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Abstract: The 5G non-public network deployments for industrial applications are becoming highly
interesting for industries and enterprises owing to dependable wireless performance characteris-
tics. With an increasing trend of network deployments in local licensed and/or shared spectrum,
coexistence issues naturally arise. In this article, we present our detailed empirical results on the
performance impact of a 5G NR indoor non-public network from a 5G NR outdoor network operating
in the same mid-band spectrum. We present experimental results on the uplink and downlink
performance impact of a non-public indoor network deployed on an industrial shopfloor. Our results
quantify the impact on the uplink and downlink performance characteristics based on realistic traffic
loads in a non-public indoor network when using synchronized and unsynchronized Time Division
Duplex (TDD) patterns, different UE deployment locations and interference levels. We also present
results on mitigating interference effects through robust link adaptation techniques. We believe that
this is the first article, which reports quantified 5G NR cochannel coexistence results based on a
detailed and systematic study, and provides signficant insights on the cochannel coexistence behavior
in realistic deployment scenarios of an industrial shopfloor.

Keywords: 5G NR; coexistence; empirical results; 5G performance; TDD; interference mitigation

1. Introduction

The 5G-NR-based non-public networks are becoming increasingly popular especially
for industrial applications. This is owing to superior performance characteristics, mobility
support, scalability and security aspects of 5G NR compared to other existing wireless tech-
nologies, e.g., Wi-Fi or 4G/LTE. Due to challenging requirements of industrial applications,
these technologies do not adequetly meet the desired communication demands [1]. There
are various 5G NR non-public network deployement options [2], either using spectrum li-
censed for public operator networks or locally licensed spectrum available in some markets.
For instance, the 3.7-3.8 GHz spectrum is locally licensed for industrial use in Germany by
the spectrum management authority (BNetzA) [3]. The increasing density of non-public
network deployments in the local licensed and shared spectrum give rise to a cochannel
coexistence problem, which has been discussed in the research community [4].

The performance characteristics of a non-public network may deteriorate due to
spectral interference from coexisting networks. This performance impact depends upon
a number of factors such as proximity of the interfering transmitter to the receiver of the
non-public network and antenna directionality aspects, power levels of the transmitting
node and that of the interfering entity, signal quality level at the receiver due to propagation
characteristics, etc. While enhanced mobile broadband application use-cases target high
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data rates and peak throughputs in the best effort manner, industrial use-cases are typically
characterized by mission-critical communication requirements of high reliablity and low-
latency, albeit support for the best effort background traffic is also required [5,6]. Given
that there is available system capacity for packet retransmissions, the overall throughput
characteristics might remain unaffected even when packets need to be retransmitted due
to interference from a coexisting network. However, the interference caused from the
coexisting network may still lead to instantaneous link outages which are rectified by the
error control mechanisms in the 5G NR protocol stack. These error correction mechanisms
lead to instantenous latency spikes (e.g., due to Hybrid automatic repeat request (HARQ
retransmissions), which can be intolerable for mission-critical industrial traffic.

There exists various analytical and simulation studies on the performance analysis of
mission-critical services due to interference from coexisting networks [7,8]. However, so far
there is no other systematic coexistence performance evaluation for a 5G NR non-public
network based on real measurements. It is highly important to empircially quantify the
impact of interference on throughput as well as latency, in both uplink and downlink
directions, with different UE positions and under various traffic load conditions in realistic
deployment scenarios. There is naturally a need to mitigate interference effects to guarantee
the desired performance characteristics for mission-critical services.

In this article, we present detailed over-the-air performance evaluation results obtained
on an industrial shopfloor considering realistic deployment scenarios of a 5G NR non-
public indoor network coexisting in the same spectrum as a 5G NR outdoor network. The
throughput and latency characteristics of the indoor network in various realistic interference
scenarios due to a coexisting outdoor network are compared with their respective baselines
without the presence of interference from the coexisting outdoor network. We present
the empirical performance results for synchronized, as well as different unsynchronized,
TDD patterns used by the 5G NR indoor non-public network. In this article, the term
unsynchronized TDD patterns refers to a scenario where the indoor and outdoor networks
are using different TDD patterns. However, also in the “unsynchronized” scenario, the two
networks have a common time reference and their respective TDD patterns are slot-aligned.
In such scenario, all transmission slots will be aligned, even if in opposite directions, so any
interference from a given slot is confined to a single slot. Earlier research has shown that
coexistence of different TDD patterns for cochannel and adjacent channel networks have
a significant role in the interference characteristics [7,8]. We also investigate coexistence
interference mitigation aspects in our measurement-based study.

The rest of the article is organized as follows: In Section 2, we give an overview on
related works on 5G NR coexistence analysis. Section 3, describes the cochannel coexistence
problem and illustrates the different types of interference situations encountered in a prac-
tical cochannel deployment setup. In Section 4, we describe our systematic measurement
methodology and deployment setup. We also give an overview of the networks used in
our empirical evaluation in this section. Section 5 presents the detailed performance results
and their analysis. Finally, Section 6 concludes the article and outlines our current and
future work directions.

2. Related Work

The coexistence issue for different technologies is widely studied. The survey in [9]
presents inter-technology techniques of spectrum sharing in wireless technologies. The sur-
vey describes the inter-technology coexistence (in shared spectrum bands) for technologies
with a hierarchical and flat regulatory framework with equal access rights. Furthermore,
it briefly presents the inter-technology coexistence for different access rights in the hierar-
chical regulatory framework and for the integration of technologies in different spectrum
bands. The complexity of testing interference and the coexistence of wireless systems in
critical infrastructure has been reported in [10]. The report highlights the need for studying
test methods and performance metrics that allow designers, manufacturers, and customers
of new smart communications systems to understand and predict the ability of a device or
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system to resist interference and coexist within a particular radio frequency environment.
According to the type of the spectrum, whether it is dedicated or shared with other technolo-
gies, different coexistence problems might emerge for 5G NR deployments. The coexistence
in the unlicensed bands is studied in [11,12], with results of the coexistence between 5G NR
and Wi-Fi in the 6 GHz frequency band available for unlicensed use. Related to the multiple
licensed spectrum bands allocated to 5G NR technologies, multiple studies analyzed the
coexistence issue with inter- and intra-technologies. Authors in [13] demonstrated on
an experimental setup the efficient spectrum sharing for 5G NR, LTE-A Pro and NB-IoT
aiming to take advantage of the 700 MHz propagation aspects. Similarly, a field trial study
in [14] presents the coexistence between LTE and NR based on a frequency division duplex-
ing (FDD) system under dynamic spectrum sharing (DSS). Furthermore, authors in [15]
and [16] study the coexistence between the 5G system and fixed satellite communications in
the mid- (3.4 GHz-3.6 GHz) and high-frequency bands (40 GHz), respectively. The results
from the coexistence of fixed satellites and 5G in mid-band, based on simulations, and
lab and field tests, demonstrated that 5G systems could be deployed on a large scale for
commercial deployments. The coexistence aspects for FSS (fixed-satellite services) and FS
(fixed services) are discussed in [17]. For the mmWave band, it was demonstrated that 5G
IoT systems can meet the interference protection criteria of the FSS from at least several
hundred base stations and thousands of IoT terminals simultaneously. Additionally, related
simulation-based studies considered the coexistence between different 5G networks in the
mid-band spectrum as well. For 5G system operating in the mmW range, mitigation of
cochannel interference using multiple beam formations, including directivity of beams
and the distance between the base station and terminal device, is proposed in [18] with
mathematical analysis and simulations.

In [7], cochannel and adjacent channel performance evaluation in the mid-band fre-
quency range of 3.5 GHz between an enhanced mobile broadband (eMBB) macro network
and an ultra-reliable low latency communication (URLLC) factory network demonstrated
that macro downlink interference results in reduction in uplink and downlink capacity and
service availability for certain synchronized and unsynchronized TDD patterns. The con-
clusion of the study highlights that a local factory can coexist with wide-area network when
certain isolation is guaranteed to protect the URLLC traffic in the worst-case scenario. In a
similar way in [8], the authors highlight that the coexistence of the public macro network
and the non-public network is very difficult, unless the isolation between the networks
is sufficiently large. These studies also point out the issue of the cross-link interference
between public and non-public UEs. This is highlighted by authors in [19], where cross-link
interference mitigation techniques from different authors from the literature are compiled.
The proposals are divided into three sections: inter-cell coordination, advanced receiver
and sensing techniques. For instance, clustering, scheduling and resource allocation, power
control, beamforming, UL/DL configurations are solutions proposed based on inter-cell
coordination. Advanced receiver and sensing solutions proposed are interference suppres-
sion, maximum likelihood, interference cancellation and listen-before-talk (LBT) techniques.
The paper of [19] also deals with a survey of specifications based on signaling for Cross
Link Interference (CLI) mitigation. Authors in [20] present enhancements of 5G NR TDD
operation and performance to mitigate CLI between neighboring cells. A reinforcement
learning algorithm adjusts the TDD configuration for both macro and indoor deployments
considering URLLC and eMBB traffic coexistence based on the new features introduced in
3GPP NR Release-16 [21] to manage CLI, i.e., CLI-RSSI (received signal strength indicator),
CLI SRS-RSRP (sounding reference signal-reference signal received power) and RIM (re-
mote interference management). More recently, authors in [22] highlight the importance of
UL traffic for industry use cases. Based on the coexistence issue and the traffic requirements
of private networks, potential solutions are presented related to the coexistence issue, e.g.,
UL MIMO (multiple-input and multiple-output), carrier aggregation, full-duplex operation,
or symbol blanking. Other recommendations are to implement different TDD configura-
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tions to minimize possible interference and the introduction of balanced or UL oriented
TDD patterns.

Most of the existing coexistence studies are based on theoretical and simulation analy-
sis, especially in the context of cellular networks. Despite several deployment scenarios
envisioned for 5G NR and the increasing popularity of 5G non-public networks, no system-
atic experimental investigations on coexistence behavior have been conducted that quantify
over-the-air performance impact in real deployments. In [2], we describe our measurement
methodology and initial results on the cochannel coexistence performance between an
indoor non-public 5G NR network and an outdoor 5G NR network. In this article, we
present a deep analysis of the cochannel coexistence results. Moreover, we present results
on mitigation through link robustness of the observed performance degradation caused
due to the coexistence issue.

3. The Cochannel Coexistence Problem

The cochannel coexistence problem between two or more networks in 5G deployments
is constrained to regional regulations. In this article, the coexistence scenario analysis is
based on locally deployed networks for indoor industrial applications operating on the
same spectrum as other neighborhood networks. As described in Chapter 5 in [2], there
are three different scenarios that could be addressed in this coexistence study: (i) a local
non-public network may have a license to operate in the same spectrum as other public
5G services in the wide-area, (ii) an indoor non-public network might make use of a local
5G license in close vicinity with another non-public network within the same spectrum
with its own local license, and (iii) a local license may include multiple factory buildings
but also an outdoor network section on the same industrial environment area. In the third
scenario, the outdoor network requires coordination among other outdoor networks on the
same or adjacent channels, thus the TDD configuration needs to be aligned with the public
5G networks.

As per [23], the indoor and outdoor networks have a common clock reference. Hence,
the TDD pattern start is always synchronized in our measurements. Then, when the indoor
and outdoor network use the same TDD pattern, the only present interference is the so-
called near—far interference. Such interference situation occurs when both networks are
either in DL or UL transmission mode at the same time. From the network perspective,
the DL near—far interference arises when the coexisting base station is transmitting to its
UE and creates interference to the neighbor UE. Hence, the UL near—far interference is
the interference perceived on the base station due to the transmission of the neighbor
UE. However, indoor network deployments might not be constrained to the harmonized
outdoor TDD pattern and might choose a more balanced or UL-oriented TDD pattern in
order to meet the system requirements of the use-cases within the non-public network.
For instance, in Figure 1, the indoor and outdoor network TDD patterns are referred to as
DDDU and DDDDU, respectively, where D and U represent downlink and uplink time
slots, respectively. As already mentioned, the interference impact of the DL-to-DL and
UL-to-UL slots is measured in the near—far interference. Moreover, due to the nature of the
unsynchronized TDD pattern (indoors: DDDU, outdoors: DDDDU) the DL-to-UL and UL-
to-DL interference is called the cross-link interference. This interference might arise when
the interference network is transmitting in the opposite direction of the victim network.
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Figure 1. Illustration of interference situation caused by coexisting indoor and outdoor networks.
(a) Interference links between base stations and UEs of indoor and outdoor networks when different
TDD patterns are selected. (b) Different TDD patterns used in the indoor network compared to the
outdoor network result in both near—far interference and cross-link interference.

4. Experimental Methodology

In order to systematically carry out the coexistence measurements, we developed a tool
for configurable traffic generation and carrying out accurate one-way (DL/UL) latency and
throughput measurements. We have first measured the baseline latency and throughput,
i.e., without interference, and later measured latency and throughput in the presence
of interference. The baseline peak throughput performance depends upon the system
bandwidth configured. Higher peak throughput is achieved with a larger bandwidth and
vice-versa. The amount of interference level and its direction (UL/DL) determines the
performance loss compared to the respective baseline. Various aspects of interfernce impact
on the performance of the indoor network has been evaluated.

Our over-the-air coexistence measurements have been performed in the 3.7-3.8 GHz
5G N78 TDD band, which is allocated with a local license for industrial application use in
Germany. Our measurements have been carried out at the 5G Industry Campus Europe
(5G ICE) in Aachen [24], which has an outdoor network deployment covering an area of
approximately 1 km?, with four outdoor macro sites colored in yellow in Figure 2a. As
part of 5G ICE, we have selected the indoor network deployment on the shopfloor of the
Fraunhofer Institute for Production Technology (IPT), shown as a green rectangle with
an area of ca. 2700 m?. The power levels for the indoor and outdoor networks are in
the nominal operating range. During the empirical study, both the indoor and outdoor
networks were exclusively used and we ensured no other device was operating in the
two networks.

The coexistence measurements were conducted with four different UE locations, two
indoor and two outdoor UE locations. The four scenarios are as described in Table 1
according to Figure 2b. The first scenario is the worst-case of interference, when the indoor
and outdoor UE are close by to each other at a distance of around 50 cm from the window
of the shopfloor. In the second scenario, the outdoor UE is in the same location and the
indoor UE is moved at distance of 10 m from the window, close to a robot cell. Then, in the
third scenario the indoor UE is moved to a location next to the factory shopfloor window,
while the outdoor UE is moved away from the shopfloor to a distance of 15 m. Finally,
the indoor UE was placed close to the robot cell, while keeping the outdoor UE away at a
distance of 15 m from the shopfloor.
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Indoor UE locations: Outdoor UE locations:
@ next to the factory window next to the window

@ at some distance to the window @ at some distance to the shopfloor
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Fraunhofer IPT
(Indoor test factory)
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Figure 2. (a) Outdoor campus network deployment in Industry Campus Europe (Aachen) and
location of indoor test factory, Fraunhofer IPT. (b) Indoor and outdoor UEs deployment location for
coexistence performance evaluation around the test factory hall [2]. The figure is based on Google
Maps © 2021.

Table 1. Description of indoor and outdoor UE deployment locations for each of the scenarios.

Scenario Indoor UE Location Outdoor UE Location

. 50 cm across from the window 50 cm across from the
1. Worst-case interference

(red) shopfloor window (yellow)
2 Robot cell 10 m away from the window 50 cm across from the
’ (blue) shopfloor window (yellow)
3T 50 cm across from the window 15 m away from the shopfloor
. Interference far away (red) (green)
4. Robot cell—far away 10 m away from the window 15 m away from the shopfloor
interferer (blue) (green)

As described in Table 2, both indoor and outdoor networks are based on a mid-band
5G non-stand alone (NSA) system with independent baseband and core networks. The 4G
anchor cell of both networks is on the 2300 MHz B40 frequency band while the 5G leg of
the NSA deployment uses the full 100 MHz bandwidth available within the n78 band of
the 3.7-3.8 GHz spectrum, which fulfills the requirement for cochannel networks.

Table 2. Indoor and outdoor 5G network characteristics.

Network 5G Architecture 5G Frequency Band 4G Frequency Band 5G Bandwidth

Indoor  NSA 3.7-3.8 GHz (n78) 2300 MHz (B40) 100 MHz
Outdoor  NSA 3.7-3.8 GHz (n78) 2300 MHz (B40) 100 MHz

For our measurements, we used one test UE for the indoor network and one test
UE for the outdoor network. Both the UEs are identical and based on Qualcomm x55
modem chipset. We ensured that no other devices were active besides the test devices
when performing measurements.

5. 5G Performance for Industrial Control

Industrial automation and control applications are typically characterized by mission-
critical traffic, where data from sensors to controllers and command messages from the
controllers to actuators are to be delivered with low latency and high reliability [4,6]. The
data traffic is thus in both UL and DL directions. In our empirical performance evaluation,
we have studied the impact on the UL and DL latency and throughput of the non-public
indoor network. The results have been analyzed with different TDD patterns, UE locations
and interference directions in UL and DL from the outdoor network. The results presented
in this article contain mission-critical traffic with a low to medium load, at which the
overall throughput impact is insignificant. This is due to the inherent retransmission
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and error control mechanisms in the 5G NR protocol stack, and hence we focus only
on the effect on the latency performance. Moreover, for mission critical traffic, latency
characteristic is an important performance metric instead of throughput. Please note that
the throughput impact due to interference becomes visible only at high traffic conditions of
the indoor network, as there are not enough system resources available due to the error
control mechanisms.

5.1. Synchronized TDD Patterns

Current cellular wide-area network deployments on the TDD spectrum use the same
TDD pattern on all cells in order to avoid interference. According to the standardization
technical specifications of 3GPP 38.401 Section 9.1, all networks must have a common clock
reference. Hence, in order to keep the same harmonized TDD pattern DDDDU regulated
for wide-area networks in Germany, the first set of tests were conducted to study the indoor
network performance in the presence of interference from the outdoor network when
both the networks use the same TDD pattern, referred to as synchronized TDD patterns.
The interference for the synchronized TDD pattern scenario can only occur between slots
on the same transmission directions, i.e., DL slots interfere only with the DL slots and
UL slots interfere with the UL slots of the two networks. Therefore, the interference
links for the synchronized TDD pattern in DL and UL are only the near—far interference
links, as illustrated in Figure 1. The first scenario studied for cochannel interference and
synchronized TDD pattern is for indoor and outdoor UE deployments next to the window,
as shown in Figure 2b. For median values, the increase in latency compared to baseline for
both indoor DL and UL slots is negligible, as can be observed from Figure 3. Similarly, for
the 99th percentile value, the indoor DL latency increase due to the DL near—far interference
being low, while results from UL near—far interference show higher delays of 0.7 ms and
5.3 ms, respectively. For the 99.9th percentile value, the increase in latency compared to
baseline follows a similar trend. Here, the UL near—far interference impact is higher than
the DL near—far interference. Compared to baseline, the increase in latency in the indoor
DL and UL for the 99.9th percentile value are 5.1 ms and 7.5 ms, respectively.

DL - synchronized TDD pattern UL - synchronized TDD pattern
10

=
()

S

N

Latency increase as to baseline [ms]
Latency increase as to baseline [ms]

median 99th percentile 99.9th percentile median 99th percentile 99.9th percentile

%) —

m DL interference m UL interference
(a) (b)

Figure 3. Increase in DL (a) and UL (b) latency compared to their respective baselines for synchronized
TDD pattern (DDDDU) used by the indoor and outdoor networks.

The coexistence measurements were conducted with four different UE locations, two
indoor and two outdoor UE locations. The four scenarios are as described in Table 1
according to Figure 2b. The first scenario is the worst-case of interference, when the indoor
and outdoor UE are close by to each other at a distance of around 50 cm from the window
of the shopfloor. In the second scenario, the outdoor UE is in the same location and the
indoor UE is moved at distance of 10 m from the window, close to a robot cell. Then, in the
third scenario the indoor UE is moved to a location next to the factory shopfloor window,
while the outdoor UE is moved away from the shopfloor to a distance of 15 m. Finally,
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the indoor UE was placed close to the robot cell, while keeping the outdoor UE away at a
distance of 15 m from the shopfloor.

For other UE deployment locations, it can be observed in Figure 4 that the DL
(Figure 4a) and UL (Figure 4b) latencies increase compared to their respective baselines
with a synchronized TDD pattern. The worst-case interference scenario is the previously
analyzed result. The robot cell scenario is the result of the latency increase for a different
indoor UE position (robot cell) within the test factory shopfloor and same outdoor UE
position (next to the window). The remaining scenario is for the indoor UE close to the
window and the outdoor UE at some distance from the shopfloor. The indoor DL perfor-
mance for the robot cell scenario, where the victim of the indoor network is the indoor UE
and the aggressor is the outdoor BS, shows no impact due to DL interference. Similarly,
for the interference far away scenario, no impact is observed in the DL latency. Hence, it is
observed that increasing the distance between the UEs helps to reduce the impact of DL
interference. On the other hand, the indoor UL latency increase for the robot cell scenario is
slightly greater and no latency increase is observed for the interference far away scenario.

DL - synchronized TDD pattern UL - synchronized TDD pattern
10 10

Latency increase as to baseline [ms]
Latency increase as to baseline [ms]

0 — — — ° —_ — —

median 99th percentile 99.9th percentile median 99th percentile 99.9th percentile
Worst-case interference ® Robot cell mInterference far away Worst-case interference m Robot cell mInterference far away
(a) (b)

Figure 4. Increase in DL (a) and UL (b) latency compared to their baselines for synchronized TDD
pattern of DDDDU with different indoor/outdoor UE deployment locations.

5.2. Unsynchronized TDD Pattern

As described in Section 5.1, the indoor network performance, with interference for
the three different scenarios with a synchronized TDD pattern, is quite similar for median
values and, with only a few milliseconds of a latency increase, has been observed for certain
high percentiles. However, the TDD pattern DDDDU is DL oriented and might not be
suitable for the application requirements of the indoor network. There are TDD patterns
currently available in our test network with a downlink—-uplink balance more suitable
for the requirements of the new industry automation applications. However, it is still
uncertain how the cross-link interference for a mid-band TDD spectrum could affect the
indoor network performance in a real network deployment. In this article, we analyzed the
impact of different TDD patterns for the indoor and outdoor network. In particular, the two
TDD patterns studied, DDDU (75% DL-25% UL) and DDDDUDDDUU (70% DL-30% UL),
are more UL oriented than the current harmonized DDDDU (80% DL-20% UL) pattern.
For the unsynchronized TDD patterns, the coexistence of DL slots is different compared
to the synchronized case. The DL slots of DDDU will collide arbitrarily 80% of the time
with the outdoor DL (near—far interference) slots of DDDDU, while the remaining 20% of
the time indoor DL slots will collide with outdoor UL slots (cross-link interference). As
can be observed in the graph of Figure 5a, the DL latency increase compared to baseline
for UL interference is above 300 ms. Due to the interference on this 20% of the indoor DL
slots, the 5G system is not capable of handling the targeted medium load traffic. Instead,
for the DL interference, the impact is similar, as seen in Section 5.1 with a slightly better
performance due to less DL near—far interference. For the other unsynchronized TDD
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pattern (DDDDUDDDUU), the indoor DL slots only collide with outdoor DL transmissions,
as for the synchronized TDD pattern. Then, no cross-link interference is expected and, as
can be observed in the graph of Figure 5b, no impact is coming from the UL interference.
Nevertheless, with DL interference, the latency increase is higher compared to the other
values on the Figure 5a.

DL - unsynchronized TDD pattern (DDDU) DL - unsynchronized TDD pattern (DDDDUDDDUU)
_ 10 >300ms >300ms >300ms _ 10
(%) w
E E
g8 28
o @
3 3
8 3
2 6 fe) 6
w w
o o
s 4 g a
4 @
S S
= =
S 2 s 2 I
1) v
= =
2 3
8 0 | || ) — _— —
median 99th percentile 99.9th percentile median 99th percentile 99.9th percentile
m DL interference  m UL interference mDL interference W UL interference
(a) (b)

Figure 5. Increase in DL latency compared to its baseline for unsynchronized TDD pattern. (a) Indoor
TDD pattern DDDU and outdoors DDDDU are configured. (b) Indoor TDD pattern DDDDUDDDUU
and outdoors DDDDU are configured.

The interference constellation for the indoor UL slots and unsynchronized TDD pattern
is also different compared to the synchronized TDD pattern. For DDDU used indoors
and DDDDU used outdoors, the near—far interference and cross-link interference for
indoor UL slots are 20% and 80%, respectively. In Figure 6a, it can be observed that
the near—far interference (UL interference) has a longer latency increase compared to
baseline than the cross-link interference (DL interference) for high percentiles. For the
99th and 99.9th percentile, the difference is of around 1 ms and 2 ms, respectively. For
DDDDUDDDUU, the near—far interference is 67%, while cross-link interference is 33% of
the indoor UL slots. From the graph of Figure 6b, the results of cross-link interference (DL
interference) are slightly better compared to the results on the Figure 6a and the impact
of near—far interference (UL interference) is similar, despite having more probability of
such interference.

UL - unsynchronized TDD pattern (DDDU) UL - unsynchronized TDD pattern (DDDDUDDDUU)
10

, M II II

=
()

@

B

~N

Latency increase as to baseline [ms]
Latency increase as to baseline [ms]

. II.I
. Al

median 99th percentile 99.9th percentile median 99th percentile 99.9th percentile
m DL interference  m UL interference m DL interference  m UL interference
(a) (b)

Figure 6. Increase in UL latency compared to its baseline for unsynchronized TDD pattern. (a) Indoor
TDD pattern DDDU while outdoors DDDDU are configured. (b) Indoor TDD pattern DDDDUD-
DDUU and outdoor DDDDU are configured.

We break down the indoor DL and UL network performance to analyze the impact for
different indoor-outdoor UE locations. In Figure 7, it can be observed that, as we increase
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the distance between UEs, the indoor DL latency increase compared to baseline is lower
or non-existent. An interesting observation from Figure 7b, where UL interference was
queuing up the 5G system in the worst-case of interference, is highly reduced for the robot
cell scenario and it is not observed for the interference far away.
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Only DL interference Only UL interference

_10 _ 10 >300ms >300ms >300ms

(2] w

E E

. 2z s

o ©

a a

8 6 8 6

2 8

3 2

o 4 o 4

a a

=} j=}

o g

£ 2 g2

> >

e e

5o m—— wm M §o LM_ — —
l=}

3 median 99th percentile 99.9th percentile . median 99th percentile 99.9th percentile

Worst-case interference m Robot cell mInterference far away Worst-case interference m Robot cell mInterference far away
(a) (b)

Figure 7. Increase in DL latency compared to baseline for unsynchronized TDD pattern (indoors:
DDDU, outdoors: DDDDU) and different indoor /outdoor UE deployment locations. (a) Result for only
DL interference (near—far interference). (b) Result for only UL interference (cross-link interference).

On the other hand, DL results for the unsynchronized TDD pattern DDDDUDDDUU
in Figure 8 show no impact due to UL or DL interference in the robot cell and interference
far away scenarios.

DL - unsynchronized TDD pattern (DDDDUDDDUU) DL - unsynchronized TDD pattern (DDDDUDDDUU)
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Figure 8. Increase in DL latency compared to the respective baseline for unsynchronized TDD pattern
(indoors: DDDDUDDDUU, outdoors: DDDDU) and different indoor/outdoor UE deployment loca-
tions. (a) Result for only DL interference (near—far interference). (b) Result for only UL interference
(cross-link interference).

5.3. Interference Mitigation through Link Robustness

We have investigated the use of a more robust link adaptation algorithm for the
indoor network in order to achieve resilience against cochannel interference coming from
the outdoor coexisting network. We observed that link robustness for both uplink and
downlink transmissions in the indoor network helps in mitigating interference effects.
Link robustness leads to the selection of lower Modulation Coding Scheme (MCS) values
via the link adaptation algorithm. Figure 9 shows that instead of configuring the default
Block Error Rate (BLER) target of 10% for HARQ retransmission, as used in all of the
above tests, when we set a BLER target of 1% for HARQ retransmission after the initial
transmission, we get significantly reduced latency compared to the respective baseline
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results for both DL and UL transmissions. One downside of configuring a stricter BLER
target for HARQ retransmissions is the use of extra radio resources. However, for small
packet sizes, as often used in mission-critical traffic, it is not a big overhead and allows
significant latency reduction by avoiding the need for retransmissions when encountering
interference from coexisting networks. While the link robustness results for the indoor
network in Figure 9 are for a synchronized TDD pattern, we have observed similar results
when using unsynchronized TDD patterns indoors, as mentioned in Section 5.2.

DL - synchronized TDD pattern UL - synchronized TDD pattern
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Figure 9. DL (a) and UL (b) latency increase compared to their baseline for synchronized TDD pattern
when using different BLER targets in the worst-case deployment setup.

6. Conclusions and Future Work

In this article, we have presented our detailed empirical 5G NR cochannel coexistence
results. We have systematically analyzed the impact of a coexisting outdoor network, which
could resemble to any type of 5G network, on the latency and throughput performance of
the indoor network for an industrial shopfloor in several different scenarios. These include
the performance impact on the UL and the DL transmissions of a factory shopfloor network
when there is interference from an outdoor network in UL and DL directions. Moreover, we
have studied the impact of the TDD pattern used in the indoor network, and the indoor and
outdoor UE deployment positions. Our results indicate that cochannel interference from
an outdoor network can downgrade the performance of the indoor network, even for the
same TDD pattern used indoors and outdoors, when the outdoor UE is close to the indoor
shopfloor deployment. However, the interference effects gradually subside when the
outdoor interfering UE moves away from the indoor deployment premises, and eventually
disappears. While the performance loss is significant due to cross-link interference, when
unsynchronized TDD patterns are used indoors for deployments of outdoor UEs close to
the indoor shopfloor premises, there are certain TDD patterns which inherently mitigate the
cross-link interference and thereby allow a better UL ratio in the TDD pattern UL/DL split.
Detailed knowledge of the cochannel coexistence behavior may be an enabler for tailoring
TDD configurations to the needs of industry users. Considering that industrial 5G use
cases are typically characterized by a high demand for uplink capacity, appropriate TDD
patterns should be considered. We have also observed, in our experimental results, that
appropriate link adaptation for high link robustness provides resilience against interference
from coexisting networks.

As part of our ongoing and future work, we are empirically evaluating the adjacent
channel coexistence effects, where key performance indicators (KPIs) are studied for both
indoor and outdoor networks due to adjacent channel coexistence. We plan to publish our
detailed adjacent channel coexistence results and the key findings in a future article.



Electronics 2022, 11, 1676 12 of 13

Author Contributions: Conceptualization, validation, J.A., ].B.C. and S.S.; methodology, software,
formal analysis, research ].B.C. and J.A.; writing ].B.C,, J.A., J.S.,, P.d.B., S.S., L.G., N.K. and RH.S. All
authors have read and agreed to the published version of the manuscript.

Funding: This work has been performed in the framework of the H2020 project 5G-SMART co-funded
by the EU under grant number 857008. This information reflects the consortium’s view, but the
consortium is not liable for any use that may be made of any of the information contained therein.

Acknowledgments: The authors would like to acknowledge the contributions of their colleagues
Gorjana Gjorgjjevska and Sascha Jaeger from Ericsson Business Unit Networks.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Wen, M,; Li, Q.; Kim, KJ.; Lopez-Pérez, D.; Dobre, O.A.; Poor, H.V,; Tsiftsis, T.A. Private 5G Networks: Concepts, Architectures,
and Research Landscape. IEEE ]. Sel. Top. Signal Process. 2021, 16, 7-25. [CrossRef]

2. 5G-SMART Deliverable Document 1.5. Evaluation of Radio Network Deployment Options. December 2021. Available online:
https:/ /5gsmart.eu/wp-content/uploads/5G-SMART-D1.5-v1.0.pdf (accessed on 5 April 2022).

3.  BNetzA. Administrative Rules for Spectrum Assignments for Local Spectrum Usages in the 3700-3800 MHz Band. Avail-
able online: https://www.bundesnetzagentur.de/SharedDocs/Downloads/EN/Areas/Telecommunications/Companies/
TelecomRegulation/FrequencyManagement/FrequencyAssignment/LocalBroadband3,7GHz.pdf?__blob=publicationFile&v=
1 (accessed on 2 April 2022).

4. Navarro-Ortiz, J.; Romero-Diaz, P.; Sendra, S.; Ameigeiras, P.; Ramos-Munoz, ]J.J.; Lopez-Soler, ].M. A Survey on 5G Usage
Scenarios and Traffic Models. IEEE Commun. Surv. Tutor. 2020, 22, 905-929. [CrossRef]

5. Pirinen, P. Co-channel co-existence study of outdoor macrocell and indoor femtocell users. In Proceedings of the IEEE European
Wireless Conference, Lucca, Italy, 12-15 April 2010; pp. 207-213.

6.  Ansari, J.; Andersson, C.; de Bruin, P.; Farkas, J.; Grosjean, L.; Sachs, J.; Torsner, J.; Varga, B.; Harutyunyan, D.; Kénig, N.; et al.
Performance of 5G Trials for Industrial Automation. Electronics 2022, 11, 412. [CrossRef]

7. Challita, U.; Hiltunen, K.; Tercero, M. Performance evaluation for the co-existence of eMBB and URLLC networks: Synchronized
versus unsynchronized TDD. In Proceedings of the IEEE Vehicular Technology Conference (VIC2019-Fall), Honolulu, HI, USA,
22-25 September 2019.

8. Yang, Y.; Hiltunen, K.; Chernogorov, F. On the Performance of Co-existence between Public eMBB and Non-public URLLC
Networks. In Proceedings of the IEEE Vehicular Technology Conference (VTC2021-Spring), Helsinki, Finland, 25-28 April 2021.

9. Voicu, A.M.; Simic, L.; Petrova, M. Survey of Spectrum Sharing for Inter-Technology Coexistence. IEEE Commun. Surv. Tutor.
2018, 21, 1112-1144. [CrossRef]

10. Koepke, G.H.; Coder, J.; Ladbury, J.; Young, W. Complexities of Testing Interference and Coexistence of Wireless Systems in Critical
Infrastructure; US Department of Commerce, National Institute of Standards and Technology: Gaithersburg, MD, USA, 2015.

11. Naik, G.; Park, ].M.]. Coexistence of Wi-Fi 6E and 5G NR-U: Can we do better in the 6 GHz bands? In Proceedings of the IEEE
Conference on Computer Communications, Vancouver, Canada, 10-13 May 2021.

12.  Muhammad, S.; Refai, H.H.; Al Kalaa, M.O. 5G NR-U: Homogeneous coexistence analysis. In Proceedings of the IEEE Global
Communications Conference, Taipei, Taiwan, 7-11 December 2020.

13.  Alexandre, L.C.; Filho, A.L.D.S.; Sodre, A.C. Indoor Coexistence Analysis Among 5G New Radio, LTE-A and NB-IoT in the
700 MHz Band. IEEE Access 2020, 8, 135000-135010. [CrossRef]

14. Cai, B,; Xie, W.; Guo, H. Analysis and field trial on interference coexistence of 5G NR and 4G LTE dynamic spectrum sharing. In
Proceedings of the International Wireless Communications and Mobile Computing IWCMC), Harbin, China, 28 June-2 July 2021.

15. Tan, H; Liu, Y,; Feng, Z.; Zhang, Q. Coexistence analysis between 5G system and fixed-satellite service in 3400-3600 MHz. China
Commun. 2018, 15, 25-32. [CrossRef]

16. Meng, X.; Zhong, L.; Zhou, D.; Yang, D. Co-Channel Coexistence Analysis between 5G IoT System and Fixed-Satellite Service at
40 GHz. Wirel. Commun. Mob. Comput. 2019, 2019, 9790219. [CrossRef]

17.  Kim, S.; Visotsky, E.; Moorut, P; Bechta, K.; Ghosh, A.; Dietrich, C. Coexistence of 5G With the Incumbents in the 28 and 70 GHz
Bands. IEEE |. Sel. Areas Commun. 2017, 35, 1254-1268. [CrossRef]

18. Bechta, K,; Kelner, J.; Ziétkowski, C.; Nowosielski, L. Inter-Beam Co-Channel Downlink and Uplink Interference for 5G New
Radio in mm-Wave Bands. Sensors 2021, 21, 793. [CrossRef] [PubMed]

19. Kim, H; Kim, J.; Hong, D. Dynamic TDD Systems for 5G and Beyond: A Survey of Cross-Link Interference Mitigation. IEEE
Commun. Surv. Tutor. 2020, 22, 2315-2348. [CrossRef]

20. Pedersen, K; Esswie, A.; Lei, D.; Harrebek, J.; Yuk, Y.; Selvaganapathy, S.; Helmers, H. Advancements in 5G New Radio TDD
Cross Link Interference Mitigation. IEEE Wirel. Commun. 2021, 28, 106-112. [CrossRef]

21. 3GPP Technical Report 38.828 on Cross link interference handling and remote interference management (RIM) for NR (Release

16), V16.0.0. June 2019. Available online: https://www.3gpp.org/ftp//Specs/archive/38_series/38.828/38828-g10.zip (accessed
on 2 April 2022).


http://doi.org/10.1109/JSTSP.2021.3137669
https://5gsmart.eu/wp-content/uploads/5G-SMART-D1.5-v1.0.pdf
https://www.bundesnetzagentur.de/SharedDocs/Downloads/EN/Areas/Telecommunications/Companies/TelecomRegulation/FrequencyManagement/FrequencyAssignment/LocalBroadband3,7GHz.pdf?__blob=publicationFile&v=1
https://www.bundesnetzagentur.de/SharedDocs/Downloads/EN/Areas/Telecommunications/Companies/TelecomRegulation/FrequencyManagement/FrequencyAssignment/LocalBroadband3,7GHz.pdf?__blob=publicationFile&v=1
https://www.bundesnetzagentur.de/SharedDocs/Downloads/EN/Areas/Telecommunications/Companies/TelecomRegulation/FrequencyManagement/FrequencyAssignment/LocalBroadband3,7GHz.pdf?__blob=publicationFile&v=1
http://doi.org/10.1109/COMST.2020.2971781
http://doi.org/10.3390/electronics11030412
http://doi.org/10.1109/COMST.2018.2882308
http://doi.org/10.1109/ACCESS.2020.3011267
http://doi.org/10.1109/CC.2018.8543046
http://doi.org/10.1155/2019/9790219
http://doi.org/10.1109/JSAC.2017.2687238
http://doi.org/10.3390/s21030793
http://www.ncbi.nlm.nih.gov/pubmed/33504025
http://doi.org/10.1109/COMST.2020.3008765
http://doi.org/10.1109/MWC.001.2000376
https://www.3gpp.org/ftp//Specs/archive/38_series/38.828/38828-g10.zip

Electronics 2022, 11, 1676 13 of 13

22.  Fleischer, W.; Dixon, J.; Shapin, A.; de Bruin, P.; Williamson, R.; Rose, L.; D’Aria, G.; Orlando, A.; Zhang, H.; Li, RY,; et al. “5G
TDD Uplink” v1.0, NGMN Alliance White Paper. January 2022. Available online: https:/ /www.ngmn.org/wp-content/uploads/
220117-5G-TDD-Uplink-White-Paper-v1.0.pdf (accessed on 5 April 2022).

23.  3GPP Technical Specification 38.410 “Architecture Description”, Technical Specification V17.0.0. Available online: https:/ /portal.
3gpp.org/ChangeRequests.aspx?q=1&versionld=76437&release=192 (accessed on 5 April 2022).

24. 5G Industry Campus Europe. Available online: https:/ /5g-industry-campus.com/ (accessed on 19 October 2021).


https://www.ngmn.org/wp-content/uploads/220117-5G-TDD-Uplink-White-Paper-v1.0.pdf
https://www.ngmn.org/wp-content/uploads/220117-5G-TDD-Uplink-White-Paper-v1.0.pdf
https://portal.3gpp.org/ChangeRequests.aspx?q=1&versionId=76437&release=192
https://portal.3gpp.org/ChangeRequests.aspx?q=1&versionId=76437&release=192
https://5g-industry-campus.com/

	Introduction 
	Related Work 
	The Cochannel Coexistence Problem 
	Experimental Methodology 
	5G Performance for Industrial Control 
	Synchronized TDD Patterns 
	Unsynchronized TDD Pattern 
	Interference Mitigation through Link Robustness 

	Conclusions and Future Work 
	References

