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Abstract

This paper presents channel measurements and modeling at 28 and 160 GHz in an industrial-style open office
environment with angular information at the receiver. Channel impulse response snapshots are captured at 135
measurement positions for both frequencies and are evaluated in terms of power metrics, delay, and angular
characteristics. Frequency-dependent models for path loss, delay, and angular spread of arrival and K-factor are
estimated, and large-scale parameter cross-correlations are evaluated. The measurements are compared to the
3GPP TR 38.901 channel model in the Indoor-Office and Indoor-Factory scenario. Results show that delay and
angle spread are not frequency dependent in this environment although twice as many multi-path components were

identified at 28 GHz compared to 160 GHz.
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1. Introduction

The evolution of wireless communication networks into their
sixth and subsequent generations entails a significant expansion
into the sub-terahertz (sub-THz) frequency spectrum, driven
by the escalating demand for higher data rates [1, 2]. The
preceding fifth-generation (5G) networks similarly advanced,
incorporating centimeter-wave (cmW) frequency bands ranging
from 24.25 GHz to 29.5 GHz—Ilabeled as band n257 and band
n258 according to 3rd Generation Partnership Project (3GPP)
terms [3]. Prior to the deployment of these advancements,
it is imperative to investigate the propagation characteristics
of the sub-THz bands through rigorous channel measurement
(sounding) and parameter extraction processes. This founda-
tional work is essential for the development of a representative
channel model. In this study, we present channel measure-
ments and analyses conducted at 28 GHz and 160 GHz carrier
frequencies within an identical environment and operational set-
ting, and compare the results to the 3GPP technical report (TR)
38.901 [4] channel model. The comparative analysis of the
extracted parameters from these two frequency bands — one in

the cmW range and the other in the sub-THz range — measure-
ments provides fair metrics and assessment factors for potential
future sixth-generation (6G) and beyond deployments. In other
words, the comparison evaluates the feasibility of using the
sub-THz band in existing cmW infrastructure locations, such
as basestations. Notably, utilizing these established sites for
deployment significantly contributes to reducing both capital
expenditures (CAPEX) and operation expenditures (OPEX) in
the evolving mobile network.

1.1. State of the Art

Numerous state-of-the-art articles presented industrial channel
measurement in the cmW and millimeter wave (mmW) fre-
quency ranges. In contrast, a few published articles discussed
indoor factory/industrial channel measurements and models in
the sub-THz frequency range. Table 1 summarizes the key pa-
rameters of these articles. As indicated in the table, the carrier
frequencies range from 132 GHz to 304.2 GHz with bandwidth
up to 8 GHz utilizing a time-domain sounding approach, and
up to 10 GHz using a vector network analyzer (VNA) as a
frequency-sweeping approach.
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Table 1: Sub-THz state-of-the-art channel measurement comparison

Work Year fligf::szy Bandwidth Sounder principle mW. /mn(lj\(’)VlZI:l?:erHz bands
This 2025 160GHz 1GHz TD?, FZC? sequence 28 GHz
[5] 2025 160 GHz 1 GHz TD?, FZC? sequence 28 GHz
[6] 2023 142 GHz 4 GHz TD¢, Sliding correlation none
4 ore s . 28 GHz, 30 GHz,
[7] 2024 142 GHz 4 GHz TD?, Sliding correlation 60 GHz and 108 GHz
[8] 2024  132GHz 5.5GHz VNA€ 28 GHz and 38 GHz
[9] 2024  140GHz 4 GHz VNA€ 28 GHz
[10] 2024 220GHz 10 GHz VNA€ 108 GHz and 142 GHz
[11] 2024 304.2GHz 8 GHz TD¢, m-sequence none
[12] 2022  300GHz 2 GHz TD¢, FZC? sequence none
[13] 2024 160 GHz 2 GHz TD¢, FZC? sequence none
[14] 2023 303.8 GHz 5GHz TD¢, 12bit m-sequence none
300 GHz 2GHz TD¢, FZC? sequence
[15] 2023 none
304.2 GHz 8 GHz TD“, m-sequence
[16] 2025 165 GHz 1.2GHz TD¢, Sliding correlation none
[17] 2025 300GHz 8 GHz TD¢“, Multitone signal none
[18] 2023  300GHz 8 GHz TD¢, Multitone signal 60 GHz
158 GHz
[19] 2024 ———— 2GHz TD4, FZCh sequence none
300 GHz
[20] 2024 145GHz 18 GHz Digital frequency sweep, DDFS? 86 GHz
“Time domain
b Frank Zadoff Chu

¢ Vector network analyzer
4 Direct digital frequency synthesizer

A study similar to this work was published in [9], where in-
door propagation channel measurements at 28 GHz and 140 GHz
in an entrance hall are compared to each other and to the 3GPP
TR 38.901 [4] model. It was found that the 3GPP ABG path loss
(PL) model aligns well with measured line of sight (LOS) PL,
but pporly fits non-line-of-sight (NLOS). Compared to the exist-
ing model, the measured angular spread (AS) is lower and shows
little frequency dependence, whereas the delay spread (DS) de-
creases with frequency and differs from the model values. It
was furthermore found that the power angular profile (PAP)
shapes are similar at 28 GHz and 140 GHz.

1.2. Organization

This paper is an extended version of the original work pre-
sented in [5]. Novelties include the addition of an evaluation of
power delay and angular profiles, and a comparison between
the profiles at the two frequencies. It was furthermore evaluated
if the 3GPP TR 38.901 [4] channel model in either Indoor-
Hotspot (InH) or Indoor-Factory (InF) scenario is a fitting rep-
resentation for the measurement results. A potential distance
dependency was assessed for both root mean square (RMS) DS
and azimuth spread of arrival (ASA). Finally, the large scale
parameter (LSP) cross-correlations were calculated separately
for both frequencies used as a measure for the similarity of the
radio channel between the two frequencies.

The rest of the paper is organized as follows: Section 2
introduces the channel sounder setup. Section 3 describes the
measurement scenario and the conducted procedure of the chan-
nel measurements. Section 4 provides a brief review of the
relevant 3GPP channel models. Then, Section 5 presents a de-
tailed evaluation of the channel measurement results. Finally,
Section 6 concludes the article.

2. Channel Sounder Setup

In the following section, the channel sounder setup used to
conduct the measurements is described. Fig. 1 shows a sim-
plified block diagram of the setup, which follows the principle
of correlative time-domain channel sounding and uses both
commercial off-the-shelf test & measurement equipment, and
specific components developed at Fraunhofer HHI.

RX Antenna
VUCA

RF/IF Ref Marker

A4
Signal Generator 10 MHz Reference Clock 10 MHz
R&S®SMW200A HHI SyncNG Trigger

Figure 1: Block diagram of the channel sounder setup.
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At the transmitter (TX), a vector signal generator (VSG)
(R&S® SMW200A) is used to generate the sounding signal with
a bandwidth of up to 2 GHz directly at the radio frequency (RF)
of 28 GHz, or at an intermediate frequency (IF) for the measure-
ments at 160 GHz. Here, an additional front end module (FE)
(R&S® FEI70ST) is used to up-convert the signal to the RF.
Power amplifiers are used to bring the signal level to a total
power of 33 dBm at 28 GHz (RF-Lambda RP18G40GSPA2),
and 10dBm at 160 GHz (Fraunhofer IAF M286AMPG). Fi-
nally, the sounding signal is transmitted using vertically polar-
ized omnidirectional antennas. At 28 GHz, a custom wide-band
bi-conical antenna was used that is resonant from 24 GHz to
67 GHz. For 160 GHz, a commercial antenna usable over the
whole D-band (Eravant SAO-1141740330-06-S1) was available.

On the receiver side, the signal is captured using virtual uni-
form circular arrays (VUCASs) [21] with similar omnidirectional
antenna elements, allowing near-instantaneous angle-resolved
measurements. During one revolution of the antenna, 1000
sequences of the periodic sounding signal are captured. As-
suming that the radio channel was static for the duration of one
revolution, a virtual circular array antenna with 1000 elements
is constructed, and spatial information about the received signal
can be estimated. Fig. 2 shows the D-band VUCA together with
the FE on a tripod looking towards the TX. The D-band VUCA
is built around two two TEy-to-TEy; mode transducers that
form a waveguide rotary joint. As the electrical field of the TE;
mode is circular and invariant to change of rotation angle, and
vanishes on the walls of the waveguide, this mode enables the
construction of efficient rotary joints with low insertion losses.
Because the structure of a TEy-to-TE(; mode transducer like
the one described in [22] is not feasible to manufacture in a
conventional subtractive way, the parts for the design used in
this publication were 3D-printed by means of selective laser
sintering (SLS) in AL6061 aluminium. Initial evaluation of the
insertion loss of the VUCA including two transducers reveals
that it does not exceed —5 dB over the usable frequency range
from 145 GHz to 170 GHz.

Figure 2: D-Band VUCA looking towards the TX.

After reception by the VUCA, the signal is amplified by a
low noise amplifier (LNA) (Mini-Circuits ZVA-24443G 1+ with
a gain of 45 dB at 28 GHz, and AT Microwave AT-LNA-110170-
3306F with a gain of 33 dB at 160 GHz) and sampled using a
vector signal analyzer (VSA) R&S® FSW43. At 160 GHz, a FE
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Table 2: Channel sounder parameters

Parameter Value and unit

System parameters

Carrier frequency 28 GHz 160 GHz
Sounding bandwidth 2 GHz 1GHz
Sampling rate at Tx 2.4GHz 1.2GHz
Sampling rate at Rx 2.5GHz 1.25 GHz
Maximum measurable PL 188 dB 142 dB
Evaluation threshold 20dB
Front end parameters
Transmit power (Piqp) 33dBm 10dBm
LNA Gain 45dB 33dB
Antenna parameters
Omnidirectional antenna gain 0dBi 3dBi
Vertical 3-dB beamwidth 120° 30°
Sequence duration 50 us 300 us
Rotational speed 1200RPM 200 RPM
Diameter of VUCA 97.8 mm
Number of virtual elements 1000
Distance between virtual elements 0.307 mm
Sequence parameters
Sequence duration 50 us 300 ps
Sequence length in samples 100.000 300.000
Correlation gain 50dB 54.8dB

(R&S® FE170SR) is used to down-convert the RF to IF before
sampling. A distributed clock and trigger generator (Fraunhofer
HHI SyncNG) provides a shared 10 MHz reference clock to all
measurement devices and also enables the coherent triggering
of the receiver (RX).

As sounding signal, a complex, periodic Frank-Zadoff-
Chu (FZC) sequence [23] is used for its optimal correlation
characteristics. At 28 GHz, the sequence has 100.000 samples
with a bandwidth of 2 GHz, corresponding to a duration of 50 ps.
In order to capture 1000 sequences over one revolution of the
antenna, the rotational speed has to be set to 1200 revolutions
per minute (RPM). Due to the higher mass of the element of
the 160 GHz, the rotational speed has to be limited to 200 RPM,
which corresponds to a sequence duration of 300 ps. The band-
width is reduced to 1 GHz to keep the time manageable that it
takes to acquire, store, and download the measurement data,
leading to a sequence length of 300.000 samples. A N-element
FZC sequence achieves a correlation gain according to (1)

Gcorr|dB =10 loglO(NSeq)y 1

resulting in a gain of 50 dB at 28 GHz and 54.8 dB at 160 GHz.
Table 2 lists the important channel sounder parameters. The
maximum measurable PL is defined as the difference between
the transmit power and the noise floor which is evaluated in
subsection 5.1.
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3. Measurement Scenario and Procedure

The measurements were performed within the Fraunhofer HHI
showroom in Berlin, Germany. This indoor location features
an approximate floor space of 30m x 15m and a height of
4.25 m. It features high concrete-covered ceilings that are lined
with large metal panels and is completely surrounded by glass
windows that reach from floor to ceiling. Ten concrete pillars
support the ceiling of the room. Floor tanks are distributed
equidistantly throughout the whole area and are used as refer-
ence locations for the RX and TX positions. While the show-
room mainly serves as an open office space for conferences and
demo purposes, it also resembles an industrial-like environment
due to the reflective metal-coated glass fronts, metal panels, and
concrete features. Fig. 3 shows an overview of the measurement
environment. As reflective clutter, several meeting tables with
chairs were set up throughout the room, and TVs stood in front
of the south wall and some pillars.

ey

=

i

Figure 3: Overview of the measurement environment.
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Figure 4: Floor plan of the measurement scenario, including
TX and RX positions.

In most of the measurement position (MP), the showroom
features a clear LOS between TX and RX, with only weak
blockage due to the concrete pillars. To introduce some NLOS
MP, one TX position (Tx3) was placed in line with the concrete
pillars, shadowing it from some of the MP. Furthermore, a set
of three TV walls was used to construct a half-height partition

wall, as indicated in gray in Fig. 4 and also shown in Fig. 3.

These walls are constructed of thin metal and measure 2.5 m
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in height, 1.4 m in width, and 0.3 m in depth each. In the end,
85 of the 135 measurements were in LOS condition, and 50 in
NLOS.

A grid of 9 x 5 MPs was defined on the showroom floor
plan, as shown in Fig. 4. These MP coincide with the floor tanks
are spaced equidistantly, and are visualized as deep blue dots in
Fig. 4. Besides the 45 RX positions, three TX positions were
also defined and are shown as red dots in Fig. 4. Both TX and
RX were set up at a height of 1.9 m above ground, which is the
lowest height the mobile RX setup supports. As the TX antenna
height mainly influences shadowing and the LOS probability,
and an increased height would have led to even fewer MPs in
NLOS condition, the TX height was chosen to be equal to the
RX height. The minimum 3-dimensional (3D) distance between
TX and RX was 3 m and the maximum was 27.6 m. The TX
was placed fixed at the three TX positions, and the RX was set
up on top of a wheeled dolly for easy relocation to each of the
45 MP. Overall, 135 measurements were conducted for each
frequency.

4. 3GPP TR 38.901 Channel Model

Two indoor scenarios are defined by the 3GPP in their TR
38.901 channel model [4]: First is the Indoor-Office or Indoor-
Hotspot (InH) scenario, which is valid for room sizes up to
120m x 50m x 3m with inter-site distances of 20 m. The
base station shall be mounted on the ceiling at a height of 3 m,
and the user terminals are defined at a height of 1 m. The second
is the industrial InF scenario, which is separated into several
sub-scenarios for varying levels of density of “clutter”. For
the presented environment, the InF-SL (sparse clutter, low BS)
model seems most appropriate: It is defined for rooms with a
floor size of 20 m? to 160 000 m? and a ceiling height of 5 m to
15 m. The external walls and ceilings are defined to be concrete
or metal, or metal-coated windows. Up to 40 % of the surface
area is occupied by clutter, and the height of the BS antenna is
at or below the average height of clutter. With a floor size of
approximately 450 m?, the measurement scenario falls within
the limits of both model scenarios. The ceiling height of 4.25 m
is above the upper limit of the InH scenario, but slightly lower
than InF. Both ceilings and walls are concrete, metal-coated
glass, or metal, as specified in the InF scenario. Although no
lower bound for clutter percentage is specified in the InF model,
the measurement scenario is certainly less packed than a typical
industrial environment. In place of industrial machinery, TVs
and meeting tables with chairs are set up throughout the room.
None of the two indoor scenarios defined in 3GPP TR 38.901
is a perfect match to the measurement environment, but each
can be applied to a certain degree.

PLyng-ros =324+ 17.310g10(d3])) + 2010g10(fc), c=3, (2a)
PLin-_nLos = 17.30+38.3log(d3p) +24.9l0g,o(f:), ©=8.29. (2b)
PLiyp-10s = 31.84+21.50l0g9(d3p) + 19log o (fc), 0=4, (3a)
PLjr_nLos = 33 +25.510g((dsp) +20log,o(fe), c=57. (3b)

For both scenarios, the channel model features a frequency-
dependent path loss model according to equations (2) and (3).
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Table 3: 3GPP TR 38.901 [4] large scale model parameters
3GPP Indoor-Office (InH) 3GPP Indoor-Factory (InF)
Parameter
LOS NLOS LOS NLOS
K-factor
UK 7 N/A 7 N/A
Ok 4 N/A 8 N/A
Delay Spread 1gDS = log;((DS/1s)
HigDs —0.01log;o(1+ f;) —7.69 | —0.28log;o(1+ f.) —7.17 | logyo(26(V/s)+14) —9.35 | logy((30(V/s) +32) —9.44
OlaDs 0.18 0.101log;o(1 + f¢) +0.06 0.15 0.19
Angle Spread of Arrival IgASA = log;,(ASA/1°)
Li1gASA —0.191og;o(1+ fo) +1.78 | —0.111log;o(1+f.) +1.86 | —0.18 log;o(1+ fo) +1.78 1.72
OlaASA 0.12logo(1+ fo) +0.12 |  0.12log;o(1+ fc) +0.06 0.12logo(1+ fc) +0.2 0.3
Parameter Cross-Correlations
ASA vs DS 0.8 0 0 0
ASA vs SF -0.5 —-04 0 0
ASA vs K 0 N/A 0 N/A
DS vs SF —-0.8 —0.5 0 0
DSvs K -0.5 N/A -0.7 N/A
SFvs K 0.5 N/A 0 N/A

In NLOS condition, the path loss is modeled using a two-slope
approach that is defined as max(PLyos, PLy; g)- In both mod-
els, dsp is the 3D-distance between TX and RX in meter, and f.
is the carrier frequency in GHz. The InH model is valid for dis-
tances from 1 m to 150 m, and the InF model from 1 m to 600 m.

Furthermore, TR 38.901 defines large-scale model parame-
ters that are for the most part frequency dependent. In Table 3,
the large-scale model parameters applicable to the parameters
evaluated in this paper are listed. For the InH scenario, both DS
and ASA are frequency dependent. However, in the InF sce-
nario, the DS model is not dependent on frequency, but on the
ratio between room volume and surface area ¥4. In the present
scenario, this ratio equals Vs = 1.59. Lastly, the TR also defines
frequency-independent parameter cross-correlations, which are
also listed in Table 3. It should be noted, however, that the all-
zero cross-correlation in the InF scenario — with the exception
of DS vs K — probably is not a well-modeled representation
of the propagation environment, but stems from a lack of un-
derlying data. Secondly, the model is only validated for the
frequency range from 0.1 GHz to 100 GHz. For lack of another
model, the given parameters will still be used for comparison in
the following sections.

5. Evaluation and Results

The output of the channel sounder system consists of a set of
1000 channel impulse response (CIR) snapshots corresponding
to each of the VUCA antenna elements. The CIR snapshots
are obtained by correlating the raw measurement data with a
pre-recorded back-to-back calibration that includes all cabling
and active components of the channel sounder setup. In order
to suppress side lobes in time domain and for amplitude nor-
malization, the estimated CIR snapshots for all frequencies are

windowed in the frequency domain using a normalized Kaiser-
Bessel window function with parameter 8 = 6.

Average power delay profiles (APDPs) are derived by in-
coherently averaging the squares of the magnitudes of the CIR
snapshots and are used as the basis for further evaluation of
LSPs. The averaging leads to a greatly reduced variance in
power and a much smoother gradient of the profiles. A peak
search algorithm with a threshold of 20dB with regards to
the global maximum magnitude of the APDP is used to iden-
tify multipath components (MPCs) in the form of local max-
ima. This threshold is in line with the ITU-R recommendation
P.1407-8 [24] and was chosen because all measurements at both
frequencies show a high enough signal-to-noise ratio (SNR)
to satisfy it. The evaluation threshold limits the length of the
power delay profile (PDP) and prevents noise from affecting the
subsequent parameter estimation. It therefore has to be chosen
well above the noise floor, but should at the same time be as
large as possible. Investigations in [25] have shown that the
relative estimation error introduced by the evaluation threshold
is 11 % for 20 dB, 5.4 % for 25 dB and 2.4 % for 30 dB. To keep
the estimation error consistent, a single evaluation threshold
was applied to all measurements, although some supported a
higher threshold. Evaluation of the dynamic range, defined as
the distance between the maximum magnitude of the APDP
and noise floor, shows that in NLOS, only 60 % of the measure-
ments at 160 GHz would support a threshold of 25 dB, or 18 %
for 30 dB. All measurements supported a threshold of 20 dB.

Based on the identified MPCs, the PL, K-factor, and RMS
DS are evaluated. Furthermore, real-valued beamspace MUSIC
(RB-MUSIC) [26] is used as direction of arrival (DoA) esti-
mator to extract specular information from the CIR snapshots,
enabling evaluation of the RMS ASA. The VUCA signal model
and RB-MUSIC method is introduced in detail in [21].
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Figure 5: Power delay and angular profiles at both frequencies.

In the following, the PL, K-factor, number of MPC, and
RMS DS and ASA are evaluated. Frequency-dependent model
parameters for PL, K-factor, and RMS DS and ASA are esti-
mated and compared to the 3GPP TR 38.901 channel model in
InH and InF scenarios. Lastly, cross-correlations between the
large-scale model parameters are calculated and are also used
to evaluate the similarity between the two frequencies.

5.1. Power Delay and Angular Profiles

In order to evaluate the results of the channel sounding cam-
paign, APDPs are first derived based on the captured CIR snap-
shots. In Fig. 5a, several representative APDPs are shown,
together with the identified MPCs. From left to right, the pro-
files correspond to the measurements taken in LOS with the TX
at position 1 and the RX at position 15 at 28 GHz and 160 GHz,
and in NLOS with the TX at position 3 and the RX at position

10. At both frequencies and in both conditions, specular MPCs
are identified with delays of up to 200 ns, corresponding to path
lengths of up to 60 m. Especially at 28 GHz, further dense or
diffuse multipath components (DMCs) can be seen until the
APDP falls below the noise floor with a magnitude of —155 dB.
The noise floor at 160 GHz has a magnitude of —132 dB which
can be explained by the —23 dB lower output power. Any DMC
as exhibited at the lower frequency is hidden by this higher
noise floor.

To further compare the measurements at the two frequencies,
APDPs normalized to their respective maximum magnitude are
shown in Figs. 5b and 5c in LOS and NLOS, together with
the 20 dB evaluation threshold. In LOS, the direct component
between TX and RX was received with a delay of 42 ns. An ad-
ditional strong MPC was received 5 ns later at both frequencies.
In the following 100 ns, several other distinct components can
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Figure 6: Path loss in LOS and NLOS conditions, with estimated and 3GPP models.

be seen at 28 GHz, but not at the higher frequency. Two MPCs
with a delay of around 100 ns were received at both frequencies
with a much higher relative magnitude at 160 GHz compared to
28 GHz. The last strong components were received with delays
of approximately 170 ns until the APDP falls below the noise
floor. While not all MPCs were received at both frequencies,
the APDPs follow a similar trend and share most of the stronger
components.

In NLOS, as displayed in Fig. 5c, the strongest component
at both frequencies was received with a delay of 80ns. At
28 GHz, a component with the same magnitude was received
5 ns later, which cannot be seen at 160 GHz. This could be due
to a scatterer whose reflectivity differs markedly between the
two frequencies — for example, because of surface roughness —
or from an object present only during the 28 GHz measurements.
Both APDPs share a similar trend, with the magnitude of the
MPCs at 28 GHz are generally higher compared to 160 GHz,
where most of the components fall below the evaluation thresh-
old of 20dB.

Specular information is shown in Fig. 5d in the form of
power angular profiles (PAPs) in the same order and for the
same positions as the APDPs in Fig. 5a. In LOS, the main
component was evaluated to be impinging from 295 © at both
frequencies, with another strong component from approximately
302°. Other distinct components were received from 110°
to 140° at both 28 GHz and 160 GHz. Several components
from 280 © and 330 °, and from the same direction as the LOS
path were only received at 28 GHz. Overall, the PAPs in LOS
display a high degree of similarity, matching the results in
[9]. In NLOS, the strongest component was impinging the
RX from approximately 110 ° at both frequencies and a second
distinct component can be seen from 140 °, with a much lower
magnitude at 160 GHz however. Another strong component was
received from 85 ° at 160 GHz that cannot be seen at the other
frequency. The PAPs in NLOS show less similarity compared
to LOS, which can be explained by the higher number of MPC
that fall below the evaluation threshold at 160 GHz.

5.2. Path Loss

By summing up the magnitudes of the identified MPCs within
the APDPs, the path loss was estimated for each MP. In Fig. 6,
the evaluated PL is shown separately in LOS (Fig. 6a) and
NLOS (Fig. 6b) condition for both frequencies. The measured
values are indicated with circles in blue at 28 GHz and orange
at 160 GHz, and the estimated models are plotted in solid lines
of the same color. The free space path loss (FSPL) is also given
as a dashed black line. Furthermore, both 3GPP models are also
included in the figures: The InH model is plotted as a dashed
green line, and the InF model as dash-dotted green line. In LOS,
the path loss is slightly lower, but very close to FSPL at both
frequencies for the entire measured distance. In NLOS, the path
loss is 12 dB higher than FSPL for the minimum distance of
3 m, but gets close to it or even lower at 28 GHz for distances
greater than 20 m. A frequency-dependent ABG PL model [27]
according to (4) was parameterized using least squares fitting.
and is plotted in Fig. 6 as solid lines. It is valid for distances
ranging from 3 m to 27.6 m.

PLARG(f,d) = 100 log;( (d) + B @
+10ylogyo (f) + 25°C,

where o and ¥ show the dependence of path loss on 3D TX-
RX distance d in meters and frequency f in GHz, and 8 is an
optimized offset value for path loss in dB. y3BY is the lognor-
mal random shadowing variable with corresponding standard
deviation o. Based on the measurement results, the model was

evaluated to be

PLios(f,d) =18.210g,y(d) +29.2+21.7log,o(f), (5a)
PLnios(f,d) =10.410og,0(d) +37.6+25.01og,y(f), (5b)

with 61 o5 = 1.42 and onos = 3.43.
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Comparison with the 3GPP models reveals that in LOS at
28 GHz, the InH model is a great fit to the measured PL, which
is in line with the results in [9]. The InF model slightly overesti-
mates the PL, with values even higher than FSPL for distances
greater than 25m. At 160 GHz — where the model was not
validated — both scenarios are still quite close to the measured
data. The InH model values are close to underestimating the PL,
whereas the InF model produces slightly higher values, between
the estimated model in this paper and FSPL. In NLOS, neither
of the 3GPP models is a good fit to the measured data in this
scenario, again matching [9]. While the measured PL starts
high for short distances and grows closer to FSPL for larger
distances, both 3GPP models estimated a PL close to FSPL for
short distances with much higher values for larger distances.
Between both possible scenarios, the InF model is more in line
with the measured data, but still not a good fit.

Table 4: Estimated large scale parameters

LOS NLOS
Parameter
28GHz 160GHz 28GHz 160GHz
Number of evaluated MPCs
Mean 12.5 7.09 25.5 13.9
Median 13 6 25 14
Std. Dev. o 4.59 3.09 11.0 4.60
95% Quant. 20.5 12.3 42.9 19.7
K-factor in dB
Mean 0.89 4.56 N/A N/A
Median 0.41 3.76 N/A N/A
Std. Dev. o 3.64 4.16 N/A N/A
95% Quant. 7.21 12.8 N/A N/A
Delay Spread (DS) in ns
Mean 16.3 16.5 28.2 28.4
Median 15.5 16.3 27.0 29.7
Std. Dev. ¢ 6.34 7.49 11.2 9.63
95% Quant. 26.2 28.6 45.8 453
Angle Spread of Arrival (ASA) in °

Mean (°) 35.2 35.7 58.9 62.9
Median (°) 32.6 33.9 54.7 64.4
Std. Dev. o 16.4 20.6 27.9 26.2
95% Quant. 26.2 28.6 45.8 453

5.3. Number of MPC and K-Factor

Analysis of the number of evaluated MPCs as given in Table 4
shows that at both frequencies, on average twice as many com-
ponents were identified in NLOS compared to LOS. At the
same time, the mean number of MPC at 28 GHz is generally
almost double the number at 160 GHz. This observation is sup-
ported by the APDPs as displayed in Figs. Sb and 5Sc. It was
concluded earlier that, while the general trend of the APDPs
at the two frequencies is similar, the profiles at 28 GHz fea-
ture more distinct MPCs and that many of the components at
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160 GHz fall below the evaluation threshold. Another possible
explanation that MPC arriving closely together in delay domain
are hidden at 160 GHz due to the lower measurement bandwidth
is not proven true by examination of the APDPs.
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Figure 7: CDF of K-factor. Fitted and 3GPP models plotted in
dashed lines.

In addition to the total number of MPC, the K-factor, or
ratio between LOS component and all other components in LOS
condition according to the 3GPP definition (6) was evaluated.

N
Yy 10”n/‘°> : (6)

n=1

K = &OS - 1010g10 (

where B os is the power of the LOS component, N is the num-
ber of further components with a power of P,. Table 4 lists
the statistical parameters mean, median, standard deviation &
and 95%-quantile of the K-factor. Additionally, the cumulative
density function (CDF) is shown in Fig. 7. At 28 GHz, the mean
K-factor is evaluated as 0.89 dB, at 160 GHz it is 4.56 dB. In
other words, at 28 GHz, the power of the LOS component is
just slightly higher than the combined power of the remaining
components. At 160 GHz, the ratio is higher, which means
that there is more power in the LOS component compared to
the rest. This is consistent with the higher absolute number of
evaluated MPCs at 28 GHz compared to 160 GHz. A frequency-
dependent model for the K-factor was estimated through linear
regression and is given in Table 5 and displayed by dashed lines
in Fig. 7. Additionally, the figure also displays the 3GPP models
as dashed (InH) and dash-dotted (InF) green lines. It is directly
apparent that neither model is a good fit to the measurement re-
sults, as they share a frequency-independent mean value of 7 dB
with different standard deviations. In the presented scenario,
much more power was received in the non-LOS components as
compared to the data underlying the 3GPP models.

5.4. RMS Delay Spread

In addition to power metrics, the CIR snapshots were also eval-
uated in terms of delay and angular characteristics. The RMS
DS was calculated based on the identified MPC, and the CDF is
shown in Fig. 8. In LOS, the mean DS is 16.3 ns at 28 GHz, and
16.5 ns at 160 GHz, as indicated in Table 4. Similarly, in NLOS,
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the mean DS is evaluated to be 28.2 ns and 28.4 ns for the two
frequencies. Even though the number of evaluated MPC differs
significantly between 28 GHz and 160 GHz, the mean DS does
not appear to be frequency-dependent, which can also be seen
in the model parameters listed in Table 5, but is in contrast to
[9], where the DS was found to decrease with frequency.

1 !‘AJ
0.8r |
<
17
5 061 B
17
kel
©
VI
[%2] L il
9/0.4
o
02l ——28GHz LOS
——28 GHz NLOS
160 GHz LOS
—— 160 GHz NLOS
0 |I L L L L L L
0 10 20 30 40 50 60 70

RMS Delay Spread / 1ns

Figure 8: CDF of RMS DS.

For better comparison with the 3GPP models, the CDF is
plotted on a logarithmic scale in Figs. 11a and 11b. Besides
the CDF of the RMS DS, Figs. 11a and 11b also show the es-
timated log-normal fittings and 3GPP model parameters. The
measurement data is plotted in blue at 28 GHz and in orange
at 160 GHz, and the estimated fittings in dashed lines of the
same color. The 3GPP models are plotted as dash-dotted lines:
Green for InH at 28 GHz, blue at 160 GHz, and red for the InF
model. Comparison between the 3GPP models, the estimated
model and the measurement data shows that the InH model is
similarly frequency-independent as the measured results, but
that neither of the 3GPP models is a good fit in LOS. All three
overestimate the DS, with the InF model producing the highest
values. In NLOS, the measurement results and most models lie
very close together, with the exception of the 3GPP InH model
at 160 GHz that greatly under-estimates the DS.

To further characterize the DS, its dependency on the dis-
tance between TX and RX was evaluated as shown in Fig. 9. In
LOS, an increase in DS with distance can be seen for both
frequencies. A linear fit through the evaluated DS values
shows a positive slope of 0.53 ns/m at 28 GHz, and 0.43 ns/m
at 160GHz. In NLOS, the distance dependency is less pro-
nounced. At 28 GHz, the DS is nearly independent of distance
with a change of 0.09 ns/m, and at 160 GHz the DS even gets
slightly lower with growing distance with a slope of —0.19 ns/m.

5.5. RMS Angular Spread of Arrival

The angular characteristics of the channels were evaluated by
analyzing the RMS ASA in a way similar to the RMS DS. The
mean ASA was evaluated to be 35.2 ° at 28 GHz and 35.7 ° at
160GHz in LOS, and 58.9° and 62.9° in NLOS. The CDF
of the RMS ASA is displayed in Fig. 10. Table 4 also lists
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Figure 9: Distance dependency of RMS DS.

the median, standard deviation and 95%-quantile. The RMS
ASA appears to be almost frequency independent, similar to
the DS, as can also be seen in the model parameters given in
Table 5. While the authors in [9] evaluated the azimuth spread
of departure (ASD) which is not directly comparable to the
ASA, a similar frequency independence was found.

1 I y T -

—_
0.8 il
©
)]
(7]
© 0.6 b
(7]
Qo
©
i
504t :
<
o
0ol ——28 GHz LOS
' ——28 GHz NLOS
160 GHz LOS
——160 GHz NLOS
0 L L L L L
0 20 40 60 80 100 120 140

RMS Angle Spread of Arrival / 1°

Figure 10: CDF of RMS ASA.

Figs. 11c and 11d show the CDF of the RMS ASA on loga-
rithmic scale in LOS and NLOS. As previously, the measure-
ment results at 28 GHz are plotted in a solid blue line, and those
at 160 GHz in orange. Estimated model parameters are dis-
played in dashed lines of the same color. The 3GPP InH model
is shown as dash-dotted lines in green at 28 GHz and in light
blue at 160 GHz. Finally, the 3GPP InF model is plotted as
dash-dotted lines in red at 28 GHz, and in dark blue at 160 GHz.
In LOS, both 3GPP models are a good fit at 28 GHz, with the
InH model fitting slightly better. Both 3GPP models underesti-
mate the ASA at 160 GHz. In NLOS, the same observation can
be made. The frequency independent InF model is a good fit, as
is the InH model at 28 GHz, while it underestimates the ASA
at 160 GHz.
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Figure 11: CDFs of RMS DS and ASA in LOS and NLOS conditions, with estimated and 3GPP model parameters.

Similar to the DS, the ASA was evaluated for distance de-
pendency. Fig. 12 shows the ASA measurement results over
distance for LOS (top) and NLOS (bottom) as circles, and the
linear fit as solid lines. In LOS, the ASA has a positive slope
of 0.87 °/m at 28 GHz, and 0.71 °/m at 160 GHz. In NLOS, the
ASA seems to be almost independent of the distance at 28 GHz,
with a slope of the linear fit of —0.18 °/m. At 160 GHz, the ASA
decreases by —1.1 °/m. Comparison between the distance depen-
dency of RMS DS and ASA reveals a high level of similarity
between the two parameters.

5.6. Parameter Cross-Correlation

The parameter cross-correlations between estimated LSPs were
calculated using the Pearson product-moment correlation co-
efficient [28] in logarithmic domain. Table 4 lists the correla-
tions between ASA, DS, shadow fading (SF) and K-factor, both
separately for each frequency and combined. The correlation
coefficient can only have values between —1 and 1.

In general, the strongest correlation was evaluated to be
between ASA and DS, with an overall coefficient of 0.62 in
LOS and a slightly lower 0.48 in NLOS. No frequency de-
pendence can be identified for the correlation between these
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Distance / m

Figure 12: Distance dependency of RMS ASA.
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Table 5: Estimated model parameters, f. =28 GHz & 160 GHz

Parameter LOS NLOS
K-factor

Mean Lk 4.941og,o(1+ f./1GHz) — 6.33 N/A

Std. Deviation o 0.69 log (1 + f./1GHz) 4-2.63 N/A

Delay Spread 1gDS = log,,(DS/1s)

Mean fgps
Std. Deviation Ojgps

—0.02 log;o(1+ fc/1GHz) —7.80

0.02 log,(1 + f./1GHz) —7.62
—0.05 logo(1 + f./1GHz) +0.29

Angle Spread of Arrival IgASA = log;,(ASA/1°)

Mean pgasa
Std. Deviation Gigasa

—0.03 log(1+ fc/1GHz) +1.52
0.03 log;o(1+ fc/1GHz) +0.27

0.04 log(1 + fc/1GHz) + 1.67
0.03 log(1+ fc/1GHz) +0.17

Table 6: Parameter cross-correlations

LOS NLOS
Parameter
28GHz 160GHz Comb. 28GHz 160GHz Comb.

ASA vs DS 0.63 0.61 0.62 0.49 0.48 0.48
ASA vs SF —0.06 —0.01 —0.04 0.49 0.20 0.32
ASA vs K —0.47 —0.60 —0.50 N/A N/A N/A
DS vs SF 0.36 0.39 0.37 0.77 0.48 0.61
DS vs K —0.26 —0.34 —0.29 N/A N/A N/A
SFvs K 0.15 0.39 0.23 N/A N/A N/A

LSPs. Another positive correlation can be seen between DS
and SF, with a coefficient of 0.37 in LOS, and 0.77 at 28 GHz
and 0.48 at 160 GHz in NLOS. The ASA is evaluated not to be
correlated with the SF in LOS, however in NLOS, both a cor-
relation and frequency dependence was identified. At 28 GHz,
the correlation coefficient was evaluated to be 0.49, and 0.20 at
160 GHz. Both ASA and DS are negatively correlated with the
K-factor, with a slightly larger coefficient at 160 GHz for both
parameters. SF and K-factor are only lightly correlated with a
slightly higher coefficient at 160 GHz.

Comparison with the parameter cross-correlation values
listed in 3GPP TR 38.901 reveals that neither model fits the
measurement results well. While the InH model also shows a
strong correlation between ASA and DS in LOS and both ASA
and DS are also negatively correlated with the K-factor, the
coefficients of the 3GPP model generally are higher than values
presented in this paper. The InF model with almost all zero
coefficients clearly is incomplete and also does not match the
measurement results.

Table 7: Frequency cross-correlations

Parameter | LOS NLOS Combined
ASA 0.58 0.31 0.60
DS 0.61 0.31 0.63
K 0.41 N/A N/A
SF 0.46 0.56 0.52

In an attempt to quantize the similarity between the radio
channels at 28 GHz and 160 GHz, the cross-correlation coef-

11

ficients for the various LSPs at both frequencies were also
calculated. Table 7 lists the correlation coefficients for LOS and
NLOS, and for both conditions combined. The results show a
positive correlation between the frequencies for all parameters,
with the strongest correlation for ASA and DS in LOS, and for
SF in NLOS. Based on this observation, the channels indeed
are correlated, which is also supported by the similarity of the
APDPs and PAPs as presented earlier in Fig. 5. The results
also show a higher correlation of the channels in LOS than in
NLOS.

6. Conclusion

This paper presented channel measurements in an industrial-
style open office scenario at 28 and 160 GHz. The receiver
was placed at 45 measurement positions for each of the three
transmitter positions, resulting in 135 measurements for each
frequency. Of all measurement positions, 85 were in LOS, and
50 in NLOS condition, and the results were evaluated in terms
of power metrics and delay and angular characteristics, and
compared to relevant 3GPP channel model parameters.

In terms of power metrics, frequency-dependent models for
path loss and K-factor were estimated, and the number of identi-
fied multipath components (MPCs) was examined. Comparison
of the path loss to the 3GPP TR 38.901 channel model reveals
that, in LOS condition, the InF model slightly over-estimates the
PL, but that the InH model is a good fit, especially at 28 GHz.
In NLOS condition, neither model is a good fit, but the InF
model is closer to the measurement results and the fitted model.
The K-factor at 28 GHz was found to be 0.89 dB. At 160 GHz,
more power was found in the LOS component compared to the
rest with a K-factor of 4.56 dB. At both frequencies, the 3GPP
model value of 7 dB is not a good fit.

The average number of MPC at 28 GHz was found to be
twice as high as at 160 GHz. At the same time, the mean RMS
DS and ASA show almost no frequency dependency in this
scenario, which becomes apparent both in the CDF plots, and in
the estimated model parameters. The 3GPP models for DS and
ASA are also almost frequency independent. In LOS condition,
neither DS model is a good fit for the measurement results, how-
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ever in NLOS, both InH and InF models align to the measured
data at 28 GHz. The 3GPP models for the ASA are both a good
fit at 28 GHz, but underestimate at 160 GHz. However, it should
be noted that the model was only validated for frequencies up
to 100 GHz Some similarities to a similar study published in
[9] were found. In both studies, the PAP shapes were found
to follow a common trend at both frequencies, and the 3GPP
TR 38.901 PL model in LOS condition matches well to the
measurements. Although little to no frequency dependence of
the AS was found in both studies, the actual values of DS and
AS do not align well.

RMS DS and ASA were furthermore evaluated for their dis-
tance dependency. It was found that both parameters increase
with distance in LOS condition at both frequencies. In NLOS,
the parameters are almost distance independent at 28 GHz and
slightly decrease with distance at 160 GHz

Finally, large scale parameter cross-correlations were cal-
culated. Both DS and ASA are negatively correlated with the
K-factor, with a slightly larger coefficient at 160 GHz. A strong
correlation without frequency dependency was found between
DS and ASA. SF is correlated with varying degree to the other
LSPs. Comparison with the 3GPP InH model did not reveal
a good fit with the 3GPP values generally being higher. The
parameter cross-correlation was also used in an attempt to eval-
uate the similarity between the channels at the two frequencies.
Results show a positive correlation for all parameters with the
strongest ones between ASA and DS, and a generally higher
correlation in LOS than in NLOS.
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