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Abstract— Industrial automation systems require control
over their communication mechanisms which must maintain
precise timing and synchronized operations at levels that exceed
current mobile broadband wireless technologies. This paper
introduces a framework which enables deterministic
synchronization and stability analysis of time-sensitive industrial
control systems using 5G Standalone (SA) networks that operate
under sub-microsecond timing requirements. The system uses
adaptive radio scheduling and Time-Sensitive Networking (TSN)
interoperability and dynamic resource allocation to achieve
controlled network delays while maintaining low delay variation.
The system uses control theory to create a stability assessment
method which tests system performance during different
network conditions and traffic volume changes. The system
measures how network delays affect system stability and timing
accuracy measurements through its analysis of 5G network
synchronization timings. The simulation results show that the
system demonstrates higher reliability and better operational
capacity while experiencing less timing variability in comparison
with standard scheduling methods. The proposed method
establishes a common assessment method which connects
wireless communication network design with industrial control
system concepts for the implementation of critical control
systems on 5G network infrastructures. The results demonstrate
that next-generation cyber-physical production systems will
achieve dependable and predictable industrial automation
capabilities through scalable industrial automation systems.

Keywords— 5G Standalone, Deterministic Communication, Time-
Sensitive Networking, Industrial Control, Stability Modeling.

I. INTRODUCTION

The growing needs of Industry 4.0 require reliable wireless
networks to operate essential industrial control systems [7].
The applications of motion control, collaborative robotics,
and precision manufacturing need deterministic
communication which delivers ultra-low latency and fixed
jitter limits and synchronization accuracy below one
microsecond [3]. The 5G Standalone (SA) networks provide
Ultra-Reliable Low-Latency Communication (URLLC) and
improved timing features but still face obstacles in delivering
predictable results that match wired industrial networks [1].
The operation of industrial control loops depends on their
ability to withstand network disturbances [7]. The
combination of network delays and packet drops and
synchronization failures creates problems that harm closed-
loop stability and system security and phase margin [6]. The
conventional design of mobile broadband systems focuses on
delivering high throughput and spectral efficiency but does
not offer proper timing assurance which makes it difficult to
use for critical control tasks without extra modeling and

optimization work [3]. A complete system needs to connect
communication behavior with control systems analysis to
verify system stability. The new radio scheduling technology
and dynamic resource allocation system and Time-Sensitive
Networking (TSN) integration which exists in 5G networks
provide new options to establish wireless control systems
with deterministic behavior [4]. Researchers still lack
essential knowledge about how these systems affect stability
margins because of their interaction with different traffic
loads and network usage patterns [3]. The research develops
a framework which provides deterministic synchronization
and stability modeling for control systems which operate on
5G SA networks in time-critical industrial environments to
measure the impact of delays on system performance [5]. The
research presents a framework for deterministic
synchronization and stability modeling which enables time-
sensitive industrial control operations to function over 5G SA
networks. The proposed approach establishes analytical
relationships between bounded latency, jitter constraints,
synchronization accuracy, and control-loop stability margins
[3]. This study establishes a comprehensive framework for
implementing dependable and expandable industrial
automation systems through its integration of wireless
communication system design with industrial control theory
for upcoming 5G networks [1].

II. DETERMINISTIC 5G STANDALONE ARCHITECTURE FOR
TIME-CRITICAL INDUSTRIAL CONTROL

The proposed framework establishes 5G Standalone (SA)
communication capabilities which operate through control-
theoretic stability modeling to handle industrial operations
[13] that require time-sensitive operations. The system uses
Ultra-Reliable Low-Latency Communication (URLLC) with
its adaptive radio scheduling and dynamic resource
allocation system to maintain controlled end-to-end latency
while keeping jitter levels low [9]. The 5G infrastructure
implements improved timing distribution systems together
with Time-Sensitive Networking (TSN) interoperability to
achieve synchronization standards which require sub-
microsecond accuracy [10]. The system consists of industrial
controllers and sensors with actuators which connect through
a 5G SA network that includes gNB and 5G core and edge
computing nodes [13]. The system transmits control
commands and feedback signals through dedicated network
slices which operate to achieve deterministic
performance.[9] The system achieves continuous network
element synchronization to prevent clock drift and timing
misalignment which critical elements that affect closed-loop



Journal of Computational Analysis and Applications VOL.30, NO. 2, 2022

10.48047/jocaaa.2022.30.02.59

Siva Sudheer Mahadasu et al 1066-10731067

control system stability. The stability analysis framework
includes analytical models which describe communication
delay components that consist of propagation delay and
processing latency and queuing delay and scheduling
variability. Adaptive scheduling strategies allocate radio
resources based on traffic load and control priority and
quality-of-service requirements to achieve precise timing
guarantees throughout network condition changes.[12] The
system provides a dependable system performance for 5G SA
networks through its implementation of deterministic
wireless communication systems and stability-aware
modeling methods which create a base that handles industrial
control systems used in mission-critical applications.[15]

Fig 1: Proposed Architecture

A. Advantages

The proposed deterministic industrial control framework
incorporates several distinctive features that make it
significantly more reliable and suitable than conventional
wireless or best-effort mobile broadband systems:[18]
Deterministic Low-Latency Communication:
Leveraging 5G Standalone (SA) architecture with Ultra-
Reliable Low-Latency Communication (URLLC), the
system ensures bounded end-to-end latency and minimized
jitter.[20] By integrating adaptive radio scheduling and
dedicated network slicing, time-critical control signals are
prioritized, enabling near real-time closed-loop
responsiveness even under varying traffic loads.[20]
Stability-Aware Communication Modeling:
Unlike traditional wireless deployments that treat
communication and control independently, the proposed
framework integrates delay modeling directly into control-
theoretic stability analysis. Propagation delay, processing
latency, queuing delay, and scheduling variability are
analytically incorporated into stability margin evaluation,
ensuring predictable phase margin and robustness under
dynamic network conditions.[26]
Sub-Microsecond Time Synchronization:
Through enhanced timing distribution mechanisms and
Time-Sensitive Networking (TSN) interoperability, the
system maintains sub-microsecond synchronization accuracy
across distributed controllers, sensors, and actuators.[22]
Continuous clock alignment mitigates drift and prevents

timing misalignment that could destabilize tightly coupled
industrial processes.[23] Adaptive and Scalable Resource
Management: Dynamic radio resource allocation strategies
adjust bandwidth and scheduling priorities based on control
requirements and network load.[20] This enables scalable
deployment across multiple industrial nodes without
compromising deterministic guarantees[18].
B. Comparative Analysis of Wired TSN and 5G
Standalone Industrial Networks

The table 1 results show our proposed 5G SA-based
deterministic framework research work with existing wired
industrial systems and wired Time-Sensitive Networking
(TSN) solutions.[22] Wired fieldbus systems provide
industrial organizations with reliable connectivity but they
restrict operational expansion and system adaptability which
industrial environments that undergo frequent changes
require.[23]

Table1: Comparative Analysis of Industrial Communication
Approaches

Feature Traditiona
l Wired
Systems

WiredTSN
Networks

Proposed 5GSA
Deterministic
Framework

Deterministic
Latency

Limited Yes Yes

Synchronization
Accuracy

Low High High (Sub-
microsecond)

Mobility&
Flexibility Low Low High
Scalability Limited Moderate High

Infrastructure
Cost High High Moderate

Adaptability to
Dynamic Low Moderate High
Conditions

The system requires extensive physical infrastructure and
cabling which makes it expensive to deploy across large areas
while reducing its ability to meet Industry 4.0 requirements.
Wired TSN networks enhance system reliability through
time-sensitive scheduling and accurate synchronization
methods which allow them to achieve specific latency limits
[9]. Physical connectivity limits and installation challenges
create restrictions for the system. The proposed 5G
Standalone deterministic framework uses wireless
technology to provide essential latency and synchronization
requirements which it achieves through URLLC, adaptive
radio scheduling, network slicing, and TSN interoperability.
The proposed system uses stability-aware delay modeling to
provide users with predictable closed-loop performance
various times throughout its operation.[17] The system
achieves sub-microsecond synchronization accuracy across
multiple industrial nodes because it eliminates the need for
extensive cabling. The proposed framework provides
organizations with a comprehensive solution which enables
them to achieve mission-critical industrial automation
operations in future cyber-physical production systems.[26]

III. METHODOLOGICAL FRAMEWORK

The proposed methodology emphasizes three main
elements which include deterministic communication and
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stability-aware modeling and low-latency control execution
across 5G Standalone (SA) networks.[3] The framework
utilizes advanced 5G features together with control-theoretic
analysis to achieve controlled latency and reduced jitter and
synchronization time of less than one microsecond.[4] The
system enables critical industrial automated operations which
can grow while functioning effectively through different
network environments.[13]

a). Data Acquisition and Industrial Input Layer
The process begins with real-time acquisition of

operational data from distributed industrial sensors and
controllers [13]. The system continuously receives time-
critical information from position encoders and pressure
sensors and temperature monitors and motion detectors. The
industrial devices send their data through 5G user equipment
(UE) modules which establish connections to the equipment.
Precise timestamping mechanisms ensure synchronization
accuracy at the data source which forms the foundation for
deterministic closed-loop control [10].

b). 5G SA Communication and URLLC Integration
The 5G SA infrastructure transmits collected data through
Ultra-Reliable Low-Latency Communication (URLLC)
technology [4]. The system uses adaptive radio scheduling
together with network slicing methods to give priority to
industrial network traffic. The network has established
dedicated logical channels which enable it to control end-to-
end latency while achieving lower packet delay variations
throughout different traffic conditions to their peak levels.

c). Time Synchronization and TSN Interoperability
The framework uses improved timing distribution

together with Time-Sensitive Networking (TSN) integration
to achieve sub-microsecond synchronization. The system
maintains continuous clock alignment between controllers,
sensors, gNB, and edge nodes to prevent clock drift and
timing misalignment which could cause closed-loop system
failures [15].

d). Real-Time Deterministic Control Execution
The 5G system processes all control commands and feedback
signals through its edge computing nodes [6]. The

framework. Adaptive radio scheduling algorithms operate at
the communication layer to give top priority to mission-
critical industrial traffic. The algorithms use radio resources
according to three criteria which include latency sensitivity
and reliability needs and current traffic conditions. Network
slicing mechanisms create additional separation for industrial
control traffic which enables the system to maintain strict
delay limits while reducing jitter when network conditions
change. The implementation of enhanced time-distribution
algorithms which comply with Time-Sensitive Networking
(TSN) standards enables the system to achieve sub-
microsecond synchronization. The synchronization
mechanisms operate continuously to fix clock drift
throughout distributed controllers and sensors and actuators
and edge nodes which enables them to maintain accurate time
synchronization which supports stable closed-loop operation.
The system uses combined deterministic communication
algorithms with stability-aware control analysis to deliver
industrial automation performance that meets requirements
for predictable low-latency operation and reliable
performance, which makes it appropriate for use in future
cyber-physical production systems [24].

a. Adaptive Radio Scheduling Algorithm – Deterministic
Resource Allocation

The 5G Standalone (SA) network requires adaptive radio
scheduling because it provides essential support for industrial
control applications which demand precise latency
performance [3]. The system uses latency-aware scheduling
algorithms to handle control traffic because it requires special
treatment of mission-critical operations which need Ultra-
Reliable Low-Latency Communication (URLLC)
mechanisms for their complete operations [5]. The proposed
framework assigns priority weights to control packets
according to their latency sensitivity and control-loop
criticality [4]. The scheduling metric for a given user
equipment (UE) can be expressed as:

decentralized structure reduces latency and enhances
responsiveness. The system achieves dependable
performance through its combination of deterministic Where:

=
+

------(1)

wireless communication and stability-aware modeling which
creates a reliable operational framework that functions in
next-generation cyber-physical industrial settings [24].

IV. ALGORITHMS USED

The framework shows its ability to deliver reliable results for
urgent industrial processes through its combination of
modern wireless communication technology and control-
theoretic stability algorithms [3]. The system exists to
provide a reliable framework which enables researchers to
understand and manage communication-related disturbances
that create problems for maintaining closed-loop system
stability. The system functions through its use of
deterministic scheduling algorithms and synchronization
protocols together with delay-aware stability [15]. analysis
methods that operate within the 5G Standalone (SA)

= priority weight of control traffic
= estimated transmission delay
= jitter or delay variation

Higher priority packets with strict delay requirements are
allocated radio resources first to maintain bounded latency.

To ensure deterministic performance, the total end-to-end
delay is modeled as:

= + + + -------------------- (2)

Where:
= propagation delay
= processing delay
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= queuing delay
= scheduling delay

b. Support Vector Machine – Stability State Classification

Support Vector Machine (SVM) serves as a supervised
machine learning technique that enables users to solve both
binary and multi-class classification tasks [30]. The SVM
algorithm classifies system operating conditions into three
predefined stability states which include stable, marginally
stable and unstable states through the extraction of network
and control features within the proposed deterministic
industrial control framework [23]. The SVM model receives
input features which include total end-to-end delay together
with jitter variance and packet loss probability and
synchronization error and control-loop phase margin. The 5G
SA network produces these features through its delay
modeling and synchronization analysis processes. The SVM
model then determines whether the current communication
conditions satisfy deterministic stability requirements [3].

The decision function is given by:

�(�) = ����(∑�� ���(��, �) + �) − −(�)
=

Where:
x = input feature vector
yi = class label
αi= Lagrange multipliers
K(xi,x) = kernel function (e.g., linear or RBF)
b= bias term
For linearly separable data, the kernel is:

c. Random Forest
Random Forest functions as an ensemble method which uses
multiple decision trees to enhance both its classification
performance and its system resilience [30]. The proposed
deterministic industrial control framework uses Random
Forest to classify system operating conditions into
predetermined stability states which include stable and
marginally stable and unstable states through analysis of
network and control features [23].

�� = ����{��(�), ��(�), … . , ��(�)} – (4)
Where:

 �� = predicted class
 ��(�) = prediction from the t-th decision tree
 T = total number of trees in the forest

V. REAL-TIME DETERMINISTIC STABILITY
ESTIMATION OVER 5G SA

The proposed deterministic industrial control framework
achieves real-time stability estimation through its continuous
assessment of 5G Standalone (SA) network communication
and synchronization system performance [3]. The framework
uses delay measurement and synchronization performance
evaluation to maintain closed-loop stability in industrial

processes that require immediate execution which
distinguishes it from traditional wireless systems that operate
on best-effort principles [15]. The system obtains network
performance data which includes end-to-end latency jitter
and packet delivery ratio together with scheduling delay and
clock synchronization error measurements from controllers
and sensors and actuators that use 5G user equipment for
their connections [20]. Edge computing nodes located in 5G
SA architecture process these parameters [6]. The system
achieves real-time measurement because it detects and
analyzes all channel fading variations together with traffic
load changes and scheduling dynamics [4]. The proposed
approach establishes its main benefit through its combination
of deterministic delay modeling with stability-aware analysis
[17]. Total communication delay calculations include
propagation delay and processing delay and queuing delay
and scheduling delay [15]. A control-theoretic model uses
delay components to assess stability margins which include
phase margin and gain margin under changing network
conditions [16]. Machine learning classifiers receive the
extracted network and control features as input which
includes Support Vector Machine (SVM) and Random Forest
models that classify system operating states into stable and
marginally stable and unstable regions. The Random Forest
model maintains its predictive stability assessment
capabilities because it effectively handles wireless condition
fluctuations [26].
The integrated framework enables adaptive radio resource
allocation and scheduling adjustments to occur in real time
while maintaining fixed latency limits and sub-microsecond
synchronization capabilities [4]. The system delivers
mission-critical industrial automation solutions through its
combination of 5G URLLC capabilities, TSN
interoperability, and stability-aware modeling which
provides a reliable and scalable low-latency solution for next-
generation cyber-physical production environments [21].

VI. RESULTS AND FINDINGS

The researchers conducted extensive simulations and
analytical assessments to test the deterministic 5G
Standalone (SA) framework under different network load
and channel conditions [3]. The assessment used real
industrial communication scenarios which featured changing
traffic patterns and different radio channel conditions and
timing synchronization issues [13]. The key performance
indicators included end-to-end latency and jitter variance and
packet reliability and synchronization error and control-loop
stability margins [15]. The research findings show that Ultra-
Reliable Low-Latency Communication (URLLC) together
with adaptive scheduling and network slicing
implementation leads to lower delay fluctuations when
compared to traditional wireless system designs. The system
operated within defined end-to-end latency boundaries
during moderate traffic conditions which enabled stable
closed-loop control operations [17]. Adaptive resource
allocation maintained stable latency performance through
minor jitter changes even when network traffic reached high
levels [20].



Journal of Computational Analysis and Applications VOL.30, NO. 2, 2022

10.48047/jocaaa.2022.30.02.59

Siva Sudheer Mahadasu et al 1066-10731070

The testing for synchronization performance used two
methods which included enhanced timing distribution and
Time-Sensitive Networking (TSN) interoperability [22]. The
researchers used delay and synchronization feature datasets
to train machine learning classifiers (SVM and Random
Forest) for stability assessment [30]. SVM achieved strong
classification results while Random Forest provided better
stability predictions for both stable and unstable operating
regions under changing wireless conditions [26]. The
ensemble-based approach effectively handled nonlinear
delay variations and noisy communication data. The
proposed framework outperformed traditional wireless
industrial communication methods because it achieved better
phase margin stability and reduced timing uncertainty while
increasing system reliability [17]. The research findings
demonstrate that deterministic wireless control operates
successfully over 5G SA networks which makes it suitable
for mission-critical industrial automation in next-generation
cyber-physical production environments [28].
The SVM, which correctly identified stable and unstable
states, proved to be less dependable than the Random Forest
model, which maintained its integrity under challenging
wireless distortion conditions [26]. The ensemble approach,
which handles complex delay relationships, increased
classification precision when there were many unpredictable
conditions [23]. The study showed that traditional best-effort
wireless systems had significant stability margin
improvements and better system reliability when they
compared with the new system. The proposed framework
reduced delay-induced instability risks and improved overall
system robustness [16]. The findings demonstrate that
deterministic wireless industrial control over 5G SA
networks can operate successfully for mission-critical cyber-
physical production systems [27].

a. Model Accuracy Comparison (SVM vs Random Forest)
The Support Vector Machine (SVM) classifier achieved an
overall accuracy of approximately 89% which demonstrated
its ability to separate stability regions during moderate
network variations [30]. The Random Forest classifier
achieved better results than SVM because it achieved about
93% accuracy when predicting stability states across
different traffic loads and wireless channel conditions.
Random Forest achieves better performance because its
ensemble learning mechanism utilizes multiple decision trees
to create a model that predicts how different delay elements
affect control stability margins.

Fig 2: ML Model Accuracy Comparison for Stability Prediction
The system design provides increased protection against
wireless measurement errors and 5G environment which
experiences direct wireless signal changes [21].

Table 2: ML Model Accuracy Comparison
Model Accuracy (%)

SVM 89
Random Forest 93

b. Stability Classification Performance Under Varying
5G SA Network Conditions

The Support Vector Machine (SVM) and Random Forest
classifiers were trained on five features which included
communication delay measurements and jitter variance and
scheduling delay and packet reliability and synchronization
error [15]. The models maintained high predictive
performance throughout all testing conditions [23]. The
system reached its best classification accuracy under
standard operating conditions with 95 percent precision and
93 percent recall because it could distinguish between stable
and unstable operational modes [17]. The system showed
slight performance reduction during high load and
interference testing because of increased delay variability
and radio channel changes [21]. The framework maintained
satisfactory performance standards through synchronization
drift testing because it achieved 87 percent precision and 85
percent recall which showed its ability to withstand timing
errors and jitter disturbances [22].

Fig 3: Stability Classification Performance Under Varying 5G SA
Network Conditions

The method demonstrates industrial applicability because it
meets real-time operational needs for mission-critical
industrial automation in 5G SA networks while keeping
computational requirements at acceptable standards [27].

Table 3: Precision and Recall of Stability Classification Under Varying
5G SA Conditions

Network
Condition

Precisio
n

Recall

Normal Load 0.95 0.93
High Load 0.91 0.90
Interference 0.89 0.88

Synchronization
Drift

0.87 0.85

The study results demonstrate that the stability-aware
deterministic framework maintains dependable classification
efficiency during wireless system malfunctions [26].

c. Deterministic Control Processing Latency per Control
Cycle

The researchers tested the processing latency of their 5G
Standalone system stability monitoring framework to
determine its effectiveness for industrial applications that
require immediate response.[6] The evaluation included ten
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complete control cycles which required the assessment of
delay times and synchronization testing and feature
extraction and the execution of machine learning stability
classification at the edge [15]. The results show that
processing performance remains steady because most control
cycles finish between 1.8 ms and 2.4 ms.

Fig 4: Deterministic Stability Monitoring Processing Time per
Control Cycle

The system requires only standard communication time
because the actual system performance shows no more than
minimal changes from backup time requirements [20]. The
low and stable computation time confirms that the framework
functions properly with edge-based industrial controllers
operating under the 5G SW architecture [6].

Table 4: Processing LatencyEvaluation

Metric Value

Marginally Stable status and 18% ended up in Unstable status
[17].

Stability State Percentage (%)
Stable 48.0

Marginally Stable 34.0
Unstable 18.0

Table 5: Stability State Distribution

e. Impact of Synchronization Integration on Stability
Accuracy

The comparison shows that systems with improved
synchronization methods achieve better performance results
than systems which lack precise timing synchronization [22].
The study found that stability classification accuracy reached
0.94 with synchronization support during normal load
conditions while it dropped to 0.89 when synchronization
enforcement was not present [17]. The accuracy increased
from 0.84 to 0.91 when the system used synchronization
during high network load scenarios [3]. The implementation
of synchronization mechanisms during interference
conditions improved stability prediction accuracy from 0.80
to 0.88 [26]. The results demonstrate that sub-microsecond
time synchronization implementation leads to better
deterministic performance because it decreases clock drift
and decreases delay uncertainty [10].

MinimumProcessing
Time

Maximum
Processing Time

1.8 ms

2.4 ms
Table 6: Stability Classification Accuracy with andWithout Enhanced

Synchronization

Average Processing
Time

2.1 ms Network Condition With
Synchronizatio

Without
Synchronization

Standard Deviation ±0.2 ms n
Total Control Cycles 10

Tested
Normal Load 0.94 0.89
High Load 0.91 0.84
Interference 0.88 0.80

d. Stability State Distribution Analysis
The stable region of the proposed deterministic framework
shows that it successfully keeps network latency and
synchronization times under control during most network
conditions [21]. The lower number of marginally stable cases
shows that temporary delays occur during high load periods
which also experience interference [20]. The system
maintains effective performance because of its adaptive
scheduling system and its ability to prioritize URLLC traffic
and its synchronization methods [21]. The framework
increases operational reliability because it enables mission-
critical industrial automation operations in future cyber-
physical production environments [27].

Fig 5: Stability State Distribution
The distribution results of control cycles show that about
48% of the cycles achieved Stable status while 34% reached

The system achieves better phase margin stability through
accurate timing alignment which also helps to reduce
misclassification of operating states that are either marginal
or unstable [16].

Fig 6: Impact of Sensor Fusion on Detection Accuracy

VII. CHALLENGES AND LIMITATIONS

The proposed 5G Standalone (SA) framework provides
improved stability and latency control through its
deterministic design yet the development and assessment
process uncovered various challenges and restrictions [6].
The primary challenge exists because wireless
communication channels exhibit unpredictable channel
behavior [4].The 5G network encounters multiple challenges
that exist between wired industrial networks and its operation
which operates through base stations that experience signal
interference and traffic patterns and face signal interruptions
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[26]. The factors introduce unpredictable delays which result
in packet loss that disrupts the strict deterministic system
assurance during extreme situations[17]. The
synchronization process contains another limitation which
operates with high complexity [22]. The industrial nodes
need to achieve sub-microsecond time alignment through the
5G infrastructure which must work together with Time-
Sensitive Networking (TSN) systems [10].

VIII.CONCLUSION
The researchers developed a deterministic

framework for communication and stability modeling which
enables time-critical industrial control operations through 5G
Standalone (SA) networks [3]. The system establishes
controlled latency with reduced jitter and achieves
synchronization accuracy below one microsecond through its
combination of Ultra-Reliable Low-Latency Communication
(URLLC) and adaptive radio scheduling and network slicing
and Time-Sensitive Networking (TSN) interoperability [22].
The framework establishes reliable closed-loop operation
through its implementation of control-theoretic delay
modeling and machine learning-based stability prediction
which operates effectively during different network
conditions [15]. The experimental evaluation shows better
phase margin stability results and less timing uncertainty and
improved reliability when compared to standard wireless
industrial communication methods [16]. The combination of
Support Vector Machine (SVM) and Random Forest
classifiers allows accurate prediction of stable and unstable
operating regions while using computational resources
efficiently which suits edge-integrated industrial nodes [23].
The framework's modular and scalable design allows
organizations to use it in both Industry 4.0 and cyber-physical
production settings [24]. The deterministic 5G SA
framework contains specific limitations because it lacks
support for real-world large-scale deployment and extreme
interference scenarios [26]. The proposed 5G SA framework
provides a major advancement for enabling reliable wireless
industrial automation which organizations need for their
critical operational needs [27].

IX. FUTUREWORK

The established framework provides multiple research
paths which researchers can use to develop their studies and
improve their findings. The research will investigate how
industrial sites operate under various electromagnetic and
operational scenarios to test deterministic guarantees which
require large field validation tests. The framework needs
extension because its current implementation only enables
single-loop control but multi-loop networked industrial
system control will help organizations achieve better
production outcomes and stronger operational resilience.
Researchers should examine advanced adaptive scheduling
systems which use reinforcement learning methods to create
dynamic radio resource allocation systems capable of
adapting to actual network changes. The synchronization
overhead between 5G SA infrastructure and advanced TSN
mechanisms will decrease more which will enhance
deterministic precision through tighter system integration.

The implementation of predictive maintenance analytics
through real-time industrial data streams will improve
operational reliability beyond maintaining communication
stability. Continuous learning systems will be used to update
stability prediction systems as the network conditions change
throughout time. These advancements will help organizations
develop wireless systems which operate with deterministic
performance and intelligent features for their industrial
automation needs through next-generation Industry 4.0 and
cyber-physical production systems.
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