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Abstract—In this article, an analysis of wave-object inter-
actions is presented for an entrance hall and on a street
of a residential area at 142 GHz. Single-directional channel
sounding and the resulting spatiotemporal propagation path
estimates are fused with the detailed geometry of the environment
through a ray-launcher. The improved ray-launcher accounts
for higher order reflections and realizes high correspondence
of the measured paths on the geometry, allowing us to analyze
wave-object interaction. In channels without line-of-sight, first-
and second-order reflections contribute about 60% of the total
power. Large interior and exterior walls of buildings are found
most influential to the multipath channel. About half of the
total received power in some links can be attributed to the
reflections on small objects such as pillars and staircases in indoor
and lampposts in outdoor cases. While large objects produce
most of the clusters to the channel, there are links where small
objects generate up to four clusters. The obtained knowledge
of wave-object interaction at 142 GHz serves as guidelines to
set up site-specific and geometry-based channel modeling at the
frequency.

Index Terms—142 GHz, channel measurement, multipath
clusters, radio propagation, ray-launching, sub-terahertz (sub-
THz), wave-object interaction.

I. INTRODUCTION

ESEARCH on the sub-terahertz (sub-THz) radio spec-

trum for improved communications, localization, and
sensing has been growing, driven by scientific and industrial
interests in the development of next-generation cellular sys-
tems [1]. While the sub-THz spectrum offers the potential
for a higher data rate than any legacy cellular wireless,
hardware implementation challenges such as multielement
antenna arrays and high-speed samplers make its potential
for commercial penetration still a valid concern and hence
a research topic. Feasible transceiver designs are most likely a
compromise of the hardware challenges and achievable radio
link quality such as data rate, coverage, and availability. The
latter is tied to wave propagation conditions at the sub-THz

Manuscript received 21 March 2023; revised 14 August 2023;
accepted 3 September 2023. Date of publication 29 September 2023; date of
current version 20 December 2023. This work was supported in part by the
European Commission through the H2020 Project ARIADNE under Agree-
ment 871464 and through the project Hexa-X under Agreement 101015956.
The work of Mar Francis De Guzman was supported by the Advanced
Science and Technology Institute, Department of Science and Technology,
Philippines, through the Department of Science and Technology, Science
Education Institute of the Philippines. (Corresponding author: Mar Francis
De Guzman.)

The authors are with the Department of Electronics and Nanoengineering,
Aalto University, 02150 Espoo, Finland (e-mail: francis.deguzman @aalto.fi;
katsuyuki.haneda@aalto.fi).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TAP.2023.3318861.

Digital Object Identifier 10.1109/TAP.2023.3318861

band, specifically 1) attenuation during wireless propaga-
tion and 2) angular and frequency selectivity of multipath
components (MPCs) observed at link-ends. Studies related
to the former are available for various indoor and outdoor
scenarios [2], [3], [4], [5], [6], [7], and channel parameters
such as the path loss model and the angular and delay spreads
of the same channels considered in this study are briefly
reported in [8, Sec. VI.2.1]. However, knowledge about the
angular and frequency selectivity is less established because
of the need for elaborated studies that are exemplified in this
manuscript.

Angular and frequency selectivity of radio waves, observed
at link-ends, refers to the dispersion of MPC delivering power
from one link-end to another. While many representations exist
to describe the selectivity, e.g., the Kronecker model [9] for the
angular selectivity and the Saleh-Valenzuela model [10] for the
frequency selectivity, the most versatile one would be based on
relative geometries of link-ends and wave-interacting objects.
Such versatile art is called geometry-based model, including
widely used models such as the 3GPP [11], COST [12], and
site-specific models, e.g., [13].

It may be premature to develop a geometry-based model
for the sub-THz band, because of lack of sufficient knowl-
edge about wave-interacting objects that produce MPCs to
the radio link; it is still an open question, e.g., 1) what is
a typical material of objects that cause meaningful power
contributing to the link; 2) what is a typical size of meaningful
objects and finally; and 3) how much contribution do various
objects make in generating multipath clusters. While the
number of MPCs and beams has been discussed at above-
100-GHz band, e.g., [5], [14], [15], their understanding of the
physical environment is not available. These open questions
must be addressed through experiment-based studies of wave
propagation. As a basic work, several studies reported iso-
lated measurements of wave-object interaction to reveal, e.g.,
reflection and penetration losses at sub-THz frequencies [3],
[4]1, [51, [7], [16], [17], [18]. More sophisticated studies
as summarized in Table I identify wave-interacting objects
in multipath channels in lower frequency bands [19], [20],
[21], [22], [23], [24], forming a basis for the development
of geometry-based channel models [12], [19], [25], [26],
[27]. There is no rigorous study to identify wave-interacting
objects, to the best of our knowledge, performed at sub-THz
frequencies. Only a few studies discuss wave-object inter-
action in sub-THz channels, e.g., for an urban environment
at 140.5 GHz [28], while the impact of adding reflecting
objects in an office environment is studied experimentally at
145.5 GHz [5].
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TABLE I

STUDIES ON IDENTIFICATION OF WAVE-INTERACTING OBJECTS

Reference | Frequency (GHz) Scenario Findings

[19] 0.3 Suburban In scenarios with multiple propagation links, there can be shared scatterers across the links,
indicating the physical presence of common clusters.

[20] 3.35 Urban microcell Metallic objects with dimensions of several tens of wavelengths, such as signboards, lampposts,
traffic signs, traffic lights, electricity cable boxes, and vending machines contribute significantly
to the received power.

[21] 4 and 14 Outdoor-to-indoor | Interior walls of the building contribute to twice as received powers as walls of other buildings.
Distant buildings can account for up to half of the received power.

[22] 5.3 Indoor hall LOS or obstructed LOS, single, double, and triple bounce reflections from walls and ground are
the dominant propagation mechanisms.

[23] 11 Indoor hall LOS, and single-bounce reflection from the concrete wall, glass window, window frames, and
pillars have a significant contribution to the received power.

[24] 32 Urban microcell Building walls and windows, and ground contribute significantly to the received power. Small
objects such as publicity boards, signboards, and lamp posts can also deliver non-negligible
power.

[28] 140.5 Urban Reflections on pillars and building walls have power levels comparable to the LOS power. Objects
other than building structures, such as vegetation, are not significant reflectors.

[5] 145.5 Office Adding reflecting objects increases the MPC powers (up to ~ 6 dB for outdoor case and ~ 4 dB
for indoor case) and the angular diversity.
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The present analysis classifies the wave-interacting objects
into two types, i.e., 1) all-the-time visible large objects and
2) limited-time visible small objects. Some of these small
objects are considered landmark-type objects. There are two
reasons for this classification: 1) their difference in power
contributions to the radio channel and 2) their difference
in visibility and dynamics as a link end changes their loca-
tions. While none of the existing channel models distinguish
them, the benefit of analyzing them separately becomes
clear at sub-THz where many physical objects become
electrically large. In radio localization studies, large planar
structures can usually be exploited as virtual anchors [29].
While locally visible fixed objects, such as landmarks, allow
rough localization of mobile users similar to us finding
a present location by recognizing a tall tower in a street
canyon.

In light of the mentioned unsolved research questions, the
major contributions of the present work are threefold:

1) improving the already reported measurement-based ray-
launcher (MBRL) to analyze wave-interacting objects
up to higher order reflections at 142 GHz in indoor and
outdoor sites;

2) analyzing properties of the wave-object interaction
separately for all-the-time visible large objects and
limited-time visible small objects for the first time in
the literature; and finally,

3) understanding the identified large and small wave-
interacting objects through multipath clusters that are
popularly discussed in geometry-based stochastic chan-
nel models.

The remainder of this article is organized as follows.
Section II discusses enhancements and evaluation of the
MBRL to identify wave-interacting objects. Section III intro-
duces radio channel measurements in indoor and outdoor
scenarios. After detailing the characteristics of identified

wave-interacting objects in Section IV, conclusion is given
in Section V.

II. IMPROVED MBRL

An MBRL is a tool to determine the actual trajectory of
the MPCs extracted from the measurements. Such a tool
is referred to as channel transfer function reconstruction in
[23], measurement-based ray-tracer in [22], and MBRL in
[30]. In the present study, given the single-directional channel
measurements, the tool allows us to derive the location of the
wave-interacting points and the angular information such as
the azimuth and zenith angles of arrival (AoA and ZoA) and
the azimuth and zenith angles of departure (AoD and ZoD)
leading to the double-directional information of the channel.
It is similar to ordinal ray-launching where rays are launched
along a trajectory until they interact with an object and then
undergo reflection, scattering, diffraction, and transmission.
The differences are: 1) the MBRL launches the ray only in the
directions where multipath was observed in measurements and
2) the ray length of a launched ray in the measured direction
corresponds to its measured propagation delay.

A previous version of this MBRL is described in [31],
which can estimate MPC trajectories of up to second-order
reflections only. While the MBRL used here allows tracing
up to fourth-order reflections to gain more understanding of
wave-interacting objects. The following sections describe the
implementation of the enhanced MBRL.

A. Point Cloud Data Processing

The digital 3-D map used in this MBRL is a point cloud data
which is a collection of (x, y, z) point coordinates retrieved
from laser scanning. These point cloud data are typically
converted into a surface model called mesh to represent the
environment. However, conversion from point cloud to mesh
is not straightforward and some details of the environment
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Fig. 1.
the in-cone test.

are lost in the mesh model. The importance of retaining these
small details for propagation simulations is also emphasized in
[32]. Hence, the developed MBRL readily accepts point cloud
data without the need to apply mesh conversion.

Additional processing of the raw point cloud data includes
downsampling using a box grid filter with a specified grid step
which we refer to in this article as the point cloud resolution.
The point cloud data are downsampled to 4 cm for the indoor
environment and 8 cm for the outdoor environments which
should be enough to represent small details and allow MBRL
to run in a reasonable time. Further preprocessing steps applied
to the point cloud data include: 1) removal of artifacts resulting
from moving objects during laser scanning; 2) elimination of
noise points; 3) filling of holes caused by transparent objects
and other objects shadowed during the laser scanning; and
4) derivation of local surface normals.

No additional remodeling is applied to posts, trees, and other
small objects. All objects in the point cloud data are modeled
as obtained from the laser scanning of the environment. While
a cylinder-like geometry can be their simpler model that
may expedite the calculation of reflected rays, our MBRL
simulation focuses on the accurate identification of rays by
avoiding remodeling.

B. Illuminating Cone

In the previous version of the MBRL [31], rays had a fixed
radius which could miss objects that could have otherwise
been illuminated. Due to the simulation speedup gained from
the use of voxel traversal, discussed in Section II-C, an illumi-
nating cone that can cover a larger area is now implemented
and is elaborated in this section.

An illuminating cone with its vertex at the Rx location and
cone opening pointed to the direction of the measured AoA
is used to identify points illuminated by the Rx Antenna as
shown in Fig. 1(a). The opening angle of the cone is set to
be equal to the azimuth scanning step of the horn antenna
in channel sounding, i.e., 10°, and the diameter of the base
of the cone is a function of the measured path delay. The

@ Points inside the cone

© Occupancy points

(b) (c)

Determining points illuminated by a cone. (a) Illuminating cone. (b) Grid structure, occupancy points, and in-cylinder test. (c) Identified points using

point cloud contains millions of points so checking whether
each point is inside the illuminating cone is computationally
heavy. We applied here a multistep in-cone test that utilizes a
rectangular grid structure to speed up this process as follows.

1) A 3-D rectangular grid structure with a grid step that

is ten times larger than the point cloud resolution is
formed. Then, a so-called occupancy point is placed
at the center of boxes that contain at least one point
as shown in Fig. 1(b). These occupancy points provide
a coarse representation of the point cloud with signifi-
cantly less number of points than the point cloud data.
Then, only the boxes with occupancy points found inside
the cylinder are considered for the succeeding steps as
shown in Fig. 1(b). This cylinder has the same position
and orientation, and a slightly larger diameter than that
of the illuminating cone. A cylinder is applied for now
as the in-cylinder test is computationally lighter than the
in-cone test.

3) Finally, the in-cone test is applied to the member points
of occupied boxes found in Step 2 to determine points
inside the illuminating cone as shown in Fig. 1(c).

As the directional antenna illuminates the environment at the
measured AoA with some beamwidth in the azimuth and the
elevation, the MBRL should ideally launch rays from Rx to all
the points illuminated by the main lobe of the antenna. This
can be addressed by applying the illuminating cone described
above to the directions not only at the exact measured azimuth
but also at the neighboring directions [31].

2)

C. Visibility Check Using Voxel Traversal

Among the points identified inside the illuminating cone,
only the points visible from Rx should be considered for the
reflection. We detect if the ray is obstructed by an object by
applying a ray-plane intersection test. Here, we form these
planes by treating the points in the point cloud as disks [33].
The orientation of the disk is equal to the normal calculated
in Section II-A. We set the radius by heuristic means to be
1.1x larger than the point cloud resolution.
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Fig. 2. Visualization of voxel traversal in a 2-D grid of disks.

This visibility check is applied numerous times during
the ray-launching process making it responsible for most of
the simulation runtime. A brute-force approach, used in the
previous version of the MBRL [31], is to check the visibility
of a particular disk by applying a ray-disk intersection test
across all the disks in the scene and the disk with the
shortest distance from the ray source corresponds to the visible
disk. Here, we implemented the fast voxel traversal algorithm
[34] to check the visibility of a disk from a ray source,
such as the Rx antenna or a reflection point. As shown in
Fig. 2, the grid is incrementally traversed from the ray source
and stops when either it hits a disk or it reaches the ray
destination. This way, the ray-disk intersection test is applied
significantly less number of times compared to the previous
version [31].

III. RADIO CHANNEL MEASUREMENTS

A. Channel Sounder

Radio channel measurements were performed using a Vec-
tor Network Analyzer (VNA)-based channel sounder [35].
It integrates frequency converters to translate the intermediate
frequency in the VNA to radio frequency (RF) from 140 to
144 GHz. With 10001 frequency sweep points, the sounder
has a delay resolution of 0.25 ns and a maximum measurable
path delay of 500 m, accounting for the inherent delay of
the sounder. The IF and local oscillator signals are shared
between the two sides of link ends through a radio-over-fiber
system which has electrical-to-optical and optical-to-electrical
converters, and a military-grade optical fiber cable with two
single-mode fibers to enable long-range measurements.

The Tx side of the channel sounder has O dBi vertically-
polarized omnidirectional bicone antenna with 45° elevation
half power beamwidth (HPBW), while the Rx side has 19 dBi
vertically-polarized horn antenna with 10° azimuth HPBW and
40° elevation HPBW mounted on a rotator. This configuration
allows directionally resolved measurements only on the Rx
side. The rotator was set to sweep the azimuth angles with
a 5° step while the main beam of the antenna is fixed at the
horizontal plane. The height of the Tx and Rx antenna is set
to 1.85 m. With effective isotropic radiated power of 30 dBm,
observed noise floor of —128 dBm, and assumed margin of
10 dB, the measurable path loss of the channel sounder is
148 dB.
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TABLE I
MEASUREMENT CAMPAIGN DETAILS

Environment Entrance hall | Residential area
Scenario Indoor hall Urban micro
Number of LOS Links 28 23
Number of NLOS Links 47 37
Link Distance Range (m) 3-66 20-175

B. Channel Sounding

Two measurement scenarios were considered in this study.
The first one is in the entrance hall of a modern office building.
It is an indoor space with roughly 80 x 30 m floor area
in which most have high ceilings and some have first-floor
ceilings. The majority of the space is an open hallway while
some parts are occupied by staircases, chairs, tables, front
desk, and other objects. The second measurement campaign
was performed in a street residential area. The street is mostly
surrounded by apartment buildings and some commercial
buildings. The measurement floor plan of the two scenarios
is shown in Figs. 3 and 4, respectively. The number of LOS
and NLOS links and link distance range for each environment
are summarized in Table II.

Measurements of a single Tx-Rx link provide a
power-angular delay profile (PADP) that gives the received
signal intensity as a function of the propagation delay and
AoA. Local peak search of the PADP is applied to identify
the propagation paths [36], [37]. The peaks obtained from
this process provide a discrete representation of the multipath
channel denoted by P = {¢,, t,, G,}, where ¢, is the azimuth
angle-of-arrival, 7, is the delay, and G,, is the gain of the nth
path.

IV. CHARACTERISTICS OF WAVE-INTERACTING OBJECTS

The wave-interacting points identified using MBRL are
further analyzed in this section.

A. Path Mapping Rate

The efficacy of this MBRL is evaluated by comparing
the totality of paths that were successfully mapped on the
geometry of the measurement site to that of measured paths
[31]. The average portion of measured paths in each link that
were successfully mapped on the geometry is 85%, and the
average power percentage of successfully mapped paths is
88%.

B. Power Share Based on Order of Reflections

The power share of the traversed paths relative to the total
received power of all the measured paths in LOS and NLOS
links in terms of the order of reflections and missed paths are
shown in Fig. 5. For LOS links, around 80% of the power
comes from the direct path, and the remaining power mostly
comes from reflections of the first and second order. In the case
of NLOS links, first and second-order reflections constitute
approximately 60% of the total power, while most of the
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remaining power still originates from third- and fourth-order
reflections.

Fourth-order reflections occur when the ray coincidentally
interacts with highly reflective materials such as metals.
An example trajectory of a path with fourth-order reflections,

observed in the Tx3-Rx1 link of the entrance hall case,
is shown in Fig. 6. It interacts with three metal and one glass
surface. The measured excess loss of the path is 20 dB as
shown by the difference between the free space path gain
and the gain of path 4 in Fig. 7. This value is reasonable
considering that metallic surfaces generally have low reflection
loss and the glass surface has a typical reflection loss of 10 dB,
as will be discussed in Section IV-E and reported in Table III.

Missed paths are those that the MBRL was unable to map
onto the geometry successfully, which could be attributed
to potential inconsistencies between the measured and actual
geometries of the environment. They may also result from
unaccounted propagation mechanisms, such as transmission
and diffraction, that may occur in certain paths. An example
illustrating diffraction can be seen in the Tx5-Rx link within
the residential scenario, where Tx5 is positioned behind the
building as shown in Fig. 4. Its channel impulse response at the
direction of the building corner is shown in Fig. 8(a) revealing
a path that has a delay close to that of the diffracted path
delay according to the relative geometry of the TxS5, building
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corner, and Rx. The diffraction loss, estimated by subtracting
the path gain from the free space path gain, is 11 dB while
its diffraction angle is 6°. No diffracted path is observed for
the deeper nonline-of-sight Tx locations behind the building
starting from Tx6 which has a diffraction angle of 15° as
shown in its channel impulse response in Fig. 8(b). This
demonstrates the significance of diffraction up to some extent,
hence its inclusion in the MBRL will be considered in future
work.

Accounting for transmission and diffraction is more crucial
at lower frequencies to achieve a higher mapping rate using the
MBRL. This leads to a significant increase in simulation time,
as each interaction of a ray with an RF-transparent object or a
diffracting edge would generate not only reflected rays but also
transmitted and large number of diffracted rays. Reduction of
the point cloud resolution or exclusion of small details from
the point cloud model must also be considered. Checking
wave-object interaction for diffraction on and transmission
through these details is computationally very costly and hence
is an implementation challenge.

C. Classification of Wave-Interacting Objects

The wave-interacting objects are classified into two main
groups, namely, 1) large and 2) small objects. Large objects are
those structures that span the whole environment making them
visible to almost every antenna location. Some examples of
these objects are walls, floors, and ceilings. Reflection points
of MPCs identified on the wall in the entrance hall are shown
in Fig. 9.

On the other hand, small objects are visible only within a
small region of the environment. Reflection points of MPCs
found on these small objects in the entrance hall are shown in
Fig. 10. Unclassified points are those that are either outliers
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Fig. 9. Wave-interacting points identified on the wall of the entrance hall.

or combinations of different objects that cannot be separated
into different objects. The classified large and small objects
and their typical material composition for the entrance hall and
residential scenario are listed in Tables III and IV, respectively.

D. Power Share of Each Object

To measure the impact of these identified objects on the
radio channel, their power share is derived. It is defined here
as the power contribution of all the wave-interacting points
on an object over the total power received in a link and is
calculated as

Zz_l Pp

Py =
P, tot

(D
where PP is the power contribution of ith wave-interacting
point and N; is the number of wave-interacting points on an
object. Py, is the total received power without the line-of-
sight path contribution. It is assumed here that the path power
that undergoes multiple interactions is shared among multiple
wave-interacting objects, as

—Glag

107

pP=—" 2)
Ng

where G is the measured gain of the path where the ith
wave-interacting point contributes; the notation {-}|gg means
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TABLE III
CHARACTERISTICS OF WAVE-INTERACTING OBJECTS IN THE ENTRANCE HALL
Ps(% Ly (dB N
Object Material Structure 5 (%) R (dB) NsB | dmax (m) co
Med | Max | Med | Min Med | Max
Wall Metal, con- | Vertical planar structures of 30 98 22 0 79 >45 3.9 10.9
go crete, glass, | varying materials that surround
5 and wood the environment.
Floor Granite Single flat floor. 11 46 18 8 13 >45 1.0 3.3
Ceiling Plasterboard 3.3 m high first-floor ceiling 3 58 20 7 5 >45 0.5 4.5
and concrete that covers around one-third of
the area. Painted with textured
paint.
_ | Glass partition Glass 4 m high glass partitions. 1 89 10 4 40 4.9
E Locker Metal 5 m wide and 1.5 m high 1 29 19 19 44 1.1
@ metallic lockers with grooves.
Pillar Metal 3.3 m high and 0.5 m diameter 2 50 20 14 31 36 0.4 4.2
cylindrical pillars.
Stair Wood and | 3.3 m high staircase with 3 62 26 6 18 45 0.5 3
glass wooden tread and handrail,
and railing with glass panel
and metallic brackets.
Table chair set Wood Set of wooden tables and 1 50 25 25 2 41 0.2 1.5
chairs.
Coat rack Metal Metallic coat rack hanging 0 8 35 35 1 20 0 2.3
from the ceiling.
Support beam Metal 4 m high metallic beam that 1 49 33 33 1 46 0.1 2.1
supports the glass partition.
Front desk Granite 6 m wide and 1.5 m high front 0 9 N/A | N/A 0 19 0 1.1
desk.
Vending machine Metal 1 m wide and 2 m high vend- 0 1 N/A | N/A 0 32 0 0.6
ing machine.
Other clutter Various ma- | Tables, couches, LCD screen, 14 85 27 3 43 N/A 1.9 5.8
terials signages, decorations, etc.

a quantity of {-} in the decibel scale; Np is the number of
bounces occurred in the path.

The median (med) and maximum (max) power share esti-
mates of each object across all links where they contribute

to the entrance hall are listed in Table III. For large objects,
the wall gives the highest median power share followed by the
floor and then by the ceiling. The ceiling has a smaller median
contribution compared to the floor, due to its smaller surface
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TABLE IV
CHARACTERISTICS OF WAVE-INTERACTING OBJECTS IN THE RESIDENTIAL SCENARIO
Ps (% Lgr (dB N
Object Material Structure s (%) R (dB) NsB | dmax (m) co
Med | Max | Med | Min Med | Max
Wall Concrete, Exterior wall of the building 45 100 22 5 20 >170 0.8 5
[ . . . .
&b brick, metal, including other vertical planar
3 glass. structures such as doors and
windows.
Ground Concrete and | Outdoor ground which is 23 87 4 0 2 >170 0.5 2.4
asphalt mostly road and sidewalk.
_ | Posts Metal Outdoor building pillars, street 4 75 30 20 5 146 0.3 1.5
= light posts, and traffic sign
S posts.
Other clutter Various ma- | Tree trunk, bicycle parking 31 97 12 0 14 N/A 0.7 4.8
terials rack, railings, plant box,
bench, etc.

area and higher surface roughness. Nonetheless, these power
share results for floor and ceiling support the importance of
using a 3-D representation of the environment in simulations
and channel models. As for the small objects, while their
median power share is minimal, some have a high maximum
power share for specific links. For example, pillars have 2%
median power share but there is a particular link where its
power share can reach up to 50%. In addition, coat rack which
has irregular and generally thin parts have a considerable
contribution that can reach up to 8% to a certain link.

The power share of objects in the residential scenario is
listed in Table IV. Similar to the entrance hall, most of
the power is due to building walls followed by the ground.
Reflection on posts can also contribute significantly to the
received power on a link.

E. Reflection Loss

The interaction of the electromagnetic waves with an
object can be quantified by the object’s reflection loss which
depends on the angle of incidence, material thickness and
composition, and surface roughness. From the MBRL-derived
multipath data, we have identified single-bounce multipaths
with which we estimate the reflection loss of each single-
bounce wave-interacting point, without knowing the exact
material properties, as

Lr,ilag = —Gilag — 20log, (4 T; f) 3)

where G; is the measured gain and t; is the measured path
delay of ith single-bounce path.

The median and minimum reflection loss of objects, and
the number of single-bounce wave-interacting points Nsg for
each object in the entrance hall are summarized in Table III.
Among the large objects, it can be noticed that the floor has
the lowest median reflection loss. The wall is a mix of objects
with various material compositions and shapes, and the ceiling
has some roughness due to the textured paint applied on its
surface. The reflection loss of the wall can reach as low as 0 dB
which is caused by some flat metallic objects. For the small
objects, the glass partition which is a smooth planar object
has the lowest median loss and minimum loss. Meanwhile,

although the locker and pillar are metallic, they have some
amount of loss since their structure is not planar. Furthermore,
ceiling-mounted coat racks, and support beams which are also
metallic have even higher reflection loss and both of them
have only one single-bounce wave-interacting point as their
structure is more complex and more irregular. Note that there
is no reflection loss estimate for the front desk and vending
machine because there is no single-bounce reflection identified
on those objects.

The reflection loss and the number of single-bounce MPCs
for the residential scenario are listed in Table IV. The typical
reflection loss of MPCs on the wall for this scenario is found
to be the same as the entrance hall. As for the ground, the
computed reflection loss may not be as meaningful as other
objects since there are only two single-bounce MPCs found
on this object. This can be explained by considering first that
single-bounce ground reflection is likely to occur only on LOS
links. However, since the antenna height is significantly small
relative to the link distances available in this scenario, the
ground-reflected path cannot be distinguished from the LOS
path which has almost equal path delay. It can also be noticed
that the reflection loss due to posts is higher compared to
the pillars in the entrance hall which has the same cylindrical
shape but with larger diameter.

F. Object Visibility Distance

We further describe the influence of each object on the radio
channel by the object’s visibility to Tx or Rx antenna locations.
To this end, the distance between the wave-interacting objects
and the Tx and Rx antennas is evaluated. The furthest distance
dmax that each object is seen from the antenna locations is
considered as its visibility distance as shown in Fig. 11. The
visibility distance for the entrance hall and residential scenario
are summarized in Tables III and IV, respectively. It can
be noticed that there is no strong correlation between the
reflection loss and the maximum distance parameters. This
is because the object’s visibility depends more on its height
than size. Objects that are tall or at elevated locations such as
support beams and staircases show larger visibility distances
than those that are small and/or on the floor, e.g., coat rack
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Fig. 11. Visibility distance of front desk in the entrance hall.

and front desk. Identification of influential wave-interacting
objects therefore requires 3-D studies.

G. Number of Clusters on an Object

The relationship between wave-interacting objects and mul-
tipath clusters is studied. Measured multipaths were clustered
by applying the agglomerative hierarchical clustering method
which is elaborated in [37]. Here, we performed multidimen-
sional clustering including the azimuth and elevation angles
of arrival and departure, and path delay. The multipath com-
ponent distance (MCD) between two clusters ¢; and c; is then
calculated as

MCD;; = ,/MCD} ;; + MCD}, ; + MCD? )

T,ij
where MCDy, ;; is the normalized angle of arrival, MCDa, j
is the normalized angle of departure, and MCD,;; is the
normalized delay between the two clusters [38]. The clustering
parameters, i.e., delay scaling factor £ and the MCD clustering
threshold I" were heuristically determined and are set to 10 and
0.8, respectively.

The number of clusters Nco on an object is defined here as
the total fractional count of clusters belonging to the object in
a link and can be expressed as

Nc 7780
Neo =Y % 5)
i=1 i
where NiSO is the number of wave-interacting points attributed
to the object and ith cluster, NiSC is the number of scattering
points belonging to ith cluster, and N¢ is the number of
clusters in the particular link.

The median and maximum N¢g across all the links for the
entrance hall are listed in Table III. It can be observed that
a greater number of clusters tends to form on large objects.
Meanwhile, typically only half of the cluster is formed on
small objects but the max(N¢p) indicates that there is a link
where multiple clusters can be formed on a small object.

Table IV summarizes the number of clusters observed on
objects in the residential scenario. Compared to the entrance
hall, the residential scenario generally has fewer clusters,
although large objects still tend to have more clusters than
small posts.

H. Number of Clusters and Objects

The statistics of the number of clusters Nc in the two
environments and other studies [14], [39] at 142 GHz are

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 71, NO. 12, DECEMBER 2023

TABLE V

STATISTICAL SUMMARY OF THE NUMBER OF CLUSTERS
AND OBJECTS ACROSS THE LINKS

Scenario Reference Link UNg| ONg | max | max
type Nc¢ | No
. LOS 13.6 | 4.7 22 12
Indoor hall This study

NLOS 9.5 6.1 27 12

Indoor Table III of LOS 1.9 | 1.3 | N/A | N/A
hotspot-office | [39] NLOS | 2.8 | 1.7 | N/A | N/A

. . LOS 4.5 3.3 12 4
Urban micro This study

NLOS 2.3 2.1 5 4
LOS 0.7
NLOS 1.8

N/A
N/A

N/A
N/A

N/A
N/A

Section III-

Urban micro A of [14]

summarized in Table V. The number of observed clusters
in this study is notably higher than those in other studies.
This disparity can be attributed to differences in the dynamic
range, environment, and clustering parameters and dimensions
that were considered. For example, [39] and [14] considered
time clusters and spatial clusters, respectively, excluding the
separation of paths in other dimensions hence resulting in
fewer clusters. LOS links are also found to have a slightly
greater number of clusters compared to NLOS links considered
in this study. In addition, Table V shows the maximum number
of clusters max(N¢) and distinct objects max(Ng) across the
links in both environments. It can be observed that the indoor
case has links that have more than twice N¢ or No compared
to the outdoor case.

V. CONCLUSION

This article presented the analysis of wave interaction with
various objects in an indoor and outdoor scenario at 142 GHz.
The MBRL was improved in terms of computational speeds
and was utilized to estimate the propagation path trajectory
of MPCs obtained from single-directional measurements up
to fourth-order reflections. For LOS links, about 80% of the
power can be attributed to the direct path. As for NLOS links,
the first and second-order reflections constitute about 60% of
the total power. Furthermore, propagation paths reflected on
large objects such as walls generally have the most share of
the total received power in each link, followed by those on the
floor and ceiling. The finding supports the importance of 3-D
models and analyses of the sites. Meanwhile, small objects
can contribute up to about half of the total received power in
a link. Typical reflection losses of each object depended more
on its shape and structure than its material composition. The
visibility distance of each object was mainly influenced by its
size and blockage from the surrounding objects. In addition,
the number of multipath clusters on large objects is roughly
four times and two times more than small objects in the studied
indoor and outdoor scenarios, respectively. While only a frac-
tion of clusters are typically formed on small objects, there are
some links where they can generate up to four clusters. Up to
fourth-order reflections are found in the small-cell sub-THz
indoor and outdoor channels. Separate modeling of large and
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small objects would enhance the geometry-based modeling of
channels, especially for radio localization applications.
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