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Abstract— This article presents a comprehensive analysis of the architectural foundations of unified MPLS networks aimed at improving 
scalability, optimizing network resource distribution, and reducing latency in modern high-performance network infrastructures. The study begins 

with an examination of traditional MPLS networks to identify their limitations in state management, convergence, and scalability. It then explores 
the concept of Unified MPLS, which integrates fragmented domains using BGP with RFC 3107 support and LDP, simplifying network management 
and enhancing fault tolerance. Special attention is given to the integration of Segment Routing technology into MPLS environm ents, enabling 
dynamic route optimization through label stacks, telemetry, and machine learning algorithms for adaptive traffic engineering. The article outlines 

architectural solutions and recommendations for creating a flexible, scalable, and manageable network infrastructure capable of meeting the 
growing demands of modern service providers and enterprise users. The findings serve as a foundation for further research into the integration 
of Unified MPLS and Segment Routing with SDN and NFV technologies. The insights presented in this study will be valuable to r esearchers, 
telecommunications specialists, and network infrastructure architects seeking to integrate modern interdisciplinary approaches into the 

optimization of reliability and scalability in contemporary networking solutions . 
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I. INTRODUCTION  

The advancement of information technologies, the growing 
volume of data, and the increasing complexity of network 
services require service providers to develop infrastructures that 

ensure high scalability, low latency, and optimal distribution of 
network resources. The integration of traditional MPLS 
networks with modern technologies such as Segment Routing 
has become a pressing issue, as it reduces management 
complexity and enhances efficiency. These trends are driven by 
the expansion of cloud computing, the Internet of Things (IoT), 

and 5G networks, necessitating the development of new 
architectural solutions for unified MPLS networks. 

The literature on "Architectural Foundations of Unified 
MPLS Networks for Enhanced Scalability" can be categorized 
into several thematic groups based on common approaches and 
research directions. 

The first group consists of publications focusing on the 
evolution of MPLS networks and Segment Routing as methods 
for improving scalability and optimizing network paths. The 
study "Unified MPLS Functionality, Features, and 
Configuration Example" [1], published on Cisco’s website, 
describes a practical MPLS configuration that facilitates the 

integration of these functions into existing network 
infrastructures. Akinade A. O. et al. [2] propose a new model 
for optimizing the IP/MPLS core using Segment Routing, 
highlighting its scalability advantages and reduced data 
transmission latency. The study by Muhammad T. et al. [3] 
complements this approach by providing an in-depth analysis 
of network path optimization, where Segment Routing methods 

are applied to enhance network connectivity efficiency. 
Similarly, the works of Brundiers A., Schüller T., Aschenbruck 
N. [5] and Nedhunuri M. R. et al. [6] focus on traffic 

engineering and current trends in MPLS network development, 
demonstrating that modern Segment Routing implementations 
enable the creation of fault-tolerant networks. The research by 
Seth I., Guleria K., and Panda S. N. [7] reviews routing 

protocols, emphasizing the need for flexible routing 
management methods in response to dynamic infrastructure 
changes. In turn, the source [10], whose data is published on the 
Market Research Future website, was used to analyze the 
volume of the global MPLS market, and the source [11], whose 
information is posted on the cognitivemarketresearch website, 

was used to demonstrate the MPLS market in different regions. 
The second group of sources is centered on overlay 

networking technologies in the context of SDN. The study by 
Muhammad T. [4] compares the performance and scalability of 
various technologies, allowing for an assessment of their 
potential integration with MPLS networks and Segment 

Routing. 
The third group addresses security-related challenges. The 

works of Zhao X., Clear T., and Lal R. [8] and Kim G., Park K. 
[9] analyze modern cybersecurity approaches. Source [8] 
discusses DevSecOps strategies, where security principles are 
integrated into the development and operational processes of 

software applications. In [9], the authors examine the impact of 
artificial intelligence on management and decision-making 
processes, highlighting opportunities for integrating intelligent 
systems into network resource management, including MPLS 
networks. 

A review of the literature reveals contradictions in existing 
approaches. On the one hand, studies focused on Segment 

Routing emphasize its potential for traffic optimization and 
scalability improvement, but its implementation often 
encounters technical limitations related to protocol 
compatibility and the complexity of MPLS configuration. On 
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the other hand, security research extensively explores the 
integration of modern technologies but often lacks a detailed 
focus on security measures tailored to unified MPLS networks. 
Challenges associated with Unified MPLS functionality, 
features, and configuration examples remain insufficiently 
addressed, particularly regarding practical recommendations 

for integrating these functions into existing infrastructures 
while considering security requirements and the need for rapid 
updates. Thus, achieving a comprehensive integration of 
network technologies remains an urgent task, requiring a 
balance between performance, scalability, and security in 
modern network architectures. 

The study aims to examine the architectural foundations of 
unified MPLS networks for enhanced scalability. 

The scientific novelty lies in describing the potential of an 
integrated model that combines the advantages of SR-MPLS, 
Unified MPLS, and modern traffic engineering methods using 
telemetry and machine learning algorithms for dynamic routing 

management. This model not only optimizes network resource 
utilization but also reduces operational costs associated with 
network scaling. 

The author’s hypothesis suggests that the use of Unified 
MPLS and Segment Routing technologies will reduce 
operational complexity and improve the scalability of network 

infrastructure, ensuring service quality even under exponential 
traffic growth. 

The methodological basis of this study is an analytical 
approach involving a review of scientific publications by other 
researchers. 

II. CHALLENGES OF TRADITIONAL MPLS NETWORKS AND 

THE UNIFIED MPLS CONCEPT 

The global MPLS market is experiencing significant growth 
driven by the increasing demand for high-speed and reliable 
network connectivity. The expansion of cloud computing, data 
centers, and video streaming applications is boosting the 
demand for MPLS services. These services enable companies 

to establish private and scalable networks capable of handling 
large volumes of traffic.   

Key factors shaping market development include the 
growing adoption of 5G technology, the expansion of Internet 
of Things (IoT) devices, and heightened attention to network 
security. Recent trends in the MPLS market include the 

emergence of Software-Defined Networking (SDN) and 
Network Function Virtualization (NFV). SDN and NFV 
technologies allow businesses to automate and manage their 
networks more efficiently, reducing operational costs and 
increasing network flexibility. Additionally, the growing 
adoption of cloud-based MPLS services provides enterprises 
with greater flexibility and scalability in managing their 

networks.   
Figure 1 will illustrate the Market size MPLS in USD billion 

for the years 2022–2025, along with projected volumes for 
2034.  

The foundation of MPLS lies in the use of labels, which 
allow traffic to follow predefined paths, reducing latency by 

bypassing time-consuming routing table lookups. However, 
despite its proven efficiency, traditional MPLS networks face 

several critical limitations that complicate their operation as 
traffic volumes grow and network topologies become 
increasingly complex. 

 
Fig. 1. Market size MPLS in USD billion for the years 2022–2025, along with 

projected volumes for 2034 [10]. 

 
Figure 2 below shows the size of the MPLS market in 

different regions. 
 

 
Fig. 2. The volume of the MPLS market in different regions [11]. 

 
First, traditional MPLS networks are characterized by high 

operational complexity due to the need to manage multiple 
independent administrative domains. Each domain requires 
separate configuration, leading to network fragmentation, an 

increase in operational touchpoints, and a higher risk of errors 
when manually managing routing settings. 

Second, scalability in such networks is limited. As 
infrastructure expands, the number of inter-domain connections 
required grows, which can result in increased control plane load 
and slower convergence processes during failures. 

Additionally, traditional approaches to label distribution and 
state management often fail to dynamically adapt to traffic 
changes and application demands, which is crucial for modern 
services requiring low latency and high bandwidth [1,6]. 

To overcome these challenges, the Unified MPLS concept 
was developed to integrate fragmented MPLS domains into a 

single managed environment. The core idea behind this 
architecture is the creation of a unified control plane, which 
centralizes label and routing management, reducing operational 
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touchpoints and ensuring end-to-end network transparency. 
The key elements of Unified MPLS include: 
● Utilization of BGP with RFC 3107 for label exchange. This 

mechanism enables the transfer of label information 
between different domains via BGP sessions, eliminating 
the need for full integration of internal routing protocols and 

significantly reducing the load on IGP. 
● Reduction in the number of configuration touchpoints. 

Consolidating MPLS deployments into a single domain 
decreases the number of operational touchpoints, 
simplifying administration and reducing the likelihood of 
configuration errors. 

● Faster network convergence. Through centralized 
management and fast recovery mechanisms (e.g., BGP PIC, 
LFA/rLFA), Unified MPLS ensures significantly quicker 
responses to network failures, which is critical for 
maintaining high service quality [1,2]. 

● Integration with modern protocols and technologies. 

Unified MPLS supports operation in heterogeneous 
network environments, ensuring compatibility with IPv6, 
SDN, and Segment Routing technologies. This allows for 
dynamic route adaptation based on real-time conditions and 
application requirements [3,7]. 
Below, Table 1 presents a comparative analysis of 

traditional MPLS networks and Unified MPLS architecture. 
 

TABLE 1. Comparative characteristics of traditional MPLS networks and 

unified MPLS architecture [1]. 

Criteria 
Traditional MPLS 

networks 
Unified MPLS 

Scalability 
Limited due to domain 

fragmentation 

High scalability through 

centralized management 

and optimized label 

distribution 

Configuration 

management 

Numerous manual 

settings, increased risk  

of errors 

Centralized management, 

reduced operational 

touchpoints 

Operational 

complexity 

High, due to multiple 

domains and the need 

for IGP support 

Reduced, as all segments 

are integrated into a single 

control plane 

Convergence 

Slow convergence 

during failures due to 

distributed 

management 

Fast convergence enabled 

by BGP PIC, LFA/rLFA, 

and centralized label 

exchange 

Integration with 

modern 

technologies 

Limited support for 

IPv6 and modern 

protocols 

Full support for IPv6, SDN, 

and Segment Routing, 

ensuring network flexibility  

and adaptability 

Automation level 

Low, requiring 

significant operator 

intervention 

High, due to centralized 

management and 

automation capabilities 

 

As shown in the table, Unified MPLS addresses the 
shortcomings of conventional MPLS networks, enabling the 
creation of a more flexible, scalable, and manageable network 

infrastructure. The Unified MPLS concept, which integrates 
different domains through modern protocols (such as BGP with 
RFC 3107) and fast recovery mechanisms, represents a 
promising direction for building a unified, adaptable, and 
scalable network environment. 

III. INTEGRATION OF SEGMENT ROUTING INTO MPLS 

ENVIRONMENTS FOR SCALABILITY OPTIMIZATION 

Segment Routing (SR) is a paradigm that enables source 
routing by encoding route information within a packet header 
using a stack of Segment Identifiers (SIDs). Integrating SR into 
traditional MPLS networks (SR-MPLS) combines the benefits 
of reliable label switching with modern traffic engineering 
techniques [2,7]. The integration of SR into MPLS 

environments is implemented through the use of an MPLS label 
stack to encode route segments, where each label provides 
routers with specific forwarding instructions. This approach 
enables the following advantages: 
● Elimination of complex signaling protocols. Unlike 

traditional methods based on RSVP-TE, SR-MPLS does not 

require per-flow state maintenance at each node, 
simplifying control plane operations [2]. 

● Reduction in operational costs and faster convergence. By 
forming segment stacks and utilizing centralized 
management mechanisms (such as BGP with RFC 3107), 
the integrated system significantly accelerates network 

recovery after failures [1]. 
● Enhanced routing flexibility and optimized resource 

allocation. SR-MPLS enables the creation of detailed traffic 
routes that meet specific application requirements (low 
latency, high bandwidth) and allows dynamic route 
adaptation based on real-time network monitoring [7,8]. 

Real-time network state monitoring and data analysis allow 
traffic patterns to be predicted and segment stacks to be adjusted 
proactively, minimizing delays and congestion. These 
approaches facilitate: 
● Dynamic route adaptation in response to changing traffic 

conditions and network topology. 

● Proactive congestion forecasting and resource 
redistribution, helping to prevent network bottlenecks [6,9]. 

 
TABLE 2. Comparative analysis of traditional MPLS networks and integrated 

SR-MPLS solutions [1,2]. 

Parameters 
Traditional MPLS 

networks 

SR-MPLS (integration of 

SR into MPLS) 

State 

management 

Requires per-flow state 

maintenance at each 

node, increasing 

complexity and reducing 

scalability 

State is maintained only at 

the ingress node; 

intermediate nodes operate 

based on a pre-encoded 

label stack 

Routing 

flexibility 

Limited by static routes, 

making traffic adaptation 

complex 

Allows dynamic route 

changes based on telemetry 

and machine learning 

algorithms 

Convergence 

speed 

Slower convergence due 

to route recalculations 

and IGP update 

propagation 

Faster convergence 

enabled by centralized 

label management and 

mechanisms like BGP PIC, 

LFA/rLFA 

Operational 

complexity 

High due to numerous 

configuration points and 

the need for manual 

intervention 

Reduced complexity 

through process 

automation and fewer 

manual configurations 

Resource 

allocation 

optimization 

Relies on static resource 

allocation algorithms, 

limiting adaptability 

Dynamic resource 

allocation based on real-

time network load and 

traffic engineering 

optimization 
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Table 2 presents a comparative analysis of traditional MPLS 
networks and the integrated SR-MPLS solution. 

Thus, the integration of Segment Routing into MPLS 
environments (SR-MPLS) offers significant advantages over 
traditional approaches. The reduction of per-flow state, 
improved routing flexibility, faster convergence, and dynamic 

resource allocation optimize network infrastructure 
performance, even under exponential traffic growth. 
Consequently, SR-MPLS serves as an effective solution for 
enhancing the scalability and resilience of modern network 
infrastructures, providing new opportunities for service 
providers and enterprise users. 

IV. ARCHITECTURAL SOLUTIONS AND PRACTICAL 

RECOMMENDATIONS FOR IMPLEMENTING UNIFIED MPLS 

NETWORKS 

The implementation of Unified MPLS networks represents 
an evolutionary advancement in MPLS technology, aimed at 
integrating fragmented domains into a single managed 

infrastructure. This approach reduces operational complexity, 
accelerates network convergence, and ensures scalability, 
which is particularly relevant given the exponential growth of 
traffic and increasing network topology complexity [1,2]. The 
architecture of Unified MPLS is based on the integration of 
several key components and technologies, including: 

● Utilization of BGP with RFC 3107 for label exchange. This 
mechanism enables the distribution of label information 
between different MPLS domains via BGP sessions, 
facilitating the establishment and maintenance of a unified 
LSP (Labeled Switched Path) across the network. This 
approach eliminates the need for full integration of internal 

routing protocols and significantly reduces the load on IGP 
[1]. 

● Configuration of border routers (ABR) in route-reflector 
mode with Next-Hop-Self. This method minimizes the 
number of iBGP sessions within the network since ABRs 
propagate only addresses relevant to the local IGP domain 

(e.g., loopback addresses of PE devices). This simplifies 
routing and reduces the amount of routing information 
distributed across the network [2]. 

● Logical segmentation of the network into Core, 
Aggregation, and Access domains. Each network segment 
operates within its own IGP domain, while Unified MPLS 

ensures their integration through a unified control plane. 
This approach enhances manageability, simplifies failure 
recovery, and improves overall network resilience. 

● Integration of LDP for intra-domain label distribution. 
Within each IGP domain, LDP is used to establish LSPs 
quickly, enabling fast adaptation to topology changes and 
minimizing latency in data transmission. 

● Centralized network management and monitoring. The use 
of modern monitoring systems (SNMP, telemetry) and 
automation tools allows real-time network state tracking 
and predictive planning. Machine learning algorithms 
facilitate adaptive traffic distribution, optimizing resource 
utilization and enhancing service reliability [3,5]. 

Table 3 summarizes the architectural components of 
Unified MPLS and provides practical recommendations for 
their implementation. 

 
TABLE 3. Architectural components and practical recommendations for the 

implementation of unified MPLS networks [1-4]. 

Architectural 

component 
Practical recommendations Expected benefits 

BGP with RFC 

3107 for label 

exchange 

Configure BGP sessions 

between domains with 

IPv4+Label support; ensure 

consistent label distribution 

across the network. 

Unified control 

plane, optimized 

route distribution. 

ABR in route-

reflector mode 

with Next-Hop-

Self 

Utilize ABRs to minimize the 

number of iBGP sessions; 

apply the Next-Hop-Self 

option to localize information 

required for IGP. 

Reduced 

operational 

complexity, 

accelerated network 

convergence. 

Logical network 

segmentation 

(Core, 

Aggregation, 

Access) 

Conduct detailed network 

modeling; distribute 

management functions based 

on domain roles; integrate 

local IGPs with a unified 

MPLS overlay via Unified 

MPLS. 

Improved 

manageability, 

enhanced fault 

tolerance, and 

scalability. 

LDP deployment 

for intra-domain 

label distribution 

Configure LDP in each IGP 

domain; ensure proper 

routing within the domain 

with rapid recovery from 

topology changes. 

Fast adaptation to 

changes, minimized 

data transmission 

latency. 

Centralized 

management and 

monitoring 

Implement monitoring 

systems (SNMP, telemetry) 

and automation tools; use 

analytical models for network 

load forecasting. 

Real-time failure 

detection, proactive 

resource 

management, 

improved network 

stability. 

 

For the successful deployment of Unified MPLS networks, 
the following practical recommendations should be followed: 
● Conduct detailed network modeling with logical 

segmentation, identify key points where route-reflector and 
Next-Hop-Self functions are required, and plan label 
exchange via BGP with RFC 3107 support. 

● Implement centralized management tools and configuration 
templates to ensure consistency across all network 
segments, reducing configuration errors and accelerating 

the deployment of new services. 
● Ensure redundancy for critical components such as ABRs 

and key BGP sessions, and deploy fast recovery 
mechanisms (e.g., BGP PIC and LFA/rLFA) to maintain 
service continuity in case of failures. 

V. CONCLUSION 

The study identified the key limitations of traditional MPLS 
networks, including domain fragmentation, high operational 
complexity, and limited scalability, highlighting the need to 
transition to a Unified MPLS architecture. The implementation 
of this model through the use of BGP with RFC 3107 support, 
the configuration of border routers (ABR) in route-reflector 
mode with the Next-Hop-Self option, and the application of 

LDP for intra-domain label distribution significantly simplifies 
network management, accelerates convergence processes, and 
optimizes network resource allocation. 
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Additionally, the integration of Segment Routing into 
MPLS environments (SR-MPLS) introduces new possibilities 
for dynamic traffic management, allowing real-time network 
telemetry and machine learning algorithms to adaptively adjust 
routes, minimizing latency and enhancing bandwidth 
efficiency. 

The practical recommendations presented in this study 
include detailed topology planning, consistent configurations, 
redundancy measures, and automated monitoring, all 
contributing to the creation of a flexible, resilient, and scalable 
network infrastructure. The findings indicate the potential of 
integrating Unified MPLS and Segment Routing to meet the 

growing demands of modern service providers. Future research 
should focus on integrating these solutions with SDN and NFV 
technologies to develop even more adaptive and intelligent 
network systems. 
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