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Abstract— Interest in integrating wireless communication
capabilities into industrial Cyber-Physical Systems (CPS) has
surged recently. Driven by advantages like ease of deployment,
reduced maintenance costs, and asset mobility, CPSs now em-
ploy wireless communication for manufacturing control, logistics
tracking, process control, and heavy machinery management.
While wireless technologies such as IEEE 802.11, 5G cellular
networks, and redundant IEEE 802.15.4 networks offer possible
solutions, the challenge to the adoption of these solutions for
control systems lies in ensuring reliable and deterministic data
delivery. Software-based private 5G implementations emerge as
an intriguing solution, offering architectural flexibility, potential
cost-effectiveness, and adaptability for diverse traffic types. We
present a novel software-based 5G industrial wireless testbed with
precision wireless channel measurement and control to support
measurement-based research in the application of private 5G
networks to these operational scenarios.

Index Terms—Industrial Wireless, 5G, cyber-physical systems,
testbed

I. INTRODUCTION

Integrating wireless communication capabilities into indus-
trial Cyber-Physical Systems has garnered significant interest
in the last decade, driven by the ease of deployment, reduced
installation maintenance costs, and user density scalability,
and other economic benefits [1]. An increasing number of
industrial scenarios have transitioned from legacy wired de-
ployments to fully wireless solutions or a hybrid of wired
and wireless configurations. The shift to wireless can extend
communications capabilities to scenarios that are impractical
for wired solutions, such as remote control of heavy machinery
and other mobility scenarios found in industrial settings.

5G networks have recently emerged as one of the leading
contenders in supporting industrial wireless communication.
5G can offer significant advantages in handling mobility and
connection handover when devices switch from one access
network to another. Virtualization, softwarization, and the
development of Open Radio Access Network (O-RAN) not
only reduce reliance on specific hardware vendors but open
up more research opportunities for network optimization. Ad-
ditionally, 5G network slicing enables the creation of multiple
networks deployed on a common physical infrastructure with
each one tailored to different applications with specific Quality
of Service (QoS) requirements. As a result, 5G is increasingly

considered for various industry verticals [2], with the potential
for application to more industry verticals in the future.

While there are numerous advantages associated with the
implementation of wireless, especially 5G networks as de-
scribed above, real-world industrial scenarios present signif-
icant challenges to its use [3], [4]. Industrial environments
are inherently dynamic where metal machinery, tools, walls,
and constantly moving personnel or objects can adversely
affect communication. Radio Frequency (RF) channels suffer
from ”aggressors”, a collective term that includes distance,
obstructions and physical blockages, multi-path, and radio
frequency interference (RFI) per the IEEE P3388 Working
Group (WG) [5]. These aggressors can significantly degrade
wireless network performances and must be examined when a
wireless network is considered. The harsh and dynamic nature
of the communication channel poses difficulties in accurately
recreating such conditions through conventional simulations or
lab testbed deployments.

Making matters worse, the channel conditions vary sig-
nificantly across industrial verticals. Even within the same
industrial vertical, communications performance can exhibit
considerable variations due to differences in the configuration
of the physical space, object placement, and the presence
of different existing RFI aggressors. These scenario-specific
differences further exacerbate the difficulty for researchers
aiming to replicate the radio environment in a manner that
reflects the real world. The IEEE P3388 WG, comprised
of representatives from academia, industry, and government,
is actively working toward standardizing test methodologies,
aggressor specifications, and scenario-specific profiles leading
to standardized performance assessment practice. Thus, con-
cerning 5G, there exists a need for a testbed that can not only
recreates a representative network based on different scenarios
but also simulates the channel attributes per the IEEE P3388
standards and profiles.

Furthermore, industrial network traffic significantly dif-
fers from typical commercial cellular traffic. Most industrial
scenarios are uplink (UL) heavy which is in contrast to
the optimization focus of most commercial network systems
emphasizing the user download experience. For example,
activities such as video streaming from cameras, periodic
status reports from machinery, and the transmission of sensor



data predominantly involve UL transmission. Commercial
5G systems tend to favor the downlink (DL) traffic, often
neglecting the unique UL scenarios in industrial settings.
This underscores the imperative for designing and optimizing
system configurations tailored specifically for industrial use
cases.

In this paper, we introduce a 5G private network testbed
designed to evaluate 5G performance within industrial spaces.
Our testbed exhibits the capability of testing 5G networks
under different configurations and user applications while cre-
ating a controlled environment based on test configurations and
RF aggressors. The testbed also provides precision network
performance measurement capability utilizing synchronized
and non-synchronized network monitoring points. Moreover,
we present some measurements for implementing 5G com-
munication using emulated traffic for a teleoperation use case
intended for industry. The paper elaborates on the capabilities
of the testbed and identifies potential research questions that
may be explored using our testbed in future studies.

The remainder of this paper is organized as follows, Sec-
tion II investigates related work in the literature for 5G testbeds
and then summarizes the contribution of our work presented
herein. Section III discusses the importance of testbeds and
elaborates the capabilities of the testbed presented. Some
preliminary experimental results are given in Section IV.
Finally, Section V summarizes the paper and discusses the
potential and future research questions that may be explored
by this testbed or those similar in design.

II. MOTIVATION AND CONTRIBUTION

The integration of 5G wireless technology into the indus-
trial space is undeniably an emerging trend across various
industry sectors as highlighted in [2]. In a study conducted
by Mendoza, the benefits of leveraging 5G technology for
the digitization and automation of industries were emphasized
while also acknowledging the challenges posed by the unique
characteristics of the construction sector environment [6]. In
our literature survey for similar 5G testbeds, we observed
that most fall into two principal directions. In one direction,
several papers target the study of 5G propagation channels
and measurements with direct deployment to understand the
characteristics and transmission model of 5G signal at specific
sites. In [7] the study focused on studying the path loss for
5G networks in indoor staircases and compares measurements
with existing channel models. In [8] measurements of rural,
suburban, and urban environments with a 5G testbed evaluate
existing path loss models at the 3.5 GHz band.

With the second direction, testbeds for 5G networks have
been considered in the literature for various testing and
validation purposes such as [9]–[13] and their subsequent
references. In [9], a 5G standalone testbed was implemented
using a software-defined radio (SDR) to measure the achiev-
able throughput and latency single-user performance while
measuring the CPU load of the 5G core. Additionally, the
results of deploying a 5G testbed using OpenCore5G and O-
RAN in health services in remote areas were demonstrated

in [10]. In [11], a 5G testbed was introduced for testing and
evaluating various artificial intelligence (AI) techniques for the
5G network security through slice and resource orchestration.
Another network slicing testbed was introduced using the Ope-
nAirInterface (OAI) [14] to study network slicing performance
and security issues in [12]. Lastly, in [13], a method for
analyzing 5G vulnerabilities was validated on a 5G testbed
where realistic 5G attack scenarios are developed.

Based on our literature review, it appears that current 5G
testbeds and studies either neglect the specific characteristics
of industrial spaces or only involve deployments for specific
sites. This makes reproduction and adaptation to different
use cases challenging for researchers. The current research
community lacks the existence of a 5G platform that supports
industrial applications and environments with diverse scenar-
ios.

Our work, therefore, provides a major contribution by
establishing a 5G testbed that addresses these shortcomings.
These features of our testbed include:

a) Controlled Channels: The ability to create controlled
RF channels incorporating the impact of aggressors presented
in industrial environments. These impact factors can be gener-
ated through network devices, reproduced from measurements,
or obtained from profiles provided by others.

b) Flexibility for Different Use Cases: Our testbed is
designed to be flexible and adaptable to various use case
scenarios. It is designed to run different applications and
effectively control the communication channel according to
the specific aggressor requirements of each scenario.

c) Wide Range of 5G Research Topics: Our testbed
covers a wide range of 5G research topics based on the
diverse use case scenarios, the testbed provides a platform for
researchers to explore 5G network performance in different
network configurations.

d) Correlated Physical System Performance: Finally, our
testbed utilizes actual physical system equipment such as
collaborative robots, cameras, teleoperation controllers, super-
visor computational devices, sensors, and actuators. Precision
multi-camera infrared motion tracking is available, making the
correlation of the wireless channel, network performance, and
physical system performance available.

III. TECHNICAL APPROACH

To study the impact and network performance of applying
5G communication to different industrial scenarios, a testbed
has been built with a private 5G standalone (SA) radio access
network (RAN) and core network based on the Firecell OAI
implementation and a variety of 5G user equipment (UE)
routers and adapters. The photo includes the deployment of
the testbed, UEs, and network devices are shown in Fig. 1.
In this section, we elaborate on the rationale behind opting
for a testbed rather than a direct deployment or software
simulation. Subsequently, we provide a detailed introduction to
our testbed, outlining its components, followed by a discussion
of the target utilization and potential applications of this
testbed.



Fig. 1: Main components of our 5G testbed. This photo
captures the networking components and some of the RF
channel control components. Reverberation chambers and the
channel emulator are not present in the photo.

A. Desired Testbed Characteristics and Benefits

In comparison to deploying a 5G system directly in an
actual industrial area, utilizing a testbed offers significantly
greater flexibility in terms of system validation and testing.
A testbed allows us to replicate the real-world environment
in the laboratory without impacting a real factory site, and it
can be adapted to different use cases, whereas a live factory
cannot be. Additionally, the choice of a testbed over existing
5G analysis and simulation tools is motivated by the ability
to validate analytical models using real-world equipment. The
advantages of a testbed are evident in several characteristics,
providing benefits that simulations or direct deployments are
incapable of fully matching:

Accuracy In contrast to simulations, a testbed offers a su-
perior level of fidelity both physically and behaviorally
by executing use case scenarios with real-world net-
work equipment and actual applications complete with
physical models of machinery found in industry. Data
traffic generated undergoes transmission through channels
that emulate the fading and radio frequency interference
that would be encountered in actual industrial environ-
ments creating a more realistic network performance. Lab
measurement equipment such as spectrum analyzers and
channel probes with high resolution are used for collect-
ing more accurate measurements, enabling researchers
to gain a deeper understanding of the entire system
under test and the correlation of network performance
to physical performance.

Flexibility One of the foremost advantages of the testbed lies
in its flexibility, particularly its adaptability over many
dimensions. This adaptability accommodates diverse use
cases, configurations, and research goals. Its configurabil-
ity supports different setups, enabling testing at varying

scales. Additionally, integration with different devices
further enhances its versatility, facilitating the exploration
of 5G systems through a broad range of experiments and
targeted scenarios.

Controllability It is difficult to reproduce specific scenarios
with high fidelity in on-site deployments due to the static
nature of the real environment. Moreover, it is nearly im-
possible to comprehensively test a system across various
scenarios and conditions within a single deployment. In
contrast, the testbed provides superior control by allowing
for precise parameter adjustments, scenario simulations,
and reproducibility.

Repeatability The testbed provides superior controllability
of the communications channel with a low measure-
ment uncertainty and consistency in configuration setup.
Testbed experiments and measurements are reproducible
with reliable and consistent results allowing for reliable
comparisons among scenarios and network configuration.

Common Measurement Tools The testbed can achieve vari-
ous levels of resolution, tailoring its precision to specific
research goals and requirements by leveraging different
measurement tools. Common hardware and open-source
software-based measurement tools can be leveraged to
effectively capture and communicate results.

B. Testbed Realization

Fig. 2 illustrates the main building blocks and elements of
our testbed. The testbed is comprised of an isolated private 5G
system with a variety of 5G-compatible user equipment (UEs)
devices from different vendors, industrial PCs for emulating
industrial applications, RF measurement and channel control,
and network packet capture.

1) 5G Architectural Software Subsystems: By leveraging
the softwarization of 5G network functions, our system is
constructed with a low-latency PC containing 5G core network
functions (the core) and a software-based gNodeB. For the
radio access network (RAN) implementation, a Universal
Software Radio Peripheral (USRP) is employed as the remote
radio head (RRH), which supports a usable bandwidth of
100 MHz. The software-defined approach provides enhanced
controllability and transparency of system details facilitating
experimentation on network function optimizations and devel-
opments and offers flexibility for various levels of upgrade
such as hardware acceleration. The 5G core is implemented
using container-based OAI network functions. The open-
source cellular network software from OAI is collaboratively
developed with developers through industries and academia,
which provides the benefit of gaining insights by contributing
to the OAI software base. This creates opportunities for
collaboration within the OAI community.

2) User Equipment (UE): In addition to the main 5G
system, our testbed contains various UE and computing de-
vices tailored for industrial purposes. PCs, edge computers,
programmable logic controllers (PLCs), collaborative robot
arms, cameras, and other devices are employed to support
various types of real industrial applications depicted by the



Fig. 2: Illustration of the architecture of our 5G testbed. Purple blocks represent user applications and devices. Blue blocks
represent computational devices. The green blocks represent the measurement devices.

purple blocks on the left side of Fig. 2. To enable user
connectivity to the 5G network, we deploy customer premise
equipment (CPE), i.e., 5G-capable routers, and 5G adapters
providing 5G network connectivity to individual user devices.
This facilitates experimentation and validation of the 5G con-
figurations with a diverse array of potential IIoT applications
and traffic generation.

3) Radio Channel Control: Control of the wireless channel
is essential to the measurement of 5G network performance.
As highlighted in Section II, one of our contributions is to
provide a means to replicate the impact of harsh conditions
from aggressors present in industrial environments. These con-
ditions may include impacts from the physical environment on
path loss; severe multi-path due to reflections, reverberation,
and scattering; radio frequency interference (RFI) from co-
existing networks, machine emissions from welding and high-
power electrical switching, and intentional jamming.

This testbed has, therefore, been equipped with various
network devices (illustrated in gray blocks in Fig. 2) to
support the radio channel control. A mesh attenuator, a digital
channel emulator, and reverberation chambers are deployed
to introduce path loss, statistic channel recreation and impulse
response control. A USRP can function as an aggressor gener-
ator, producing RF interferences under 6 GHz with 160 MHz
of instantaneous bandwidth. The produced signal could either
be a playback of real measurements from actual industrial sites
or generated traffic based on interference models and profiles.

For instance, we have measured and modeled the RF
activity of TIG welding in a factory [15], which can be easily
replicated within our constructed network. The incorporation
of these network devices into the testbed allows for the
creation of a wireless environment that reflects real-world de-
ployments. Additionally, the robust control over configurable
network variables provides the flexibility to not only re-target
the testbed for different use case scenarios, but support the
emerging IEEE P3388 standard on industrial wireless network

performance assessments [5].

C. Target Testbed Utility

The testbed was created to support research innovation. Our
testbed, therefore, provides the following utility to industry and
academia:

a) Impact Validation of 5G Technologies: The testbed
will be useful in studying the impact on network performance
as applied to industrial scenarios using indicated performance-
enhancing technologies such as multi-user multiple-input
multiple-output (MU-MIMO), QoS network slicing, ultra-
reliable low-latency (URLLC) approaches utilizing contained
slot TDD scheduling, and reduce capability (RedCap) for
energy-sensitive applications. Other examples like O-RAN,
open standardized architecture allowing software and hardware
from different vendors to interoperate, are also targeted for
later inclusion within the testbed. In addition, time-sensitive
networking (TSN) approaches for 5G enabling 5G system
compatibility to protocols regarding clock synchronization,
time stamping, traffic shaping and scheduling will also be
explored.

b) Verification of Application QoS: A key goal of
the testbed is the verification and demonstration that spe-
cific deployment configurations, design approaches, and
time/frequency resource allocations meet QoS requirements of
the targeted control applications. This is best accomplished as
follows:

1) For networked control use cases such as heavy machinery
teleoperation, the testbed will serve as a platform for
principally investigating if 5G technology is a suitable
candidate for the use case.

2) Once it has been demonstrated the 5G technology is a vi-
able candidate for a given use case, the testbed will serve
as a platform for verification of service mode (eMBB,
mMTC, URLLC, etc.) enhancements and performance
optimizations.



c) Experimentation Platform for Performance Optimiza-
tion: Leverage the testbed as an experimentation platform
for optimizing 5G systems with targeted applications. Explore
network performance under different RF band selections, QoS
data streams, and uplink/downlink resource allocation and
scheduling approaches to achieve an optimal configuration.

d) Aggressors Impact: Utilize the testbed to examine the
impact of aggressors on the 5G channel. By measuring and
comparing network performance across systems with different
configurations, we can provide specific configuration recom-
mendations on network configuration parameters to industry
for various aggressor scenarios.

e) Industry Collaboration: Finally, this testbed can serve
as a platform for open collaboration with industry. As the key
contribution of this testbed is its measurement and aggressor
injection capability, new concepts, questions, and innovations
may be explored using this testbed as a demonstration and
experimentation platform.

IV. INITIAL MEASUREMENTS

In this section, we will first present the measured metrics
for network performance and the configurable variables of
the testbed which include variables of the 5G gNodeB and
RF aggressor control. Next, we showcase our preliminary
results from experiments representative of a teleoperation use
case which include measurements of latency, reliability, and
throughput.

A. Key Metrics and Configurable Variables

To assess network performance, we focus on three key
metrics: Throughput, Latency, and Packet Success Rate (PSR).
Throughput is measured using iPerf version 2 which is a
two-port tool designed for network performance measurement
through the injection of designed traffic patterns. Reliability,
latency, and throughput are then measured by examining
expected best case outcomes and using precision network
tap devices to capture ingress and egress packet flows at
selected interfaces. For precise analysis of packet timing and
delay distribution, we utilize an industrial Ethernet multi-
channel Beckhoff ET2000 probe. Packets are recorded using
Wireshark. The ET2000 provides time-stamping of packets
with 1 ns resolution with 73 ns of latency uncertainty and
inserts a minimal 1 µs static processing delay. Packet Success
Rate (PSR) is derived by correlating transmitted and received
packets at the transmission and reception ends of a communi-
cations link.

Within the testbed, numerous parameters in the 5G system
may be controlled and modified based on utility needs. Since
we employ a softwarized 5G core and gNB, additional control-
lable features have been incorporated based on our research
topics. Variables that are configurable include, but are not
limited to:

1) Numerology and RF Settings: This encompasses RF
band, SCS selection, and bandwidth. While UEs may be
required to specify a band, our 5G system supports any sub-
6GHz NR band with a maximum 100 MHz bandwidth. In our

Fig. 3: Slot pattern illustration for 3-1-1 configuration with 2.5
ms transmission period.

current setup, we utilize the N77 band with a 30kHz SCS for
experiments.

2) Time Division Duplex (TDD) Schedule Configurations:
The system can set different TDD Transmission periods and
UL/DL slot configuration patterns. In this paper, UL/DL
configurations are indicated in the format of DownlinkSlot-
sharedSlot-UplinkSlot. Figure 3 illustrates the slot pattern of
a 3-1-1 configuration for a 2.5 ms transmission period (5 slots
in each period).

3) UL Max Frame Inactivity: This schedule-related param-
eter can control the free UL schedule grant to the UE without
any SR request, potentially lowering UL delay at the expense
of resource waste for inactive UEs.

4) Modulation and Coding Scheme (MCS) Selection: Aside
from 5G system scheduling algorithm based on the reference
signal strength, we may manually constrain the maximum UL
and DL MCS.

5) Detection Threshold: The threshold for UL/DL targeting
Signal-to-Noise Ratio (SNR) value, the number of consecutive
failures before UE release detection, and the Discontinuous
Transmission (DTX) threshold can be adjusted based on the
channel condition to enhance signal detection capabilities.

6) Radio Channel Control Variables: As mentioned in
Section III-B3, the testbed has various network device for RF
channel control. Configurable RF control parameters include:

Path Loss Gain Control: An 8-port mesh attenuator with
a 95 dB range in steps of 0.5 dB allows for fine control of
path loss in 1 second time increments.

Reverberation Chambers: One reverberation chamber ca-
pable of statistical line-of-sight and non-line-of-sight channel
recreation; and one larger anechoic-reverberation hybrid cham-
ber capable of both statistic channel recreation and impulse
response control. Delay spread is variably controlled utilizing
feedback from an integrated vector network analyzer.

Impulse Response Control: An 8-port mesh channel
response finite impulse response (FIR) matrix with 250 MHz
instantaneous bandwidth for each FIR filter. Each FIR filter
supports 13 complex-valued taps, each with a configurable
delay between 4 ns and 1 µs with a 4 ns resolution.

Interference Injection: Arbitrary interference signal gen-
eration is possible by utilizing an Ettus X300 USRP with a
UBX 160 USRP daughterboard, adjustable between 10 MHz
and 6 GHz with up to 160 MHz of instantaneous bandwidth.
Interference power is adjustable to at most 14 dB in the n77
band (3300-4200 MHz) which is the principal licensed RF
band of interest for a private 5G network.



TABLE I: Single User Throughput Measurements.

TDD 3-1-1 TDD 1-1-3

Throughput / Bandwidth MHz 40 100 40 100

Max DL TP Mbps 165.00 470.00 56.60 153.00
Average DL TP Mbps 149.26 393.64 54.53 127.38
Min DL TP Mbps 71.80 157.00 3.43 76.80

Max UL TP Mbps 32.00 53.40 53.00 65.60
Average UL TP Mbps 23.54 29.01 34.89 55.79
Min UL TP Mbps 11.80 23.10 13.40 46.00

B. Throughput Stress Testing

In this section, we present the throughput performance
of a selected UE under different bandwidth and TDD slot
configurations. The stress test is used to reveal throughput
limitations under specific configurations and test environments,
providing performance insights before the network deploy-
ment. The UE used was a Core-Z5 cellphone manufactured by
Crosscall. Tests were conducted in a lab environment, over-
the-air, using iPerf with throughput measurements collected at
the data network. Results are shown in Table I and display
measured throughput performances under various bandwidth
and TDD configurations. Since throughput was measured for
a single user, the downlink throughput was directly related
to the number of resource blocks available. However, the
uplink throughput was not as significantly improved with
an increase in bandwidth. As mentioned in Section I, most
5G implementations are optimized for downlink performance.
Whenever there is data to be transmitted on the uplink, the
UE requests the gNodeB for an uplink grant with “scheduling
request” message over an allocated Physical Uplink Control
Channel (PUCCH). Data is then transmitted on the Physi-
cal Uplink Shared Channel (PUSCH). In the Firecell OAI
implementation, although the pattern 1-1-3 is uplink-heavy,
the UL throughput is constrained by the limited number of
Downlink Control Information (DCI) grants available to the
UL. This results in limited allocation of resources for uplink
data requests. Future functional improvements are planned to
improve UL bandwidth utilization. The outcome of this test
underscores the significance of testbed measurements with real
equipment. Actual performance may not always align with
expectations indicated by simulation.

C. Teleoperational Control Use Case

Here we present a 5G integrated use case to showcase the
capability of running a real industrial application with network
performance measurement results captured by the testbed. We
chose a teleoperational control scenario, commonly employed
for remote robot operations or remote vehicle control, as with
our use case. Typical communication activities in this scenario
include downlink operational signals for remote control from
external networks, uplink video streams for monitoring or
surveillance, and machine-to-machine communications with
sensors.

Fig. 4: Illustration of the data stream setup of the teleopera-
tional control use case.

The setup for our use case is illustrated in Fig. 4. A
5G network is deployed as a local area network connecting
industrial devices (e.g., robots, cameras, or sensors). Data
sources (clients) and sinks (servers) for remote control and
video monitoring are placed on the edges of the 5G and
the data network. A User Datagram Protocol (UDP) iPerf
downlink data stream with 80 kbps (green arrow) represents
the remote control signal to the local robot, and several uplink
streams (red arrow) with 6 Mbps per stream represent the
HD video feedback from cameras. Additionally, we introduce
two PCs running MQTT applications (blue arrow). MQTT is
a commonly used message transport protocol designed for
machine-to-machine communication between devices in the
industry. MQTT messages are sent at a frequency of 1 message
per second to simulate the activities of factory sensors in the
use case.

Eight tests with different configurations were conducted,
and measurement results are listed in Tables II and III. The
tests were conducted with two TDD schedule configurations,
3-1-1 and 1-1-3, max UL frame inactivity (MFI), and the
number of UL video streams. Each test was run for 3 min-
utes. Table II demonstrates that increasing traffic or setting
higher MFI slightly increases packet delay. Additionally, it
is interesting to note that allocating more UL slots does not
improve performance for our uplink-heavy use case; in fact,
it even slightly worsens the delay. This aligns with findings
from the throughput stress test, highlighting the optimization
for downlink. Optimization of the uplink in 5G systems will
be important for some industrial applications requiring low UL
latency. IEEE 801.11ax wireless networks with a TSN overlay
have been demonstrated to incur consistent round trip delays of
under 8 ms for robotic applications [16] utilizing the Transport
Control Protocol (TCP) as the application’s transport protocol.
Achieving deterministic delays with a 5G network will present
a challenge as indicated by the UL and DL delay probability
densities shown in Fig 5. The two graphs serve to compare
latencies between a downlink-heavy TDD schedule and an
up-link heavy TDD schedule. Relative frequencies are shown
and are scaled to 1. It is interesting to observe that the 1-1-3



TABLE II: Latency Summary Statistical

Schedule UL MFI No. Vid. Dir. Mean Standard Deviation Minimum 1st Quartile (Q1) Median 3rd Quartile (Q3) Maximum

3-1-1 0 1 UL 13.178 4.845 4.837 10.398 12.497 14.983 67.543
3-1-1 0 1 DL 5.743 0.634 4.168 5.321 5.857 6.093 10.416
3-1-1 0 2 UL 16.646 48.957 4.512 10.453 12.654 14.723 926.723
3-1-1 0 2 DL 5.778 2.409 3.905 5.131 5.966 6.226 134.322
1-1-3 0 1 UL 13.797 31.248 4.078 9.977 12.205 14.207 936.114
1-1-3 0 1 DL 5.874 2.090 3.905 5.182 5.432 6.204 133.559
1-1-3 0 2 UL 17.483 13.460 3.958 10.455 12.821 15.741 92.248
1-1-3 0 2 DL 5.772 0.840 3.309 5.352 5.498 5.656 15.606
3-1-1 1 1 UL 15.193 10.182 4.468 10.459 12.689 15.467 82.798
3-1-1 1 1 DL 5.510 0.665 3.309 5.001 5.407 6.004 14.284
3-1-1 1 2 UL 12.457 2.783 5.292 10.241 12.381 14.518 28.371
3-1-1 1 2 DL 6.290 0.526 0.703 5.841 6.292 6.729 15.761
1-1-3 1 1 UL 14.069 31.869 3.754 10.174 12.293 14.612 932.660
1-1-3 1 1 DL 5.868 2.069 3.356 5.256 5.449 6.621 137.375
1-1-3 1 2 UL 16.708 53.800 4.639 10.183 12.360 14.340 1009.459
1-1-3 1 2 DL 5.591 2.388 4.344 5.063 5.262 5.462 133.655

Legend: 1) Schedule indicates downlink, shared, and uplink TDD slots; 2) the UL MFI indicates Uplink maximum frame inactivity; 3) the No. Vid.
indicates the number of video streams simultaneously active; and the Dir. indicates the uplink (UL) or downlink (DL) communication direction measured.
Notes: Latency is reported in milliseconds. Latency is rounded to microseconds although the measurement uncertainty for latency is 73 ns.

TABLE III: Throughput and Packet Success Rate Summary Statistics

Schedule UL MFI No. Vid. Dir. UL Avg. TP UL Peak TP UL Min. TP UL PSR DL Avg. TP DL Peak TP DL Min. TP DL PSR
Vid. 1 Vid. 2 Vid. 1 Vid. 2 Vid. 1 Vid. 2 Vid. 1 Vid. 2

3-1-1 0 1 UL 6.29 6.42 6.16 99.999 0.08 0.0804 0.0792 100
3-1-1 0 2 UL 6.29 6.29 11 7.99 1.59 4.21 99.999 99.999 0.0796 0.08 0.0424 99.52
3-1-1 1 1 UL 6.29 11.8 0.788 99.999 0.0796 0.0808 0.0432 99.52
3-1-1 1 2 UL 6.29 6.29 7.77 11.7 4.07 0.87 99.999 99.999 0.0796 0.0808 0.016 99.48
1-1-3 0 1 UL 6.29 9.37 3.05 99.999 0.0796 0.08 0.0136 99.52
1-1-3 0 2 UL 6.29 6.29 6.69 6.62 5.89 5.89 99.999 99.999 0.08 0.0808 0.0792 100
1-1-3 1 1 UL 6.29 6.37 6.27 99.999 0.08 0.0808 0.0792 100
1-1-3 1 2 UL 6.29 6.29 6.37 6.32 6.27 6.27 99.999 99.999 0.08 0.0808 0.0792 100

Legend: 1) Schedule indicates downlink, shared, and uplink TDD slots; 2) the UL MFI indicates Uplink maximum frame inactivity; 3) the No. Vid.
indicates the number of video streams simultaneously active; and the Dir. indicates the uplink (UL) or downlink (DL) communication direction measured;
4) Throughput (TP) is a measure of the received traffic rate and Packet Success Rate is computed as the ratio of packets received over packets transmitted.
Notes: Throughput is reported as Mbps. PSR is reported as a percentage.

TDD schedule (uplink-heavy) eliminates the outlier tail that
is observed with the 3-1-1 TDD schedule (downlink-heavy)
and the 1-1-3 TDD schedule provides a higher probability of
latencies below 4 ms. Indeed, the URLLC service class will
provide an interesting comparison to such TSN implementa-
tions promising one-way delays of less than 1 ms utilizing the
self-contained slot concept. With TCP being essentially a two-
way application transport protocol, lighter-weight application
transports such as the User Datagram Protocol (UDP) and
the Quick UDP Internet Connections (QUIC) will likely be
required where 5G is employed for deterministic networked
control systems.

V. CONCLUSIONS AND FUTURE DIRECTION

In this paper, we presented a novel 5G private networking
testbed. This testbed is designed for technology demonstration
and research into best practices, deployment architectures, and
resource scheduling approaches to support various industrial
use cases. Measurements are conducted with precision control
of the network and the RF environment that represents the
aggressors present in industrial spaces. We introduced a set

of configurable parameters for the 5G system and provided
characteristic results while showcasing a remote operational
industrial use case which demonstrates testbed utility. Experi-
mental results have shown that a software-based 5G network is
a feasible solution for industrial wireless deployments. We also
uncovered a research need for system parameter optimization
in resource allocation industrial use cases with heavy uplink
traffic.

The future direction of this research track should include
1) a further examination of TDD resource scheduling for
uplink optimization utilizing slot allocations, implementation
of new functionality, and bandwidth part (BWP) allocations
to enhance resource utilization efficiency; 2) a better under-
standing of bandwidth demands, service mode requirements,
techniques, and the limitations of a software-based 5G system
intended for diverse industrial application requirements; 3)
adaptive RAN optimization with intelligent resource allocation
using the O-RAN concept; 4) an improved understanding of
the impact of RF aggressors on 5G network performance by
adopting the IEEE P3388 standardized approach for indus-
trial wireless performance evaluation; 5) recommendations for



(a) TDD Schedule Emphasizing Downlink

(b) TDD Schedule Emphasizing Uplink

Fig. 5: Preliminary results from UL/DL data streams are shown
with a Downlink-heavy TDD schedule in (a) and an Uplink-
heavy TDD schedule in (b) message flows.

mitigation solutions to such aggressors; and 6) solutions and
recommendations for the application of lightweight application
transport protocols aimed towards industrial wireless networks.

DISCLAIMER

Certain commercial equipment, instruments, or materials are
identified in this paper in order to specify the experimental
procedure adequately. Such identification is not intended to
imply recommendation or endorsement by the National Insti-
tute of Standards and Technology, nor is it intended to imply
that the materials or equipment identified are necessarily the
best available for the purpose.
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