found equal to 132 ns, with a DS of 37.6 ns.
Furthermore, for narrow-beam LOS directional links, the DS
ranges between 0.7 and 13.9 ns [8], [9]. Table I summarizes
the produced wideband parameters of the channel, for each
scenario and Rx location. The DS ranges from 14 to 24 ns,
for Scenario 1 and from 2.7 to 10.6 ns for Scenario2, being
consistent with the values found in the existing literature.
Furthermore, the DS values increase in cross sections, in
Scenario 2 (e.g., Rx1 and Rx5), as well as in the wider streets
of Scenario 1 (e.g., Rx5-Rx8) compared with the rest of the
locations. This infers that the receiver collects reflections
from the building facades with longer delays (the rays travel
longer distances in wider openings), increasing thus the DS
values.

As it is evident in Table I, the DS values are slightly
lower than MED for the majority of the selected locations,
and the spreading factor (i.e., the ratio between MED and
DS) is equal to 1.1, on average. In both scenarios, the
produced PDPs contain many weak reflections in the late
time (that greatly affect DS), whereas they are dominated by
strong multipath components in early time (that influence
MED).
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Fig. 4. Indicative power delay profiles from two Rx locations. (a) Scenario
1. (b) Scenario 2.

Applying a Fourier transform to each PDP one can yield
the frequency correlation function (FCF) of the propagation
channel. This provides valuable knowledge for the frequency
selectivity of the channel accounting for the coherence
bandwidth capability [18]. Selecting a correlation level of
50%, the coherence bandwidth (Cgw) is calculated in MHz,
and the results are also summarized in Table I. The
coherence bandwidth is found in the range of 53-69 MHz in
Scenario 1, being more than double in Scenario 2, taking
values between 105 and 178 MHz. In any case, the yielded
values indicate that the channel at 140 GHz exhibits
frequency selective characteristics and justify the calculated
values of the DS. In Scenario 1, the higher delay parameters
result in low coherence bandwidth, whereas the opposite
stands for Scenario 2, where the channel demonstrates higher
frequency coherence.
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TABLE .  WIDEBAND PARAMETERS OF THE 140-GHz CHANNEL.

examining different location scenarios and antenna
selections. The ultimate goal is to provide a versatile model
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