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Abstract

Open Radio Access Network (O-RAN) has emerged as a disruptive paradigm
for mobile networks by disaggregating traditional RAN functions into software-
based components interconnected through open and interoperable interfaces. By
enabling multi-vendor integration, cloud-native deployments, and programma-
bility via rApps and xApps, O-RAN promises increased flexibility, innovation,
and cost efficiency. However, due to the rapid evolution of specifications,
software stacks, and experimental platforms, practical knowledge on how to
experiment with O-RAN remains fragmented and difficult to access, partic-
ularly for laboratories with limited hardware resources. This paper presents
a structured theoretical and practical study of the O-RAN ecosystem aimed
at lowering the entry barrier to academic and small-scale research. First, we
consolidate the architectural foundations of O-RAN;, including its main compo-
nents, interfaces, and control principles. Then, we comparatively evaluate five
representative open O-RAN testbeds spanning simulated, hybrid, automated,
and flexible emulated deployments, all analyzed from the perspective of repro-
ducibility, deployment complexity, realism, and resource requirements. Rather
than providing an exhaustive benchmark of O-RAN performance, the paper
offers a reproducible, decision-oriented guide to help researchers select the most
appropriate experimentation platform for their needs. Illustrative use cases are



implemented on the most promising platforms to validate monitoring, control,
and integration capabilities. All configurations and scripts are publicly released
to support reproducibility and future experimentation on open and intelligent
RAN solutions.

Keywords: Open RAN, O-RAN Alliance, O-RAN Testbeds, Resource-Constrained
Experimentation, Open-Source Platforms, RAN Intelligent Controller

1 Introduction

Historically, mobile network operators have been highly dependent on a small number
of equipment vendors that provide proprietary hardware and software solutions, often
delivered as closed, black-box systems. This vendor lock-in has resulted in limited
interoperability, high deployment costs, and slow innovation cycles. Although stan-
dardization bodies such as the 3rd Generation Partnership Project (3GPP) have played
a key role in harmonizing radio technologies, most internal interfaces and implemen-
tation details remain proprietary. While network function virtualization significantly
increased openness in the mobile core, the Radio Access Network (RAN) remained
largely proprietary and vertically integrated.

Structural market asymmetries reinforce this situation. While hundreds of mobile
network operators coexist worldwide, the global RAN equipment market is dominated
by a small number of vendors, which account for most of the market share. These
imbalances generate conflicting incentives: operators tend to favor open, interoperable,
and disaggregated architectures, whereas vendors often promote end-to-end propri-
etary solutions. As a result, innovation has traditionally been constrained to what
vendors decide to implement, leaving other actors—such as academia, small compa-
nies, and independent developers—with limited influence on real-world deployments
and restricted access to experimental platforms.

The landscape began to change with the emergence of network virtualization and,
later, with open-source software platforms such as OpenAirInterface (OAI), srsRAN,
and Openb5GS. These tools significantly lowered the barrier to entry for academic
research and laboratory experimentation, enabling cost-effective deployments of LTE
and 5G networks and fostering a substantial increase in scientific contributions. Nev-
ertheless, despite these advances, commercial RAN deployments remained largely
unchanged, preserving closed interfaces and vendor-specific implementations.

Building upon these developments, the concept of an open and disaggregated RAN
gained momentum around 2014 through regional operator-led initiatives. These efforts
merged in 2018 to form the Open Radio Access Network (O-RAN) Alliance, founded
by major mobile operators. Its goal is to define open, interoperable, and intelligent
RAN architectures. Today, the Alliance brings together operators, vendors, research
institutions, and software communities. It is complemented by the O-RAN Software
Community (OSC), hosted by the Linux Foundation, which develops open-source
implementations aligned with O-RAN specifications.



O-RAN aims to virtualize and disaggregate RAN functions, interconnect them
through standardized open interfaces, and introduce intelligence via the Non-Real-
Time and Near-Real-Time RAN Intelligent Controllers (Non-RT RIC and Near-RT
RIC). This architecture enables programmability through rApps and xApps, thereby
allowing third parties to develop applications for optimization, automation, and Al-
driven control. Despite rapid specification development and early deployments, O-
RAN remains a relatively recent and evolving technology. Consequently, knowledge is
scattered across technical documents, standards, experimental prototypes, and isolated
laboratory experiences, making entry into the field challenging for new researchers.

In this context, the objective of this work is to facilitate experimental access to O-
RAN by consolidating architectural knowledge and comparatively evaluating practical
testbed implementations that can be deployed under constrained hardware conditions.
Adopting a combined theoretical and experimental approach, this paper first presents
a comprehensive overview of the O-RAN architecture, components, interfaces, and
design principles. It then analyzes five representative O-RAN testbeds spanning sim-
ulated, hybrid, automated, and flexible emulated environments. Selected use cases
are implemented on the most promising platforms to illustrate their practical appli-
cability, flexibility, and constraints. Rather than ranking these solutions through an
exhaustive performance benchmark, the goal is to provide a structured and experimen-
tally grounded set of options that can guide researchers in selecting the most suitable
platform for their specific needs.

The contributions of this work are threefold. First, we provide a structured
and accessible consolidation of O-RAN architectural concepts, interfaces, and pro-
grammable control elements, aimed at reducing the entry barrier for researchers new
to the field. Second, we comparatively evaluate five representative open O-RAN exper-
imental platforms that can be deployed under constrained hardware conditions. Third,
we provide a practical, decision-oriented analysis of the trade-offs among these plat-
forms in terms of reproducibility, flexibility, realism, software maturity, and resource
requirements.

Accordingly, the use cases presented in this paper are not intended as exhaustive
performance benchmarks, but as demonstrative validation scenarios that reveal the
practical strengths, limitations, and research affordances of the evaluated platforms.

This article extends our work presented at the 13th Wireless Days Conference
(WD 2025) [1]. Compared with the conference version, the present manuscript expands
the architectural and related-work discussion, incorporates an additional evaluated
implementation, and broadens the experimental section with multiple demonstrative
use cases and a more explicit comparative analysis of platform trade-offs.

The remainder of this article is organized as follows. Section 2 introduces the O-
RAN architecture and its main components. Section 3 reviews related work on O-RAN
testbeds and experimental platforms. Section 4 presents the evaluated testbeds and the
selected use cases. Section 4 presents the evaluated testbeds and their main trade-offs.
Section 5 introduces the selected demonstrative use cases, the measurement methodol-
ogy, and the corresponding experimental observations. Finally, Section 6 summarizes
the main findings and outlines directions for future research.
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Fig. 1: O-RAN architecture showing the interaction among the Core, SMO, Non-
RT RIC, Near-RT RIC, O-gNB/0-eNB, and O-Cloud through open interfaces (Al,
01, 02, E2, and O-FH). The figure highlights control-loop time scales (left) and
deployment domains (right).

2 O-RAN Architecture

This section presents the O-RAN architecture, describing its main components, func-
tional roles, and open interfaces. The architecture is illustrated in Fig. 1, which
highlights the disaggregation of the RAN, the hierarchical control loops across different
time scales (left), and the geographical deployment domains (right). The description
is primarily based on O-RAN Alliance specifications [2], complemented by relevant
literature [3-7].



2.1 Service Management and Orchestration (SMO) and
Non-RT RIC

At the top of the O-RAN architecture, the Service Management and Orchestration
(SMO) entity provides end-to-end management of the RAN, including FCAPS func-
tions and lifecycle management of virtualized network functions hosted in the O-Cloud.
The SMO typically operates at the regional or national level and constitutes the
primary management and orchestration component of the architecture.

Within the SMO resides the Non-Real-Time RAN Intelligent Controller (Non-
RT RIC), which operates with control-loop latencies exceeding 1s. The Non-RT RIC
hosts rApps and is responsible for policy-driven optimization, long-term analytics,
and AI/ML model training. It interacts with the Near-RT RIC via the Al interface
and with managed network elements via the O1 interface. Internally, both the SMO
and the Non-RT RIC follow a service-based design, exposing functionality through
well-defined APIs to enable extensibility and vendor interoperability.

2.2 Near-Real-Time RIC

The Near-Real-Time RIC operates at shorter time scales, typically between 10ms
and 1s, enabling closed-loop control of radio resources. It hosts xApps that monitor
network conditions and apply near-real-time control actions, such as traffic steering,
load balancing, and quality of service (QoS) enforcement. The Near-RT RIC interacts
with O-RAN radio nodes through the E2 interface and receives policies and enrichment
information from the Non-RT RIC via Al.

The Near-RT RIC is commonly deployed at the network edge and may control mul-
tiple E2 nodes. Its platform provides essential services, including data sharing, conflict
mitigation among xApps, subscription management, and optional AI/ML inference
support, ensuring the coordinated and safe execution of multiple control applications.

2.3 Open RAN Nodes: O-gNB and O-eNB

O-RAN generalizes 3GPP base stations into Open gNodeB (O-gNB) for 5G and Open
eNodeB (0-eNB) for LTE. The O-gNB follows a disaggregated design composed of
the Open Central Unit (O-CU), Open Distributed Unit (O-DU), and Open Radio
Unit (O-RU). The O-CU is further split into control-plane (O-CU-CP) and user-plane
(O-CU-UP) functions, interconnected via standard 3GPP interfaces (E1, F1, Xn).

The O-DU and O-RU are connected through the Open Fronthaul (O-FH) interface,
with the 7.2x functional split being the preferred option in O-RAN. This split balances
fronthaul bandwidth requirements, latency constraints, and processing capabilities by
allocating higher-PHY functions to the O-DU and lower-PHY and RF processing to
the O-RU. Both O-gNB and O-eNB expose E2 interfaces toward the Near-RT RIC
and O1 interfaces toward the SMO, enabling unified control and management across
LTE and 5G deployments.



2.4 O-Cloud

The O-Cloud is the distributed cloud infrastructure that hosts O-RAN network func-
tions. It comprises geographically distributed compute nodes deployed at central data
centers, edge locations, or cell sites. The SMO manages the O-Cloud through the O2
interface, which supports infrastructure management and deployment lifecycle opera-
tions. Time and frequency synchronization across O-Cloud sites is essential to ensure
coordinated RAN operation.

2.5 O-RAN Interfaces

In addition to standard 3GPP interfaces, O-RAN defines a set of open logical interfaces
that enable interoperability and programmability:

® A1: connects the Non-RT RIC and Near-RT RIC for policy management, enrich-
ment information, and AT/ML model distribution.

e E2: links the Near-RT RIC with O-RAN radio nodes (E2 nodes), enabling
monitoring and near-real-time control through E2AP and service models.

® O1: provides management and configuration connectivity between the SMO and
managed elements.

® (O2: enables management of the O-Cloud infrastructure and deployment of network
functions.

e O-FH: defines the fronthaul interface between the O-DU and the O-RU, supporting
the user, control, synchronization, and management planes.

2.6 Programmability via rApps and xApps

A key innovation of O-RAN is the introduction of programmability through rApps
and xApps. rApps operate at non-real-time scales to define policies and optimization
strategies based on global network knowledge. In contrast, xApps enforce these policies
and perform fine-grained control in near-real time. This separation enables third-
party development of control applications and fosters innovation beyond traditional
vendor-driven solutions.

In summary, the O-RAN architecture introduces disaggregation, cloudification,
and intelligence into the RAN through open interfaces and programmable control
loops. These characteristics motivate the need for experimental platforms and testbeds
capable of validating O-RAN concepts and supporting the development of rApps and
xApps, which are reviewed in the following section.

3 Related Work

The rapid evolution of O-RAN has led to a growing body of literature addressing its
architectural principles, experimental validation, and practical deployment challenges.
Existing works can be broadly grouped into: (i) analyses of real-world deployments
and lessons learned, (ii) experimental and enterprise-scale O-RAN testbeds, (iii)
automation and orchestration frameworks, (iv) simulation-based O-RAN platforms,



and (v) application-driven extensions beyond traditional mobile access. To better posi-
tion this contribution, the revised discussion distinguishes more explicitly between
enterprise-scale deployments, laboratory-oriented open platforms, automation-focused
frameworks, and simulation-based O-RAN environments.

Early studies have highlighted the practical challenges of deploying O-RAN in real
environments. In [8], the authors analyze multiple private 5G O-RAN deployments
and report significant integration complexity across hardware and software compo-
nents, limited vendor interoperability, and a lack of mature automation. Their findings
emphasize that most deployments progressed incrementally, postponing complex fea-
tures such as RIC integration to later phases, and underline the need for skilled
personnel and CI/CD-based operational practices.

Several works focus on building experimental O-RAN testbeds with varying degrees
of realism. High-performance and enterprise-scale platforms are presented in [9-12],
which use advanced hardware accelerators, commercial radio units, and cloud-native
orchestration to achieve stability and performance comparable to production systems.
While these platforms provide valuable insights into large-scale O-RAN operations,
they typically rely on costly infrastructure and often omit or only partially integrate
RAN Intelligent Controllers (RICs), thereby restricting accessibility for academic and
small-scale research.

In contrast, several testbeds emphasize openness, programmability, and acces-
sibility. Platforms based on open-source stacks such as srsRAN, OpenAirlnterface,
and Open5GS are presented in [13-15], integrating Near-RT RICs and E2 interfaces
to enable experimentation with xApps for KPI monitoring, slicing, and intelligent
radio control. These works demonstrate the feasibility of O-RAN experimentation
using COTS hardware and SDRs. However, they often provide limited documenta-
tion on deployment workflows or focus on a subset of architectural components. More
recent contributions further reinforce the relevance of open and laboratory-oriented O-
RAN experimentation platforms. For instance, recent work has presented open-source
testbeds explicitly designed to support Al-enabled monitoring and control studies in
realistic 5G/O-RAN environments [16].

Automation and orchestration have emerged as key enablers for reproducible O-
RAN experimentation. The NIST blueprint [17] provides a comprehensive guide for
deploying O-RAN testbeds using diverse software stacks and automated installation
tools, significantly lowering the barrier to entry. Similarly, AutoRAN [18] introduces
a zero-touch, cloud-native framework that abstracts heterogeneous hardware and
software resources, enabling rapid deployment and reconfiguration of O-RAN sys-
tems. These efforts highlight the importance of Infrastructure-as-Code and declarative
management for managing O-RAN complexity.

Beyond physical deployments, simulation-based approaches have been proposed
to evaluate O-RAN concepts under controlled conditions. Extensions to the ns-3
simulator [19, 20] model O-RAN components and interfaces, enabling the study of Al-
driven control and traffic steering without the cost and complexity of real hardware.
While simulations offer flexibility and scalability, they abstract away many practical
integration and performance issues encountered in real testbeds.



Finally, several works explore O-RAN in nontraditional application domains.
Examples include UAV control [21], non-terrestrial networks [22], robotic teleopera-
tion [23], and cell-free MIMO systems [15]. These studies demonstrate the versatility
of O-RAN and its suitability for advanced use cases that require programmability
and intelligent control. However, they often focus on specific subsystems rather than
complete end-to-end platforms.

In summary, existing research demonstrates substantial progress in O-RAN exper-
imentation, but also reveals fragmentation across platforms, uneven integration
of RIC components, limited reproducibility, and a strong dependence on either
costly infrastructure or highly abstracted simulations. This work builds on these
efforts by providing a reproducible and practically oriented comparative study that
jointly organizes architectural background, related experimental platforms, deploy-
ment requirements, reproducibility considerations, and platform-specific trade-offs
under resource-constrained conditions. This broader perspective is also consistent with
recent tutorial and survey efforts that organize O-RAN deployment solutions across
simulated, emulated, and real testbeds, highlighting both the growing diversity of
available platforms and the persistent challenges in interoperability, reproducibility,
and deployment complexity [24].

4 Evaluation of O-RAN Implementations under
Resource-Constrained Conditions

After introducing the O-RAN architecture and reviewing related experimental plat-
forms, this section evaluates a set of representative O-RAN implementations from
a practical perspective. Rather than targeting large-scale deployments or exhaustive
performance benchmarking, the focus is placed on feasibility, reproducibility, and
adaptability under limited hardware resources. This approach aligns with the main
objective of this work: lowering the entry barrier for researchers and institutions
seeking initial practical experience with O-RAN technologies.

The selected implementations were chosen based on three criteria: (i) availabil-
ity of open-source code and public documentation, (ii) the possibility of deployment
using modest computational resources, and (iii) relevance within the current O-RAN
research ecosystem. In all cases, the original implementations reported in the liter-
ature were first reproduced and subsequently adapted as needed to address missing
components, resolve compatibility issues, or explore alternative deployment options.

For clarity and ease of reference, each evaluated case is labeled as Implementation 1,
Implementation 2, and so forth. The analysis progressively moves from fully simulated
environments to hybrid simulation—real integration, then to automated single-node
deployments, and finally to a flexible emulated testbed that integrates real and simu-
lated components. All implementations were executed on a workstation featuring an
Intel 17-12700 processor and 16 GB of RAM. To complement the practical comparison
of the evaluated platforms, we also observed the host-level resource footprint during
representative runs. For the srsRAN-based implementations, RAM usage remained
approximately constant at about 3.3 GB in the evaluated setup. CPU usage was more
variable and intensive, ranging from an average load of about 60% of one CPU core
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Fig. 2: Implementation 1. Near-RT RIC with its modules and their internal commu-
nication, as well as the E2 nodes and their connection to the Near-RT RIC.

when the system was running without an active UE, up to approximately 120% in the
host-level CPU metric during throughput experiments. In the observed runs, the OAI-
based implementations exhibited lower CPU usage than their srsRAN counterparts.
This tendency is consistent with recent experimental results reported in the litera-
ture for O-RAN testbeds [25]. For the simulation-based implementations, host-level
CPU and RAM usage were not systematically monitored, since these metrics depend
strongly on the specific scenario under study, including the number of simulated nodes,
the traffic configuration, the mobility model, and the enabled protocol-stack features.
As a result, these metrics are highly scenario-dependent and less representative of
the platform itself. In addition, scaling purely simulation-based studies is often more
straightforward through access to shared computing infrastructure than building and
operating fully controlled experimental environments involving SDR, hardware, real
interfaces, and end-to-end integration across multiple components.

4.1 Simulated and Hybrid O-RAN based on NS-3
4.1.1 O-RAN Implementation 1: Fully Simulated in NS-3

The first implementation relies on the NIST ns-3 O-RAN module [19], which enables
fully simulated O-RAN experiments. It models a logical Near-RT RIC composed of
logic modules (xApps), a data repository, conflict mitigation, query triggers, and E2
termination. Simulated nodes include reporters and triggers that generate metrics for
the RIC. The framework also supports machine learning inference through integration
with ONNX or PyTorch. The architecture is shown in Fig. 2.

Key Insights: This solution offers a highly flexible, fully simulated environment well-
suited for algorithm development and xApp validation. Its main drawbacks are the
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steep learning curve associated with ns-3 and C++, and the fact that it currently
supports only LTE-based E2 nodes. Extending this framework toward 5G simulators,
such as 5G-LENA, remains an open research direction.

4.1.2 O-RAN Implementation 2: (Hybrid) NS-3 with Real
Near-RT RIC Integration

The second implementation is based on the ns-O-RAN framework [20], which enables
interaction between ns-3 simulations and a real Near-RT RIC. A fork of the mm Wave
module (ns-o-ran-ns3-mmwave) extends ns-3 to support E2 interfaces in simulated
gNBs and UEs. The ns-O-RAN module further enables the termination of multiple E2
interfaces within the simulation. An additional component, o-ran-e2sim, provides E2
termination and connects the simulation to the Near-RT RIC. The Colosseum Near-
RT RIC (ColORAN) [26], a reduced version of the OSC RIC, is used to control the
simulated RAN. The overall architecture is depicted in Fig. 3.

Key Insights: This hybrid approach significantly expands experimentation possibil-
ities by combining a real RIC with a simulated RAN. However, it relies on outdated
versions of both ns-3 and the Near-RT RIC, limiting adaptability and making the plat-
form relatively rigid. The ColORAN Near-RT RIC implements only a minimal subset
of Near-RT RIC functions, limited to E2 management, E2 termination, message rout-
ing, and basic data storage, and therefore does not represent a full OSC Near-RT RIC
deployment.

4.2 NIST Automation Framework

4.2.1 O-RAN Implementation 3.1: srsRAN + OSC Near-RT RIC

The third implementation is based on the NIST O-RA N-Testbed-Automation frame-
work [17], which automates the deployment of a nearly complete O-RAN testbed on
a single node. This setup integrates Open5GS as the 5G Core, srsRAN for the gNB
and UE, and the OSC Near-RT RIC deployed as a Kubernetes-based microservice
infrastructure. The RIC includes key modules such as e2mgr, responsible for managing

10
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Fig. 4: Implementation 3.1. On the host, the OSC Near-RT RIC is deployed as a
Kubernetes infrastructure comprising several pods across three namespaces. In addi-
tion, the srsRAN gNB and UE are installed directly on the host, together with the
OpendGS core.

E2 connections with RAN nodes; e2term, which terminates the E2 interface; appmgr,
which manages the lifecycle of xApps; Redis for configuration and state storage; and
Prometheus for internal monitoring. Communication between the gNB and the RIC
takes place over the E2 interface, while the radio channel is emulated using ZeroMQ.
The overall architecture is illustrated in Fig. 4. The evaluated Near-RT RIC deploy-
ment includes a set of reference xApps provided by the O-RAN Software Community,
covering monitoring, control, and experimentation functionalities. These xApps were
actively exercised to validate E2-based data collection, inter-xApp interaction, and
near-real-time control capabilities.

Key Insights: This implementation proved straightforward to deploy and reproduce,
leveraging mature, widely adopted open-source components. However, interoperability
issues were encountered during the deployment of certain xApps (notably KPIMON),
primarily due to version mismatches between srsRAN and the OSC Near-RT RIC.
As part of our experimental campaign, we identified and publicly reported interoper-
ability issues affecting the deployment of certain xApps within the NIST automation
framework'. These issues underscore the challenges posed by independently evolving
software components and the importance of strict version alignment in reproducible
O-RAN experimentation.

Yhttps://github.com /usnistgov/O- RAN-Testbed- Automation /issues /2
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4.2.2 O-RAN Implementation 3.2: srsRAN, OSC Near-RT RIC,
and OSC Non-RT RIC Extension

As an extension of Implementation 3.1, the optional deployment of the OSC Non-
RT RIC (Release L) was evaluated. While this framework introduces support for A1l
policy management, rApps, and information coordination services, several pods failed
to operate correctly in practice. Moreover, conflicts with the Near-RT RIC deploy-
ment were observed. In the evaluated setup, several pods did not operate reliably and
conflicts with the Near-RT RIC deployment were observed. Therefore, rather than
drawing a broad conclusion about the ecosystem as a whole, we limit our observation
to stating that this particular release and configuration did not yet provide a suffi-
ciently stable basis for reproducible experimentation in our environment. However,
this should not be interpreted as a general statement about the entire ecosystem, since
recent studies report ongoing progress toward more complete SMO implementations,
particularly around O1-based closed-loop control and AI/ML-assisted operation [27].

4.2.3 O-RAN Implementation 4: OAI and FlexRIC

This configuration provided by the NIST automation framework integrates Open5GS,
OAI gNB, and UE with E2 support, and the FlexRIC controller [28]. In contrast to
the OSC Near-RT RIC, FlexRIC is not a full RIC implementation but a lightweight
software development kit for building specialized SD-RAN controllers that can act as
Near-RT RICs. FlexRIC follows a modular architecture composed of a server—agent
model and supports custom service models and internal applications. Regarding
service-model support, both OSC and FlexRIC support E2SM-KPM in the evalu-
ated setups, while their support for E2SM-RC differs in scope and maturity. FlexRIC
also provides additional custom service models, including MAC-, RLC/PDCP-, and
slice-oriented instrumentation, which increase flexibility but also move the platform
away from a strictly OSC-aligned reference path. Conversely, service models such as
E2SM-CCC and E2SM-QoE were not available in the evaluated versions.

In this setup, the radio channel is simulated using OAI’s RFSimulator. The corre-
sponding architecture is shown in Fig. 5. The evaluated FlexRIC deployment includes
a set of reference xApps for monitoring and control, ranging from KPI collection
based on the E2SM-KPM service model to deeper MAC, RLC, PDCP, and GTP-
layer instrumentation using custom FlexRIC service models, as well as control and
control-monitoring xApps enabling near-real-time interaction with E2 nodes.

Key Insights: This solution is computationally less demanding and more customiz-
able than the OSC Near-RT RIC in the evaluated setup, which makes it attractive
for low-resource experimentation and low-latency control studies. This observation is
consistent with the literature describing FlexRIC as a streamlined software framework
for building specialized SD-RAN controllers [28], and should be interpreted within the
scope of the evaluated setup rather than as a universal ranking across all deployments.

During the evaluation, a minor issue affecting the deployment/integration work-

flow was identified and reported by the authors?. The experiments reported in this

Zhttps://github.com/usnistgov/O-RAN-Testbed- Automation/issues/3
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Fig. 5: Implementation 4. On the host, the OAI FlexRIC Near-RT RIC is installed.
Additionally, the OAI gNB and UE are installed directly on the host, along with the
Open5GS core.

manuscript were conducted using the corrected version; therefore, the presented results
were not affected by the issue.

4.3 O-RAN Implementation 5: Flexible Emulated Testbed

Its goal is to provide a flexible and realistic O-RAN testbed that can be adapted
to varying hardware availability, ranging from a single commodity workstation to
distributed deployments with Software-Defined Radios (SDRs) and commercial-off-
the-shelf (COTS) user equipment.

This testbed builds upon experience gained with the NIST automation framework,
complemented by updated documentation from the srsRAN project and prior exper-
imental work [29]. Unlike fully automated solutions, this implementation prioritizes
architectural flexibility and software version compatibility over deployment simplicity.

The core network is based on Open5GS, while the RAN relies on the srsRAN gNB
with E2 support. User equipment can be emulated using srsRAN UE instances or
implemented using real COTS devices connected via SDR hardware. For the Near-RT
RIC, both the OSC implementation and a FlexRIC-based controller are supported.
Depending on the experiment, all components can be deployed on a single host or dis-
tributed across multiple machines. The radio channel can be emulated using ZeroMQ),

13
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Fig. 6: Architecture of the solution proposed in Implementation 5. This solution not
only supports multiple options for the Near-RT RIC and the UE, but also enables
each component to be deployed independently, allowing all elements to run on a single
host, on separate hosts, or in any combination in between.

implemented via SDRs, or realized over-the-air when COTS devices are used. Fig. 6
summarizes the supported deployment configurations.

Key Insights: Among the evaluated platforms, this implementation offers the high-
est degree of practical realism, since it supports combinations of emulated and real
components, including SDR-based radio access and COTS user equipment. This char-
acterization is relative to the other platforms considered in this study and should
not be interpreted as full equivalence to production mobile-network deployments.
Its main strength lies in bridging purely emulated and real deployments within a
single experimental framework. However, this flexibility increases configuration com-
plexity and sensitivity to software version changes, requiring careful integration and
validation. Despite these challenges, the platform provides a practical pathway for
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transitioning from exploratory O-RAN experimentation toward more realistic lab-
oratory deployments, while still remaining distinct from carrier-grade production
environments.

4.4 Summary

The evaluated implementations cover a broad spectrum of O-RAN experimentation
approaches, from automated single-node deployments to hybrid and fully simulated
environments, and finally to flexible emulated testbeds. Automation frameworks ease
reproducibility but often suffer from interoperability and version-alignment issues.
Lightweight controllers such as FlexRIC offer flexibility and lower deployment over-
head, albeit at the cost of diverging from official OSC implementations in some
respects. Simulation-based solutions enable highly controlled experimentation, while
flexible emulated platforms provide the closest approximation to real laboratory
deployments under limited resources.

Together, these observations show that meaningful O-RAN experimentation is
feasible across a wide range of hardware capabilities. Rather than constituting an
exhaustive benchmark, this comparative analysis is intended to support platform selec-
tion and to facilitate reproducible experimentation. All configurations and scripts used
in this work are made publicly available through an institutional repository?® to support
reproducibility and further research.

To facilitate comparison across the evaluated platforms, Table 1 summarizes their
main characteristics, highlighting trade-offs between realism, flexibility, and hardware
requirements.

5 Use Cases and Experimental Results

This section presents a set of representative use cases designed to experimentally
validate the most promising O-RAN testbed implementations identified in the previ-
ous section. From the five evaluated platforms, three implementations were selected
based on their maturity, flexibility, and suitability for realistic experimentation under
resource-constrained conditions: Implementation 4 (emulated O-RAN with FlexRIC),
Implementation 1 (fully simulated O-RAN in ns-3), and Implementation 5 (hybrid
O-RAN deployment with emulated and COTS user equipment). For each implemen-
tation, a dedicated use case was defined to highlight its distinctive capabilities and
to assess its functionality, performance, and programmability. The experiments are
referred to as Use Case 1, Use Case 2, and Use Case 3, respectively.

5.1 Experimental Scope and Measurement Methodology

The goal of the experimental section is not to provide an exhaustive benchmark of
O-RAN system performance, but to validate the practical suitability of representative
platforms for experimentation under constrained hardware conditions. Throughput
values were obtained from application-layer traffic generators and contrasted with
xApp-reported KPIs and RAN logs when applicable. Radio-layer indicators such as

3https://g;itlab.ﬁng.edu.uy/mobile— optical-networks/testbed/mobile-network
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Table 1: Comparison of the evaluated O-RAN testbed implementations.

Impl. Stack (Core / RIC Radio / Chan- Advantages Limitations
RAN) nel
1 (ns3-  Fully simulated Logical RIC Fully simulated Highly flexible simula- Requires strong ns-3
ORAN) ns-3 (xApps, data in ns-3 tion environment; suit- and CH++  expertise;
repository, con- able for algorithm and steep learning curve;
flict mitigation) xApp development; sup- simulation-only; LTE-
ports ML integration via only support
ONNX/PyTorch
2 (ns-O-  ns-3 simula-  ColORAN Simulated in ns- Combines a real Near- Relies on outdated ns-3
RAN) tion / modified (reduced OSC 3 RT RIC with a simulated and RIC versions; rigid
mmWave module  RIC) RAN; enables flexible and  architecture; limited
hybrid experimentation adaptability
3.1 (NIST) Open5GS / 0OSsC Near- ZeroMQ (simu- Simple and automated Sensitive to software ver-
srsRAN RT RIC lated channel) deployment; relies on sion changes; interoper-
(Kubernetes- widely adopted open- ability issues across inde-
based) source tools; official OSC  pendently evolving com-
Near-RT RIC ponents
3.2 (NIST Same as Impl. 1 OSC  Non-RT ZeroMQ Introduces rApp support Several pods fail to oper-
ext.) RIC (Release L) and Al policy manage- ate correctly; conflicts
ment with the Near-RT RIC;
not mature for stable
experimentation
4 (NIST- Open5GS / OAI FlexRIC RFSimulator Lightweight and cus- Not an official OSC
OAI) ¢NB & UE (lightweight (OAI) tomizable; supports implementation;  diver-
SDK) low-latency xApps; gence  from  O-RAN
strong integration with reference architec-
OAI ture; learning curve for
FlexRIC
5 (stsRAN-  Open5GS / OSC Near-RT ZeroMQ or real Highly configurable; scal- Increased —configuration
based) srsRAN RIC or FlexRIC  over-the-air able from single-host complexity; higher hard-
channel setups  to distributed ware requirements for
deployments;  supports large-scale or multi-UE

emulated and real UEs

scenarios

SNR, BER, MCS, and scheduler-related parameters were collected through E2-based
monitoring and validated against gNB-side observations where possible. Host resource
usage was measured at the operating-system level during execution. Accordingly, the
reported use cases are intended as demonstrative validation scenarios that expose
monitoring, control, integration, and deployment trade-offs. When repeated runs were
performed, this is explicitly stated in the corresponding use case description. In all
cases, the reported observations are interpreted within the scope of functional and
comparative validation, rather than as carrier-grade performance bounds.

5.2 Use Case 1: Emulated O-RAN with Near-RT RIC
Monitoring

Use Case 1 is based on Implementation 4 and evaluates an emulated end-to-end O-
RAN deployment integrating an Open5GS core, an OpenAirlnterface (OAI) gNB,
and multiple OAT user equipments (UEs). The wireless channel between the gNB and
the UEs is emulated using the OAI RFSimulator, while Near-Real-Time RAN con-
trol is enabled through FlexRIC. A monitoring xApp is deployed to collect radio and
traffic-related Key Performance Measurements (KPMs) via the E2 interface. Fig. 7
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Fig. 7: Architecture of Use Case 1, comprising the mobile network core, one gNB,
three UEs, and the Near-RT RIC.

illustrates the architecture of the experimental setup. The xApp subscribes to multi-
ple KPMs, including uplink and downlink throughput, signal quality metrics (RSRP,
RSSI, SNR), and scheduler-related parameters. These metrics are aggregated and
visualized through a monitoring dashboard.

The experimental validation was organized into three stages. First, the system was
observed under idle conditions to verify UE detection and baseline KPI reporting. In
this stage, the xApp correctly detected connected UEs and reported near-zero traf-
fic values, while radio metrics remained stable and consistent with gNB logs. Second,
controlled uplink and downlink traffic was generated between selected UEs and the
core network to validate the consistency of throughput and scheduler-related mea-
surements. In these experiments, the reported throughput values closely matched the
traffic generated at the application layer, while variations in modulation and coding
schemes, PRB allocation, and HARQ statistics evolved coherently with the traffic
load. Third, the emulated radio channel was progressively degraded (using the OAI
RFSimulator) to assess whether the monitored KPIs coherently reflected link impair-
ments. Starting from the default channel configuration, the path loss was increased
according to the following sequence: 0 dB, 3 dB, 10 dB, 20 dB, 25 dB, 30 dB, 35 dB,
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(a) Uplink throughput (b) Signal-to-noise ratio

(c) Bit error rate (d) Modulation and coding scheme

Fig. 8: Impact of increasing path loss on radio performance metrics in Use Case 1:
(a) uplink throughput, (b) signal-to-noise ratio, (c) bit error rate, and (d) selected
modulation and coding scheme.

38 dB, and 41 dB. During the experiment, a constant uplink traffic of 12 Mbps was
generated from UE1 toward the core network. Each path-loss level was maintained for
sufficient time to allow the monitored KPIs to stabilize before representative values
were recorded, and the full experiment was repeated across multiple runs to verify
consistency. Since the purpose of this use case is demonstrative, the reported results
are intended to show coherent and repeatable functional trends rather than derive a
statistical channel model.

To avoid excessive detail, only a subset of the metrics collected by the xApp
was analyzed, namely uplink throughput, signal-to-noise ratio, bit error rate, and the
selected modulation and coding scheme, as summarized in Fig. 8. The reported results
show coherent and repeatable trends between the configured path loss and the mon-
itored KPIs: increasing path loss leads to lower SNR, lower-order modulation and
coding selections, higher bit error rates, and reduced throughput. These observations
are consistent with radio link adaptation theory and support the functional validity
of the monitoring setup, although no formal regression or inferential statistical model
is claimed here.

Overall, this experiment shows that the monitoring xApp can capture controlled
radio channel variations in near real time, supporting the suitability of this testbed for
functional validation of O-RAN monitoring capabilities under reproducible laboratory
conditions.
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5.3 Use Case 2: O-RAN-based Handover Control in NS-3

Use Case 2 leverages Implementation 1, a fully simulated O-RAN environment based
on an extended ns-3 framework. Unlike emulated or real deployments, this platform
enables highly flexible experimentation with full control over mobility, topology, and
protocol parameters, making it particularly suitable for evaluating RAN control logic.

The selected experiment focuses on handover (HO) decision mechanisms. In legacy
LTE networks, HO decisions are based exclusively on radio measurements such as
RSRP, RSRQ), or SINR (e.g., A3 event). In contrast, O-RAN enables the integration of
external intelligence through xApps, allowing HO decisions to incorporate non-radio
information.

The simulation duration was 120 s. UE mobility was generated through the
trajectory-generation mechanisms available in the ns-3 framework, using seeded exe-
cution to ensure repeatability of the evaluated scenarios. The objective of this use
case is to compare the qualitative behavior of the distance-based and A3-based han-
dover logics under identical controlled conditions, rather than to derive statistically
general mobility-performance bounds. In this use case, a custom O-RAN logic module
performs handovers based solely on the geometric distance between UEs and base sta-
tions, while a standard A3-based HO mechanism runs in parallel for comparison. The
complete configuration files, experimental scripts, and results are publicly available?.

Simulation results show that, under the controlled scenarios considered, distance-
based handovers occur near the geometric midpoints between cells, whereas A3-based
handovers are triggered later due to measurement offsets and time-to-trigger con-
straints. This qualitative difference is coherent with LTE handover theory and
illustrates how O-RAN-capable environments enable alternative control strategies that
would be difficult to implement in traditional RAN architectures.

While this simulated environment provides exceptional flexibility and repeatability,
it also presents limitations: the lack of direct portability of xApps to real RICs, and the
intrinsic abstraction of simulation. Nevertheless, this testbed proves highly effective
for rapid prototyping, algorithm validation, and early-stage feasibility studies.

5.4 Use Case 3: Hybrid O-RAN Deployment with Emulated
and COTS UEs

Use Case 3 is based on Implementation 5 and represents the most realistic and versatile
experimental setup among the evaluated platforms. It supports hybrid deployments
combining emulated RAN components with commercial off-the-shelf (COTS) UEs
and software-defined radios (SDRs), while maintaining compatibility with both OSC
Near-RT RIC and FlexRIC.

Three complementary experiments were conducted. The first experiment deploys
a fully emulated stack using srsRAN for the gNB and UE, Openb5GS for the core,
and the OSC Near-RT RIC. A control xApp simultaneously utilizes the E2SM-KPM
and E2SM-RC service models to monitor traffic and enforce control actions. When a
predefined traffic threshold is exceeded, the xApp dynamically limits the number of

4https://gitlab.fing.edu.uy/mobile-optical-networks/testbed /mobile-network
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allocated PRBs, resulting in a measurable throughput reduction. Packet-level inspec-
tion confirms the correct exchange of E2AP messages, validating protocol compliance
and control-loop operation.

The second experiment replaces the emulated UE with a COTS smartphone con-
nected via an SDR-based gNB. In this configuration, FlexRIC is used as the Near-RT
RIC, and a monitoring xApp collects real-time uplink and downlink throughput met-
rics. Measured values closely match those reported by application-level tools on the
UE, confirming the consistency of E2-based measurements in a real radio environment.

The third experiment combines the previous scenarios by deploying multiple gNBs
within the same network, some serving emulated UEs and others serving COTS UEs
(see Fig. 9). This hybrid architecture demonstrates the ability of the testbed to support
heterogeneous RAN deployments and multi-gNB monitoring through a unified RIC
framework.

Overall, Use Case 3 shows that meaningful O-RAN experimentation can be
achieved on a single commodity host and extended toward more distributed laboratory
deployments. These results should be interpreted as evidence of practical feasibility
for experimentation, rather than as proof of carrier-grade scalability. The availability
of mature RIC implementations and reusable xApps further reinforces the suitability
of this platform for advanced experimentation, education, and applied research.

6 Conclusions and Future Work

This article presents a structured theoretical and experimental study of Open Radio
Access Networks aimed at lowering the entry barrier to academic and small-scale
O-RAN research. By consolidating dispersed knowledge on O-RAN motivations,
architecture, components, and interfaces, and by comparatively evaluating a set of
representative testbeds, this work provides a bridge from conceptual understanding to
hands-on experimentation. This work does not aim to provide a carrier-grade bench-
mark of O-RAN performance. Instead, it shows that meaningful and reproducible
O-RAN experimentation—covering simulated, hybrid, automated, and partially real
deployments—can be conducted using open-source tools and modest laboratory hard-
ware. The main outcome of the study is therefore methodological and practical: a
structured and experimentally grounded guide to representative O-RAN platforms,
their trade-offs, and their suitability for different research needs. The demonstra-
tive use cases further show that Near-RT RIC-based monitoring and control can be
exercised in reproducible laboratory conditions, while also highlighting practical lim-
itations related to software version sensitivity, implementation divergence, and the
operational instability observed in some optional components.

Looking forward, the platforms and configurations presented in this work open
several directions for future research. A natural continuation lies in the design, imple-
mentation, and evaluation of advanced xApps and rApps, including closed-loop control
mechanisms and AI/ML-based optimization strategies. Further efforts are also needed
to integrate and validate SMO and Non-RT RIC functionalities as these components
evolve. Beyond algorithmic development, future work may explore larger-scale and
more heterogeneous laboratory deployments, the interaction between O-RAN and
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Fig. 9: Architecture of Experiment 3, featuring two gNBs: one serving COTS UEs
and the other serving emulated UEs.

optical/transport networks, and the incorporation of these platforms into academic
training and experimental testbeds. In this sense, the present study aims to serve as
a practical reference for subsequent experimental, educational, and applied O-RAN
research.
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