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Abstract

For 5G beyond and/or 6G mobile services, a new spectrum at frequencies above
100 GHz has received great attention lately. To characterise the similarities and the dif-
ferences between frequencies below 100 GHz and above 100 GHz, this paper provides
analyses of multi-frequency propagation characteristics based on wideband measurements
at 28, 38, 71, 82, and 159 GHz, with an emphasis on the sub-THz (i.e. the 159 GHz)
propagation characteristics. All the frequency measurements were conducted in the same
cubicle office room environment by locating the transmitter and the receiver at the same
positions. The measurement results show that the path loss and the shadow fading
characteristics do not exhibit significant differences depending on the frequency range
from 28 to 159 GHz. However, the delay spread shows a generally decreasing trend as the
frequency increases. Additionally, angular domain analyses were conducted with the
159 GHz measurements.

KEYWORDS

1 | INTRODUCTION

In the past decade numerous propagation studies have focussed
on the so-called millimetre-wave (mmWave) band, especially
frequencies between 6 and 100 GHz, relevant to 5G pursuing
wideband services. These efforts have resulted in the develop-
ment of standardised propagation/channel models, for example,
the 3GPP [1] and the ITU-R [2—-6]. In fact, some frequency
bands at around 28 GHz were actually allocated for 5G services,
for example, US and S. Korea. In this trend of demanding a
wider bandwidth requitement for 5G beyond and/or 6G, the
focus has been shifted to frequencies above 100 GHz, typically
referring to the sub-THz' band [7]. It might be interesting to
compare the propagation behaviours between the frequencies in
the mmWave and those in the sub-THz band.

This paper investigates multi-frequency propagation be-
haviours of mmWave and sub-THz frequency bands based on

millimetre wave propagation, radiowave propagation, submillimetre wave propagation

measurements at 28, 38, 71, 82, and 159 GHz? For a
comparative study, the measurements were conducted in the
same indoor office environment with identical transmitter and
receiver locations. This office is a large cubicle office, in which
major clutter sources are cubicle partitions/walls, pillats, and
cabinets [8]. It should be pointed out that these office envi-
ronment measurements, locating the transmitter and the
receiver within the same office space, might not be completely
comparable with other office measurements. For example, the
3GPP model defines the office environment as the entire of-
fice building comprising not only the office spaces themselves
but also corridors, conference rooms, halls etc [1, 9]. For the
mmWave (28, 38, 71, and 82 GHz) measurements, actual
omnidirectional antennas were used, whereas rotating horn
antennas were used for the sub-THz (159 GHz) measure-
ments. The sub-THz measurements were post-processed to
derive omnidirectional characteristics.

‘According to [7], the sub-THz band is referred to the frequencies between 100 and 300 GHz.

“Throughout the paper, the 28, 38, 71, and 82 GHz measurements are also called the mmWave measurements, and the 159 GHz measurements are called the sub-THz measurements as well.
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In the past, both optical and electromagnetic waves were
used to characterise propagation behaviours [10-14]. Sporadic
measurement and/or simulation at the sub-THz bands had
been reported [15-18], besides rain and atmospheric attenua-
tion [7, 19-24]. Lately, numerous measurement reports based
on electromagnetic waves have been published, associated with
IEEE 802.15.3d [25], 5G beyond and/or 6G (See [26-29] and
references therein for a full survey). Among them, we list some
relevant to indoor office measurements at the sub-THz band.
TU-Braunschweig is one of the pioneering groups [15] that
implemented the first correlation-based 8 GHz-bandwidth
channel sounder operating at 300 GHz [30]. NYU, one of
the active groups for mmWave and sub-THz measurement-
based propagation study, recently published [31, 32] comparing
propagation measurements among 28, 73, and 140 GHz band
for an indoor environment and showed that the similarity
between the line-of-sight (LoS) and the non-LoS (NLoS)
propagation and also showed that the multipath dispersion
characteristics become smaller for higher frequencies. USC is
also actively investigating the sub-THz propagation charac-
teristics and recently published [33] that includes an indoor
measurement at 145 GHz. In Europe, numerous multi-
organisational projects have been conducted including ref.
[34]. Nguyen et al. [35] provide analyses of 140 GHz shop-
ping mall and airport check-in hall measurements to compare
with the 3GPP model, and conclude that their 140 GHz
measurements agree with the 3GPP path loss model. Larsson
et al. [36] provide a comparison of propagation coverage
maps among 28, 58, and 143 GHz. A large-hall measurement
study was conducted at 300 GHz [37]. Schultze et al. [38]
investigate the angular power distributions among the multi-
path components from 158 GHz shopping mall measure-
ments.  Ray-tracing-based  simulations were used to
characterise the sub-THz band in refs. [18, 39]. Hybrid ap-
proaches by combining measurement data and ray-tracing
simulation were conducted in refs. [26, 40] at the 130 GHz
band. Compared to our prior work [8, 41], this paper focuses
on multi-frequency analysis. Compared to refs. [42, 43], this
paper focuses on an indoor environment.

In this paper, we derive and compare the omnidirectional
propagation characteristics of path loss and delay spread from
the 28, 38, 71, 82, and 159 GHz measurements. Although this
paper deals with both mmWave and sub-THz frequencies, our
actual focus is on the sub-THz band in that how the existing
mmWave propagation model, such as path loss and delay
spread, can be extended to the sub-THz band. Our analysis
shows that path loss and shadow fading statistics in the sub-
THz band can be frequency-extrapolated from the mmWave
propagation model. However, the delay spread model needs to
be redeveloped, as our sub-THz measurement data show
deviating statistics from the mmWave data. We also perform an
angular domain analysis, since the 159 GHz measurements
were collected using narrow-beamwidth horn antennas. This
angular domain analysis will be useful, since narrow beam-
forming is expected to be highly employed in the sub-THz
band. The power distribution with respect to the elevation
angle direction shows a mechanism of reflection from the

ceiling, depending on distance and link conditions. In the near
future, we expect that numerous other measurement-based
propagation characteristics at the sub-THz band for 5G
beyond and/ot 6G ate to be teported. These efforts may lead
to a new standardised propagation model development.

2 | MEASUREMENT OVERVIEW

This section introduces our mmWave and sub-THz wideband
channel sounding equipment and office measurement
campaign, including data collection scenarios.

21 | Measurement equipment

We built not only mmWave channel sounders operating at 28,
38, 71, and 82 GHz [44-40], but also a sub-THz channel
sounder operating at 159 GHz [42, 47]. All the channel
sounders were developed to use time-domain correlation
techniques by transmitting periodic pseudo-random binary
sequences. The transmitter (Tx) and the receiver (Rx) of the
sounders are synchronised by Rubidium clocks ([48], §3.2.4).

Figure 1 shows the overall configuration of the sounders.
Both the Tx and the Rx patts are composed of IF/RF module,
3-D rotatot, baseband/main module, timing module, battery,
PC laptop, and an antenna. As can be seen, the Tx is typically
installed on a tripod at a fixed position, while the Rx is installed
on a movable cart to be easily relocated to numerous mea-
surement points. For the mmWave measurements, omnidi-
rectional antennas were installed at both Tx and Rx as shown
in Figure 2a; whereas for the sub-THz measurements, horn
antennas were installed at both Tx and Rx, as in Figure 2b. The
horn antennas were rotated to derive synthesised omnidirec-
tional propagation characteristics.

Table 1 lists some important system parameters of the
channel sounders. The channel bandwidth of the mmWave
sounders is 500 MHz, while that of the sub-THz (i.e. the
159 GHz sounder) is 5 GHz. Due to the limited transmission
power of the 159 GHz sounder, a 30° HPBW (half power
beamwidth) horn antenna at Tx and a 10° HPBW (in both the
vertical and horizontal planes) at Rx were installed to increase
the coverage range. The horn antennas were rotated to scan
omnidirectional propagation chatacteristics. The 30° HPBW

TF/RF Module
3-D Rotator Rx

IF/RF Module

3-D Rotator

Antenna

Antenna =

Bascband/
Main \

PC laptop
e module )
laptop . Tripod

Timing module

vl BAltEry

Timing  Baseband/
Battery ~ module Main
(Rubidium)  module

Movable cart

FIGURE 1 Channel sounder configuration.
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antenna was rotated non-ovetlappingly in 30° steps, as was the
10° HPBW antenna but in 10° steps. To capture the omnidi-
rectional characteristics, a synthesised technique was used that
decomposes the omnidirectional PDP (power delay profile) by
selecting the peak component in each delay bin [42, 49].

To calibrate the channel sounders, B2B (back-to-back)
calibrations were performed for the mmWave sounders. For
the sub-THz sounder, OTA (over-the-air) calibrations were
petformed to account for sensitive RF component character-
istics such as high-frequency cables and antennas [42]. The
noise threshold was set to 6 dB above the average noise floor.

2.2 | Measurement campaign

The measurement campaigns were held in an ETRI office
building, specifically at a section of a large cubicle office. As
can be seen in Figure 3, there are pillars, cabinets, cubicle walls
and partitions, and many other office supplies that can act as
NLoS clutter sources.

(b)

FIGURE 2 Omnidirectional and horn antenna installation.
(a) Omnidirectional antenna installation. (b) Horn antenna installation.

Figure 4 shows the layout of the cubicle office, which is
20m x 27m in size, including the locations of Tx and Rx
measurement points. As can be seen, two Tx locations were

&

FIGURE 3 Large cubicle office measurement environment with an
illustration of the 159 GHz channel sounder setup.
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FIGURE 4 Measurement office layout including the locations of
transmitter (Tx) and receiver (Rx) measurement points.

TABLE 1 Millimetre-wave and sub-THz
channel sounder parameters.

Channel sounder specifications

System parameters 28 GHz 38 GHz 71 GHz 82 GHz 159 GHz
Centre frequency 28.0 GHz 38.0 GHz 71.6 GHz 82.0 GHz 159.0 GHz
Bandwidth 500 MHz 500 MHz 500 MHz 500 MHz 5 GHz
Maximum Tx power 29 dBm 21 dBm 23 dBm 23 dBm 5 dBm
Antenna configuration ot - of of - of ot - of ot - of H — H*
Antenna gain

Tx 3.95 dBi 4.8 dBi 3.6 dBi 4.33 dBi 15.5 dBi

Rx 3.95 dBi 4.8 dBi 3.6 dBi 3.81 dBi 22.2 dBi

Note: OF: Omnidirectional, H*: 30° HPBW horn, H*: 10° HPBW horn.
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marked: one at the upper left corner marked ‘TxA’ and the
other at the centre marked “TxB’. These two Tx locations were
chosen considering typical deployments of access points. The
locations of 65 Rx measurements were marked uniformly
throughout the entire cubicle office room: marked ‘Rx01,
Rx02’, «++, Rx65’. The Tx antenna for the mmWave sounders
was installed at a height of 2.17 m and that for the sub-THz
sounder was at 1.96 m.” The Rx antennas for all the sounder
measurements were installed at a height of 1.2 m. As
mentioned, omnidirectional antennas were installed for the
mmWave measurements.” For the sub-THz measurements, a
30° horn antenna at Tx rotated azimuthally 12 steps in 30°
intervals; a 10° horn antenna at Rx rotated azimuthally 36 steps
in 10° intervals and vertically (in the elevation direction) 4 steps
pointing 0°, +10°, +20°, and +30°. The reason for directing
upward was to capture the reflected signals from the ceiling,
assuming that dense office supplies and furniture made floor-
reflection negligible. Since rotating the horn antennas took a
long time, the measurements were collected at night and
weekends when the office was empty. The 0°-orientation in the
azimuth direction is depicted in Figure 4 along with the office
layout, and that in the elevation is determined to the horizontal
water level. Due to the antenna height differences and the
antenna elevation beamwidths, some short-distance data were
excluded from post data processing. It is worthwhile to
mention that the measurement campaigns for the 28, 38, and
71 GHz measurements were conducted in 2020 [8], those for
the 82 GHz were in 2021, and those for the 159 GHz were in
2022. After the 2020 measurement campaigns, the office was
slightly renovated in the section of measurement points Rx63,
Rx64, and Rx65. To avoid any errors in determining LoS or
NLoS, a visual path was checked for each measurement point.

3 | MEASUREMENT DATA ANALYSIS

This section presents measurement analysis of path loss,
shadow fading and delay spread, including their comparisons
among frequencies 28, 38, 71.6, 82, and 159 GHz. Additionally,
an angular domain analysis is presented for the 159 GHz
measurements, which were measured with rotating horn
antennas.

3.1 | Path loss

First of all, the multi-frequency path loss characteristics of the
mmWave and sub-THz measurements were analysed based on
the ABG (alpha-beta-gamma) model as in Equation (1) and the
CI (close-in free space loss) model as in Equation (2).

"Due to the cabling shown in Figures 2 and 4, the Tx antenna of the sub-THz sounder
was installed slightly lower than the Tx antennas of the mmWave sounders. Recall that
omnidirectional antennas were installed for the mmWave measurements, whereas a horn
antenna was installed for the sub-THz measurement.

1Separate omnidirectional antenna was used for different frequency sounders.

LABG (dafGHz) =10a IOglo(d) + ﬁ + 10}/ loglo (fGHz) (dB),

(1)

LCI (d;fGHz) =10n loglo(d) + Ll;rSnPL (fGHz) (dB) (2)

In the above equations, d and fGHZ denote the 3D straight-

line Tx-Rx distance in metres and the frequency in GHz,

respectively; a, f, and y are the model fitting parameters for the

ABG model; 7 is the fitting parameter for the CI model; and
LlernPL denotes the free-space path loss at 1 m calculated by:

47rfGHz X 109

Ly (fom,) = 20 log,, (dB),  (3)

whete ¢ denotes the speed of light, that is, 3 X 10° m/s.

Figure 5 shows the scattered path loss measurements
and their least-squares fitting curves to the ABG and CI
models. The fitting parameters are listed in Table 2 along
with the 3GPP model parameters [1]. As can be seen, the
distance-dependent parameters of oS and NLoS (ie. a in
the ABG and 7 in the CI) are close to ecach other,
compared to the 3GPP model values. This might be due to
the fact that the main sources of NLoS clutter in our
measurements were the cubicle partitions and walls, which
are different from plain walls, doors etc. Note that the office
environment in the 3GPP is defined differently. According
to ref. [1], the 3GPP office refers to an office building
comprising various rooms including open-space cubicles,
traditional small office, corridors etc, in which cases the
NLoS clutter source can be a cement wall so that NLoS
paths can be determined more explicitly. Note also that the
[35] reported that its sub-THz measure-
ments, collected in a shopping mall and an air-port check-in
hall at 140 GHz, have path loss characteristics similar to
those of the 3GPP office.

So far, all the multi-frequency-band data were combined

authors in ref.

together to generate a single-band path loss model. It would be
interesting to see how the path loss model varies as to the way
of combining multi-frequency data. To do this, the mult-
frequency data were divided into three bands as shown in
Figure 6. Band 1 data, consisting of frequencies below 50 GHz,
include the 28 and 38 GHz measurement data, Band 2, con-
sisting of frequencies between 50 and 100 GHz, includes the
71 and 82 GHz data, and Band 3, consisting of frequencies
above 100 GHz, includes the 159 GHz data. Table 3 sum-
marises the variations in path loss parameters depending on
which data sets are used for fitting, Note that only the CI
model was considered, since the CI has a single fitting
parameter that shows the evident variability.” For both LoS and
NLoS, regardless of which bands are combined, it can be seen
that the vatiations are not significant, that is, independent of
frequency. As a result, all the multi-frequency data can be

"For ABG, the parameters @, f, and y are intetrelated, and thus it is not immediately clear
how they vary and affect the path loss.
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FIGURE 5 Path loss measurement data and alpha-beta-gamma (ABG) and close-in free space loss (CI) modelling fitting results. (a) Line-of-sight (LoS)
measurement data and fitting to the ABG model. (b) Non-LoS (NLoS) measurement data and fitting to the ABG model. (c) LoS measurement data and fitting to

the CI mode. (d) NLoS measurement data and fitting to the CI model.

TABLE 2 Summary of alpha-beta-gamma and close-in free space loss
model fitting results.

For ABG model For CI model

Link a p b4 c(dB) n o (dB)
This work  LoS 1.27 480 162 205 216 279

NLoS 1.27 498 200 343 280 459
3GPP [1] LoS - - - - 1.73  3.00

NLoS  3.83 173 249  8.03 319 829

combined together to generate a single-band path loss model.
Note that a similar conclusion was drawn in ref. [31].
Furthermore, the path loss at individual measurement
points is compared to other frequency measurements. To do
this, we consider a free-space loss-compensated path loss  [42]

defined by:

Band 1 Band 2 Band 3
L L ) frequency
© 2838 50 71682 100 159  (GHp)
,,,,,,,,,,,,,, Pl — — — — ————
mmWave ! sub-THz

FIGURE 6 Separation of the measurement data into three frequency
bands: Band 1 (below 50 GHz), Band 2 (from 50 to 100 GHz), and Band 3
(above 100 GHz).

LFS—comp (dnyHz) = [T (d,fGHz) - Ll;riPL( GHz) ) (4)

where L™*(d, fu,) denotes the regular path loss measure-
iipL( fGHZ) denotes the free space path loss
defined in Equation (3). Figure 7 shows the free space loss-
compensated path loss map. The legend of the path loss

power-level map in Figure 7b,c is shown in Figure 7a. In a

ments and L

rectangle, five colour-code spectra are shown for the power-
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TABLE 3 Path loss exponent 7 in the close-in free space loss (CI)
model depending on combining methods of various frequency-band data.

nin CI

LoS NLoS
Band 1 only (28/38 GHz) 227 280
Band 2 only (71.6/82 GHz) 211 279
Band 3 only (159 GHz) 201 283
Bands 1 and 2 combined (28/38/71.6/82 GHz) 219  2.80
Bands 2 and 3 combined (71.6/82/159 GHz) 2.08 281

Bands 1, 2, and 3 combined (28/38/71.6/82/159 GHz) ~ 2.16  2.80

level of each frequency band: the upper left for the 28 GHz
measurement, the upper right for the 38 GHz, the lower left
for the 71 GHz, the lower right for the 82 GHz, and the centre
for the 159 GHz measurement. The colour of rectangle border
line is differentiated by the link type: red when all the frequency
band measurements were LoS, blue when all the measurements
were NLoS, and purple when LoS and NLoS are mixed. Recall
that the multi-frequency measurements had been conducted
for several years and the office furniture was restructured so
that the link types (whether LoS or NLoS) were not consistent
at some points. Figure 7b,c are the power-level map when
the Tx is located at TxA and TxB respectively. In general, the
power levels are similar among the frequency bands. When the
Tx is located at the centre, that is, TxB, the power coverage
appears to be better since the power variation (to the worst
point) is smaller: 42.53 dB for TxA and 37.81 dB for TxB. This
visual illustration can be useful for planning network deploy-
ment in a cubicle office environment.

3.2 | Shadow fading

Figure 8 shows the empirical CDF (cumulative distribution
function) of the shadow fading characteristics calculated from
the statistics of the deviation between the measured data and
the model prediction (i.e. X, = L™ — L™ together with
fitting curves to normal distributions. The shadow fading fits
well to the normal distribution, with mean zero and standard
deviation ¢ denoted by .7'(0,6?), for both the ABG and the
CI. The ABG has smaller deviations than the CI, which is
because the ABG has more degrees of freedom in the
regression fitting;

Table 4 presents the changes of standard deviation (6) of
the shadow fading for different ways of combining the multi-
frequency data sets, as done for the path loss exponent in
Table 3. The standard deviation varies by less than 1 dB no
matter which combining method is chosen, which implies that
the shadow fading statistics are frequency independent over
the measured frequency band.
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FIGURE 7 Free space loss compensated power loss comparison with
the measurement layout. (a) Legend for L™ °™ power-level maps in

(b) and (¢). (b) LFS°°™ power-level map when Tx is located at TxA.

(¢) L"°™P power-level map when Tx is located at TxB.
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FIGURE 8 Empirical shadow fading and their fitting to Normal

distribution. (a) Line-of-sight (LoS). (b) Non-LoS.

TABLE 4 Shadow fading standard deviation ¢ depending on
combining methods of various frequency-band data.
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Band 1 only 1.77 3.42 2.72 4.49
Band 2 only 1.96 3.29 2.73 4.48
Band 3 only 1.89 3.69 1.95 4.95
Bands 1 and 2 combined 2.02 3.36 2.84 4.49
Bands 2 and 3 combined 2.04 3.43 2.57 4.64
Bands 1, 2, and 3 combined 2.05 3.43 2.79 4.59

3.3 | Delay spread

A typical delay spread is measured by the r.m.s. (root mean
square) delay spread, which is calculated by the second central
moment of the PDP [50]:

Trms. —

where 7 and 7 denote the delay index and the average delay,
respectively, and p(r) denotes the effective PDP. To obtain the
effective PDP for the delay spread calculation, a 20-dB
threshold from the peak multipath component (MPC) was
applied.
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FIGURE 9 lllustration of power delay profiles (PDPs): Collected for

link TxA — Rx17 (Line-of-sight (LoS) for all the multi-frequency band
measurements. The threshold was set to the 20 dB from the peak multipath
component level.).
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FIGURE 10 Empirical cumulative distribution function of root mean

square delay spread. (a) Line-of-sight (LoS). (b) Non-LoS (NLoS).

Figure 9 illustrates sample PDPs with a 20-dB threshold
collected for the link between TxA and Rx17 as in Figure 4,
which were all LoS links. The slightly fluctuating behaviour of
the 159 GHz PDP compared to the other PDP measurements
might be due to the differences in the delay resolution of the
sounding equipment, that is, 0.2 ns for the 159-GHz mea-
surements and 2 ns for the other measurements. From the
sample PDPs, numerous MPCs can be seen although all the
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FIGURE 11 Comparison of the average root mean square delay
spreads.

links are LoS. Also, the second peak and following peaks, that
is, non-peak MPCs, at 159 GHz are relatively weak compared
to 28 GHz, so the delay spread value of the 159 GHz mea-
surements is expected to be smaller.

Figure 10 shows the empirical CDF of the r.m.s. delay
spread. The r.m.s. delay spread of the 159-GHz measurements
is smaller than the others for both LoS and NLoS. Note also
that the delay spread of the 82 GHz is smaller than the other
mmWave measurements but greater than the 159-GHz mea-
surements. Table 5 summarises the average r.m.s. delay spreads
(denoted by 7, ) for all the multi-frequency measurements.

Figure 11 shows a comparison of the average r.m.s. delay
spreads among our measurements, NYU measurements (at 28,
73, and 140 GHz) [31], and the 3GPP model® [1]. Our NLo$S
data are close to the 3GPP NLoS, whereas our LoS data
deviate from the 3GPP LoS. Compared to the NYU data, our
data are generally greater. Although all the measurements were
collected from the so-called office environments, the concept
of the ‘offices” might not be the same. For example, the office
in the 3GPP refers to the entire office building as stated
before, the office in the NYU measurements means an entire
floor in a university building [32], and our measurements were
collected only from a large cubicle office room.

In the literature, there have been several studies on the
dependency of the r.m.s. delay spread on the distance from the

“The valid frequency range of the 3GPP model is up to 100 GHz. Above 100 GHz, the r.
m.s. delay spreads were extrapolated.

the distance from transmitter to receive. (a) Line-of-sight (LoS). (b) Non-
LoS.
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FIGURE 13 An illustration of double directional received power
spectrum. (a) An line-of-sight (LoS) case (Link TxA — Rx08). (b) An non-
LoS case (Link TxB — Rx01).

Tx to the Rx [51-53]. They claim that the r.m.s. delay spread
can be fitted to a first-order or a second-order polynomial.
Figure 12 shows our cubicle environment measurement data to
show a dependency on distance. As can be seen, it is hard to
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tell that the delay spread is a function of the distance for our
measurement data. According to ref. [54], there is a conjecture
that the median r.m.s. delay spread is dependent on distance,
however, our data do not support that conjecture (the plots are
omitted).

3.4 | Additional angular domain analysis of
the 159-GHz measurements

Since our sub-THz (159 GHz) measurements were collected
with rotating horn antennas (in constrast, our mmWave mea-
surements were collected with omnidirectional antennas), we
further analyse the 159 GHz measurement data in the angular
domain. Figure 13 illustrates the double-directional power
angular spectra for an LoS and a NLoS case. Both the LoS and
NLoS cases have several multipath components in various
angle directions, and more components are observed in the
NLoS as shown in Figure 13b. The figure also shows that the
directions towards the other transceiver; the intersection of the
two directions corresponds to the direct propagation path. It
should be noted that elevation directions were integrated out
to calculate the double-directional power spectra [42]. Notice
also that the angular orientation is depicted with the office
layout in Figure 4.

As done for the delay spread, the angular spread is also
typically characterised by the second central moment of the
power angular spectrum and referred to as the r.m.s. angular

spread [50]:

(6 = 3)’p(e)dep
To(p)ydp

Prms. = (6)

where ¢ and ¢ denote the angle and the average angle,
respectively, and p(¢h) denotes the power angular spectrum.
Note that there are other definitions of the angular spread such
as refs. [1, 55, 56]. In ref. [55], the angular spread is calculated
by using é?, where j = v/—1, instead of ¢ in (6). It was claimed
that the new definition (see [[55], Equation 14]) provides a
meaningful measure even when impinging powers are evenly
distributed on the angular domain. Actually, refs. [33, 49]
provide their angular spread values in the 140 GHz band ac-
cording to this new definition. Ju et al. [32] use the definition of
angular spread in ref. [1]. Due to the existence of multiple
different definitions of the angular spread calculation, care
must be taken when comparing results from different studies.
It is worth mentioning that we adopt the I'TU-R standardised
method as in ref. [50], which can be helpful for comparing our
measurements with other data and for standardisation.

Figure 14 shows the empirical CDF of the r.m.s. angular
spread. The CDF shape of LoS is different from that of NLoS,
which implies that the respective angular spread distributions
may not be the same. This is beyond the scope of this paper
and will be investigated in a separate study. The mean and the
standard deviation of ¢, for LoS are 55.48° and 12.84°,
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FIGURE 14 Empirical CDF of the root mean square angular spread
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(b) Non LoS.

respectively, and those for NLoS are 93.83° and 8.97°
respectively. Compared to the outdoor case in ref. [42], the
angular spread values are relatively large. This can be under-
stood in that there are numerous objects near the transmitter
and the receiver that act as scatterers, yielding signals to be
received from various directions. Compared to the measure-
ments in a shopping mall and an airport check-in hall in the
140 GHz band in ref. [57], our angular spread is larger since
the scatterers are located closer in the office.
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As mentioned in Section II, the Rx antenna was scanned in
fout-boresight elevation directions (0°, +10°, +20°, and +30°)
with 2 beamwidth of 10°, besides the azimuthal rotations.
Figure 15 shows the relative power percent distribution for the
four elevation beam direction as the distance between Tx and
Rx varies. The first observation is that the LoS and the NLoS
have significantly different power distributions. In the case of
LoS as shown in Figure 15a, most of the power is received in
the 10° direction at short distances, which is probably due to
the height difference between the Tx and Rx antennas. As the
distance increases, the power in the 0° direction increases since
the effect of the antenna height differences diminishes. For the
NLoS in Figure 15b, the power is relatively evenly distributed
over distance, indicating significant power reflected from the
ceiling, It is worth noting that the ceiling material is typical
plaster board.

4 | CONCLUSION

We have investigated multi-frequency propagation behaviours
based on mmWave and sub-THz measurements collected in a
large cubicle office. Regardless of combining frequencies, at
least among the frequencies of 28, 38, 71, 82, and 159 GHz,
the changes in path loss and shadow fading characteristics are
insignificant. The r.m.s. delay spread for the 159 GHz mea-
surements is relatively small, because of the lower power level
of the off-peak MPCs. It was also observed that our r.m.s.
delay spread data do not appear to have distance dependence.
From the angular domain analysis of the 159 GHz measure-
ment data, the r.m.s. angular spreads were analysed. Due to the
presence of numerous closely located scatterers in the various
directions in our measurements, the angular spread is relatively
large. The relative elevation-angle power distributions provide
valuable insight into the LoS and the NLoS propagation
behaviour in dense indoor offices. We believe that our obser-
vations and findings will be useful for the development of 5G
beyond and/ot 6G netwotks in the sub-THz bands.
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