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Abstract—Wi-Fi has been widely used in commercial facil-
ities for wireless connectivity. However, the evolving network
traffic and performance requirements, especially for mission-
critical applications demanding millisecond-level latency, have
highlighted limitations in Wi-Fi’s traditional channel access
protocol, Carrier Sense Multiple Access (CSMA), and the chal-
lenges of unlicensed spectrum. These issues result in decreased
reliability and connectivity disruptions for critical applications.
Moreover, seamless roaming and mobility are typically challeng-
ing in Wi-Fi networks. The introduction of private networks
using Fourth Generation Long-Term Evolution (4G LTE) and
Fifth Generation New Radio (5G NR) protocols has enhanced
application reliability through scheduled access and interference-
free spectrum usage. These deployments can be tailored for both
outdoor and indoor environments. This study examines actual
field deployments and their test results in environments like oil
refineries, warehouses, outdoor parking areas, and distribution
centers. We compare actual measurements with a theoretical
model to validate the performance enhancements and under-
stand the practical implications for real-world applications. We
analyzed performance factors such as signal strength (Reference
Signal Received Power (RSRP) heat maps), coverage, packet
latency, and mobility. This research provides insights into the
practical performance of private networks and their suitability
for supporting mission-critical applications in diverse settings.

I. INTRODUCTION

Private wireless networks with 4G LTE (fourth generation
long-term evolution) and 5G NR (fifth-generation wireless new
radio) have become crucial for driving change, enabling indus-
tries to achieve new levels of efficiency, reliability, and inno-
vation. Global predictions for private wireless networks [1]
indicate a growth trajectory similar to the rapid expansion of
Wi-Fi (Wireless Fidelity) in the early 21st century. By 2027,
the sector is expected to be valued at over 8 billion US dollars,
with a compound annual growth rate of about 37%.

Recent years have seen a significant increase in private
wireless network deployments, with major corporations rec-
ognizing their transformative potential. In 2023, there was a
notable rise in operational private wireless networks globally.
Leading sectors such as manufacturing, logistics, healthcare,
and oil processing have integrated these networks into their
infrastructures.

The widespread adoption of private wireless in 2023 across
various industries highlights its success and the rapid accep-
tance of this technology:

Leading global enterprises like BMW, John Deere,
Schneider Electric, and BP have adopted private wireless
networks to enhance their operations where Wi-Fi has
fallen short. These companies are leading the way in
private cellular network implementation.

In 2023, telecommunications regulations saw significant
changes, with authorities designating large portions of
mid-band spectrum for shared use, facilitating the expan-
sion of private wireless in Bands 77, 78, and 79.

Device manufacturers such as Zebra, Samsung, and Apple
quickly adapted to support private wireless in their prod-
ucts [2], recognizing the benefits for customers managing
their cellular networks.

The adoption of private cellular networks offers broad ben-
efits, transforming reliability, security, and scalability in ways
conventional networks could not. These networks’ low latency,
high bandwidth, and enhanced security make connectivity a
critical strategic asset.

Private wireless networks are set to reshape Industry 4.0
applications [3]. Their integration with Industry 4.0 technolo-
gies enables smart factories to use real-time data for pre-
dictive maintenance, workflow optimization, and autonomous
operations. Supply chains will become more agile and trans-
parent, responding quickly to market changes. Additionally,
combining private networks with edge computing enhances
operational efficiency and real-time decision-making across
sectors.

Table | highlights the advantages of Private 5G over Enter-
prise Wi-Fi. Private 5G offers customizable coverage, higher
transmit power, ultra-low latency (< 1 ms), and supports
millions of devices with high security and 99.999% reliability.
Although it has a moderate initial investment, it leads to
lower long-term costs due to fewer access points needed. In
contrast, Wi-Fi provides up to 100 meters of indoor coverage,
higher latency (10-100 ms), moderate security, and supports
fewer devices with 99% reliability. Wi-Fi’s lower initial cost
is offset by higher costs in dense deployments due to more
access points required. Studies show private wireless networks
outperform Wi-Fi for critical applications, maintaining low
latency and packet drop rates even under heavy load [1],
[5]. Deploying private wireless is often cheaper than Wi-Fi
in dense environments, highlighting its superior performance
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TABLE I: Comparison of Private 5G and Enterprise Wi-Fi [4]

Feature Private 5G Enterprise Wi-Fi
Spectrum Coordinated by SAS, 150 Unlicensed Spectrum,
MHz Available 563 MHz plus 1.2 GHz
in 6 GHz bands
Coverage Customizable for large Up to 100 meters
sites, Higher Transmit (indoor), Lower Transmit
Power Power
Latency <lms 10-100 ms
Security High with dedicated Moderate with WPA3
enterprise measures encryption
Scalability Millions of devices Dozens of devices
Reliability 99.999% 99%
Cost Moderate initial Low equipment cost,
investment, lower higher long-term cost in
long-term cost dense deployments
Mobility Precisely Timed Client-Controlled
Handovers Roaming

and cost-effectiveness.

Our study provides a comprehensive analysis of the per-
formance of commercial deployments of private networks
in diverse environments. It covers both outdoor and indoor
settings, including the Oil and Gas industry, Warehouses, Out-
door Parking Lots, and Distribution Centers. By strategically
deploying evolved Node B (eNB) and next-generation Node
B (gNB) small cells (access points) based on specific usage
requirements, we have ensured comprehensive coverage and
rigorously tested the network’s performance. These are the
key contributions of our study:

1) This study compares the actual measurements with a
theoretical model.

2) This is the first study to measure the performance of pri-
vate networks in diverse real-world scenarios, providing
a unique perspective on their practical application.

3) We have demonstrated that the Citizens Broadband Radio
Service (CBRS) band can be effectively utilized for both
indoor and outdoor use cases, particularly for mission-
critical applications requiring low latency and high relia-
bility.

4) The findings of this study contribute to the development
of future spectrum sharing enabling frameworks, aiding
in the optimization and regulation of private network
deployments.

Il. SPECTRUM CHARACTERISTICS
A. Spectrum Usage in Corporate Settings

The participation of mobile network operators in accessing
4G and 5G spectrum has been swift. The Federal Commu-
nications Commission (FCC) regularly organizes auctions,
allowing entities to bid for segments of the 5G spectrum
across low, mid, and high bands. This opens a plethora of
opportunities for both consumers and corporations to embrace
private 5G, enhancing its widespread application. Enterprises
are now leveraging the 5G spectrum to implement their own
high-speed, low-latency networks. For the first time, compa-
nies have the capability to establish their private 5G networks
using specific spectrum options, like the Citizens Broadband

Radio Service (CBRS) in the USA. Utilizing the CBRS band
for 5G LAN solutions, enterprises can manage their data
independently, without dependence on public spectrum-based
commercial infrastructures and their costly per-device contract
models.

The Spectrum Access System (SAS [6] [7]), a cloud-based
autonomous system, regulates the allocation and management
of the CBRS spectrum for wireless communication. Devices
must register with the SAS to obtain spectrum usage permis-
sions and to regulate their transmission power levels. CBRS
Service Devices (CBSDs) are the devices that utilize the CBRS
spectrum and must receive authorization from the SAS before
transmitting data. Several SAS providers, including Google
and Federated Wireless, simplify the setup of private mobile
networks by offering various services.

The use of the CBRS spectrum operates through a multi-
level system over a 150 MHz band ranging from 3.55 GHz
to 3.7 GHz. Initially allocated for Navy use, the FCC has
now made a segment of this spectrum available for pri-
vate enterprise, mirroring the early Internet era’s business
opportunities. The CBRS spectrum is categorized into three
tiers: Incumbent users, Priority Access License (PAL), and
General Authorized Access (GAA [8]). Enterprises can utilize
the CBRS band through licensed access to the Spectrum
Access System (SAS), enabling them to construct and manage
independent 5G networks, separate from commercial network
providers.

For CBRS usage, devices must initiate contact with the SAS
before starting any transmission. The SAS system lacks the
capability to autonomously identify and engage with a device;
hence, the device must independently establish communication
with the SAS. CBSDs can interface with the SAS either
directly or through a Domain Proxy, which aids in automating
the deployment process. Domain Proxies manage requests
between the SAS and devices. There are six distinct protocols
for a CBSD to interact with the SAS: registration, spectrum
inquiry, grant request, heartbeat request, deregistration, and
relinquishment of grant.

The availability of private spectrum options such as the
CBRS in the United States allows for the deployment of
mobile services without disrupting existing technologies like
Wi-Fi. This adaptability facilitates the smooth introduction
of digital projects on a dedicated channel of wireless con-
nectivity. It also supports the implementation of private 5G
wireless networks for applications requiring interference-free
communication, stringent service level agreements (SLA), and
consistent service availability.

B. Building Model

The set I, encompasses all inner sub-regions, whereas O,
denotes all outer sub-regions. The binary variable by equals 1
if a CBRS AP is positioned in inner sub-region X, otherwise,
it is 0. The variable w,y is 1 if the z™ inner sub-region of
the building is linked to the CBRS AP in inner sub-region vy,
otherwise, it is 0. The channel gain between inner sub-regions
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z and y is symbolized by g,y. The binary variable d, equals
1 if a user is in outer sub-region z, otherwise, it is 0. The set
P includes all outdoor CBRS APs. The normalized transmit
power of CBRS AP y is indicated by py, where 0 py, 1.

Imagine a building with dimensions L W  H, where L,
W, and H stand for length, width, and height, respectively.
The building is divided into g floors of equal height, each
segmented by walls into several rooms. These rooms are
further subdivided into smaller inner sub-regions denoted as
Ir. Each inner sub-region measures  in length and  in
width. The thick lines illustrate the room walls, while the
small squares represent the sub-regions. The outer area of
the building is labeled as the outer sub-region O,. Given
the relatively small size of each sub-region compared to
the building, it is safe to assume that the SINR (Signal-to-
Interference-plus-Noise Ratio) value remains almost constant
within each sub-region.

C. Indoor and Outdoor Channel Model

The path loss function (PLF) for the signal traveling from
the outdoor transmitter (OT) to both an inner sub-region
receiver (ISR) and an outer sub-region receiver (OSR) is
described in [9]: .

= — + +49 +
PLF =40log,q 1000 30log;o F +49+m 1)

where X represents the distance from the OT to the sub-region
of ISR/OSR in meters, m denotes the number of walls between
the OT and ISR, f is the center frequency of the OT, k
indicates the number of floors, and  stands for the penetration
loss. The path loss function (PLF) for an indoor CBRS Access
Point (AP) to ISR/OSR is expressed as [9]:

PLF =37 +30logy, x + 18:3k3&D 076 +m  (2)

In our configuration, we considered the antenna gains for
Macro and CBRS APs to be 13 dBi (Decibels relative to
isotropic radiator) and 2 dBi, respectively. The channel gain
between users and different Base Stations (BSs) was calculated
using the path loss function (PLF) along with the antenna
gains.

D. Proposed Efficient Placement and Power Control Algo-
rithm

In our study, we introduce an efficient power control
self-organizing network (SON) algorithm that dynamically
modulates the power levels of CBRS Access Points (APS).
The Optimal Femto Power (OptP) method leverages radio
frequency (RF) planning as the input to determine the optimal
power settings for CBRS APs, ensuring that the signal-to-
interference-plus-noise ratio threshold (SINR+) value of -4
dB is consistently maintained across all inner sub-regions. This
model is equally applicable to outdoor CBRS AP deployments.

Dynamic Power Control for Each Femto (OptP): Our
goal is to ensure a minimum SINR threshold (SINRty) for
users in both indoor and outdoor settings. The formulation of

the OptP method, described as a mixed-integer programming
(MIP) problem, aims to:

Identify the necessary power level for each CBRS AP
to sustain the SINRtp across all inner and outer sub-
regions.

Determine the assignment of users in any given inner
sub-region to the appropriate CBRS AP.

We can confidently assume that by maximizing the aggregate
transmission power of all CBRS APs, the individual trans-
mission powers will also be maximized. This assumption is
based on the notion that CBRS APs will tend to maximize
their transmission power as much as possible, given that these
power values are inherently positive.
X
max  py ®)
y2lr

Py Dby 8y 2 Iy (4)

Pmax denotes the maximum power of the CBRS AP. The
normalized power value, py, ranges from O to 1 and becomes
0 if by is 0. If there is no CBRS AP at location y, by is
set to 0. Once the model is solved, the actual power of the
AP at location y is calculated as py Pmax. Each inner sub-
region is assumed to correspond to a user, and any user can
be connected to only one CBRS AP:

>
Woy =1 8221, )

y2lr
Wzy by O 8z;y2 1, (6)

The two constraints outlined above ensure that each sub-
region is linked to one and only one CBRS AP. To uphold
the minimum SINR threshold for every inner sub-region, the
following condition must be satisfied:

Inf (1 Wgzy) + gzyPmaxby

( No + hzbPmaxty + hgePMacro ) 8z;y21, ™

b21yny e2P
Likewise, for users connected to outdoor CBRS APs, the
SINR requirement is optimized as follows:

max(h?.Pmacro) + INF (1 dy)
e2P
0 >< ®
( zNo + hZePmacro z + OzyPmaxPy z) 8z 2O
e2p0 y2Ir
2 represents the SINR+, at the outer sub-region z. This
sub-region is assumed to connect to the CBRS AP with the
maximum gain, which is determined by argmza}:x(hgePMacm).
e

The OptP method is formulated as follows:

X
max  py st (4), () (6), (7), (8).

y2l,
The OptP formulation described above ensures that a min-
imum SINR+tp is maintained for users in both indoor and
outdoor environments.
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I1l. PLACEMENT OF INDOOR AND OUTDOOR ACCESS
POINTS AND ANTENNAS

This section addresses the setup and installation of antennas
and APs (Access Point) for both outdoor and indoor environ-
ments.

TABLE II: Experiment Parameters and Values

Parameters Values
Experiment Environment Indoor/Outdoor
Number of CBRS APs N
Nature of Antenna Omni/Sector
TDD Config UL Heavy
Indoor AP Tx Power 23 dBm
Outdoor AP Tx Power 30 dBm
Indoor and Outdoor Antenna Gain 2 and 13 dBi
BW Configured per AP 20/40 MHz
CBRS AP Placement Roof Top/Ceiling
CBRS Operating Frequency 3.55 and 3.7 GHz
Model Devices Used Pixel
Coverage SW Tool Used QPOC

Table Il summarizes the key parameters and values used
in our experiments. The tests were conducted in both indoor
and outdoor environments, utilizing a varying number (N) of
CBRS Access Points (APs) with either omnidirectional or sec-
tor antennas. The Time Division Duplex (TDD) configuration
was set to Uplink (UL) Heavy, with indoor APs transmitting
at 23 decibel-milliwatts (dBm) and outdoor APs at 30 dBm.
The antenna gain for both indoor and outdoor setups was
configured at 5 and 13 decibels relative to isotropic radiator
(dBi). Each AP was configured with a bandwidth (BW) of
either 20 or 40 megahertz (MHz) and was strategically placed
on rooftops or ceilings. The operating frequencies were set at
3.55 and 3.7 gigahertz (GHz). Coverage measurements were
conducted using QPOC software tool.

A. Omnidirectional Antenna

Omnidirectional antennas enable simplified and scalable
deployment of private networks by eliminating the need for
complicated RF planning and labor-intensive fine-tuning of
antenna orientations. Each Long-Term Evolution (LTE) Access
Point (AP) studied in this paper supports two sectors, identified
as Sector 1 and Sector 2. These sectors can operate on band-
widths of 10 or 20 MHz. Since the omnidirectional antenna
provides a full 360-degree coverage area, both outdoors and
indoors, this configuration facilitates carrier aggregation for
maximum throughput, combining Sector 1 and Sector 2 for a
total bandwidth of 40 MHz for LTE. The coverage range for
both indoor and outdoor areas varies based on the spectrum
band (low, mid, or high) and transmission power. Other factors
influencing wireless coverage include cable loss, beamforming
gain, and antenna gain. The antenna’s height is a crucial
factor in coverage determination, with the azimuth angle and
mechanical downtilt being dependent on the specific location
of deployment.

B. Sectorized Directional Antenna

A sectorized antenna provides concentrated transmission
in a specific direction. Depending on the required direction

and angle, antennas can be selected with 45, 90, or 120-
degree coverage. Unlike omnidirectional antennas, sectorized
antennas do not offer 360-degree transmission; a maximum of
two sector antennas can be attached to an Access Point (AP).
Thus, when a user or a User Equipment (UE) moves from
one sector to another, the Self-Organizing Network (SON)
algorithm identifies this as a sector-to-sector handover. It’s
vital to ensure overlap between sectors to avoid coverage gaps
that could lead to disruptive handovers instead of seamless
transitions. The selection of the appropriate antenna type is
determined during the initial design phase and site survey.

IV. INDOOR AND OUTDOOR DEPLOYMENT SETTINGS AND
EXPERIMENTATION

This section elaborates on the setup parameters and system
usage for CBRS systems within the experimental environment.

A. CBRS Configuration and Setup

The frequency planning for the CBRS was designed using
the SON algorithm. This algorithm optimizes the EARFCN
and transmission power settings to minimize co-channel in-
terference. A unique Physical Cell ID (PCI) is assigned to
each CBRS AP using the PCI allocation algorithm, ensur-
ing the elimination of PCI overlap or confusion issues. For
data collection in our test environment, we employed QPOC
and NSG tools, which gathered radio signal data including
PCI, EARFCN (E-UTRA Absolute Radio Frequency Channel
Number), RSRP, RSRQ, and SINR. These tools also captured
information across the PHY, MAC, and Application layers.
Depending on the specific requirements of the use case and
deployment setting, walk-and-drive tests were conducted.

B. Traffic Analysis: TCP, Iperf, and Ping Tests

For our network deployments, we utilized two main types
of applications to measure Quality of Service (QoS): iperf
and ping. The iperf server was set up on the private network
edge to minimize any extra delay in the backhaul network.
Consequently, both downlink (DL) and uplink (UL) iperf
traffic were routed through our dedicated server located at the
private edge which includes 4G EPC and 5GC. The network
was stressed with multiple TCP connections (i.e., 60 parallel
streams) via iperf to simulate a high-demand scenario, akin
to 25 to 30 User Equipment (UE) situations. Ping tests were
conducted at 10 ms intervals, with a time-to-live of 64 hops
in ICMP packet mode, and a timeout for each ping packet set
at 1000 ms in our experiment.

V. DEPLOYMENT SCENARIO WITH EXPERIMENT TEST
USE-CASES

A. Connectivity in Oil and Gas Fields

Large oil and gas fields, with their extensive and challenging
terrain, require robust connectivity solutions for field crews
and loT devices to enable real-time data gathering, analysis,
and automated processes. Private network technology provides
comprehensive coverage, crucial for monitoring variables like
oil levels, hydraulic pressures, and methane emissions using
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Fig. 1: Outdoor and Indoor - External Surroundings and AP Deployments

0T sensors. These fields often consist of extensive, metal-
dense infrastructure spread over thousands of acres. Histori-
cally, operators have relied on inconsistent and unreliable Wi-
Fi, limiting the full potential of Industry 4.0 technologies.

In many refinery and industrial settings, routine inspections
are still manual due to unreliable connectivity, leading to
the use of traditional methods like pen and paper or offline
devices. However, with Private Wireless networks, technicians
remain connected regardless of their location, allowing instant
image and video capture, real-time natifications, and video
calls with supervisors to address issues promptly.

B. Connectivity in Manufacturing, Logistics, and Warehousing

Industry 4.0 environments are equipped with IloT (In-
dustrial Internet of Things) devices such as remote-operated
vehicles, IP cameras, robotics, and automated systems that
require consistently reliable wireless connectivity for sensi-
tive applications. Private networks provide complete coverage
throughout facilities, eliminating dead zones and ensuring
continuous operation of assembly lines. This is critical for
sectors where downtime is not an option. Maintenance teams
must ensure operational continuity, and private networks offer
interference-free functioning, enhanced reliability, predictable
SLAs, and robust security.

Warehouses are dynamic spaces with changing inventory
and movement of goods affecting wireless coverage needs.
Private networks maintain device connectivity across the cov-
erage area of an access point, making them indispensable
for enterprise IT and logistics teams. Devices like AGVs
(Automated Guided Vehicles), ruggedized tablets, and push-
to-talk handsets benefit from this consistent connectivity. DL
carts or forklifts receive navigational instructions and report
their status in the UL, with recharging creating peaks in
demand, emphasizing the need for a reliable network solution.

C. Connectivity in Outdoor Parking Lots

In retail scenarios like super-centers and food courts, em-
ployees need to maintain connectivity on delivery applications
as they move between indoor and outdoor environments. Wi-
Fi may suffice indoors, but its deployment outdoors, especially
in parking areas, is challenging. CBRS APs are advantageous
in outdoor settings, covering large distances with fewer APs
and ensuring seamless connectivity as employees transition

between indoor and outdoor spaces. This prevents delivery
applications from disconnecting due to signal loss or coverage
gaps.

Employees use office phones with multiple wireless in-
terfaces (Wi-Fi, Private network, and public cellular) for
running delivery applications. Devices are configured with
dual-SIM capabilities, prioritizing Wi-Fi/Private network over
public networks. Mobility tests conducted in a super-center
parking lot showed limited Wi-Fi coverage but full Private
network coverage from outdoor APs. The service interruption
time during roaming between Private network and Wi-Fi was
measured [2].

D. Connectivity in Distribution Centers

Distribution centers, with frequent material movement and
many metal trucks in large outdoor spaces, require connectivity
for drivers’ iPads during loading and unloading. Existing
Wi-Fi APs at the edges of distribution center buildings are
insufficient for extensive outdoor coverage, leading to gaps.
Installing additional Wi-Fi APs on light poles incurs higher
costs and requires wireless backhaul using an unlicensed
spectrum, resulting in inconsistent performance.

For testing, a Samsung device with a private network SIM
was used. Tests conducted in a vehicle at varying speeds (5
to 25 KM/h) simulated truck movement. These tests ensured
smooth handover between private network APs and complete
outdoor coverage. Applications such as Ping (for average
latency), File Download, and Upload (to assess throughput)
were tested.

V1. EXPERIMENTAL OUTCOMES AND ANALYSIS

This section examines the deployment coverage, latency
averages, and performance in relation to velocity.

A. Environmental Impact on AP Deployment

In various indoor and outdoor scenarios, the presence of
metallic structures, brick walls, wood, trucks, and cars can
impact signal transmission through air. RF design for both
indoor and outdoor deployments takes these potential obstruc-
tions into account during predictive modeling. Based on this,
the quantity and optimal placement of APs are determined.
Fig.1 (a), (b), (c), and (d) depict the environmental surround-
ings for the Qil and Gas (OG), Warehouse (WH), Outdoor

Authorized licensed use limited to: Hong Kong Polytechnic University. Downloaded on December 21,2025 at 05:36:55 UTC from IEEE Xplore. Restrictions apply.



- s - ===
———]
[] -83to-103 dem [l -104 to -106 dBm

R T e

(c) Outdoor Parking Lot (OPL) RSRP Heat Map
Fig. 2: Private Network Deployments with Coverage RSRP Heat Maps

Parking Lot (OPL), and Distribution Center (DC) scenarios.
Correspondingly, Fig.1 (e), (f), (9), and (h) display the AP
placement for these scenarios.

B. AP Coverage and Signal Strength Mapping

While the RF tool suggests optimal AP locations, practical
challenges such as power supply availability, cable length
limitations, or the need for new infrastructure, especially in
vast outdoor areas like oil and gas fields, may necessitate slight
adjustments to AP placements. Therefore, understanding the
RF coverage footprint in scenarios like OG, WH, OPL, and
DC is crucial. Post-installation, the received signal strength
(RSRP) footprint is verified using the measurement tool QPOC
installed on the mobile device to capture the signal strength
heat maps in various deployment areas. Fig. 2 (a), (b), (c),
and (d) display these heat maps, with green (RSRP: -70 to
-82 dBm) and yellow (RSRP: -83 to -103 dBm) indicating
strong coverage areas.

C. Analysis of Average SINR and Latency

In this analysis, three distinct regions relative to AP proxim-
ity are defined: Close to AP, Center, and Edge of AP, with the
following RSRP ranges: Close to AP: UEs connected within -
65 to -72 dBm RSRP coverage. Center: UEs connected within
-73 to -92 dBm RSRP coverage. Edge of AP: UEs connected
within -93 to -108 dBm RSRP coverage. Fig. 3 shows the
SINR comparison between theoretical (T) and measurement
(M) across different scenarios. The optimization model was

(b) Warehouse (WH) RSRP Heat MAp

(d) Distribution Center (DC) RSRP Heat Map

Fig. 3: Comparison between Theoretical and Measurement
Results

solved using the GAMS (General Algebraic Modeling Sys-
tem) CPLEX (Complex Programming LEX) solver. A close
alignment between the modeling and measurement results
was observed, with differences close to 1 dB. This provides
strong confidence in the accuracy of the further measurement
study analysis. The applications utilized in Oil and Gas (OG),
Warehouse (WH), Outdoor Parking Lot (OPL), and Distri-
bution Center (DC) scenarios demand minimal latency, with
some requiring less than 250 milliseconds (ms). High network
latency can cause application disconnections due to the need
for continuous heart-beat messages to central servers. Using
a ping test, the observed average latency across Close to AP,
Center, and Edge of AP regions was around 32 ms (as shown
in Fig. 4 (b)), ensuring a consistent and reliable application
experience across both indoor and outdoor settings.
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Fig. 4: Performance Metrics Comparison in terms of RSRP, Average Latency and Mobility Scenarios

D. Distribution of Average RSRP

Fig. 4 (a) presents the cumulative distribution function
(CDF) of the RSRP for OG, WH, OPL, and DC deployments.
In both indoor and outdoor areas, the presence of overlapping
coverage regions from neighboring APs ensure no gaps in cov-
erage, leading to a robust RSRP footprint. These overlapping
areas also facilitate reliable handovers between APs based
on UE measurement reports, with observed handover times
under 0.2 seconds, ensuring stable application connectivity.
Data shows that the majority of the locations are within strong
RSRP zones, resulting in higher Modulation Coding Schemes
(MCS) values and, consequently, improved throughput perfor-
mance.

E. Mobility Test Findings

In certain DC environments, the area is often populated with
metal container trucks moving throughout the parking lot at
speeds varying from 5 to 25 km/h. These trucks, operating on
the private network, transport containers across the parking
area. The tablets mounted on these trucks, connected to wire-
less modems, link to the private network for communication.
Fig. 4 (c) details the average latency observed at these varying
speeds. Remarkably, no packet loss was recorded during the
mobility tests conducted at speeds within the 5 to 25 KM/h
range.

F. Assessment of Throughput Performance

Throughout this study, throughput performance was eval-
uated using the iPerf tool, with the iPerf server hosted on
the private network edge on-site, thus eliminating any extra
backhaul and VPN (virtual private network) burdens. The
network’s throughput, both in downlink and uplink, varies
depending on several factors: bandwidth configuration (either
10 or 20 MHz), type of antenna used (Omni or Sector),
and the status of Carrier Aggregation (either activated or
not). For instance, in a 20 MHz deployment with Carrier
Aggregation enabled and using omnidirectional antennas, the
maximum downlink speed reaches 150 Mbps. However, as
Carrier Aggregation is not applicable to uplink, the maximum
uplink speed caps at 26 Mbps.

VIl. CONCLUSION

This research presents the comprehensive measurement and
analysis of private network deployments in various real-world
scenarios such as Oil & Gas, Warehouse, Outdoor Parking and
Distribution Center. We compare real-world data with theoreti-
cal predictions to evaluate performance gains and analyze their
implications for practical applications. In these deployments
we have demonstrated excellent coverage without any RF
signal coverage holes, ensuring that mobile devices such as
phones or AGVs are consistently within the range of over-
lapping APs. Mission-critical applications operated on these
networks exhibit low latency even at high mobility speeds,
with no observed disruptions or disconnections. Consequently,
the implementation of private networks in both outdoor and
indoor environments has proven to yield significant economic
and technical advantages.
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