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ABSTRACT Private 5G networks for industrial users are emerging as one of the leading advanced 5G use
cases. This timely work presents a comprehensive experimental analysis of a private 5G network conducted
in sparse and dense industrial environments at sub-6 GHz. Measured results of the over-the-air error vector
magnitude (EVM) are provided, considering signal-to-noise ratio (SNR) for different 5G new radio
modulation and coding schemes (MCSs), bandwidths (BWs) and numerologies (subcarrier spacings) using
omnidirectional or directional antenna configurations at the transmitter (TX) and the receiver (RX). Channel
sounding measurements are also conducted to characterise the channels in terms of root mean square (RMS)
delay spread. The measurement results show that channels in the dense industrial environment have greater
RMS delay spreads than in the sparse industrial environment due to strong reflected or scattered multipath
components with significant delays. This results in higher EVMs and bit error rates (BERS), i.e., as the RMS
delay spread increases, a higher SNR is required to meet the EVM limits. It is also observed that using
directional antennas at the TX and RX in both environments reduces the RMS delay spread and hence the
inter-symbol interference and the EVM. This allows higher MCS modes (e.g., 64 QAM and 256 QAM) to be
used for reliable data transmission, significantly improving the bandwidth efficiency and reducing the
latency. When evaluating system performance for different BWs and numerologies, using a lower BW and
numerology provides a better system performance (lower EVMs and BERS), especially in dense industrial
environments.

INDEX TERMS 5G NR, industrial environment, industrial internet of things (I110OT), measured EVM,
numerology, smart factory.

l. INTRODUCTION ) The industrial applications are time and mission-critical,
5G wireless access has been developed to provide enhanced and have stringent communication service availability
mobile broadband (eMBB), massive machine-type (>99,9999%), reliability (packet error rates (PERs) 10°9),

communications (MMTC) and ultra-reliable and low-latency
communications (URLLC) [1]. URLLC provides ultra-
reliable, very low latency, high throughput, highly available
and dependable connectivity for machine-to-machine
communication, industrial automation, industrial internet of
things (110T), digital twinning, and more in smart factory
scenarios. Therefore, it is anticipated that future factories
will significantly leverage the advancements facilitated by
the 5G networks.
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latency (<1 ms), and security requirements [2], [3]. To
support diverse and challenging use cases (e.g., robotic
motion control, mobile collaborative cobots, remote control
etc.) with extreme quality-of-service (QoS) requirements,
different operation frequencies (i.e., sub-6 GHz and
millimetre wave (mmWave)) and deployment scenarios, 5G
new radio (NR) physical layer has been designed with a high
level flexibility and scalability [4]. These include different
numerology (i.e., subcarrier spacing (SS) and slot length),
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bandwidth (BW), network slicing, duplexing options such as
time division duplexing (TDD) and frequency division
duplexing (FDD) etc. With well-designed radio network
deployment and optimised configurations of the radio
interface parameters, the 5G NR can provide good coverage
and capacity to industrial use cases as stated in [4], i.e., 5G
NR [5] can fulfil the string QoS requirements of the
industrial use cases defined in [1], [2]. There is always a
trade-off between system capacity and achievable
performance (latency and reliability). The main challenge is
to select the appropriate configuration parameters such as
numerology, BW, modulation and coding schemes (MCS)
according to radio channel conditions and application QoS
requirements.

Factories are challenging environments in terms of radio
propagation characteristics therefore in the 3rd Generation
Partnership Project (3GPP) Release 15 [6] Indoor factory
(InF) is defined as a new scenario. Factory floors are usually
environments characterised as rich scattering and reflection
with various metal tools, workshops/inventory areas and
machines/robots, which contribute to shadowing and
multipath effects. Hence, prior to the widespread deployment
of 5G networks, thorough performance evaluations, testing,
and optimisations are essential across various industrial
scenarios. This is because industrial applications entail
critical latency and reliability prerequisites.

The 5G NR performance in indoor industrial scenarios at
the 4.145 GHz frequency band, corresponding to 5G NR
frequency range 1 (FR1) [7] and band n77 (3300 MHz — 4200
MHz), has not yet been thoroughly investigated. This
frequency band is particularly significant for the initial
deployment of industrial private networks [8]. Hence, this
work presents the first measured over-the-air (OTA) error
vector magnitude (EVM) results, depending on signal-to-
noise ratio (SNR), for various MCSs, BWs and numerologies
(SSs) defined in 5G NR [5], [9]. The evaluation is conducted
in two typical indoor industrial scenarios: sparse clutter and
dense clutter [6], as well as in an anechoic chamber,
employing both omnidirectional and directional antenna
configurations. Further from the measured EVMs, the
estimated bit error rate (BER) values are also calculated.

To comprehend the channel characteristics concerning
delay spread and their impact on received signal quality,
channel sounding measurements are also conducted in the
same environments. The time dispersion nature of wireless
channels is typically characterised by root mean square
(RMS) delay spread, as it effectively measures multipath
time dispersion and coherence bandwidth, providing insight
into the potential severity of inter-symbol interference (1SI)
and the required symbol length for ISI-free transmission
(RMS delay spread is crucial for the wireless system design to
avoid ISI) [10], [11]. Therefore, in this paper, dependencies
between the RMS delay spread and EVM for different 5G NR
MCS modes, BWSs, numerologies and antenna configurations
in indoor industrial scenarios are provided. The results
presented in this work can also be used for further analysis and
configuring the optimum 5G network parameters (i.e.,
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deploying optimised 5G networks) in factory environments.

The rest of the paper is structured as follows. Section Il
details related works in the literature. Section Il introduces
the methodology used to evaluate the 5G NR performance.
Section IV presents the measurement scenarios, setup and
parameters. Results and analysis are provided in Section V,
followed by concluding remarks in Section VI.

Il. RELATED WORKS
5G NR performance for ultra-reliable machine-type
communications was investigated considering the
requirements for the case of factory automation in [12]. The
shadow and fast fade margins required to meet the given
target of 99.999% availability were provided via simulations.
In [13], the required SNR versus different PER targets for a
number of antenna configurations in a Rayleigh fading
channel for URLLC was presented. Further latency and
reliability impact on the link budget were also evaluated. In
[14], latency and reliability performance for typical URLLC
deployments, illustrating relevant performance metrics such
as block error rate (BLER) and SNR, and involved trade-
offs, were given for sparse clutter and dense clutter industrial
scenarios with different transmitter (TX) heights. Simulation
results showed that when TX or the receiver (RX) elevated
above the clutter then the required SNR would be similar for
dense and sparse environments. However, when the TX and
RX were below the average height of the clutter then the
required SNR in the dense environment increased. In [15],
simulations were performed to evaluate different 5G NR
numerology and MCS effects on the end-to-end latency and
the reliability for an indoor factory scenario. The results
indicated that the adaptation of MCS provided a good trade-
off between throughput, latency and reliability but might not
be adapted for unpredictable events such as fast-fading
channels. In this case, some margins on the link budget could
be more relevant. Further that it is deduced that to fulfil the
requirements of the use cases defined in [2], [3] the
performance of the 5G NR must be optimised. In [16], 5G
radio network design options for URLLC were evaluated.
The relationship between the SNR and spectral efficiency
depending on the SS was provided via simulations under a
fading channel. It was mentioned without any details that to
achieve ultra-reliable transmissions over a fading radio
channel, significant SNR margins were required. The work
in [17] presented the impact of the numerology selection on
the delay experienced in the radio link under line-of-sight
(LOS) and non-LOS (NLOS) channel conditions in an
industrial environment. Although, the simulation results
indicate that a higher numerology did not always provide a
lower delay; it would depend on packet size and channel
conditions (i.e., under NLOS conditions, a higher SS was not
always suitable), the work did not provide any detailed
information on the relationship between the channel
condition and the numerology.

The work in [18] conducted the OTA EVM measurements
in sparse and dense industrial environments and provided the
EVM values depending on the distance, and the relationships
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between the EVM and RMS delay spreads for different MCS
modes, directional and  omnidirectional  antenna
configurations. Measurement results showed that in dense
industrial environments the RMS delay spread could be very
high (as high as 280 ns) and the higher MCS such as 64 QAM
and 256 QAM were unable to meet the minimum EVM limits
defined in [19]. The work limited its results to a single BW
of 100 MHz and SS of 60 kHz. The related literature work in
[20] performed OTA EVM measurements with varying
automatic gain control, to characterise the achievable link
range with 5G NR waveform at the mmWave frequency.
EVM measurements were conducted in the chamber and
were validated with outdoor EVM measurements with the
same TX power level. Results showed that OTA EVM
measured in the chamber correlated well with LOS outdoor
measurements. It was further indicated that the EVM
provided a more consistent measure of RF performance than
BER or BLER. The work neither considered industrial
scenarios nor the 5G NR parameters such as numerology,
BW or different antennas.

In [21], the relation between optical SNR, EVM, and BER
was investigated. Theoretical results and numerical
simulations were compared to measured values of optical
SNR, EVM, and BER. Results confirmed experimentally
and by simulations that the BER could be estimated from
measured EVM data by an analytic relation. Similarly, the
relationship between the EVM and BER was provided only
for different MCS modes in [22]-[30]. In [31], the
performance of 5G in terms of latency, reliability, and
throughput in the InF sub-scenarios defined by the 3GPP was
evaluated considering different user speeds, packet sizes and
frequency bands. For a specific configuration, for example,
BW and SS, it was investigated via simulations whether the
5G NR could fulfil the QoS requirements for massive
wireless sensor networks, autonomous mobile robots, and
augmented reality applications. None of these literature
works has ever investigated the 5G NR performance in
different real-world industrial environments and provided
the relationship between the EVM and SNR for different
MCS modes, SSs (numerologies), BWs, and antenna
configurations which is the aim of this paper. As stated in
[32], more in-depth research is needed to address these
research gaps and challenges in industrial environments.

Ill. ANALYSIS METHODOLOGY

Difference between the measured carrier signal and the
reference signal can be presented by the EVM which is used
to define a modulation quality [2]. EVM is a measure of the
difference between the ideal symbols, I(t, f), and the measured
symbols, Z'(t, f) at the f-th sub-carrier and t-th symbol, after
the equalisation, and must be calculated for each NR carrier
over all allocated resource blocks (RBs) and downlink
subframes as follows [19]:

Yter Lrer)lZ' (N-1(t.N)I?
EVM = 1
\/ Ster Zrerll EOI? (1)
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where T is the number of symbols over which the EVM is
measured, and F(t) is the number of subcarriers within the RBs
with the considered modulation scheme being active in
symbol t.

Larger EVM values indicate a greater distance between the
measured and the ideal symbols thus leading to a higher
probability of bit errors. The value of the EVM is averaged
over a large set of symbols and given as the RMS value of the
errors between a collection of measured symbols and ideal
symbols. For a TDD transmission it is defined as [19]:

EVMpys = |—rop 00 % g2, @)
RMS NS?D i=1 =1 ij
i=1 i

where NPPis the number of slots with downlink symbols
within a 10 ms measurement interval and N, is the number of
resource blocks with the considered modulation scheme in slot
i. The EVMRgus is expressed in percentage (%) or in decibel
(dB).

For each modulation, used in the 5G NR, there is a defined
EVM limit, for which the transmitted signal has an acceptable
quality (the lower the EVM, the better the signal quality).
Table 1 provides the EVM limits in percentage and dB
depending on the MCSs defined in the 5G NR standard [19].
When the modulation order is increased (throughput is also
increased), the required EVM limit reduces. Since closer the
symbols are to each other in the constellation, a lower EVM is
required for achieving decent BER in the RX.

EVM is an effective method of evaluating overall 5G NR
system performance and QoS. It enables analysis of the effect
of various nonidealities and distortions in the transceiver and
the radio propagation channel such as noise, ISI, and
nonlinearity. Unlike the commonly used figure of merits such
as BER, which gives a simple one-to-one binary decision as to
whether a bit is erroneous or not and does not provide any
information about the reason for the distortions in the
communication systems, EVM measurements allow precisely
determining the cause of errors and their effects on the
communication systems [26], [33].

In literature [22], [23], it is shown that EVM can be related
to other performance metrics such as SNR and BER. Since
EVM measurements can be obtained by using a vector signal
generator (VSG) and a signal and spectrum analyser (SSA),
reusing already available EVM measurements to infer more
information on the communication system could reduce the
system complexity by eliminating the need to have separate
modules to estimate or measure other useful metrics [23]. If
the received signal is only impaired by additive white
Gaussian noise (AWGN) then the EVMgwms can be related to
the SNR and calculated as [22], [23]:

1

EVMgys = | 3)
SNR
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SNR is defined as the ratio of the received signal power to the
noise power within the bandwidth of the transmitted signal.
The received power is determined by the transmitted power
and the path loss (shadowing and multipath fading). The noise
power is determined by the BW of the transmitted signal and
the spectral properties of the noise [10]. In AWGN, the BER
depends on the received SNR and hence EVMgrus and can be
approximated from the measured EVMgrus values as follows
[22]:

~ 310g2L
BER log L [\/[ L2-1 EVMRMSlogZM] “)

where L is the number of levels in each dimension of the M-
ary modulation system, Q[. ] is the Gaussian co-error function.

In a fading environment, the received signal power (and
hence SNR) varies randomly over distance or time as a result
of shadowing and/or multipath fading. The performance
metric depends on the rate of change of the fading when SNR
is random. In [23], the relationship between EVMgus and SNR
is provided for fading channels. However, for high SNR
values and higher modulation orders, the approximation of the
EVMgws value in (3) can be used. Therefore, in this work, the
measured EVM values are used in (4) to estimate the BER for
different industrial environments (channels).

TABLE 1
EVM LiMITS DEPENDING ON THE MCS DEFINED IN [19]

MCS Required EVM (%) Required EVM (dB)
16 QAM 135 -17.39
64 QAM 9 -20.92
256 QAM 45 -26.94

IV. MEASUREMENT SCENARIOS AND SETUP

A. MEASUREMENT SCENARIOS

3GPP standard (TR 38.901, Release 16) [6] defines two indoor
scenarios for industrial applications: sparse clutter and dense
clutter, based on the density levels of "clutter”, such as
machinery, assembly lines, storage shelves. As stated in 3GPP
standard [6], the sparse clutter scenario may encompass large
machines with regular metallic surfaces, found in mixed
production areas with open spaces and storage/commissioning
areas. On the other hand, the dense clutter scenario may
involve small to medium metallic machinery and objects with
irregular structures, typical of assembly and production lines
surrounded by various small-sized machines. To evaluate the
5G NR performance in different real-world industrial
environments, the measurements provided in this work were
performed at the University of Warwick, UK, in the Digital
Automation Laboratory (DAL), representing a sparse clutter,
the International Manufacturing Centre (IMC) Hall,
representing a dense clutter indoor industrial scenario, and an
anechoic chamber in which there is no multipath and
interference thus represents an AWGN scenario as seen in Fig.
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la-c. The AWGN channel is also important for providing an
upper bound on system performance. The DAL measures 29.5
meters in length, 7 meters in width, and 7.5 meters in height.
As shown in Fig. 1b, it contains several large industrial
machines with metal or metal surfaces, alongside open areas
and storage facilities. The DAL is enclosed by a concrete wall
on one side and glass windows on the other. On the other hand,
the IMC Hall is densely packed with numerous industrial
machines, along with some workshop areas. The machines in
the IMC Hall are surrounded by cages consisting of metal
surfaces and glass windows as shown in Fig. 1c. The
dimensions of the IMC Hall are 68 meters in length, 25 meters
in width, and 14.6 meters in height. The anechoic chamber’s
dimensions are 9 m in length, 9 m in width and 2.8 m in height.

In all three scenarios, the TX and the RX were mounted on
the non-reflective poles as seen in Fig. la-c, with heights set
at 2 meters and 1.5 meters above ground level, respectively.
The height of the RX was chosen to approximate the height of
wireless terminals typically mounted on machinery or robot
arms. On the TX side, a directional antenna with 11 dBi gain
was utilised for all measurement campaigns. On the RX side,
both directional and omnidirectional antennas were employed,
with gains of 11 dBi and 3 dBi, respectively. This setup
allowed for EVM measurements to be conducted for
directional-to-directional and directional-to-omnidirectional
antenna pairs. During all measurements, the TX and RX
locations were fixed and had a separation distance of 5 m. As
shown in Figs. 1a-c that for all measurement scenarios, the TX
and RX locations had a clear optical path to one another, thus
representing an LOS environment. Additionally, all OTA
EVM measurements were carried out during slow work
periods to minimise exposure to external factors.

B. MEASUREMENT EQUIPMENT
In this work, the measurements were performed by using
Rohde & Schwarz (R&S) 5G NR equipment which consists of
an R&S SMBV100B VSG, and an R&S FSVA3007 SSA. In
indoor measurement setups, the VSG and SSA are connected
via two cables. These cables serve the purpose of
synchronising the transmitter and the receiver by utilising a
reference frequency and transmitting the trigger signal.

5G NR operation bands were divided into two groups,
namely, FR1 [7] and frequency range 2 (FR2) [34]. FR1
covers the spectrum from 410MHz to 7.125 GHz, while FR2
spans from 24.25 GHz to 52.6 GHz. Each frequency range is
further divided into NR bands with different SS, channel BW
and duplexing options such as TDD and FDD. In this work,
the carrier frequency, f;, of 4.145 GHz was utilised. This
frequency corresponds to 5G NR band n77 (3300 MHz — 4200
MHZz) [7]. Itis important to note that during the measurements,
there were no active interfering wireless systems operating in
these frequency bands.

The VSG was configured according to the test models
(TMs) specified in [5], [19], which are based on the 5G NR
Release15 downlink specifications. EVM measurements were
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(c) International Manufacturing Centre (IMC) Hall

FIGURE 1. Measurement scenarios (a) Anechoic Chamber, (b) Digital
Automation Laboratory (DAL) and (c) International Manufacturing
Centre (IMC) Hall.

conducted for 16 QAM, 64 QAM and 256 QAM modulation
schemes (i.e., TMs) using an SS of 30 and 60 kHz, a channel
BW of 50 and 100 MHz with the TDD transmission scheme.

VOLUME XX, 2017

To characterise the channels, channel sounding measurements
were also conducted for the same scenarios where the EVM
measurements were performed. The detailed information on
the channel sounding process can be found in our previous
work [18]. Table 2 summarises the parameters used for the
channel sounding and 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 and calculate the EVM. To evaluate the EVM
performance of the 5G NR, the transmit power was set to 10
dBm and the SNR was changed from 18 dB to 45 dB. In the
VSG the transmit power was fixed to 10 dBm and hence at the
RX (in the SSA), the received power was fixed. Therefore, in
order to change the SNR value, the noise level (power) was
changed in the VSG.

TABLE 2
PARAMETERS USED IN VSG AND SSA FOR CHANNEL SOUNDING AND OTA
EVM MEASUREMENTS

Parameter Value
Channel sounding

Carrier frequency, f. 4.145 GHz
Bandwidth, BW 300 MHz
Transmit power at TX, Py 20 dBm
TX height 2m

RX height 15m
Directional TX antenna gain, G; 11 dBi
Directional RX antenna gain, G, 11 dBi
gnnldlrectlonal RX antenna gain, 3 dBi
Cable loss, L. 8dB
OTAEVM

Bandwidth, BW
Transmit power at TX, Py

50 MHz, 100 MHz
10 dBm

SS 30 kHz (p=1), 60 kHz (u=2)
16 QAM, 64 QAM and 256

MCS QAM

Duplexing TDD

Flexibility is provided to adjust the radio interface by
selecting the appropriate numerology (represented as
u)/waveform that caters to the specific radio channel
characteristics. These flexible numerologies contribute to
enhancing the overall achievable spectrum efficiency. In the
case of the 5G NR operating band n77 for FR1, 15 kHz, 30
kHz and 60 kHz SS are permitted. Table 3 presents the SS,
orthogonal frequency division multiplexing (OFDM) symbol
duration Ts, cyclic prefix (CP) duration Tcp, slot duration,
number of OFDM symbols and maximum allocated BW
options of the 5G NR defined in [5], [9].

TABLE 3
5G NR NUMEROLOGY

# of
sS Slot OFDM Max.
b (kH) Ts(us) Tep(MS)  duration  symbols  BW
(ms) in one (MHz)

slot
0 15 66.67 4.76 1 14 50
1 30 33.33 2.38 0.5 14 100
2 60 16.67 1.194.17 0.25 12|14 100
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V. RESULTS AND ANALYSIS

In this section, first, the measured EVM versus SNR values in
the anechoic chamber, sparse and dense industrial
environments for different MCSs, SSs, BWs and antenna
configurations are presented. Then, BER versus SNR values
calculated from the measured EVMs are provided.

A. EVM VERSUS SNR RESULTS

Fig. 2-4 show the measured EVM versus SNR values
depending on the SSs, BWs and antenna configurations in the
anechoic chamber, DAL (sparse) and IMC Hall (dense) for 16
QAM, 64 QAM and 256 QAM respectively. As mentioned
before, the measurements conducted in the chamber present
the system performance under the AWGN channel, which
presents no fading and/or interference and also provides an
upper bound on system performance. The physical size and
type of construction materials used for the indoor industrial
scenarios affect multipath delay spread and the consequent
frequency selective fading. To characterise the channels
(fading properties) in the DAL and IMC Hall, the channel
sounding was performed for the same EVM measurement
scenarios. The RMS delay spreads calculated in DAL are
56.46 ns and 42.35 ns for omnidirectional and directional
antennas respectively whereas, in IMC Hall RMS delay
spreads are 146.52 ns and 132.58 ns for omnidirectional and
directional antennas respectively. It is expected that using the
directional antennas at the TX and RX reduces the time
dispersion in the channel thus providing lower RMS delay
spread since directional antennas suppress most of the major
multipath signal components outside of the main beamwidth
[35]. However, in dense industrial environments, where there
are many metallic objects/tools and surfaces, using directional
antennas may result in a larger RMS delay spread compared
to the omnidirectional antennas as observed in [18]. This is
because, in dense industrial environments, the strong reflected
and scattered paths received from the metallic objects and
surfaces have large delay differences with the strongest signal,
which results in large RMS delay spread values. The RMS
delay spreads in the dense environment (in IMC Hall) are
almost three-fold higher than in the sparse environment (in
DAL). Therefore, in industrial environments, the RMS delay
spread strongly depends on the objects around the TX and RX,
and the antenna patterns used at the TX and RX.

When the EVM versus SNR is investigated, it can be seen
that increasing the SNR results in a decrease in the measured
EVM values due to the lower noise level (vector). The effect
of antenna configuration on the EVM for the same SNR is
clearly visible, i.e., for the same SNR using a directional
antenna provides lower EVMs than using an omnidirectional
antenna at the RX. Especially, using the omnidirectional
antenna in a dense industrial environment (in IMC Hall)
results in very poor system performance (higher EVMs) for
the same SNR values. This is attributed to the higher RMS
delay spread due to frequency selective fading which gives
rise to 1Sl and thus causes an irreducible EVM floor in the
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measured EVM values, i.e., the larger the RMS delay spread
higher the EVM values. As seen in Fig. 2c- 4c that increasing
SNR does not reduce the EVM. For the highest SNR value of
45 dB, the lowest EVM value can be around -35 dB. However,
for the same SNR (45 dB) the lowest EVM value can be
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FIGURE 2. Measured EVM versus SNR depending on the BW, SS and

antenna configurations (directional and omnidirectional) for 16 QAM: (a)
in the Chamber, (b) in DAL and (c) in IMC Hall.



IEEE Access

Multidisciplinary ; Rapid Review : Open Access Journal

-15 T T
)
z
= 4
i Directional, BW=50 MHz, SS=30 kHz
35 Directional, BW=50 MHz, SS=60 kHz
B Directional, BW=100 MHz, SS=30 kHz
Directional, BW=100 MHz, SS=60 kHz
= = Omni, BW=50 MHz, SS=30 kHz
401 = = Omni, BW=50 MHz, $5=60 kHz
= = Omni, BW=100 MHz, SS=30 kHz
45 = = Omni, BW=100 MHz, SS=60 kHz
20 25 30
SNR (dB)
(a) EVM vs. SNR in the Chamber
-15 T T T T T
-20 1
-25 1
@
3 - -
= -30
> S -
w Directional, BW=50 MHz, SS=30 kHz ~ P
35 Directional, BW=50 MHz, SS=60 kHz
h Directional, BW=100 MHz, SS=30 kHz
Directional, BW=100 MHz, SS=60 kHz
= = Omni, BW=50 MHz, SS=30 kHz
40 /= = Omni, BW=50 MHz, $5=60 kHz
= = Omni, BW=100 MHz, SS=30 kHz
45 = = Omni, BW=100 MHz, SS=60 kHz
20 25 30 35 40 45
SNR (dB)
(b) EVM vs. SNR in DAL
-15
-20
-25
o
=
= -30
E Directional, BW=50 MHz, SS=30 kHz
Directional, BW=50 MHz, SS=60 kHz
-35 Directional, BW=100 MHz, SS=30 kHz
Directional, BW=100 MHz, SS=60 kHz
= = Omni, BW=50 MHz, SS=30 kHz
401 = Omni, BW=50 MHz, SS=60 kHz 1
= = Omni, BW=100 MHz, SS=30 kHz
= = Omni, BW=100 MHz, SS=60 kHz
-45 : !
20 25 30 35 40 45
SNR (dB)

(c) EVM vs. SNR in IMC Hall

FIGURE 3. Measured EVM versus SNR depending on the BW, SS and
antenna configurations (directional and omnidirectional) for 64 QAM: (a)
in the Chamber, (b) in DAL and (c) in IMC Hall.

as low as -43 dB in the chamber and the sparse industrial
environment (in DAL). When MCS modes are compared, it is
seen that the EVM increases for the large modulation order
due to the high noise sensitivity of the high order MCSs.
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FIGURE 4. Measured EVM versus SNR depending on the BW, SS and
antenna configurations (directional and omnidirectional) for 256 QAM:
(a) in the Chamber, (b) in DAL and (c) in IMC Hall.

Higher MCS modes (i.e., 64 QAM and 256 QAM) require
higher SNR to provide acceptable EVM results compared to
the lower MCS modes (such as 16 QAM). Moreover, to meet
the EVM limits for the MCSs defined in Table 1 [19],
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TABLE4
MINIMUM REQUIRED SNRS TO MEET THE EVM LIMITS FOR EACH MCS MODE IN DIFFERENT ENVIRONMENTS

Required SNR (dB)

Directional, Directional, Directional, Directional, Oomni, Oomni, Oomni, Oomni,
BW=50 BW=50 BW=100 BW=100 BW=50 BW=50 BW=100 BW=100
Scenario MCS MHz, MHz, MHz, MHz, MHz, MHz, MHz, MHz,
SS=30 kHz SS=60 kHz SS=30 kHz SS=60 kHz SS=30kHz SS=60kHz SS=30kHz  SS=60kHz
(=1 (=2 (=1 =2 (#=1) (u=2) (u=1) (r=2)
16 QAM 19 19 19 19 19 19 19 19
Chamber 64 QAM 19.5 19.5 19.5 19.5 19.5 19.5 19.5 20.5
256 QAM 26 26 26 26 26 26 26 26
16 QAM 19 19 19 19 19 19 19 19.1
DAL 64 QAM 19.8 19.8 19.8 19.8 19.8 19.8 19.8 20
256 QAM  25.7 25.7 25.7 25 25.7 26.5 25 28.5
16 QAM 19.3 19.3 19.3 19.6 19.6 20.7 20.5 24
IMC Hall 64 QAM 19.8 20.5 19.8 20.5 20.5 24 21.8 34
256 QAM 26,5 32 26.5 32 33 - 28.5 -

omnidirectional RX requires higher SNR than the directional.
The required SNR is dramatically increased especially for the
dense industrial environment and higher MCS modes such as
64 QAM and 256 QAM. In practical communication systems,
in order to increase the SNR, TX power must be increased.
However, it is not desired and always possible to increase the
TX power since there are limitations/regulations on the
maximum TX power. Considering all measurement results it
is recommended to use directional antennas at the TX and RX,
especially in the dense industrial environments where the
RMS delay spread due to metallic surfaces may be higher than
the symbol duration.

When the system performance is evaluated for different
BW and SS, it is shown that under an ideal channel condition
(i.e., AWGN channel) as seen in Fig. 2a- 4a, using the
directional antenna at the RX can provide up to 4 dB lower
EVMs compared to the omnidirectional antenna. Performance
differences get higher under fading channels as seen in Fig.
2b- 4b for the sparse (DAL) and in Fig. 2c- 4c for the dense
(IMC Hall) industrial environments where the differences
between the measured EVMs depending on the antenna
configuration, BW and SS are as high as 12 and 14 dB
respectively. It is seen that under non-ideal channel conditions
(in DAL and IMC Hall) using lower BW and SS (i.e, BW=50
MHz and SS=30 kHz) provide the best system performance
(meets the minimum EVM limit with the lowest SNR value)
while higher BW and SS (i.e, BW=100 MHz and SS=60 kHz)
provide the worst performance irrespective of antenna
configurations and MCS modes. It is also observed that for
SS=30 kHz, using 100 MHz BW provides almost the same
performance (EVM versus SNR) as the 50 MHz BW. Further
in the dense industrial environment, the 256 QAM with 60
kHz SS is unable to fulfil the required EVM limit of -26.94 dB
when the omnidirectional antenna is used at the RX. It is
apparent that the value of the SS dominates the system
performance most compared to the BW under nonideal
channel conditions (lower the SS lowers the required SNR for
meeting the EVM limits). It is further observed that higher
SSs (thus shorter symbol durations and CPs) are far more
vulnerable to ISI in indoor factory environments and
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increasing the SNR does not reduce the EVM. Therefore, for
applications which require higher data rates and reliable data
delivery, it is recommended to use the 50 MHz BW, 30 kHz
SS and directional antennas at the TX and RX. However, for
the AWGN channel (in Fig. 2a- 4a), the system performance
mostly depends on the BW, i.e., higher BW provides higher
EVM results (poor system performance). This is expected
since the noise power depends on the BW of the TX signal. It
is worth mentioning that for time-critical manufacturing
applications (e.g., robotic motion control) using shorter
symbol duration (higher SS) is desired to meet the required
QoS demands in terms of latency, in this case, a higher SS
(e.g., 60 kHz) can be used at the expense of the higher TX
power.

Table 4 presents the minimum required SNR values that
provide the EVMs equal or below the limits provided in Table
1 for different environments, MCS modes, BWSs, SSs and
antenna configurations. These results provide valuable
insights on the 5G NR network configuration parameters that
can be selected for different manufacturing applications
depending on their QoS requirements.

B. BER VERSUS SNR RESULTS

BER versus SNR is one of the most popular figures of merits
that is used to evaluate the performance (QoS) of
communications systems. In the 5G NR different applications
have different QoS (BER, PER, BLER etc.) requirements.
Therefore, for each MCS mode the required SNR must be
defined considering the application’s QoS requirements. With
this regard, it is paramount to estimate the BER from the
measured EVM values. To this end, Fig. 5a-f show the
estimated BERs from the measured EVMs depending on the
SNR for different MCS modes, BWSs, SSs, antenna
configurations and environments (channels).

As expected in the Chamber the BER performance
depending on the SNR thus does not change much. However,
in DAL and IMC Hall random nature of the fading mechanism
(the vector addition of all multipath signals) results in dynamic
changes to the BER. It is seen that substantial changes in the
BER are observed depending on the MCS mode, SS and BW
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configurations when the omnidirectional antenna is used at the
RX in DAL and IMC Hall. Using directional antenna at the
TX and RX can provide less varying BER performance than
using omnidirectional antennas as seen in Fig. 5c-f thus
providing robust data transmission. It is clear that using
directional antennas at the TX and RX enables accurate
estimation of the MCS mode for the next data transmission
depending on the SNR. This makes the signal processing and
link adaptation algorithms to be less complex. However, using
the omnidirectional antenna at the RX makes the
communication systems sensitive to the selected BW, SS and
MCS modes.

In Fig. 5d-f, it is seen that under fading channels, using
higher MCS modes such as 64 QAM and 256 QAM with the
higher SS causes poor system performance (irreducible BER
floors occur at very high SNRs). For example, considering the
scenario in Fig. 5f when an application has an acceptable BER
of 10, in this case only the lowest MCS of 16 QAM and the
64 QAM with the lower SS can be selected for data
transmission since other configurations are unable to meet the
required BER limit. Additionally, for the same SS, using a
higher BW results in a higher BER since increasing the BW
leads to higher receiver sensitivity. In order to use higher MCS
modes (256 QAM) for data transmission, which reduces the
bandwidth demand, using directional antennas at the TX and
RX, and lower SS and BW are required.

VI. CONCLUSION

This paper provided an experimental analysis of the 5G NR
performance for indoor factory scenarios at 4.145 GHz.
Measured OTA EVM results with respect to SNR were
reported for different 5G NR MCS modes, BWs and
numerologies in sparse, dense industrial environments, and an
anechoic chamber using omnidirectional and directional
antenna configurations at the TX and RX. To define the
propagation effects on the system performance, the channel
sounding measurements were also conducted in the same
environments, yielding insight into the time dispersion
characteristics of the channels. From the measurements results
and analysis, it was observed that channels in the dense
industrial environment had greater RMS delay spreads due to
strong reflected and scattered signals received from the
metallic objects and surfaces, and hence higher EVMs than in
the sparse industrial environment. The RMS delay spreads in
the dense environment (in IMC Hall) were almost three times
higher than in the sparse environment (in DAL). Using
directional antennas at the TX and RX in both environments
would reduce the RMS delay spread (and hence ISI) and thus
the EVM. As a result of that higher MCS modes (64 QAM and
256 QAM) can be selected for data transmission which
significantly improves the bandwidth efficiency and reduces
the latency. However, when omnidirectional antennas were
used increasing the SNR did not reduce the EVM, especially
for higher order MCS modes in the dense industrial
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environment, i.e., irreducible EVM floors were observed due
to ISI.

When the effects of the selected BW and SS on the system
performance were evaluated, it was shown that the system
performance was mostly dominated by the SS under fading
channels, i.e., using lower SS (higher symbol and CP lengths)
provided lower EVM results. Although 5G NR proposed
higher SS to provide low latency communication, it was
shown that severe multipath effects observed in industrial
environments (especially the dense environment) limit the
selection of the higher SS as well as higher MCS modes for
data transmission. The results further indicate that using
directional antennas at the TX and RX overcomes these
limitations, enables using higher MCS modes and SS
(numerology) and thus provides higher throughput and lower
delay.

The measured OTA EVM results for different MCS modes,
BWs, SSs and antenna configurations presented in this work
will provide invaluable insight into the 5G NR private network
performance deployed in sparse and dense factory
environments (under different channel conditions). These
results can be used for developing link adaptation algorithms
and optimising the network performance in order to meet the
QoS requirements of the industrial applications. One of the
future works can be performed to analyse the system
performance for different BWSs, SSs and MCS modes
considering the latency and reliability QoS requirements of the
application(s). Further work is also needed to evaluate system
performance and provide results for NLOS scenarios, as our
current work is limited to LOS scenarios only.
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