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ABSTRACT This paper presents sub-6 GHz channel measurements using a directional antenna at the
transmitter and a directional or omnidirectional antenna at the receiver at 4.145 GHz in sparse and dense
industrial environments for a line-of-sight scenario. Furthermore, the first measured over-the-air error vector
magnitude (EVM) results depending on different 5G new radio modulation and coding schemes (MCSs
of16 QAM, 64 QAM and 256 QAM) are provided. From the measurement campaigns, the path loss
exponents (PLE) using a directional and an omnidirectional antenna at the receiver in the sparse and the
dense environment are 1.24/1.39 and 1.35/1.5, respectively. PLE results are lower than the theoretical free
space PLE of 2, indicating that indoor industrial environments have rich multipaths. The measured power
delay profiles show the maximum root mean square (RMS) delay spreads of 11 ns with a directional antenna
and 34 ns with an omnidirectional antenna at the receiver in a sparse industrial environment. However, in a
dense industrial environment the maximum RMS delay spreads are significantly increased: maximum RMS
delay spreads range from 226 to 282 ns for the omnidirectional and the directional antenna configuration.
EVM measurements show that to increase coverage and enable higher MCS modes to be used for reliable
data transmission, in both industrial environments using a directional antenna at the transmitter and the
receiver is required. The large-scale path loss models, multipath time dispersion characteristics and EVM
results provide insight into the deployments of 5G networks operating at sub-6 GHz frequency bands in
different industrial environments.

INDEX TERMS 5G, channel measurement, channel modeling, channel statistics, indoor factory, industrial
environment, measured EVM.

I. INTRODUCTION

With the development of information technologies, there has
been a shift from traditional manufacturing to smart man-
ufacturing. This new era is called the next industry evolu-
tion, Industry 4.0, and aims to establish a highly flexible,
efficient, and cost-effective production process in manufac-
turing [1]. One of the driving forces for this development
in manufacturing areas are the fifth generation (5G) mobile
network technologies. 5G was designed to provide enhanced

The associate editor coordinating the review of this manuscript and
approving it for publication was Parul Garg.
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mobile broadband (eMBB), ultra-reliable and low latency
communications (URLLC), and massive machine type com-
munications (mMTC). URLLC and mMTC features provide
ultra-reliable, low latency, high throughput and dependable
connectivity for machine to machine (M2M) communica-
tion, industrial automation, internet of things (I0T), prod-
uct/process digital twinning, etc. in smart factory scenarios.
With the use of artificial intelligence, collected data can be
processed and responses can be made in a timely and intelli-
gent manner [2].

It is expected that the factories will greatly benefit from
the advancements provided by 5G wireless networks. This
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includes new options in the design of production processes
provided via untethered machines and robots. Therefore,
manufacturing companies are planning to deploy and operate
their own private networks at their premises. Initially, the
deployments of the private networks will be employed at
sub-6 GHz frequency bands. Before a large-scale deploy-
ment of the 5G networks, extensive performance evaluations
and testing are required for different industrial scenarios
since industrial applications have strict latency and reliability
requirements [3].

Industrial environments have been evaluated as a distinct
scenario in the 3rd Generation Partnership Project (3GPP)
Release 15 [4] (the scenario is called Indoor factory (InF))
based on wireless propagation characteristics from other
indoor scenarios such as offices/shopping malls since the
vast existence of highly reflective materials for RF signals
such as machines, robotics, and workshops areas. In terms
of propagation characteristics, metallic surfaces appear more
reflective and less penetrative than ordinary building mate-
rials (e.g., concrete). Thus, understanding the propagation
characteristics in industrial scenarios is pivotal for the evalua-
tion, design, and deployment of robust wireless networks for
manufacturing factories. To do that extensive channel mea-
surements, characterisations and accurate channel models are
required.

In this work, we present new wideband channel measure-
ments and evaluation results from two different industrial
environments at the 4.145 GHz frequency band for a line-of-
sight (LOS) scenario using omnidirectional and directional
antenna configurations, aiming to understand the channel
characteristics in terms of path loss, delay spread and their
effects in the received signal quality in the InF scenarios.
The frequency band corresponds to 5G NR frequency range 1
(FR1) [5] and band n77 (3300 MHz — 4200 MHz), is the
main focus band for the initial rollout of industrial private
networks [6].

Channel measurement for indoor industrial scenarios with
a carrier frequency of 4.145 GHz has not been investi-
gated yet. Therefore, this work provides the first large-scale
(path loss and shadow fading), and small-scale (root mean
square (RMS) delay spread) fading modelling parameters
for two typical indoor industrial scenarios namely, sparse
clutter and dense clutter as defined in [4]. Further that the
first measured over-the-air (OTA) error vector magnitude
(EVM) results depending on different modulation and coding
schemes (MCSs) defined in 5G NR [7], [8] for two scenarios
and different antenna configurations (omnidirectional and
directional) are presented.

The time dispersion nature of the wireless channels is
generally characterised by RMS delay spread, as it is a
good measure of the multipath time dispersion and coherence
bandwidth nature of multipath channels, and an indication
of the potential severity of inter-symbol interference (ISI).
Therefore, dependencies between the RMS delay spread and
EVM for different 5G NR MCS modes, antenna config-
urations and indoor industrial scenarios are provided. InF
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channel models in the 3GPP TR 38.901 [4] rely heav-
ily on measurement data obtained in typical propagation
environments. Therefore, the measurement data provided in
this paper can contribute to the 3GPP channel modelling
work in [4] for indoor industrial scenarios and system-level
simulations on URLLC/industrial internet of things (IIOT)
applications.

The remainder of this paper is organised as follows.
Section IT details the related works in the literature.
Section III presents the measurement scenarios, equipment
setup, parameters, and procedure. Section IV and Section V
provide the empirical path loss model and RMS delay spread,
respectively. Measured path loss, RMS delay spread and
EVM results are given in Section VI. Finally, Section VII
concludes the paper.

Il. RELATED WORKS

Limited works have been done on characterising the radio
propagation behaviours in the InF environments, but such
works will become important to understand the RF char-
acteristics of smart factories to aid the placement of
5G-enabled sensors and IIOT equipment. In [9], narrowband
channel measurements were conducted at 1300 MHz using
discone antennas at the transmitter (TX) and receiver (RX)
to characterise large-scale, small-scale, and temporal fading
at five factories (i.e., food processing, engine manufactur-
ing, aluminium manufacturing, casting foundry and engine
machine and assembly shop). TX and RX antennas® heights
were 2 m above the floor but the RX antenna height was
changed to 1.5 m during height diversity experiments. Results
indicated that the path loss exponent (PLE) was ranging
between 1.8 and 2.8 depending on the measurement environ-
ment. Small-scale fading measurements showed a 30-35 dB
dynamic fading range over distances of a few wave lengths.
In [10], ultra-wideband measurements within a frequency
range of 3.1-10.6 or 3.1-5.5 GHz were performed in two
different industrial environments. Omnidirectional conical
monopole antennas were used at the TX as well as at the
RX throughout all measurement campaigns. TX antenna was
elevated 3 m above ground level whereas RX remained on
floor level. Results indicated that due to the multiple metallic
items, the multipath environments were dense and almost all
resolvable delay bins contain significant energy especially
for NLOS situations at larger distances. Delay spread results
ranged from 30 ns for LOS scenarios at shorter distances
to 50 ns for NLOS at larger distances. In [11], directional
radio channel measurements at 5.2 GHz were performed in a
large car manufacturing hall and in an aircraft hangar and the
analysis of the temporal, Doppler, and angular characteristics
of the propagation channel were provided. Measurements
were conducted by using a uniform linear array (ULA) of
8 planar antenna elements. TX was placed at 1.7 m and 5.5 m
above floor level in a car manufacturing hall and an aircraft
hangar, respectively. Results showed that delay spreads were
in the range of 40-100 ns for LOS situations and in excess
of 100 ns under NLOS situation. The work in [12] presented
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the large-scale propagation characteristics for two different
industrial environments, namely, open production space and
dense factory clutter, at 2.3 and 5.7 GHz frequency bands
using dipole antennas at the TX and RX. The measurements
were performed at 24 uniformly spatial-distributed locations
with a distance of 2 m to up to 34 m in each scenario con-
sidering multiple antenna configurations at 0.25 and 1.75 m
heights. Results indicated that in both scenarios, the PLEs
were below 2 in LOS. For NLOS, the PLEs ranged from
24 to03.5.

In [13], the channel propagation parameters such as path
loss exponent, RMS delay spread, number of multipath com-
ponents (MPCs) and the K factor at four different frequency
bands, 1.1, 1.6, 3.5, and 5.8 GHz were investigated based
on the measurement data in an automobile factory. Similarly,
wideband channel measurement campaigns using omnidirec-
tional antennas at 3.7 GHz and virtual circular array antennas
at 28 GHz in an industrial environment were executed in [14].
In the measurements, TX was placed at a height of 185 cm
and was fixed for all measurement campaigns while the RX
was positioned at 75 different positions on the floor at a
height of 144 cm. For 3.7 and 28 GHz frequency bands,
large-scale and small-scale parameters were provided, and
the results were compared with the standardised InF model
described in 3GPP TR 38.901 [4]. They concluded that the
path loss characteristics were unique and highly scenario
dependent.

In [15], power delay profile measurements of three dif-
ferent industrial indoor environments (the assembly shop,
electronics room and mechanical room of an electronic man-
ufacturing factory) were presented. The measurements were
performed in the frequency range of 0.8 to 2.7 GHz using a
frequency domain channel sounder and virtual antenna array
technique. In these measurements, omnidirectional antennas
at both TX and RX were used and they were placed at the
same heights of 1.8 m above ground level. In [16], measure-
ment campaigns were conducted at 900, 2400, and 5200 MHz
implementing omnidirectional antennas of the same type at
the TX and RX. TX and RX antenna heights were chosen
equal to 6 m and 2 m respectively, to imitate the practical
placement of industrial wireless access points and termi-
nals. From the measurement data, large-scale fading, and
temporal fading (K factor) characteristics were determined.
At 2400 and 5200 MHz, the PLE was found to be lower
than 2. The work in [17] presented RMS delay spread statis-
tics from a wideband channel measurement campaign in a
typical automation hall to characterise and parameterise the
radio channels at a 5.85 GHz frequency band. At the TX and
RX, omnidirectional antennas were used. Unlike the previous
works in which the measurements were mostly performed
under static environments, in [17] the measurements were
performed in a real factory automation scenario where the
robots were in motion and executed a typical pick-and-place
process. RSM delay spreads in the weak and rich scatter
environments were found to be 22.3 and 29.1 ns for LOS and
29.6 and 35.7 ns for NLOS respectively.
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To characterise the RF propagation characteristics in terms
of path loss and delay spread in an industrial environment (an
oil rig), channel measurements were performed at 2.4GHz
and 5.8GHz ISM bands [18]. At the TX and RX, omnidi-
rectional antennas were implemented and mounted in stands
60cm above the floor. PLE for LOS was found to be less
than 2. The obtained PLE for 5.8GHz band was larger than
that of 2.4GHz band. Results indicated that the RMS delay
spreads increased linearly with the distance. In [19], mea-
surements were conducted at 2.37 GHz and 5.4 GHz in
five different factory halls at operational Siemens premises.
RX antenna height was always set to around 2 m whereas
the TX height ranged from 2 m to 8 m to cover different
deployment scenarios. Measurements were conducted for
different antenna configurations such as an omnidirectional
array, a ULA and a uniform planar array at the TX and RX.
Comprehensive channel parameters, the path loss, shadow
fading, K factor, RMS delay spread, RMS angle spread,
and the cross-polarisation ratio were provided for different
configurations and compared with the 3GPP 38.901 indoor
office results.

None of the literature works has considered the channel
characterisation, modelling, and evaluation at 4.145 GHz
carrier frequency for InF scenarios which is the aim of this

paper.

Ill. MEASUREMENT SCENARIOS AND SETUP

A. MEASUREMENT SCENARIOS

In 3GPP [4], two indoor industrial scenarios namely, sparse
clutter and dense clutter are defined depending on the levels
of density of “clutter”, e.g., machinery, assembly lines, stor-
age shelves, etc. While sparse clutter scenario may include
big machines composed of regular metallic surfaces such as
several mixed production areas with open spaces and stor-
age/commissioning areas, dense clutter may include small
to medium metallic machinery and objects with irregular
structures (e.g., assembly and production lines surrounded by
mixed small-sized machines).

The measurements presented in this work were performed
at the University of Warwick, UK in the Digital Automation
Laboratory (DAL), which represents a sparse clutter, and
the International Manufacturing Centre (IMC) Hall which
represents a dense clutter indoor industrial scenario. Dimen-
sions of the DAL are 29.5 m in length, 7 m in width and
in 7.5 m height. As shown in Fig. la, there are a few big
industrial machines comprised of metal or metal surfaces,
open areas, and storage. The DAL is enclosed by a concrete
wall on one side and glass windows on the other. The IMC
Hall is densely packed with many industrial machines and
some workshop areas and hence machines are surrounded by
cages consisting of metal surfaces and glass windows as seen
in Fig. 1b. Dimensions of the IMC Hall are 88 m length, 30 m
width and 14.6 m height.

In both scenarios, the TX and the RX were mounted on
the non-reflective poles as seen in Fig. 1a and Fig. 1b and
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(b) International Manufacturing Centre (IMC) Hall

FIGURE 1. Layout of the measured indoor industrial environments
(a) Digital Automation Laboratory (DAL) for sparse and (b) International
Manufacturing Centre (IMC) Hall for dense.

their heights were set at 2 m and 1.5 m above the ground
level respectively. The height of the RX is chosen as it
is approximately the same height as for wireless terminals
mounted on machinery or robot arms. On the TX side a
directional antenna with 11 dBi gain was used for all mea-
surement campaigns whereas on the RX side both directional
and omnidirectional antennas with gains of 11 dBi and 3 dBi
were used respectively. 5G NR is designed to operate in
bands in FR1 [5] and frequency range 2 (FR2) [20]. FR1
covers the spectrum from 410MHz to 7.125 GHz whereas
FR2 from 24.25 GHz to 52.6 GHz. Each frequency range
is further divided into NR bands with different subcarrier
spacings (SCS), channel bandwidths (BW) and duplexing
modes. In this work, the carrier frequency of 4.145 GHz was
used. This corresponds to our Ofcom licensed 5G NR band
n77 (3300 MHz — 4200 MHz) [5]. It is worth mentioning that
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during the measurements, there were no interfering wireless
systems active in these frequency bands.

Further that during all measurements, the TX location was
fixed, and the RX was moved to different locations to perform
the measurements and to log the measured data. In DAL,
the measurements were conducted with increasing TX-RX
separation from 1 m to up to 15 m (maximum LOS distance)
distance with an increment of 1 m, whereas in IMC the
measurements were conducted from 1 m to up to 25 m with
a 1 m increment. Note that during all measurements (in DAL
and in IMC) the TX and RX locations had a clear optical path
to one another and therefore represented a LOS environment.
In addition, all channel sounding and OTA EVM measure-
ments in DAL and IMC Hall were conducted during slow
work periods to avoid exposure to external factors.

B. MEASUREMENT SETUP

In this work, the measurements were performed by using
Rohde & Schwarz (R&S) time domain 5G channel sounding
equipment. The channel sounding kit uses the pulse compres-
sion method and comprises a R&S SMBV100B Vector Signal
Generator (VSG), and a R&S FSVA3007 Signal and Spec-
trum Analyzer (SSA). The VSG enables the transmission of
frequency band-limited signals up to 6 GHz and an arbitrary
modulated waveform with clock frequencies up to 300 MHz.
The SSA enables the processing of the received signals with
a maximum sampling rate of 400 MHz. The resulting I/Q
data provided by the R&S FSV are evaluated by the R&S
TS-5GCS Channel Sounding Software which correlates the
received 1/Q data with the originally transmitted sequence
to calculate the channel impulse response. For indoor mea-
surement setups, the VSG and SSA are connected via two
cables which are used for synchronising the transmitter and
the receiver by a reference frequency and transmitting the
trigger signal.

In this work, to perform the channel sounding measure-
ments, a 300 MHz bandwidth signal with a maximum TX
power of 20 dBm was generated and transmitted with a
directional TX antenna. This provided a time resolution of
3.3 ns which corresponds to a spatial resolution of 1 m. Due
to its outstanding autocorrelation properties, a filtered Frank-
Zadoff-Chu sequence [21] with a length of 120,000 sam-
ples was used as a channel-sounding waveform, resulting in
a channel impulse response (CIR) update rate of 400 us.
In these measurements, 512 CIR values for each TX-RX
location combination were automatically triggered, and the
results were stored for further evaluation. Table 1 presents
the parameters used in the channel-sounding measurements.

Modulation quality is defined in [8] by the difference
between the measured carrier signal and the reference sig-
nal and can be represented by the error vector magnitude
(EVM). Table 2 provides the EVM limits in percentage and
dB depending on the MCS used. For EVM measurements,
the VSG was configured based on the test models (TMs)
defined in [7] and [8], i.e., based on the 5G NR Releasel5
downlink specifications. In this work, EVM measurements
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TABLE 1. Channel sounder parameters for indoor measurements.

Parameter Value
Carrier frequency, f;. 4.145 GHz
Bandwidth, BW 300 MHz
TX height 2m
RX height 1.5m
Transmit power at TX, P, 20 dBm
Directional TX antenna gain, G, 11 dBi
Directional RX antenna gain, G, 11 dBi
Omnidirectional RX antenna gain, G, 3 dBi
Cable loss, L. 8 dB

TABLE 2. EVM limits depending on MCS Defined in [7] and [8].

MCS for PDSCH Required EVM (%) Required EVM (dB)
QPSK 18.5 -14.66
16 QAM 135 -17.39
64 QAM 9 -20.92
256 QAM 4.5 -26.94

TABLE 3. Parameters used in VSG and SSA for OTA EVM measurements.

Parameter Value
Bandwidth, BW 100 MHz
Transmit power at TX 15 dBm
SCS 60 kHz
MCS 16 QAM, 64 QAM and 256 QAM
Duplexing TDD

were carried out for 16 QAM, 64 QAM and 256 QAM
modulation schemes (i.e., TMs) using 60 kHz SCS,100 MHz
channel BW and time division duplexing (TDD) considering
the low latency requirements of the manufacturing applica-
tions. Table 3 summarises the parameters used for the OTA
EVM measurements of the 5G NR signals. At the RX side
(i.e., in the SSA), the same TMs and configurations were
replicated to demodulate the received 5G NR signals. Carrier
frequency, TX/RX heights, antennas and cables remained
the same as defined in Table 1. EVM measurements were
carried out at the same locations the channel sounding mea-
surements were performed for the same antenna configura-
tions, i.e., directional antenna at TX and omnidirectional and
directional antennas at the RX. Therefore, the EVM results
were obtained for directional-to-directional and directional-
to-omnidirectional antenna pairs.

IV. EMPIRICAL PATH LOSS MODELS

A common path loss model is the close-in free space ref-
erence distance (CI) path loss model for a given TX-RX
separation distance of dd provided in (1).

PL (d) [dB] = PL (do) + 10nlog,, (di>+xad >do (1)
0
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PL (do) [dB] = 201og; <@> @

where dj is a reference distance (1 m), n is the PLE, PL (dp)
is the free space path loss at reference distance dy and can
either be calculated from (2) with the TX and RX antenna
gains included or from path loss measurements at dy = 1 m.
A is the wavelength in meters and equals to A = f%, where ¢
is the speed of light in meters/s and f, is the carrier frequency
in Hertz. X, is a zero-mean Gaussian random variable with
a standard deviation o in dB that represents the shadow
fading and is obtained by performing linear regression on the
measured and estimated path loss data as [22], [23]:

N (PLy (i) — PLg)?
o= \/ o N1 3)

where PLj; (i) denoted measured path loss data for the i
data point, PLEg represents the estimated path loss value and
N is the total number of measured path loss data points.

Regardless of the use of directional or omnidirectional
antennas, the measured path loss at a distance d in meters can
be calculated as a function of the transmit power P;, TX and
RX antenna gains G;, G,, received power P, at the distance
d and cable loss L. (at TX and RX):

PLy (d) [dB) = P, [dBm] + G,[dBi] + G,[dBi]
—P, (d) [dBm] — 2L [dB] (4)

V. DELAY SPREAD

The time dispersion of the multipath channel provides infor-
mation for the minimum symbol length to be transmitted
without ISI. Therefore, the physical layer design of commu-
nication systems is often specified by the RMS delay spread
and other time dispersion properties of the channels. Eval-
uation of such properties can provide valuable information
for the design of indoor industrial communications systems.
To this end, RMS delay spreads and temporal statistics for
typical dense and sparse LOS industrial environments will be
provided.

The RMS delay spread is calculated directly from the mea-
sured power delay profile (PDP) [22]. For each measurement,
512 CIRs and hence PDPs were captured, the received power
values per delay time are then averaged over 512 CIRs to
obtain one averaged PDP (APDP). Then, the RMS delay
spread at each measurement location is calculated as [22]:

Jo° (t —©)*APDP(t)d<

Trms = 5
e Js° APDP(v)dt ©)
where the mean delay T is given by
° TAPDP(t)dt
7= —fooo © (6)
Jo APDP(v)dt

where, 7 is the delay of each received MPC.
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VI. RESULTS AND ANALYSIS

In the following sections, a set of new channel measure-
ment results for two different industrial indoor scenarios at
4.145 GHz are evaluated in terms of path loss, RMS delay
spread and OTA EVM. In both scenarios, measurements have
been conducted for directional and omnidirectional antenna
configurations at the RX while a directional antenna is always
used at the TX.

A. PATH LOSS RESULTS

Fig. 2 and Fig. 3 display the path loss scatter plots and
best-fit CI models (1) at 4.145 GHz in DAL and IMC Hall
for omnidirectional and directional antenna configurations.
In DAL, the PLEs are extracted as 1.24 and 1.39 for omni-
directional and directional antenna configurations, respec-
tively. A similar trend, that the directional PLE is higher
than the omnidirectional PLE, is observed in IMC Hall as
the PLEs are found to be 1.35 and 1.5 for omnidirectional
and directional antenna configurations, respectively. These
results agree with the results in the literature [24]. For both
antenna configurations, PLEs in IMC Hall are greater than
that in DAL. As expected and seen from the results, in dense
industrial environments propagation loss is higher than in
sparse industrial environments. Therefore, LOS directional
and omnidirectional PLEs are environment (clutter density)
dependent. Furthermore, the results show that in both LOS
scenarios, the PLE is below the theoretical free space PLE
of 2, indicating that the propagation channel in indoor indus-
trial environments experiences constructive interference and
a waveguide effect from aisle surrounded by tall cages and
machines and metallic surfaces reflections, i.e., wireless
channels in industrial environments are exposed to heavy
multipath propagations. The same phenomena were reported
in [9], [16], and [18]. These measurement results clearly show
a strong correlation between the propagation environments
and the multipath channel structure even for LOS cases.

68

® Directional measurement
66 | ==—=n=1.39, 0=0.87
4 Omnidirectional measurement
64 | m=—n=1.24, 0=0.9
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T 60
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FIGURE 2. Omnidirectional and directional path loss models with the TX

antenna height of 2 m and the RX antenna height of 1.5 m in a sparse
industrial environment (in DAL) for a LOS scenario.
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FIGURE 3. Omnidirectional and directional path loss models with the TX
antenna height of 2 m and the RX antenna height of 1.5 m in a dense
industrial environment (in IMC Hall) for a LOS scenario.

With respect to the shadow fading, the standard devi-
ation (o) values of 0.9 and 0.87 dB for the omnidirec-
tional and directional antenna configurations in DAL, and
1.85 and 2.3 dB for the omnidirectional and directional
antenna configuration in IMC Hall are observed, respectively.
It is seen that the standard deviation of the shadow fading for
both antenna configurations and measurements scenario are
very low and close to each other. This might also be evidence
for a rich scattering environment where a significant amount
of MPCs decreases the shadowing effect, causing good cov-
erage. Our results align with the literature in [19]. Further
that the standard deviations show no clear dependence on the
antenna configuration. However, in higher clutter density, the
standard deviation is slightly increased. Comparing the stan-
dard deviation values of the shadow fading with the parameter
defined in the 3GPP TR 38.901 [4] InF model for the LOS
environment, the results presented in this work are lower and
thus show lower signal variations around the mean.

Table 4 shows the path loss model at the reference distance
dy = 1 m and the PLE, as well as the standard deviation
o for different clutter densities and antenna configurations.
In this work, the path loss PL (dp) at the reference distance
dyp = 1 m was calculated from the measurement. In the
literature [16], it was found that using the measured path
loss value at a reference distance dy (PL (dp)) provided more
accurate path loss modelling than using the theoretical free
space path loss model at a reference distance dy, especially
as there is a height difference between the TX and the RX
pair. It is shown in Table 4 that the measured path loss results
(PL (dp)) at the reference distance dy = 1 are very close.
Again, there is no dependency on the antenna configuration
but a slight increase (around 1-1.5 dB) is observed for the
high-density environment. A similar tendency was observed
in the literature [16].

B. DELAY SPREAD RESULTS
APDPs for directional and omnidirectional antennas at the
distance of 15 m in DAL and IMC Hall are illustrated in
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TABLE 4. Path loss Model Parameters with dy = 1m for 4.145 GHz
industrial indoor propagation channels.

Environment Model PLE ¢ [dB]
LOS (Directional - q
+ =
Omnidirectional) in DAL 49.12+12.4 log,o (dg) 124 09

LOS (Directional -
Directional) in DAL
LOS (Directional -
Omnidirectional) in IMC
LOS (Directional -
Directional) in IMC

49‘13+13.9log10(d£) 139 087

)

50.72+13.51og10(di) 135 185
0

50.3+15 logy, (di) 15 23
0

Fig. 4a and Fig. 4b, respectively. From the results, a noise
floor of around —110 dB is visible. Strong reflected paths
are observed in the dense environment of IMC Hall for both
directional and omnidirectional antennas. It is seen that the
channel is not sparse and contains dense MPCs up to a delay
of 2700 ns in IMC Hall. These additional periodic MPCs
are from reflections from metallic sheet doors behind the TX
and RX (the signal bounces between metallic sheet doors).
However, in the sparse environment of DAL weak MPCs up
to a maximum delay of around 900 ns are observed.

When calculating the RMS delay spread, only samples
of the APDP within a certain threshold (7hr in dB) of the
strongest path are used. In literature, it is common to use
15, 20 and 30 dB thresholds [25], [26]. In this work, Thr =
20dB is selected for calculating the RMS delay spreads.
Fig. 5 shows the RMS delay spreads calculated from the mea-
sured APDPs depending on the distance (TX-RX separation)
for the omnidirectional and the directional antenna configu-
ration in DAL and IMC Hall, respectively. It is observed that
using directional antennas at the TX and RX in a sparse envi-
ronment (in DAL) reduces the time dispersion in the channel,
i.e., the RMS delay spread for the directional antenna is less
than 11 ns, whereas for the omnidirectional antenna it can
reach up to 34 ns. However, RMS delay spread in a dense
environment (in IMC Hall) depends on the objects around the
TX and RX. In Fig. 1b, one side of the TX and RX is an open
space, e.g., there is no metallic cages or machines nearby up
to 8 m from the TX. In these locations, the RMS delay spread
is lower when the directional antenna is used. Further that
since the RX is close to the TX, the LOS component has much
higher received power than the metallic sheet door-bounces
(exceeding the 20 dB threshold). However, when the RX is
surrounded by the tall metallic cages and machines (as seen
in Fig. 5 from 8 m to up to 25 m) and away from the TX
(in this case the received power of the LOS components gets
close to the metallic sheet door-bounces), using the direc-
tional antenna causes slightly larger time dispersion than the
omnidirectional one. This means that there are fewer MPCs at
farther TX-RX separation distances when an omnidirectional
antenna is used at the RX; this observation is more likely
attributed to the noise floor in the system since MPCs become
weaker as the TX-RX separation distance or propagation path
distance increases. However, using a directional antenna at
the RX side increases the number of detectable MPCs as well
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FIGURE 4. APDP at the distance of 15 m from directional and
omnidirectional measurements in a LOS environment in (a) DAL (sparse)
and (b) IMC Hall (dense).

as their signal strengths which leads to higher RMS delay
spreads than using the omnidirectional antenna at the RX.
Similar RMS delay spread statistics at higher frequency bands
(at 28, 38 and 73 GHz) were reported in [27]where the narrow
beam RX antenna provided larger RMS delay spreads than
the wide beam antenna.

Maximum RMS delay spreads in the dense environment
(IMC Hall) are measured to be around 226 and 282 ns for
the omnidirectional and the directional antenna, respectively.
These increased RMS delay spreads values are attributed to
the strong reflected and scattered paths received from the
metallic sheet door-bounces at longer TX-RX separation dis-
tance through the 8 m to 25 m. These multipath signals tend to
have large delay differences with the strongest signal, which
results in large RMS delay spread values. This phenomenon
is also illustrated in the APDP in Fig. 4.

Fig. 6 shows the cumulative distribution functions (CDF)
for the RMS delay spreads of the APDPs measured for
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FIGURE 6. CDFs of RMS delay spreads for directional and omnidirectional
measurements in a LOS environment in DAL and IMC Hall.

different antenna configurations and clutter densities. It is
shown that 90% of the measured RMS delay spreads in
the sparse industrial environment are less than 9 and 31 ns,
whereas in the dense industrial environment they are less than
200 and 170 ns for directional, omnidirectional RX antenna
configuration, respectively. It is seen that channels in the
dense industrial environment have greater RMS delay spreads
than the sparse industrial environment, as stated before,
metallic sheet doors behind the TX and RX cause many
strong reflected or scattered multipath components to arrive
at the RX over a larger propagation time interval, leading to
higher RMS delay spreads. Similar results were observed in
propagation measurements at sub-6 GHz, conducted in [17]
for indoor industrial environments.

Table 5 summarises the mean RMS delay spreads (u in
ns), the standard deviation (o in ns), minimum, and maximum
measured RMS delay spread statistics calculated for omnidi-
rectional and directional antenna configurations in DAL and
IMC Hall. We can observe that in a sparse indoor industrial
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TABLE 5. Comparison of mean, standard deviation, minimum, and
maximum RMS delay spreads at 4.145 GHz for directional and
omnidirectional antenna configurations in LOS indoor industrial
propagation environments.

o Min. Max.
# (ns) (ns) (ns) (ns)

Environment

LOS (Directional -

Omnidirectional) in DAL 22 93 7.6 34.3
LOS (Directional - Directional)

in DAL 7.6 14 5.6 10.6
LOS (Directional - 832 738 66 2267

Omnidirectional) in IMC
LOS (Directional - Directional)

in IMC 1069 883  4.68 282.3

o
©
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T T
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FIGURE 7. CDFs of RMS delay spreads depending on the thresholds for
directional and omnidirectional measurements in a LOS environment in
IMC Hall.

scenario (in DAL) using a directional antenna at the RX
provides a much lower mean delay spread, than an omni-
directional antenna. However, in a dense indoor industrial
environment (in IMC Hall), using directional antennas at
the TX and RX increases the RMS delay spread since the
directional antennas provide strong MPCs.

Note that the RMS delay spread statistics depend on the
threshold used for data denoising. Therefore, its effect on
the RMS delay spreads is further evaluated by using the
measurement data collected in IMC Hall. In Fig. 7, CDFs
of RMS delay spreads for different antenna configurations
are compared depending on threshold levels of 15, 20, and
30 dB below the strongest ray. The results showed that when
the threshold increases, the RMS delay spread increases as
expected since the dynamic range is increased. Similar results
were also reported in [25] and [26].

C. EVM RESULTS

The measured EVM can be used to estimate the physical
layer performance of wireless communication systems as
suggested in [28] since bit error rate (BER), which is used as
a figure of merit for evaluating the quality of digitally modu-
lated signals, is a direct function of the EVM, i.e., lower EVM
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FIGURE 8. Measured EVM versus distance depending on the MCS mode
and antenna configurations (directional and omnidirectional) for a LOS.

results in lower BER. Fig. 8a and Fig. 8b show the measured
EVM versus distance depending on the 5G NR MCS modes
and antenna configurations (directional and omnidirectional)
for a LOS scenario in DAL and IMC Hall. As references, the
required EVM values given in Table 2 are also plotted for
each MCS mode. As seen in Fig. 8a, when the directional
antenna is used at the RX, all MCS modes (16 QAM, 64 QAM
and 256 QAM) can provide EVMs lower than the required
limits thus providing a coverage range of up to 15 m in
DAL. On the other hand, when the omnidirectional antenna
is implemented at the RX, 16 QAM and 64 QAM can provide
coverage up to 15 m but 256 QAM can only be used up to the
distance of 5 m. From these results, it is clear that in a sparse
industrial environment to provide reliable communications
with a higher MCS such as 256 QAM it is required to use
directional antennas at the TX and RX. In a dense industrial
environment, the coverage ranges provided by 16 QAM, 64
QAM and 256 QAM are significantly reduced as seen in
Fig. 8b, coverage ranges are 18, 8 and Sm for the directional
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antenna and 9, 6 and 0 m for the omnidirectional antenna,
respectively.

BER performance of wireless communication systems is a
strong function of RMS delay spread [22]. Therefore, we also
analyse the measured EVM results with respect to the delay
spread in DAL and IMC Hall in Fig. 9a and Fig. 9b, respec-
tively. As expected, the larger RMS delay spread results in
higher EVMs thus reducing the quality and reliability of
wireless systems. Similar results were noticed in [24].

VIi. CONCLUSION

In this paper, the first channel sounding, and OTA EVM
measurements conducted in typical sparse and dense indoor
industrial environments at 4.145 GHz were presented. Large-
scale path loss models and temporal statistics derived from
extensive wideband measurements for omnidirectional and
directional RX antennas were provided. Omnidirectional and
directional path loss models as well as RMS delay spreads
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and time dispersion statistics of the multipath channels were
presented, yielding insight into indoor industrial propagation
characteristics.

From the measurements results and analysis, it was
observed that LOS PLEs for both directional and omnidirec-
tional antennas were dependent on the environment: PLEs
in DAL were 1.24 and 1.39, whereas in IMC Hall the PLE
values were 1.35 and 1.5 calculated for omnidirectional and
directional antenna configurations, respectively. Moreover,
the results showed that in both industrial environments, con-
structive interference due to waveguiding and reflections
resulted in the LOS PLEs lower than the theoretical free space
PLE. The results demonstrated a strong correlation between
the multipath distribution and the propagation environments
even in LOS measurements.

Standard deviations of shadow fading were calculated as
0.9 and 0.87 dB in DAL, and 1.85 and 2.3 dB in IMC
Hall for omnidirectional and directional antenna configura-
tions, respectively. The results for both antenna configura-
tions seemed comparable in each measurement environment.
Therefore, standard deviations of shadow fading indicated
no clear dependence on the antenna configuration. However,
slightly higher standard deviations were observed in dense
industrial environments. The standard deviation values of
the shadow fading calculated in this work were lower than
that defined in the 3GPP TR 38.901 InF model for the LOS
environment. This was attributed to the difference in the
environment and the parameters used for channel-sounding
measurements.

When the time dispersion characteristics of the channels
were analysed, it was found that using directional antennas at
the TX and RX in the sparse environment (in DAL) reduces
the time dispersion in the channel, i.e., the RMS delay spread
for the directional antenna was less than 11 ns, whereas for
the omnidirectional antenna it was less than 34 ns. However,
in the dense environment (in IMC Hall) using the omnidirec-
tional antenna provided lower RMS delay spread. Maximum
RMS delay spreads in the dense environment were measured
to be 226 and 282 ns for the omnidirectional and the direc-
tional antenna, respectively, indicating that channels in the
dense industrial environment had greater RMS delay spreads
than the sparse industrial environment.

The channel quality has also been investigated in terms of
the measured EVM depending on the 5SG NR MCS modes
and antenna configurations. When the directional antenna
was used at the RX, all MCS modes (16 QAM, 64 QAM
and 256 QAM) met the required EVM limits thus pro-
viding a coverage range of up to 15 m. However, when
the omnidirectional antenna was used at the RX, 16 QAM
and 64 QAM could provide reliable communications up to
the distance of 15 m but 256 QAM could only be used up
to the distance of 5 m. In a dense industrial environment, the
coverage ranges were significantly reduced (coverage ranges
with respect MCSs of 16 QAM, 64 QAM and 256 QAM
were 18, 8 and 5 m for the directional antenna and 9, 6 and
0 m for the omnidirectional antenna, respectively). Using
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directional antennas at the TX and RX in both environments
would provide a higher coverage range and allow higher MCS
modes such as 256 QAM to be selected for data transmission
thus increasing the data rate.

Lastly, the dependencies between RMS delay spread and
EVM were also presented. The results show that the larger
RMS delay spread led to higher EVM results and hence
limited the MCS modes that could be selected for reliable
data transmissions (higher MCS modes which provide higher
throughput and hence lower delay would not be used).

The large-scale path loss models and multipath time dis-
persion characteristics presented in this work will be impor-
tant for InF channel modelling and the OTA EVM results
for different MCS modes may assist in the creation of new
waveform designs that support 5G IIOT applications. For
future work, LOS and non-LOS (NLOS) measurements with
different TX and RX heights will be carried out for sub-6
GHz and millimetre wave frequencies in similar industrial
environments.
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