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Abstract—The availability of large bandwidths in the terahertz
(THz) band will be a crucial enabler of high data rate applications
in next-generation wireless communication systems. The urban
microcellular scenario is an essential deployment scenario where
the base station (BS) is significantly higher than the user equip-
ment (UE). Under practical operating conditions, moving objects
(i.e., blockers) can intermittently obstruct various parts of the BS-
UE link. Therefore, in the current paper, we analyze the effect of
such blockers. We assume a blockage of the strongest beam pair
and investigate the availability and extent of angular diversity,
i.e., alternative beampairs that can sustain communication when
the strongest is blocked. The analysis uses double-directional
channel measurements in urban microcellular scenarios for 145-
146 GHz with BS-UE distances between 18 to 83 m. We relate the
communication-system quantities of beam diversity and capacity
to the wireless propagation conditions. We show that the SNR
loss due to blockage depends on the blocked angular range and
the specific location, and we find mean blockage loss to be on
the order of 10-20 dB in line-of-sight (LOS) and 5-12 dB in
NLOS (non-LOS). This analysis can contribute to the design of
intelligent algorithms or devices (e.g., beamforming, intelligent
reflective surfaces) to overcome the impact of the blockage.

Index Terms—Terahertz (THz) communication, microcell, ur-
ban scenario, angular diversity

I. INTRODUCTION

Data rate requirements for communication systems are ever
increasing, and the support for new and upcoming applications
such as virtual reality and immersive 3D environments is
already becoming challenging under the current 5G wireless
systems [1]. In this context, the terahertz (THz) band, with
vast swaths of unused spectrum, is an important candidate
for future wireless communication systems, and it has seen
significant interest recently [2], [3].

The design of any wireless system requires detailed channel
measurements representative of the scenario of interest. This
is especially true for higher frequencies, such as the THz
band, where the channel characteristics are currently poorly
understood. A critical scenario of interest for THz channels is
the microcellular scenario where the transmitter (Tx) is at an
elevated height (usually greater than 10 m) in comparison to
the receiver (Rx). From a measurement point of view, most
existing channel measurements in the THz domain focus on
indoor scenarios (see [3] and references therein); however,
recently, there has been some progress on longer distances

and outdoor scenarios as well. These include the first long-
distance (100 m) double-directional channel measurements for
the 140 GHz band, which were reported in 2019 [4] by our
group, as well as our recent works [5], [6] where we target
device-to-device (D2D) and microcell scenarios for the first
time in literature. Recent work by NYU [7] also reports THz
measurements and statistical analysis at 140 GHz over Tx-Rx
distances in an urban scenario where Tx is placed at 4 m above
the ground (i.e., typical lamppost height).

However, the existing directionally resolved measurements
were - due to the measurement principle of mechanically
rotating horn antennas - done (as far as possible) in static
environments, absent of moving scatterers/blockers such as
pedestrians, cars, and buses that typically are encountered in
urban environments. Yet those objects give rise to shadowing,
blocking, and diffraction, all of which are important in the
design of wireless communication systems, especially at high
frequencies, where channels are more directional and thus eas-
ily blocked [8]. The impact of blockage has been investigated
extensively in the mmWave band (e.g., [9]-[12]); however, far
fewer results are known in the THz regime. In [13], human
body blockage and its mitigation are studied in an indoor
scenario through numerical simulations. Ref. [14] investigates
the attenuation provided by humans placed randomly in a
simulated scenario where the blockage is modeled as a 4-
state Markov model. In [15], the blockage and diffraction
produced by the human body are analyzed and modeled using
a simple double-knife edge diffraction model at 73 GHz.
Nonetheless, from a system point of view, blockage needs
to be considered in the context of multipath propagation; de-
pending on alternative propagation paths (beam directions), the
effect of blockage can be mitigated significantly. Furthermore,
apart from multipath propagation, the angular distribution
with respect to the strongest path plays a significant role.
Thus, such investigations must be considered in the context
of the environment of interest and combine propagation and
communication theory. To the best of our knowledge, this
aspect of blockage at THz in a microcellular scenario has not
yet been investigated.

Keeping all the discussion above in mind, in this paper, we
aim to study the effects of blockers in microcellular scenarios
based on our extensive double-directional microcellular chan-



nel measurements [6]. We study the mean and distribution of
the attenuation faced by the line of sight (LOS) and non-LOS
(NLOS) links as a result of blocking, relate it to the angular
diversity, and draw conclusions toward eventual system design.

The rest of this paper is organized as follows: In Section II,
we describe the measurement setup and sites. In Section III, we
discuss the scenario under investigation and then present our
key results in Section IV. Finally, we conclude the manuscript
in Section V.

II. MEASUREMENT EQUIPMENT AND SITE

For the reader’s convenience, we summarize the critical
channel sounder settings and environment descriptions of our
measurements; for details, please see [6].

A. Sounder and key settings

The microcellular measurement campaign was conducted
using a frequency-domain channel sounder [4]-[6], [16]. The
main component of the measurement system is a vector
network analyzer (VNA) that scans the environment in the
selected frequency range (145-146 GHz; 1001 points) by using
frequency extenders and mechanically rotating horn antennas.
Before processing and analysis, it is necessary to eliminate
the frequency response of the ’system and antennas’ from the
measurement. For this purpose, we performed time-gated over-
the-air (OTA) calibration every measurement day.

Since we are interested in Microcells, following the 3GPP
recommendation [17] we placed the Tx at 11.5 m from the
ground and the Rx at 1.7 m. The initial alignment for the
antenna is set such that the azimuth angle ¢ = 0° and the
elevation angle § = 0° will correspond to the LOS for all
points in the campaign (this holds even if the physical LOS
or blocked). Both Tx and Rx scans are performed over three
elevations separated 13° (Org,0ps € {—13°,0°,13°}). The
azimuthal scan of the Tx is taken over the range [—60°, 60°]
in 10° steps, corresponding to a typical base station (BS)
microcell sector antenna. A complete scan from 0° to 360° in
azimuth, with the same granularity as the Tx side, is performed
at the Rx, where three elevations are also scanned.

B. Urban microcellar scenario

The measurements for the current campaign were performed
at the University of Southern California (USC) University Park
Campus in Los Angeles, California, USA. Fig. 1 shows a map
of the measurement locations. The positioner was placed in 6
locations for Tx and 26 for Rx (13 LOS and 13 NLOS). In
Tx’s case, all sites are on the third level of the Downey Way
Parking Structure (PSA) to have the height corresponding to
a microcell as is needed in the scenario. On the other hand,
the receiver locations are dispersed in multiple areas nearby
the PSA building.

Tz, was measured against 6 LOS points and 3 NLOS
points; the LOS points are located on the Andrus Gerontology
Building (GER) sidewalk. On the other side of the street,
we have the Electrical Engineering Building (EEB), Ronald
Tutor Hall (RTH), and Olin Hall of Engineering, creating a
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Fig. 1: Microcellular campaign measurement scenario.

wide street canyon scenario. The NLOS points were under
the entrance of the GER building. T’z has 4 LOS points in
the parking area surrounded by Ray Irani (RRI) and Michelson
Hall (MCB). T'z3 points were located on a sidewalk behind
the USC Michelson Hall MCB. Tz, and T'xz5 points have
3 and 4 points, respectively. They are located in an alley
between Technical Theatre Laboratory (TTL) and the Scene
Dock Theatre (SCD) buildings emulating a street canyon.
Route five is blocked by the roof and edge of the TTL building.
Finally, T'z¢ has 3 NLOS points located on the sidewalk next
to PSA. More details of the measurements are included in [6].

III. MODEL DESCRIPTION

A. Scenario of interest

As explained in the previous section, the measurements
performed for this analysis were done in a microcellular
scenario. These measurements were performed under "quasi-
static" conditions (i.e., no moving objects in the environment)
to capture the propagation characteristics of the environment.
However, in actual microcellular environments, moving ob-
jects or blockers (e.g., pedestrians, buses, cars) interact dy-
namically with the user equipment (UE) and BS by obstructing
partially or entirely the directions where paths are reaching the
UE. Fig. 2 shows a sample scenario where the UE held by a
pedestrian has a link to a BS blocked by a bus (red line);
nevertheless, reflected paths from other objects (blue lines)
provide additional paths reaching the BS. One of the most
critical cases is when a blocker shadows the strongest path
to the UE. An outage can be avoided if directional (beam)
diversity is available from alternative propagation paths. Of
course, this possibility must be exploited through a proper
system design that adapts the beams, specifically by switching
to one of the remaining paths in the scenario.

The current analysis will only focus on the UE (Rx) azimuth
domain (i.e., blockers affect all elevations and all Tx directions
at the same time) because it is less likely that an object can
obstruct the BS (Tx) due to its height. Fig. 3 shows a sample
blockage analysis where the blocker blocks the main beam and
contiguous beams within an angular range of width . The
blockers are assumed to be perfect absorbers (Ag.ps = +00
dB), i.e., they do not reflect nor allow transmission through
them to any path hitting them. Finally, the impact of blockage
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Fig. 2: Sample microcellular scenario.
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Fig. 3: Blocker analysis.

of multiple contiguous beams centered in the strongest one is
analyzed.

B. Processing of channel data

For each Tx-Rx geographical location, the sounder produces
a five-dimensional tensor Heqs(f, Oz, Ors, DRz, ORy: d)
where f denotes the frequency points over the 1 GHz band-
width (145-146 GHz), ¢7, and ¢gr, denote the azimuth
orientation of the Tx and Rx antennas, respectively, éTm and
0 Rro denote elevation orientation of the Tx and Rx antennas,
respectively, and d is the Tx-Rx distance. The dimensions of
the tensor, H,,,cqs, are N X Ngm X N‘Tbm X N}%m X Nféz where
N is the number of frequency points per sweep (1001), Nﬁx
and Ngm are the number of azimuth directions at the Tx (13)
and Rx (36), and ngw and N]%x are the number of elevation
directions at the Tx (3) and Rx (3), respectively.
As previously explained, we calibrate the measurements
using an over-the-air (OTA) calibration to eliminate the
effects of the system and antennas from the measure-
ment captures [16]. This calibrated channel transfer function
H(f, b1z, Ors, DRos ORe: d)) is the input for the processing
analysis '. Using this channel frequency response (CFR), we
compute the double-directional power delay profile (PDP) by:

Peaie(T, 670, 012, S Ras Oras d) = | F; {H(f, ¢, O7s i, Oras d) }?
(D

Tt will be called channel frequency response (CFR) from now on.

where ]-';1 is the inverse fast Fourier transform (IFFT) with
respect to f. An essential issue to reduce is the impact of noise
in delay bins; techniques, such as noise threshold and delay
gating, are applied to P.q.(7) [16].

C. Angular analysis

Our analysis is mainly focused on the angular domain;
therefore, we take advantage of the double-directional re-
sponse obtained per Tx-Rx pair to analyze the power distri-
bution over the angles. The starting point for this analysis is
the double-directional angular power spectrum, a function of
the power concentration over different directions (particular
azimuth, elevation directions) at Tx and Rx. The DDAPS is
computed as the integration over 7 of the double-directional
response. Given the small number of elevation captures in both
Tx and Rx (which was imposed by limits on the measurement
duration) and also the fact they were captured with an angular
spacing of one HPBW, we add the different contributions to
get an azimuthal double directional APS (DDAPS) like [5],
[6]. 2

Due to the typical geometry, i.e., BS (Tx in our case) is
located higher up, with no blocking objects in the vicinity,
while cars and other blockers can be close to the UE (Rx in
our case). We focus on analyzing blockers on the Rx side. For
this reason, we combine the azimuthal captures on the Tx side
to have the Rx angular power spectrum (Rx APS). To measure
the impact of the blocker in Rx APS, we assume the worst-
case scenario when an object blocks the main beam in the
Rx APS. A working system should choose the next strongest
available beam if that occurs. Such an approach is performed,
e.g., in mmWave systems in 5SG NR, where the system retains
a list of fallback beams it can transmit on if the strongest
beam gets blocked [18], [19]. We define the variable A as the
beam power difference before and after the blocker obstructs
the main beam:

A = max (APSpre(¢RI)) — max (APSpost (¢Rx)) (2)

where APS,,. is the Rx APS before the blockage and
APSpost is the Rx APS after it. Note that this is not the
attenuation experienced by the LOS beam, but rather the
effective power reduction experienced by the system when
considering ideal switching to the instantaneously best beam.
To observe the total impact of the blocker, we obtain the power
of the strongest beam after the blockage:

Pﬁ?g = max (APSpost<¢Rz)) 3)

Finally, A, Pﬁ’g are modeled using a Gaussian CDF to study
their behavior NV (u, o).

IV. RESULTS

In this section, we present the results of our analysis. Fig.
4 shows the DDAPS of a LOS point (T'x2 — Rx1¢), observing
the LOS (strongest) direction is at ¢, = ¢r, = 0. The

2Note that the use of this DDAPS in the blockage calculations implicitly
assumes that the blockage affects all elevation angles uniformly. While this
is fulfilled for most blockage scenarios, it might not be universally valid.
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DDAPS shows a main beam wider than the beamwidth of
the antennas we used in the measurements; thus, significant
power is available in beam directions other than the LOS
beam. Yet the power in these beams is of limited value for
angular diversity since a blocking object might easily obstruct
an angular range larger than the antenna beamwidth and thus
suppress the power in those nearby beams. More useful is the
fact that there are additional widely separated directions with
considerable power. For instance, ¢, = —40,¢r, = —60
shows power only 10 dB lower than the LOS; another direction
o1y = 0,¢0p, = 110 with 17dB less power than the LOS.
From the Rx point of view, we have diversity (at least three
different paths) within a 20dB dynamic range and four paths
if the range is increased to 25 dB. Another sample DDAPS
is shown in Fig. 5. In this NLOS scenario the strongest beam
is pointing at ¢, = ¢r, = 10, we have additional beams
with considerable power such as ¢7, = 10,¢r, = 90,
¢1e = 60, ¢pe = 20, and ¢7, = 10, dr, = 150. Looking at
the Rx APS, we observe multiple beams with strong power
(within a 10dB dynamic range), indicating a large angular
diversity for this scenario.

The following parameter to be analyzed is A, where Fig.
6 shows the CDF for this parameter in all the measurement
points. For the LOS points, we conjecture that given the
concentration of power in the LOS, if we block the strongest

TABLE I: A value per route, LOS case.

+~4=10° | £y =20° | £y =30° | £ =40°
Tx1 9.98 14.07 16.53 17.99
Txg 9.96 15.97 23.18 23.75
Txq 9.63 16.77 22.33 25.17

component, the relative attenuation will increase when the
blockage covers more of the adjacent beams. As indicated
above, due to the relatively broad beam of the antennas in our
measurements (HPBW = 13°), only synthetically blocking
the strongest beam would not obstruct the LOS direction?.
On the contrary, an actual (physical) object blocking the LOS
would not just block the LOS but instead its contribution
to multiple beams; if we only considered the LOS direction
blocked, the adjacent beams, with power levels close to the
strongest beam, will make A small. For this reason, the
analysis will start with a blockage that covers the strongest
beam and +~ = 10°.

We then analyze the CDF of A, where the CDF is taken over
the ensemble of the different Tx/Rx pairs, which are placed in
scenarios covering two street canyons and an open area in the
selected environments. Fig. 6a shows the CDF for different
values of angular blockage, where we note that such values
are impacted by both the size of the blocking objects and their
proximity to the UE. As the angular range increases, A starts
with a mean value of 9.89 dB, reaching approximately 21 dB
when an angular range (& = 40°) around the LOS is blocked,
similar to what we described earlier. The standard deviation
increases from 1.39 dB for the single beam blockage to the
most extensive case (£vy = 40°) to 7.16 dB. In the street
canyon scenario, we expect large concentrations of power
along the LOS directions. T'xz; has the Rx locations placed on
one side of the street, buildings on the right side and the back
(Parkside International Residential College (IRC) building, see
Fig 1) of the Rx are primary reflectors in this scenario. For
Txy, the alley is narrower, so significant power contributions
only come from the LOS; thus, a blocker in the LOS will
have a considerable impact. Finally, in T'z5, the MCB and
RRI buildings offer close reflectors observable in directions
other than the LOS, like Fig. 4. This effect can be observed
in Table I, where the mean values per route for the LOS case
are shown.

In the NLOS case, one can anticipate that the blockage
will have a less significant impact on the relative performance
with and without a blocker than the LOS because of higher
angular dispersion, i.e., multiple directions with comparable
powers. The mean A value increases to approximately 10 dB
for the case +v = 40°. In Txy (NLOS), the Rx locations
are inside the portico area; the observable path comes from
the reflections of the RTH and EEB and the pillars of the
GER building, indicating a significant number of directions
with considerable energy. Tz also shows several paths with
significant power due to reflections from signs in the parking
area, Kaprielian Hall (KAP), and the RRI buildings; for

3unless Tx-Rx distances are tiny, a case that does not occur in the analyzed
measurements.
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Fig. 6: A for both cases.

TABLE II: A value per route, NLOS case

+~4=10° | £y =20° | £y =30° | £ =40°
Tx1 5.14 8.11 8.27 8.94
Txs 2.62 2.62 2.62 2.62
Txs 8.06 11.94 15.66 16.88
Txe 6.71 11.4 13.8 15.09

instance, Fig. 5. Therefore, A for this route case should be the
lowest of all NLOS routes, which is confirmed by the data in
Table II. The opposite effect is observed in Tz5, a narrower
street canyon, where the paths are highly concentrated in a
segment of angles, similar to the LOS case. Thus, the blocker
will produce a larger A. Finally, in the case of T'zg we have
reflections from the nearby buildings and ground reflections
offering additional paths to the receiver, lower than Tx;
because of the distance between Tx and Rx (see Table III
for estimated parameters).

It is essential to highlight that to assess the impact of a
blocker thoroughly; it is necessary not only to analyze A,
which can give the "impression" that NLOS points outperform
LOS ones when a blocker obstructs the main beam, but rather
the absolute received power as well. Therefore, we analyze the
power of the strongest beam after the blockage to completely
discern the blocker’s impact. Observing Fig. 7, we see the CDF
for both the LOS and NLOS cases where LOS points have, on
average, a more considerable gain than the NLOS points, even
though A values exhibit the opposite behavior. In Table IV,
we observe the values of PL?*, where the difference between
LOS and NLOS starts from approximately 12 dB when the
blockage only obstructs £ = 10° the main beam to 6dB for
the v = 40° case.

V. CONCLUSIONS

In this paper, we presented the results of an angular analysis
of the impact of blockers on THz systems in urban micro-
cellular scenarios at 145 GHz. The campaign used for the
study includes LOS and NLOS measurements with distances
between 18 and 83 m. Some of the key takeaways of this
analysis are that the mean attenuation provided by a blocker

(i.e., A) is more prominent in LOS than NLOS points because
of the higher concentration power in the LOS components.
The attenuation increases when a blocker obstructs multiple
beams, where the difference is reduced because the power
received from different directions has an impact when the main
beam is attenuated. Finally, even though the effects of the
blocker are more pronounced in LOS cases, the power of the
strongest beam after the blockage is still larger in LOS than in
NLOS cases. These results help design algorithms or systems,
such as beamforming or intelligent reflective surfaces, that can
overcome communications in the THz band when a blocker
(e.g., pedestrians, cars, buses) obstructs the strongest path at
the receiver.
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