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Abstract—This paper performs a first wideband indoor
channel measurement at the 105 GHz sub-terahertz (sub-THz)
band and analyzes the multipath characteristics in terms of the
omnidirectional path-loss and angular characteristics. The
measurement campaigns with the 4 GHz bandwidth are
performed focusing on indoor short-range communication
scenarios in a conference room, corridor, and office room, which
have been considered in the primary 60 GHz communication
systems standardized by the IEEE 802.15.3c/11ad. Moreover, to
draw full understanding to scale the 60 GHz indoor channel
models and 60 GHz system designs for the 105 GHz band, we also
conduct 60 GHz channel measurements in the same environment
with few modifications in the channel-sounding system and
performed the comparison between these two bands. Based on
these measurements, we demonstrate the affinity that exists
between 105 GHz and 60 GHz bands in terms of path loss exponent
and angular characteristics of multipath components, shedding
light on the hypothesis that several system designs of the 60 GHz
communication systems (e.g., beam switching for non-line-of sight
conditions) can be applied to the 105 GHz sub-THz
communication systems.
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I. INTRODUCTION

As the fifth-generation (5G) mobile communication systems
become widespread as infrastructure, the next-generation
communication systems will witness a huge demand to realize
a higher peak rate, more massive connectivity, and ultra-
reliability [1]. To combat the spectrum scarcity incurred by
such demands, the frequency spectrum above 100 GHz-300
GHz and beyond has attracted increasing attention. The former
frequency band ranging from 100 GHz to 300 GHz is often
referred to as the sub-terahertz (sub-THz) band, and the latter
frequency band above 300 GHz up to 100 THz are referred to
as THz band, both of which are one of the central topics to
support the next-generation wireless communication systems.

Recently, to draw an understanding of these sub-THz and
THz bands, the channel measurements have been performed in
several institutions worldwide. For example, indoor channel
measurements at the 300 GHz band have been extensively
conducted [2—5]. This is due to the fact that this band was
chosen as the operating band of the first THz communication
system standardized by the IEEE 802.15.3d task group [6],
where the channel characterization at this band should naturally

be the topic of interest. As for the sub-THz band, New York
University performed extensive channel measurements at the
140 GHz with a bandwidth of 1 GHz for office [7], industry [8],
and outdoor urban microcell (UMi) scenarios [9] and developed
the complete channel generation framework as a simulator
called NYUSIM. Laboratoire d'électronique des technologies
de l'information performed an indoor measurement at 126—156
GHz, where the path loss, angular/delay spreads, and human
shadowing effects were extensively studied in a laboratory
room, conference room, and personal desktop [10]. Aalto
University performed the channel measurement at the 140 GHz
band in a shopping mall and analyzed the path loss, angular and
delay spreads [11]. Moreover, the measurements at the sub-THz
bands conducted by other institutions are listed in [12—14].

However, almost all of the works listed above performed the
measurements at the bands above 110 GHz, while there are few
studies focusing on the multipath characteristics at the band
ranging in the 100-110 GHz band [15]. This frequency band
can be interpreted as the boundary between the millimeter wave
(mmWave) and the sub-THz bands, and investigation of this
band is also important to fully understand the channel
characteristics of the sub-THz band, particularly in comparison
to the mmWave band. In more detail, by investigating these
bands, we can gain knowledge about how and to what extent
the channel models developed for the mmWave bands (e.g., 28
GHz and 60 GHz bands) can be useful for the sub-THz band.
This is beneficial because based on this knowledge, we can
develop sub-THz channel models by extending the mmWave
channel model in a step-by-step manner without developing a
new channel model from scratch. Moreover, even if the
difference in the channel characteristics between the 100-110
GHz and mmWave bands is insignificant, such insights provide
a natural guideline to extend the mmWave communication
systems that have been developed so far (e.g., 5G new radio
[16], IEEE 802.15.3c 60 GHz wireless personal area network
(WPAN) [17], and IEEE 802.11ad wireless local area network
(WLAN) [18]) to design the sub-THz band communication
systems. To the best of our knowledge, there are no works that
discuss this band in comparison with the mmWave channel
characteristics.

Such knowledge should be acquired by comparing the
channel characteristics at the 100-110 GHz with those at



Omni-directional Horn antenna

antenna
Down converter

[ T-Rotated
-E.

Oscilloscope

Up converter

Sounding signal
generator

6 GHz center fregency
4 GHz bandwidth

105 GHz center fregency 3.8 GHz center fregency
4 GHz bandwidth 4 GHz bandwidth

(a) 105 GHz band measurement system.

Omni-directional

antenna Horn antenna

Sounding signal
generator

[ T-Rotated
.!.

Oscilloscope

3 GHz center fregency
2 GHz bandwidth

58.32 GHz center freqency 3 GHz center fregency
2 GHz bandwidth 2 GHz bandwidth

(b) 60 GHz band measurement system.

Fig. 1. Channel-sounding system for 105 GHz and 60 GHz measurements.

mmWave bands that are measured at the same locations with
few modifications in the channel-sounding systems. Given this
background, this paper performs the channel measurement at
both 105 GHz and 60 GHz bands in the same environment and
compares these two channel characteristics. In more detail, we
perform wideband channel measurements of indoor multipath
characteristics in the above two bands in an identical
measurement environment, such as a conference room desktop,
corridor, and office room, which have been considered in the
standardization of the 60 GHz WPAN [17] and WLAN systems
[18]. Subsequently, we develop a path loss model and analyze
the angular characteristics of multipath components, therein.
Based on this measurement campaign and analysis, we
demonstrate the affinity in the channel characteristics that lie
between the 105 GHz and 60 GHz bands. These measurements
provide insight that several designs of the 60 GHz WPANs/
WLANSs channel models and system components can be
applied to the 105 GHz sub-THz band.

II. MEASUREMENT CAMPAIGNS IN 105 GHZ BAND FOR INDOOR
SHORT-RANGE COMMUNICAITON

A. Setup of Channel-sounding System

105 GHz channel-sounding system. We developed a
channel-sounding system that measures power delay profiles
(PDPs) of an omnidirectionally transmitted signal, which is
scanned by a rotated receiver (RX) antenna. Fig. 1(a) shows an
overview of the channel-sounding system. The RX was
equipped with a 25 dBi horn antenna rotatable in the azimuth
plane whereas the transmitter (TX) was equipped with an
omnidirectional antenna in the azimuth plane. This simple setup
was considered backward from the short-range communication

TABLE I. PARAMETERS IN 105 GHZ BAND MEASUREMENT

RF Frequency 105.8 GHz
Center frequency of sounding
signal before TX up- 6 GHz
conversion
Center frequency of sounding
signal before RX down- 3.8 GHz
conversion
Channel Bandwidth 4 GHz
Transmit power 5.4 dBm

Omni-directional in azimuth

Transmitter antenna gain .. .
smutte ¢ & 4 dBi in elevation

Receiver antenna gain 25 dBi
Half power beamwidth of 10°
receiver horn antenna
Sampling frequency 16 GHz

TABLE II. PARAMETERS IN 60 GHZ BAND MEASUREMENT

RF Frequency 58.32 GHz
Center freque‘ncy of sounding 3 GHz
signal
Channel Bandwidth 2 GHz
Transmit power 8.6 dBm
Omni-directional in
Transmitter antenna gain azimuth
2 dBi in elevation
Receiver antenna gain 25 dBi
Half power beamwidth of 10°
receiver horn antenna
Sampling frequency 16 GHz

use case, where, unlike long-range communication use cases,
strict beamforming in both RX and TX sides may not be
required. Hence, in contrast to the double-directional
measurements generally applied [4], we limited the angular
scan only to the RX side while using the omnidirectional
antenna on the TX side. As a sounding technique to obtain the
PDPs, we applied a Keysight channel-sounding system [19],
which is one of the time correlation-based channel-sounding
methods. As shown in Fig. 1(a), the signal generator generates
the sounding signal with a center frequency of 6 GHz and a
bandwidth of 4 GHz. This signal consists of the pseudo-random
sequence, which is correlated to the same sequence known also
at the RX side with a time resolution of 0.16 ns. Afterward, the
sounding signal is up-converted to the radio frequency of 105
GHz and is received in the RX. The received signal is down-
converted to the center frequency of 3.8 GHz and is sampled in
an oscilloscope. At the same time, the oscilloscope calculates
the PDPs based on the time-correlation-based sounding
technique. The detailed parameters of this measurement are
further shown in Table I.

60 GHz channel-sounding system. Similarly, we
developed a channel-sounding system in the 60 GHz band with
a minimal modification to the 105 GHz channel-sounding
system as shown in Fig. 1(b). The RX was equipped with a 25
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Fig. 2. Measurement environment for 105 GHz measurement campaign in indoor short-range scenarios.

dBi horn antenna and is also rotatable in the azimuth plane. The
TX was equipped with an omnidirectional antenna in the
azimuth plane. The technique used to obtain the PDPs is the
same as the 105 GHz channel-sounding except for the
parameter settings. The sounding signal of the pseudo-random
sequence was generated with a center frequency of 3 GHz and
a bandwidth of 2 GHz, which allows us to obtain the PDP with
the time resolution of 0.3125 ns. The sounding signal is up-
converted to the radio frequency of 58.32 GHz. The received
signal is down-converted to the center frequency of 3 GHz and
is sampled by the same oscilloscope. The detailed parameters
in this measurement are further shown in Table II.

B. Measurement Scenarios and Environments

Desktop in conference room. This measurement was
conducted in a small indoor conference room environment
motivated by the use case of exchanging of large amounts of
data between individuals in a conference room. The room size
was 5.8 m x 7.1 m x 3.0 m. The TX was placed on one of the
desks, which is aligned in a rectangular shape, at a height of
0.15 m as shown in Fig. 2(a). The RX was placed at the edge of
the desk at a distance of 1-4 m from the TX.

Corridor. This measurement was conducted in an
indoor corridor environment, which possesses an immoderate

aspect ratio compared to the aforementioned indoor rooms. Fig.
2(b) shows the overview and picture of this environment. The
entire size of the corridor was 35.7 m x 2.1 m % 3.0 m. Both TX
and RX are placed at the height of 1.3 m from the ground level
to consider the scenario where device-to-device
communication is performed among people holding
smartphones while standing in this location.

Office room. This measurement was conducted in an
indoor office room environment, which is larger than the small
indoor conference room environment. Fig. 2(c) shows the
schematic overview and picture of this measurement
environment. The room size was 6.8 m X 12.0 m x 3.0 m.
Inside this room, we placed office furniture, such as monitors,
laptops, and books as shown in Fig. 2(c). Moreover, a
whiteboard was attached to the east wall, and the television was
placed on the opposite side. The TX was placed near the center
of the room, while RX was placed between the two separated
office desks at a distance ranging from 1 m to 5 m from the TX.

We recorded the PDP while mechanically rotating the RX
antenna at the corresponding RX positions. In more detail, we
first aligned the RX horn antenna toward the TX
omnidirectional antenna and recorded the first PDP. We then
rotated the RX horn antenna with the angular step of 5 degrees
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Fig. 3. Path loss models extracted from the measurements in 105 GHz and 60 GHz.

and recorded the PDP in each RX antenna rotation to cover 360
degrees. This procedure results in 72 PDP records per RX
position. Based on the PDPs, we calculated parameters related
to the near free space reference distance (CI) path-loss model,
which is detailed in the next section. For the sake of notation,
we refer to each PDP obtained by the directional antennas as a
"directional PDP," while we refer to the set of 72 directional
PDPs obtained with all RX antenna rotation angles as an
"omnidirectional PDP," because the sum of the 72 PDPs is
nearly equivalent to the PDP obtained by employing an
omnidirectional RX antenna.

III. PATH-LOSS MODEL FOR 105 GHZ INDOOR SHORT-RANGE
COMMUNICATIONS

A. Close-in Free-Space Reference Distance Path-Loss Model

As a path-loss model, we adopt the CI path-loss model,
which is well-accepted in various path-loss modeling
campaigns [9]. Moreover, the standard channel model
developed by the 3rd generation partnership project (3GPP)
currently adopts this model in the same scenario as the indoor
short-range communications as "indoor hotspot office (InH)" in
the line-of-sight (LoS) condition [20] for up to the 100 GHz;
hence, to naturally bridge this model for above-100 GHz, we
first adopt this CI path loss model.

The CI path loss model possesses a mathematically
simplified structure, where the path loss at reference distance
d, is assumed to be the free-space path loss, and the path loss
at an arbitrary distance d = d, exponentially increases with
d/d,. The model is formulated as follows [9]:

PL(d, f) = FSPL(d,, f) + 10nlog,,(d/dy) + Xs

where PL(d, f) and FSPL(d,, f) denote the path loss in the
decibel scale at distance d and at center frequency f in giga-
hertz and the free-space path loss in the decibel scale at
reference distance d, and at the same center frequency,
respectively. The terms n and x, ~ N (0, 0%) denote the path
loss exponent and the shadow fading term, respectively.
FSPL(d,, f) is further expressed by 32.4 + 20log,,(d,) +
20log,(f) dB. In the 3GPP InH LoS model, the reference
distance is set to be 1 m. We also set the distance to be 1 m;
hence, the problem narrows down to deriving path loss

TX-RX distance (m)

(b) Corridor.

TX-RX distance (m)

(c) Office room.

exponent n and standard deviation o of the shadow fading term
from the recorded omnidirectional PDPs for each measurement
scenario.

B. Path Loss Parameter Extraction Methodology

We extracted the parameters of the path loss model (i.e., path
loss exponent n and standard deviation o) from the recorded
omnidirectional PDP. First, from the omnidirectional PDP in
each RX location in each scenario, we extract power samples
above threshold Py,. This threshold is decided according to the
ITU-R recommendation [21] that only power samples 18 dB
above the noise floor level should be included for multi-path
propagation characterizations. The noise floor level is
calculated by averaging the power samples obtained without
any receiving signals.

Second, we add all extracted power samples in each RX
location and calculate the sum of the effective power samples
in the above sense. Let Pig and d;® denote the sum of
effective power samples in the decibel domain and the TX-RX
distance for each RX location i € {1,2, ...,1°°°} and for each
scenario sce € {desktop, corridor,of fice} , respectively.
Subsequently, we perform least-squares fitting with a linear

model with data points (logw(dfce),P(fﬁﬁ); to derive the

path loss exponent n. Finally, we derive o by calculating the
standard deviation of the residual errors that lie between the
fitted line and each data point.

C. Results of Path-Loss Model Extracted from Measurement

Fig. 3 shows data points, fitted lines, and extracted path-loss
model parameters in each measurement scenario. Note that Fig.
3 shows the loss relative to the received power at the reference
distance of 1 m, which was found by the vias term of the fitted
line. This figure provides the following two insights as follows:

Identical path loss exponent with 60 GHz result and with
3GPP LoS InH model. In Fig. 3, the slope of the fitted line
is in good agreement with both that in the 3GPP LoS InH model
and that in the results of 58 GHz for all examined scenarios.
More concretely, the path loss exponents in the 105 GHz ranges
from 1.7-1.8, which coincide with both those in the 3GPP LoS
InH model and the model found in 60 GHz with the same RX
location. For all models, the smaller path-loss exponent (i.e.,
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Fig. 4. Example of measured multipath characteristics in 105 GHz and 60 GHz overlayed with environmental layouts.

1.7) in both the 3GPP LoS InH model and the model found by
this measurement than 2 in the free space path-loss model is
attributed to the fact that the omnidirectional antennas receive
energy from not only a LoS ray but also multipath components
in indoor scenarios.

Considering these facts, the 105 GHz retains the same
amount of energy in the multipath components (excluding the
difference in FSPL) regardless of the general concern that the
THz band suffers from less energy of reflective multipath
components with scattering on the surface of the reflective
objects [22]. Hence, we can conclude that at least for indoor
scenarios, the path loss models developed under 100 GHz can
be easily generalized for 105 GHz. In Sec IV, we further
validate this conclusion by showcasing the angular
characteristics of the multipath effects in both 105 GHz and 60
GHz results obtained in the identical location.

Larger power dispersion on desk in both 60 GHz and 105
GHz. From Fig. 3, we can find that the scenario of the
desktop in a conference room (Fig. 3(a)) leads to more power
dispersion to the other scenarios (Figs. 3(b) and 3(c)). This is
attributed to the observed power of the LoS ray affected by the
ground reflection ray from the desk. More concisely, the LoS
ray and the reflective ray from the desk could not be resolved
in this measurement setup (even with the 4 GHz bandwidth),
resulting in constructive and destructive effects depending on
the RX positions. This effect occurs at 60 GHz in our
measurement and was also found in the standardization of the
IEEE 802.15.3¢c 60 GHz WPAN [23]. Hence, this effect should
be considered in the design of communication systems in this
band.

D. Analysis of Multipath Characteristics

Finally, we analyze the multipath characteristics by using all
the recorded PDPs at an example RX position in each
measurement scenario, where the angular characteristics of the
multipath components are extracted and are related to the
environmental layouts. As an example, we take the RX
positions where the TX-RX distance was 2 m, 3m, and 2m for
the desktop, corridor, and office scenarios, respectively. At
each RX position, we plot the maximum power peak in the

recorded PDPs for each RX angle in the form of a polar plot,
where the angle of arrival of the multi-path components can be
identified with the power.

Fig. 4 shows the measured multipath characteristics for each
RX antenna angle in both the 105 GHz and 60 GHz bands. In
Fig. 4, we can find similar multipath characteristics in both
bands in the sense that several reflective paths arrived while
holding similar angles of arrivals and powers, particularly for
the desktop and corridor environments. Therein, the difference
in the received powers relative to that in the LoS ray between
the 105 and 60 GHz bands was within —5 dB at most, and the
significant difference in the angle of arrivals between these
bands were not identified. Moreover, we can identify that all
multipath components that hold strong powers in the 105 GHz
band can be explained by the first- or second-order reflection
from the walls as in those in the 60 GHz band. These results
suggest that an accurate channel simulation in the 105 GHz may
be possible with a deterministic ray-tracing simulation as has
been done in several standardization efforts for the 60 GHz
WLAN systems [24]. Moreover, these results suggest that a
beam-switching mechanism designed for the 60 GHz
WPAN/WLAN in case of non-LoS conditions [25] may also be
feasible in the 105 GHz bands, because the identified
multipaths retain similar power levels.

Overall, the signals in the 105 GHz bands retain similar
indoor multipath characteristics to those in the 60 GHz band in
terms of both path-loss exponent and angular characteristics.
Hence, these results suggest the hypothesis that a channel
model and various system designs for 60 GHz indoor
WPANs/WLANs may be generalized for the 105 GHz bands.
The feasibility of this generalization should be further
investigated in future works.

IV. CONCLUSION

This paper has presented the wideband indoor measurement
campaign conducted at 105 GHz with a bandwidth of 4 GHz in
a conference room desktop, corridor, and office room
environments. For this purpose, we developed the channel-
sounding system that measures a PDP with RX antenna
rotations in the azimuth plane. Moreover, we also developed the



60 GHz channel-sounding system with the bandwidth of 2 GHz
band with a slight modification of the 105 GHz channel-
sounding system to understand the 105 GHz channel
characteristics compared to those in the 60 GHz band. The
measurement demonstrated the affinity of the channel
characteristics in these two bands in terms of the path loss
exponent and angular characteristics. The affinity in the path
loss exponent suggests the possibility that indoor path loss
models in the 60 GHz band (e.g., the 3GPP InH LoS model in
the 38.901 TR developed up to 100 GHz) can be generalized
for the 105 GHz. Moreover, the affinity in the power-angular
characteristics in the multipath component suggests the
applicability of the 60 GHz beamforming for NLoS cases to the
105 GHz bands, regardless of the general concern that the THz
band suffers from reduced powers of the specular reflective
paths due to more extensive scattering effects. Our future work
includes the investigation of the statistical characteristics of
angular and delay spreads in both bands and developing
spatiotemporal small-scale channel models applicable to the
100-110 GHz band.
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