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Abstract – In this paper we give an overview of an open disaggregated network architecture based on an Open
Radio Access Network (O-RAN), including the current work from standards bodies and industry bodies in this area.
Based on this architecture, a framework for the automation of xApp development and deployment is proposed. This
is then aligned with the key concepts described in ITU-T in terms of the evolution, experimentation, and adaptation
of controllers. The various steps in such an aligned workflow, including design, validation, and deployment of xApps,
are discussed, and use case examples are provided to illustrate further our position regarding the mechanisms needed
to achieve automation.
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1. INTRODUCTION
For the last few decades, telecommunication networks
have been focused on connecting people. As the
years have progressed, this connectivity has grown from
human-orientated communication, such as web brows-
ing, to include data-centric communication or machine-
centric communication, as found in IoT device commu-
nication. To support this expanded role, telecommuni-
cation networks have continuously been innovating in
order to meet current needs. Thanks to over 15 years
of innovation, partial or full production deployments of
virtualized end-to-end hardware infrastructure is now a
reality. Most notably, this includes the virtualization of
the Radio Access Network, known as (RAN).
In order to achieve interoperability for the use and de-
velopment of management and operation software in the
context of a virtualized RAN, the community is embrac-
ing the concept of an Open RAN (O-RAN) architecture,
see Section 2. Here, control and monitoring functional-
ity is encapsulated in either highly responsive software
xApps or higher-level strategic software rApps. Each ap-
plication is then used to drive an associated runtime re-
ferred to as the RAN Intelligent Controller (RIC). This
way, engineers are presented with a clear way in which to
design control and monitoring functionalities for RAN
in software.
Despite the clear conceptual architecture for O-RAN
using which xApps can be created, the design, imple-
mentation, testing, maintenance, and deployment of the
xApp is the responsibility of the developer. Further-
more, there is currently no common RIC implementa-
tion, meaning that xApp developers must design for a
given platform, limiting reuse and deployment on other
RIC platforms and precluding mass deployment. Con-
sequently, in order to achieve widespread adoption of
xApp-driven control of the RAN, it is necessary to in-
troduce automation to the adaptation of the xApp both

at the RIC platform level that it operates upon as well
as in the RAN that it is supposed to operate.
This work proposes an approach to achieve automation
in the lifecycle of xApps. Thus, starting from the use
case, requirements, design of the xApp, validation of the
xApp, and finally, deployment in networks, the steps in
the lifecycle are analyzed. The key considerations and
challenges in achieving this automation are called out.

2. OPEN RAN OVERVIEW
The open RAN concept is based on the following prin-
ciples: open interfaces, functional RAN disaggregation,
hardware-software split, and native data-driven intelli-
gence brought by the RIC concept [1]. The following
section provides an overview of the O-RAN architec-
ture, introduces RIC, xApps and rApps, and discusses
standardization developments.

2.1 O-RAN architecture
Open RAN architecture, along with its building blocks
with their functionalities and open interfaces, is stan-
dardized by the O-RAN ALLIANCE and is shown in
Fig. 1 [2].
The O-RAN architecture adopts the 3GPP-based
Higher-Level Split (HLS, or split 2) and Lower-Level
Split (LLS, or split 7.2) building on the disaggregated
base station structure that divides its functionality into
a Central Unit (CU), a Distributed Unit (DU), and a
Radio Unit (RU). A CU is further split into the control
plane (CU-CP) and the user plane (CU-UP). In O-RAN
language, those are prefixed with O-, namely O-CU-UP,
O-CU-CP, O-DU, and O-RU, to refer to the fact that
they are 3GPP-based functionalities adapted to O-RAN
architecture.
Besides the functional split of a gNB, the O-RAN ar-
chitecture is also defining a concept of the RAN Intel-



ligent Controller (RIC), abstracting out RAN control
and monitoring from a base station. RIC is further split
into two logical entities, namely near-real-time (Near-
RT) RIC and Non-RT RIC. Those serve as platforms
for external applications aiming at radio network opti-
mization, respectively, xApps and rApps, operating in
different timescales and scopes, as discussed in the fol-
lowing sections.
To complete the picture, O-RAN architecture also cov-
ers: O-Cloud i.e., a cloud computing platform on which
the virtual elements (like, O-CU, O-DU, or Near-RT
RIC) can be deployed; and Service Management and
Orchestration (SMO), the management platform, with
one of the functions being Non-RT RIC.
The above-mentioned elements are connected via the O-
RAN-specified interfaces. They could be split into three
types:

• RAN-internal, namely: Open Front-Haul (OFH),
an eCPRI-based interface between O-DU and O-
RU to transfer I/Q samples; E1 and F1, 3GPP-
based interfaces defined for HLS, between CU-CP
and CU-UP and CUs and DU, respectively.

• Control interfaces, namely: A1, between Non-RT
RIC and Near-RT RIC for policy management, en-
richment information transfer, and ML models up-
dates; and E2, between Near-RT RIC and RAN
nodes serving as a control loop to execute com-

mands and provide measurements from the O-CU
and O-DU nodes.

• Management interfaces (also called Failure, Con-
figuration, Accounting, Performance, Security
(FCAPS)), namely: O1, a management interface
for all RAN elements but O-RU; O2, interface for
O-Cloud platform resources and workload manage-
ment (e.g., scaling up/down resources); OFH M-
Plane, the management interface for the O-RU.

2.2 Non-RT RIC vs. Near-RT RIC
As mentioned, the RIC is split into two following logical
entities as shown in Fig. 2.

The Non-RT RIC’s general task is to support non-
real-time network and procedures optimization. The
Non-RT RIC is composed of AI/ML model training,
and service and policy management, which create the
policies to be sent over the A1 interface and rApp man-
agement functions. As an input to the Non-RT RIC,
besides the measurements and statistics, there is also
so-called Enrichment Information (EI), i.e., additional
information from network functions, and from external
non-network functions, like user priority. The Non-RT
RIC is responsible for configuration management, ana-
lytics, creation of the AI-based feeds, and provision of
the recommendations to the Near-RT RIC [2].
The Near-RT RIC, on the contrary, serves as a soft-
ware platform to allow the xApps to control the RAN.
This is supported by the RAN and UE database stor-
ing the network state, along with xApp management,
security, and conflict mitigation functions. It enables
near real-time control optimization of the RAN elements
(called E2 Nodes) via actions sent over the E2 interface
[2].



The RICs are accompanied by two control loops.
One is called a non-real-time control loop (linked
to Non-RT RIC) with a time span larger than one sec-
ond (» 1s). In this time frame, the policies are set, the
RAN analytics are gathered, and the AI/ML models
are trained based on long data sets. The time is used
to deduct the trends in the network (e.g., traffic pattern
over an hour, over a day, over a week, etc.) to optimize
the overall RAN behavior.
The Near-RT RIC, in turn, closes the near-real-time
control loop, which is between ten milliseconds and
one second (> 10ms, < 1s). This is the time period for
the operation of xApps, deciding on control actions, or
producing policy updates, and gathering the key perfor-
mance measurements. It is a time-scale related to as-
pects like connection management where e.g., an xApp
decides to change the cell that UE is connected to.

2.3 rApps vs xApps
In the architecture we discussed in the previous sections,
E2 Nodes (i.e., O-CUs, O-DU) expose parameters and
functionalities towards the RIC, which can be used by
xApps and rApps to tune the behavior of the radio net-
work. The applications shall behave subject to operator
goals, network state, and traffic conditions and may be
equipped with Artificial Intelligence (AI) and Machine
Learning (ML) algorithms. The main goal for the xApps
and rApps is to autonomously adapt to the changes
within the network, traffic, and channel and make sure
that the Quality of Service (QoS) requirements and Ser-
vice Level Agreement (SLA) are fulfilled.
Let’s now compare the xApps and rApps.
xApps are hosted in the RAN domain. They are ap-
plications designed to run on Near-RT RIC, which are
required to follow a specified API definition. Each xApp
could be designed as one or more microservices. At the
point of onboarding, an xApp needs to identify itself
and provide information to the Near-RT RIC about the
data types it wants to consume and the outputs it will
produce. It is independent of the Near-RT RIC and may
be provided by a third party. The individual xApp con-
trols a particular RAN functionality exposed by the E2
Node [3]. Examples of xApps are mobility management,
admission control, traffic steering, load balancing, etc.
It is worth noting that depending on the performance
targets selected by the operator (and, more generally, by
the end user of the xApp/rApp), some of these exam-
ples may be implemented and achieved in various ways.
Moreover, let us highlight that time-critical operations
and algorithms will be realized in a very short time scale
at the E2 Node.
rApps are modular applications designed to run on
a Non-RT RIC and sit in the management plane.
Their aim is to provide Value-Added Services (VAS) re-
lated to RAN optimization and procedure optimization
through the Non-RT RIC. Examples of VAS include:
policy-based guidance and enrichment information pro-

visioning, performing data analytics, AI/ML training,
and inference for RAN optimization or to be used by
other rApps, providing recommendations on configura-
tion management actions [4]. Examples of rApps are
energy-saving management, capacity, and coverage op-
timization, or QoE prediction and assurance.
Similarities between xApps and rApps are that:

• they work as independent applications at the Near-
RT RIC or Non-RT RIC, respectively;

• they need to fulfill the requirements for open API
to be able to communicate with the other part of
RIC.

The differences between xApps and rApps are the fol-
lowing:

• an xApp directly controls an actual function within
the RAN element, while an rApp is used within the
Non-RT RIC framework helping to create policies
(i.e. indirectly influences the RAN behavior);

• xApps and rApps work in different time scales with
respect to the RIC they work within (i.e. xApps
with a control loop in order of tens or hundreds of
milliseconds, and rApps with a control loop in order
of seconds, minutes or even hours).

Recently, in the research community, another type of
application has been considered within the O-RAN con-
text, called dApp. Those, in turn, sit directly at O-CUs
or O-DUs and receive real-time data from the RAN,
along with E2 from Near-RT RIC, and execute inference
and control of lower-layer functionalities, thus enabling
stricter timing requirements than xApps and rApps, for
such use cases, as beam management and user schedul-
ing [5].1

2.4 Standardization and enablers
As already mentioned, the main standardization body
for Open RAN is O-RAN ALLIANCE. It is responsible
for defining individual parts of the O-RAN Architec-
ture. This includes the use cases, architecture, interface
specifications, reference designs, and protocols.
In addition, there has also been considerable work done
in other organizations, including SDOs and industry
bodies, regarding deployment options, development of
xApps and integration (at the policy level), and man-
agement of near-real-time RICs.



• The Telecom Infra Project’s (TIP) OpenRAN pro-
gram supports the development of disaggregated
and interoperable 5G Radio Access Network (RAN)
solutions based on service provider requirements.
This aims to continuously improve the performance
of the RAN by bringing innovation, automation,
and competition. Reference architecture and de-
sign are output from this initiative for multiple de-
ployment options of RU, CU and DU. In addition,
the TIP OpenRAN RAN Intelligence & Automa-
tion (RIA) project focuses on the availability and
use of data so that a centralized RAN controller
can manage a disaggregated, virtualized, and multi-
vendor RAN. Thus the primary aim is to provide
practical solutions for OpenRAN with multiple de-
ployment options, for various use cases, including
the integration of AI/ML. While this could be a
good starting point for automation, this does not
currently address the problem of automation in the
lifecycle of xApps.

• The Open Networking Foundation (ONF) works
on building open source components for the mo-
bile RAN space, complementing O-RAN’s focus on
architecture and interfaces by building and trialing
O-RAN-compliant open source components as part
of its SD-RAN project. Based on the O-RAN ar-
chitecture, SD-RAN is developing a near-real-time
RIC (near-RT-RIC) and a set of exemplar xApps
for controlling the RAN. Thus, the primary aim is
to accelerate the adoption of the O-RAN architec-
ture and the availability of interoperable O-RAN
components.

• The Open Network Automation Platform (ONAP)
is a platform for the orchestration, management,
and automation of network and edge computing ser-
vices for network operators, cloud providers, and
enterprises. It enables rapid automation of new
services and complete lifecycle management for 5G
and next-generation networks. ONAP has been
enhanced to support A1 Policies. The A1 Policy
functions are orchestration and automation func-
tions for non-real-time intelligent management of
RAN functions. The integration of A1 allows exist-
ing ONAP infrastructure to support non-real-time
control of the RAN. Using the A1 interface will fa-
cilitate the provision of policies for individual UEs
or groups of UEs; monitor and provide basic feed-
back on policy state from near-real-time RICs.

• The ITU-T Focus Group on Autonomous Networks
(FG AN) studied the use cases for autonomous net-
works. This study centered around the three key
concepts of exploratory evolution, online experimen-
tation, and dynamic adaptation of ”controllers” to
networks. A controller is a workflow, open loop or
closed loop composed of modules, integrated into a
specific sequence, using interfaces exposed by the

modules, which can be developed independently of
the network implementations. Architecture compo-
nents, subsystems, and their interactions which en-
able the key concepts, were described. This frame-
work provides the fundamental building blocks for
autonomy, and by representing xApps in the form
of controllers and applying the concepts developed
in FG AN, it is possible to achieve a high level of
automation in their lifecycle.

2.5 Research in the O-RAN domain
Open RAN has become an attractive research topic, as
RAN openness, modularity and disaggregation paved
the way for new scientific challenges and opportunities.
The functioning of RICs and their internal components
(such as the subscription management module, con-
flict mitigation module, etc.), although partially stan-
dardized, constitute a very viable investigation domain.
Moreover, the development of xApps/rApps is an in-
teresting investigation topic, as new and sophisticated
solutions can be provided that address specific aspects
of RAN functions. For example, in [6], the authors dis-
cussed ways for efficient spectrum sharing through data-
driven dynamic control in real time. Likewise, the pa-
per [7] addresses how policy-based traffic steering can
be implemented in future wireless networks. As the im-
pact of artificial intelligence on Open RAN is foreseen
to be crucial, in [8], the role of AI/ML tools in xApp
design is widely discussed. In that context, it is worth
mentioning the great overview of Open RAN and ongo-
ing research activities presented in [9] In our context, it
is important to concentrate also on the implementation
and, in particular, on automation aspects. In [10], a
dedicated framework called OrchestRAN has been dis-
cussed, which allows for network automation through
orchestrated intelligence. In a similar spirit, in [11], the
closed-loop automation in 5G Open RAN was presented,
where the authors focus on enabling the optimization
of 5G network resources and services in an automated
and self-configured manner. Finally, it is worth men-
tioning the ongoing work in the field of tight cross-layer
optimization through application-to-network communi-
cation, where one of the examples is the MPEG Server
and Network Assisted DASH (SAND) solution [12]. In
that context, let us notice that rApps (as entities oper-
ating on a longer time scale) of a different kind may be
provided to cooperate with the SMO for better network-
to-application support. Next, flexible policies down to
the near-real-time RICs for better support of SAND-
like applications to guarantee the assumed quality of
service or experience. Finally, dedicated xApps may
be deployed, which improve the network performance
in such a way that SAND-line solutions are supported.
An interesting approach for using SAND has been dis-
cussed in [13], where heterogeneous Quality of Service
requirements of different applications in 5G systems are
managed in the so-called xStream platform. The au-



thors have proposed the improvement of the SAND lim-
itations by enabling communication between various ap-
plications and the 5G system. It paved the way for in-
novative solutions for various types of traffic, as proved
by extensive simulations. Such an approach can be con-
sidered for xApp/rApp implementation and simulation.
Next, in [14] the new architecture called ARBAT has
been proposed. It uses the concept of the Universal Net-
work Device and Unified Cellular Network; moreover,
it utilizes the AirHYPE wireless hypervisor, together
with the above-mentioned network-user application in-
teraction through the xStream platform as well as the
ServiceBRIDGE. Following this idea, in [15], the design
of an optimization-based power allocation model to in-
crease effective power efficiency was discussed in the con-
text of guaranteed QoS. The same hypervisor AirHYPE
has been considered for designing novel architectural so-
lutions for the upcoming sixth generation of cellular in
[16]. A very interesting roadmap paper has been pub-
lished recently, i.e., [17], where the enabling techniques
and recent advancements on 6G-related topics are high-
lighted, and open problems with possible solutions are
discussed.

In June 2022, O-RAN ALLIANCE founded a research
task force called the next Generation Research Group
(nGRG), which focuses on the research of open and in-
telligent RAN principles in 6G and future network stan-
dards. nGRG work is split into several research streams,
including requirements, architecture, AI/ML, security,
and research platforms. Supplementing the prior and
ongoing research activities, in our paper, we focus on
the definition of the automation of the xApp/rApp de-
velopment and verification process.

3. THE NEED FOR XAPP DEVELOP-
MENT AND DEPLOYMENT AU-
TOMATION

As with any emerging technology, current x/rApp im-
plementations are strongly coupled to the use case(s) for
which they are created, as well as with vendor-specific
RIC implementations. This requires engineers to manu-
ally adapt x/rApps from one use case to another and
possibly re-implement them for use on different RIC
implementations. Such effort prevents reuse, slows de-
velopment, requires (programming) development skills
from domain experts, and ultimately acts as a barrier
to O-RAN adoption.

In this section, we discuss existing efforts that seek to
achieve autonomy in O-RAN and then present our vision
on how to achieve autonomous O-RAN taking xApps as
a representative exemplar.

3.1 ITU-T related work
The ITU-T Focus Group on Autonomous Networks
(FGAN)2 has been working towards understanding and
describing the elements required for autonomy in net-
works, especially in the context of the three key con-
cepts of exploratory evolution, online experimentation,
and dynamic adaptation [18].
The concept of exploratory evolution introduces the
mechanisms and processes of exploration and evolution
to adapt a controller in response to changes in the net-
work. Generation of new controllers or update (evolve)
of existing controllers to respond to such changes are
part of evolution. Validation of controllers and their
logic, using simulated and/or real data, may be done be-
fore the deployment of controllers in the network. This
continuous process, based on monitoring and optimiza-
tion of deployed controllers in the network, is called real-
time responsive experimentation. The adapted and val-
idated controllers are integrated at run time to underlay
networks. Thus, dynamic adaptation is the final concept
in equipping the network with autonomy and the ability
to handle new and hitherto unseen changes in network
scenarios.
The current use cases studied in FGAN in this context
include analysis-driven evolution in virtualized RAN
based on DevOps [19]. Such use cases take advan-
tage of the programmability and interfaces exposed by
RAN components in open RANs while allowing develop-
ers the opportunity to create applications (e.g., xApps)
based on data from RAN. Provisioning and analysis of
closed loops at near-real-time RIC allows operators to
analyze the data and arrive at the new use case needs
at the edge. This can then be used to drive the process
of evolution of new xApps to enable the development,
instantiation, and deployment of xApps based on the
capabilities of various RAN nodes.
An initial proof of concept, done under the initiative
of ”Build-a-thon 2021” by FG AN produced a demon-
stration of a YAML-driven docker container-based in-
stantiation of controllers. This was independently sup-
ported by an xApp implementation however, integrated
automation of the xApp lifecycle was not achieved in
FG AN Build-a-thon 2021.
Conceptually, the study of x/rApp lifecycle automation
discussed in this work is well aligned with the concepts
discussed in standards and industry bodies, including in
ITU-T, and can even be considered as a realization of
the concepts in the O-RAN context.

3.2 Towards xApp automation
Open RAN architecture creates opportunities for the
Mobile Network Operators (MNO) for modular im-
provement of the access network domain through instal-
lation, uninstallation, or upgrade of specific functions,
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