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Abstract 

The Radio Access Network (RAN) forms the backbone of mobile communication systems. Traditional 

RAN architectures, characterized by tightly coupled proprietary hardware and software, have long 

dominated the telecommunications landscape. However, with the advent of 5G and the increasing 

demand for scalable, cost-efficient, and flexible networks, these architectures face significant 

limitations. Virtualized RAN (vRAN) addresses these challenges by decoupling hardware from 

software, enabling dynamic resource allocation, centralized management, and cost savings through 

the use of Commercial-Off-The-Shelf (COTS) hardware. This paper provides a detailed comparison 

between traditional RAN and vRAN, examining their architectures, operational efficiencies, and 

implementation challenges. Real-world examples are presented to illustrate how vRAN transforms 

network deployment and management. 
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I. INTRODUCTION 

 As the demand for mobile connectivity continues to rise, fueled by data-intensive applications and the 

advent of 5G, the limitations of traditional Radio Access Network (RAN) architectures have become 

increasingly apparent [1]. Traditional RAN, characterized by proprietary hardware and coupled software, 

struggles to meet the flexibility, scalability, and cost-efficiency demands of modern networks [2]. The need 

for a more adaptive solution has driven the adoption of Virtualized RAN (vRAN). 

 vRAN leverages network function virtualization (NFV) to decouple hardware from software, enabling 

operators to centralize Baseband Units (BBUs) while maintaining Remote Radio Units (RRUs) at cell sites 

[4]. This architectural shift allows for better resource pooling, dynamic scalability, and reduced operational 

expenses through the use of Commercial-Off-The-Shelf (COTS) hardware [7]. By transforming RAN into a 

software-driven architecture, vRAN addresses the inherent inefficiencies of its legacy system, providing a 

future-ready solution for 5G deployment [5]. 

This paper explores the technical differences between traditional RAN and vRAN, examining how 

virtualization improves scalability, cost-effectiveness, and operational agility. Through a detailed analysis 

and implementation challenges, we highlight how vRAN bridges the gap between legacy architectures and 

next-generation network requirements. 

II. OVERVIEW OF TRADITIONAL RAN 

 Traditional Radio Access Network (RAN) architecture has been the backbone of mobile communication 

for decades. In this setup, Baseband Units (BBUs) and Remote Radio Units (RRUs) are tightly integrated and 
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co-located at each individual cell site. This design relies heavily on proprietary hardware and software 

solutions, which creates inherent inefficiencies when it comes to scalability and operational flexibility [1]. 

A. Hardware Dependency 

One of the primary limitations of traditional RAN is its dependency on specialized hardware for each site. 

The use of proprietary equipment for BBUs and RRUs means that every cell site requires custom-built 

infrastructure tailored to the network operator's specific requirements. This hardware reliance leads to high 

capital expenditure (CapEx) due to the cost of purchasing and maintaining the physical devices [2].  

Additionally, network operators must manage hardware lifecycle costs, including maintenance, repair, and 

replacement, all of which significantly increase operational expenditure (OpEx) [3]. As a result, this 

architecture presents substantial barriers for scaling the network to accommodate the growing demand for 

mobile data and new services, such as 5G-enabled applications. 

B. Upgrade Challenges 

Another critical drawback of traditional RAN is the complexity and cost associated with upgrading the 

infrastructure. Updating a traditional RAN often requires replacing hardware components across multiple 

sites, which leads to significant downtime and disruption of services. The absence of flexibility in upgrading 

hardware also hinders the network's ability to keep pace with technological advancements [11]. For instance, 

when upgrading from a 4G to a 5G network, network operators face challenges in integrating new 

technologies with existing infrastructure. The need for hardware replacement also delays the deployment of 

new features and services, making it difficult for operators to rapidly adapt to market demands. 

Furthermore, the inflexibility of this hardware-based approach limits operators' ability to implement new 

features or optimize the network dynamically. Each cell site is isolated, and network-wide optimization 

requires manual interventions and site-specific modifications [17]. 

C. Resource Utilization 

Traditional RAN suffers from poor resource utilization due to its decentralized architecture. BBUs at each 

site operate independently, meaning that during periods of low traffic, a large portion of resources remain 

underutilized. This inefficient resource allocation results in wasted infrastructure capacity and contributes to 

higher operational costs. Additionally, the inability to dynamically allocate resources across sites means that 

operators cannot adjust to fluctuations in traffic demand in real-time. For example, during high-demand 

events, such as sporting events or concerts, traditional RAN requires additional hardware deployment or 

manual intervention to meet the sudden increase in traffic [18]. 

This inefficient use of resources further exacerbates scalability issues, as network operators are forced to 

either over-provision infrastructure to account for peak demand or face performance degradation during high 

traffic periods. The inability to centralize resources and share capacity across sites makes it difficult to meet 

the performance and flexibility demands required by next-generation technologies like 5G [18]. 

III. INTRODUCTION TO VRAN 

Virtualized Radio Access Network (vRAN) is a transformative approach designed to address the 

inefficiencies inherent in traditional RAN by decoupling hardware from software. The primary distinction of 

vRAN lies in its virtualization of network functions, allowing operators to shift from hardware-

dependentRAN architectures to more flexible and scalable software-based solutions. At the core of this 

transition, Baseband Units (BBUs) are decoupled from Remote Radio Units (RRUs) and centralized in data 

centers or distributed to edge locations. These centralized BBUs are typically deployed on Commercial-Off-

The-Shelf (COTS) servers, which drastically reduce the need for specialized proprietary hardware [4]. 
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A key innovation in vRAN is the separation of the control and user planes (CUPS), which introduces 

significant flexibility and scalability to network architecture. Traditional RAN integrates control and user 

planes into monolithic systems, which limits the ability to scale and adapt network functions independently. 

In contrast, vRAN disaggregates these planes, enabling: 

• Independent Scalability: Control functions, such as signaling and network management, can scale 

separately from user-plane functions like data processing. This ensures that control operations can 

manage growing device connections without requiring proportional increases in user-plane capacity. 

• Strategic Function Placement: Control functions are deployed at centralized locations, such as regional 

data centers, to optimize network oversight and resource allocation. Meanwhile, user-plane functions are 

positioned closer to the network edge to reduce latency for data-intensive applications like video 

streaming or industrial automation [4] [5]. 

This disaggregation is essential for 5G deployments, as it aligns with the needs of diverse use cases such 

as enhanced Mobile Broadband (eMBB), massive Machine-Type Communication (mMTC), and Ultra-

Reliable Low-Latency Communication (URLLC) [6]. By allowing independent scaling and flexible 

deployment, vRAN ensures that network resources are utilized more efficiently, enhancing both performance 

and cost-effectiveness. 

 

Figure 1: Virtualized RAN Architecture [27] 

A. Core Concept 

In traditional RAN, BBUs and RRUs are tightly coupled, with the baseband processing functions residing 

within dedicated hardware at each cell site. vRAN addresses these limitations by separating the BBUs, which 

handle the signal processing, from the RRUs, which perform the radio frequency (RF) functions. The BBUs 

are virtualized and can be located remotely in centralized data centers or distributed across edge locations [5]. 

The centralized BBU architecture enables several advantages over traditional systems: 

• Software-Defined RAN: By using virtualization, vRAN operates through a software-defined approach, 

where network functions such as signal processing and routing are implemented through software rather 

than fixed hardware. This allows for a more agile and dynamic network architecture [20]. 
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• Flexibility in Deployment: The decoupling of hardware allows operators to deploy BBUs in 

geographically centralized locations or edge sites based on traffic demand. This flexibility optimizes 

resource utilization by enabling network functions to scale dynamically according to real-time needs [21]. 

vRAN also supports multi-tenant environments, where multiple operators or services can share the same 

infrastructure, further improving resource efficiency and lowering overall deployment costs [7]. 

B. Dynamic Resource Allocation 

One of the primary benefits of vRAN is its ability to dynamically allocate resources across multiple sites. 

Traditional RAN systems require manual adjustments for load balancing and capacity scaling, which can lead 

to underutilization of resources or network congestion during periods of high traffic demand. In contrast, 

vRAN centralizes baseband processing and utilizes software-driven network management, allowing for 

efficient resource pooling and real-time adjustment based on demand. 

• Centralized Resource Pooling: vRAN aggregates resources from multiple distributed sites, enabling a 

centralized control plane to manage these resources efficiently. This centralized resource pooling makes it 

easier to allocate resources based on the current demand, such as during peak usage hours or large events 

[22]. 

• Scalable Capacity: With the ability to scale baseband processing dynamically, vRAN can flexibly adapt 

to varying network loads. This includes the ability to scale resources up or down depending on traffic 

spikes or drops. For example, vRAN can direct more resources to high-traffic cell sites while reallocating 

excess capacity from low-traffic sites [18]. 

• Improved Quality of Service (QoS): By enabling real-time, on-demand scaling, vRAN improves QoS 

and ensures that performance levels are consistently maintained even during periods of high network 

demand [23]. 

The virtualization of the RAN infrastructure also enhancesfault tolerance by enabling automatic rerouting 

and recovery processes in case of network disruptions. Since the processing power is centralized and can be 

dynamically allocated, in the event of a failure in one part of the network, other virtualized resources can 

quickly step in to take over the load [24]. 

C. Resource Efficiency and Cost Reduction 

vRAN provides significant resource efficiency compared to traditional systems, primarily due to its use of 

COTS hardware. By consolidating hardware and running multiple network functions on general-purpose 

servers, operators can significantly reduce the number of physical devices required for network deployment. 

This also leads to substantial cost savingsin terms of both CapEx and OpEx. 

• Cost Efficiency through COTS Hardware: The use of standard, off-the-shelf servers and networking 

equipment reduces the dependency on expensive, proprietary hardware. This also helps lower equipment 

costs and speeds up deployment since operators do not need to wait for custom hardware production [25]. 

• Operational Efficiency: Virtualized networks are easier to manage and upgrade, as they rely on software-

based management tools. This reduces the need for manual intervention and simplifies routine network 

maintenance [26]. Additionally, the software-based approach allows for faster troubleshooting and 

proactive maintenance by enabling automated network monitoring and self-healing capabilities. 

IV. KEY ADVANTAGES OF VRAN OVER TRADITIONAL RAN 

Virtualized Radio Access Network (vRAN) presents numerous advantages over traditional RAN, 

primarily in the areas of scalability, cost efficiency, and simplified upgrades. By leveraging software-driven 
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network architecture, vRAN provides a flexible, dynamic, and efficient approach to managing mobile 

networks. Below, we explore these key advantages in greater detail. 

A. Scalability 

Traditional RAN architectures, with their design and fixed hardware at each site, are unable to adjust 

resources on the fly based on traffic fluctuations [1]. In contrast, vRAN decouples the hardware and software 

components, centralizing the Baseband Units (BBUs) in data centers or distributed edge locations [4], which 

allows for centralized resource allocation across multiple cell sites. This centralized design makes it possible 

to add or remove resources dynamically, providing the flexibility required for 5G applications such as 

enhanced Mobile Broadband (eMBB) and massive Machine-Type Communications (mMTC) [6]. 

For example, during large-scale events, where there is a significant surge in traffic, operators can allocate 

additional processing power to high-demand areas without needing to deploy new hardware at each 

individual site. This is in stark contrast to traditional RAN, where additional hardware deployment is often 

required for high-traffic periods, leading to over-provisioning and wasted resources during off-peak hours 

[7]. With vRAN, the virtualization allows for optimal resource distribution, ensuring that hardware and 

software resources are used efficiently across the entire network [6]. 

B. Cost Efficiency 

The cost efficiency of vRAN is one of its most compelling benefits, both in terms of capital expenditure 

(CapEx) and operational expenditure (OpEx). Operators must invest in specialized equipment, which 

increases the upfront costs of deploying a network [2]. In contrast, vRAN allows operators to replace 

proprietary hardware with Commercial-Off-The-Shelf (COTS) servers, which are significantly cheaper and 

easier to source [7]. 

By using COTS hardware, operators reduce the need for dedicated, site-specific hardware, enabling them 

to take advantage of standardizedequipment. This shift to general-purpose hardware not only lowers CapEx 

but also reduces OpEx, as COTS equipment is more energy-efficient, easier to maintain, and simpler to 

replace [8]. Moreover, the centralized management of BBUs in vRAN simplifies the overall network 

architecture, resulting in fewer components to manage and lower maintenance costs. 

In addition to hardware cost savings, operational costs are further reduced due to the simplified 

management and remote operation capabilities offered by vRAN. Since the system is largely software-driven, 

operators can perform updates, troubleshooting, and performance optimizations without the need for on-site 

interventions, reducing both manpower costs and service downtime [7]. 

C. Simplified Upgrades 

Another advantage of vRAN is its ability to streamline upgrades and maintenance. In traditional RAN, 

upgrading the network involves replacing or adding hardware at each site, which is both costly and time-

consuming [2]. In contrast, vRAN’s software-based architecture allows for seamless updates and network 

upgrades without requiring hardware replacements or major network disruptions. Since the BBUs in vRAN 

are virtualized, updates to software components can be done centrally, with minimal disruption to network 

operations [8]. This is particularly important in 5G networks, where continuous upgrades and optimizations 

are necessary to maintain network performance as new standards emerge. 

For instance, software updates to a vRAN network can be carried out across the entire centralized 

infrastructure simultaneously, without the need to visit each individual site. This reduces downtime, 

accelerates time-to-market for new features, and ensures that network functions can be upgraded without 

major service interruptions [11]. In a traditional RAN system, hardware-based upgrades or replacements at 
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each site would require coordinated efforts that can disrupt services, resulting in delays and costly operational 

overhead. 

Additionally, vRAN allows for the dynamic deployment of new features through software-defined 

updates, such as adding network slicing capabilities or enhancing traffic management features[10]. 

 The key advantages of vRAN—scalability, costefficiency, andsimplified upgrades—make it an attractive 

solution for modern mobile networks, particularly with the demands of 5G and beyond. By leveraging 

virtualization, centralized management, and COTS hardware, vRAN reduces the complexities associated with 

traditional RAN architectures, providing operators with the agility and flexibility needed to adapt to rapidly 

changing market requirements and increasing data traffic demands.  

V. COMPARATIVE ANALYSIS OF TRADITIONAL RAN AND VRAN ARCHITECTURES 

 In this section, we will compare the key aspects of Traditional RANandvRAN, including their 

deploymentmodels, resource utilization, and maintenance requirements. These factors highlight the 

advantages of vRAN over traditional systems, particularly in terms of scalability, flexibility, and operational 

efficiency. 

A. Deployment Models 

 The deployment model of a network significantly influences its cost, complexity, and scalability.This 

monolithic architecture not only limits scalability but also complicates network expansion, as each new site 

requires the same infrastructure and installation procedures, regardless of the geographic location or demand 

for additional capacity [1]. Additionally, with fixed hardware components, maintenance and upgrades can be 

disruptive and costly, requiring physical access to each site. 

 In contrast, vRAN centralizes the BBUs in regional data centers, allowing for more efficient deployment 

and management. The centralized BBUs can be scaled as needed, and the RRUs remain at the cell sites to 

handle radio frequency functions [4]. This separation of hardware and software allows for more flexible 

deployments where additional BBUs can be provisioned quickly without needing to overhaul the entire 

network infrastructure. Moreover, vRAN supports edge computing, where baseband processing can be 

moved closer to high-traffic areas or key urban centers, reducing latency and improving network performance 

[6]. 

B. Resource Utilization 

 One of the most significant improvements in vRAN is its ability to dynamically allocateresources across 

the network. Traditional RAN systems have a fixed allocation of resources at each site, which leads to 

underutilization during off-peak hours or in low-traffic regions. For example, if a particular cell site is not 

experiencing high data demand, the BBU at that site remains idle, wasting both hardware and energy 

resources [3]. This inefficient resourceallocation increases operational costs, as the hardware must be 

maintained and powered on, regardless of usage. 

 On the other hand, vRAN centralizes baseband processing and allows for the pooling of BBUs across the 

network, meaning that resources can be allocated based on real-time traffic demand. This centralized model 

allows network operators to allocate processing power dynamically, redirecting resources to high-demand 

areas while minimizing power consumption in low-demand regions. This results in improved resource 

utilization and lower operational costs [10]. Moreover, vRAN allows for better handling of traffic 

spikesthrough the ability to scale resources vertically (adding more processing power) or horizontally (adding 

more BBUs to new locations) without requiring additional hardware at each site [6]. 
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C. Maintenance 

 The maintenance requirements for traditional RAN systems are more labor-intensive and costly compared 

to vRAN. Traditional RAN systems require physical access to each cell site for hardware repairs, upgrades, 

and maintenance, which is time-consuming and expensive. This localized maintenance increases downtime 

and leads to operational inefficiencies, especially in remote areas [2]. Moreover, since each site is typically 

equipped with proprietary hardware from a specific vendor, the process of upgrading or swapping out parts 

often requires a vendor-specific technician and specialized training. 

 In contrast, vRAN’s software-defined approach allows for remote management and monitoring of network 

functions. Since vRAN is virtualized, network updates can be deployed centrally, and maintenance tasks such 

as bug fixes or software optimizations can be executed without requiring physical access to each site [8]. The 

centralized management of network resources enables operators to monitor the health of the network in real-

time, using predictive analytics and automation to quickly identify and address issues before they impact 

network performance. Furthermore, software-driven updates can be pushed across the network without 

service interruptions, streamlining the maintenance process and reducing downtime significantly [11]. This 

remote maintenance capability significantly lowers OpEx by minimizing the need for on-site visits and 

vendor-specific parts. 

 vRAN offers significant operational benefits, including predictive analyticsandself-healing capabilities. 

These features enable vRAN to automatically detect and resolve network issues in real-time, reducing the 

need for manual intervention and minimizing downtime. By continuously optimizing network performance 

and allowing for remotemanagement, vRAN enhances efficiency and cost-effectiveness, ensuring smoother 

network operations [11], [24]. 

 

Table 1: Comparison of Traditional and vRAN 

 The comparison between Traditional RANandvRAN clearly highlights the significant advantages of 

vRAN in terms of scalability, cost efficiency, andmaintenance. By centralizing resources, utilizing software-

defined approaches, and enabling remote management, vRAN addresses thelimitations of traditional systems 

and enables operators to meet the growing demands of 5G networks. As the telecom industry moves towards 

more flexible, agile, and cost-efficient architectures, vRAN offers the necessary foundation to support the 

next generation of mobile communication technologies. 

VI. IMPLEMENTATION CHALLENGES IN TRANSITIONING TO VRAN 

 While Virtualized RAN (vRAN) offers significant advantages over traditional RAN, its deployment 

introduces several challenges. These include addressing latency in the fronthaul network, ensuring reliability 

on Commercial-Off-The-Shelf (COTS) hardware, and managing vendorinteroperability. Each of these 

challenges requires specific technological and operational solutions to ensure vRAN’s successful 

implementation. 
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A. Latency 

Latency is one of the most critical challenges in vRAN, particularly due to the physical separation of 

Baseband Units (BBUs) and Remote Radio Units (RRUs). Traditional RAN architectures co-locate BBUs 

and RRUs, minimizing the time required for signal processing. In vRAN, however, BBUs are centralized in 

data centers, and RRUs are distributed at the edge. This separation requires high-performance fronthaul links 

to maintain low latency, especially for time-sensitive 5G services like Ultra-Reliable Low-Latency 

Communications (URLLC) [5]. 

The Common Public Radio Interface (CPRI) protocol traditionally used for fronthaul communication has 

high bandwidth requirements and is less suited for vRAN architectures. To address this, Enhanced CPRI 

(eCPRI) was introduced. eCPRI reduces bandwidth demands by splitting baseband processing tasks between 

the BBU and RRU, optimizing the transport of critical data over Ethernet-based networks [12]. This reduces 

latency while maintaining the high throughput needed for advanced applications like autonomous vehicles 

and industrial automation. 

 

• Possible solution: The implementation of eCPRI and other advanced fronthaul technologies such as Time-

Sensitive Networking (TSN) ensures that latency is minimized, enabling vRAN to meet 5G’s stringent 

latency requirements [5], [12]. 

B. Reliability 

The use of COTS hardware in vRAN significantly reduces costs but poses challenges in terms of 

reliability. Traditional RAN systems rely on proprietary, purpose-built hardware that is optimized for 

telecom-grade reliability. In contrast, COTS servers are designed for general-purpose computing and may not 

meet the same stringent reliability standards required for telecom operations [7]. 

To address this, technologies like Single Root I/O Virtualization (SR-IOV) are employed to optimize the 

performance and reliability of COTS hardware in vRAN deployments. SR-IOV enables direct access to 

hardware resources for virtualized network functions (VNFs), reducing overhead and improving the 

predictability of system performance [13]. Additionally, redundant architectures and active-active failover 

configurations are used to enhance fault tolerance, ensuring uninterrupted service in the event of hardware 

failures [24]. 

• Possible solution: By combining SR-IOV with redundancy and predictive fault management systems, 

vRAN can achieve reliability levels comparable to traditional RAN systems [13], [24]. 

C. Vendor Interoperability 

vRAN introduces a higher degree of complexity in vendor interoperability. Traditional RAN systems are 

often provided as end-to-end solutions by a single vendor, ensuring seamless compatibility between hardware 

and software components. In contrast, vRAN decouples hardware and software, allowing operators to source 

components from multiple vendors. While this promotes cost efficiency and flexibility, it also increases the 

likelihood of compatibility issues, particularly in the fronthaul and midhaul networks [14]. 

The Open RAN (O-RAN) initiative aims to address these challenges by developing standardized 

interfaces and protocols. O-RAN promotes the use of open and interoperable network components, enabling 

multi-vendor ecosystems without sacrificing performance or compatibility. For example, the O-RAN 

Fronthaul Interface Specification defines the communication protocols between BBUs and RRUs, ensuring 

interoperability across different vendors’ equipment [4]. 
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• Possible solution: Standardization efforts led by the O-RAN Alliance and rigorous interoperability testing 

are essential to mitigating compatibility issues and ensuring seamless operation in multi-vendor 

environments [4], [14]. 

 vRAN leverages open standards, particularly O-RAN, to enable vendor interoperability and reduce 

dependency on proprietary hardware. Unlike traditional RAN, which is often vendor-specific, vRAN allows 

operators to integrate components from multiple vendors without sacrificing performance. The O-RAN 

Alliance defines open interfaces for BBUs, RRUs, and fronthaul, enabling more flexible deployments and 

competitive pricing. This open approach not only reduces vendor lock-in but also fosters innovation, as 

operators can adopt the best technologies without being constrained by proprietary systems [4], [14]. 

 While transitioning to vRAN presents technical challenges, these can be addressed through advancements 

in protocols (eCPRI), hardware optimization (SR-IOV), andstandardization (O-RAN). By leveraging these 

solutions, network operators can successfully deploy vRAN while achieving the scalability, cost-efficiency, 

and flexibility necessary for 5G networks. 

 

Table 2: vRAN challenges and possible solutions 

VII.CONCLUSION 

The shift from traditional Radio Access Network (RAN) architectures to Virtualized RAN (vRAN) marks 

a significant evolution in mobile network design. Traditional RAN systems, with their proprietary and 

hardware-centric designs, struggle to meet the scalability, cost-efficiency, and flexibility demanded by 5G. 

vRAN overcomes these challenges by decoupling hardware from software, centralizing Baseband Units 

(BBUs), and leveraging Commercial-Off-The-Shelf (COTS) hardware, enabling: 

 

• Scalability: Real-time scaling of resources for dynamic traffic demands, critical for enhanced Mobile 

Broadband (eMBB) and massive Machine-Type Communication (mMTC) [5], [7]. 

• Cost Efficiency: Reduced capital (CapEx) and operational (OpEx) expenditures through COTS hardware 

and centralized infrastructure [7]. 

• Flexibility: Software-defined operations streamline updates, enable remote maintenance, and accelerate 

feature deployment [8], [24]. 

However, successful deployment requires addressing challenges like latency in fronthaul (mitigated by 

Enhanced CPRI and Time-Sensitive Networking) [12], reliability on COTS hardware (improved through SR-

IOV and redundancy) [13], and vendor interoperability (enabled by O-RAN standardized interfaces) [14]. 

vRAN provides a future-ready, flexible, and scalable architecture essential for 5G and beyond, addressing 

the limitations of traditional systems while paving the way for next-generation networks. 
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