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Abstract

In an increasingly densely populated network environment,
a customised handover mechanism is essential to ensure ser-
vice continuity, user experience quality and more efficient
use of radio resources. Compared to traditional approaches,
adaptive handover enables a dynamic response to actual traf-
fic conditions, improving overall network performance. This
work explores the potential of 5G mobile networks based on
Open RAN architecture, focusing on the implementation of
a customised handover mechanism. Using the OpenAirIn-
terface platform and the FlexRIC framework, an xApp was
developed that can monitor user throughput in real-time and
dynamically activates a handover when throughput drops
below a predefined threshold. The approach demonstrates
the flexibility of the O-RAN architecture and the effective-
ness of standardised APIs and service models in supporting
intelligent network decisions. The results show how the in-
tegration of programmable functionality in the Near-RT RIC
improves network performance and enables more adaptive
mobility management.
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1 Introduction

The advent of fifth-generation (5G) networks has revolu-
tionized the landscape of telecommunications, enabling un-
precedented levels of connectivity and data transmission.
With the growing demand for fast and reliable communica-
tions, the integration of heterogeneous network technologies
becomes essential. The architecture of 5G networks marks
a substantial evolution in wireless communication, charac-
terized by the implementation of small cells that improve
network densification, which is essential to support differ-
ent quality of service (QoS) requirements [1]. Applications
such as robotic telesurgery require enhanced mobile broad-
band (eMBB) and ultra-reliable low-latency communication
(uRLLC) for effective operation [2]. The integration of hetero-
geneous networks (HetNets) into the 5G framework is essen-
tial to ensure seamless mobility between macro cells, small
cells, and device-to-device (D2D) communication modes [1],
meeting bandwidth requirements and reducing latency.
Ultra-dense networks (UDNs) within 5G architectures im-
prove capacity but introduce complexities such as signal
interference and longer handover times [3]. The degrada-
tion of communication quality during handovers, exacer-
bated by unreliable RSSI readings, highlights the need for
innovative management strategies [4]. Line of sight (LoS)
communication interruptions due to pedestrian blocks cause
signal attenuation, affecting applications that require uRLLC.
Addressing these challenges is critical to the successful im-
plementation of 5G, ensuring a consistent user experience.
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On the other hand, Radio Access Networks (RAN) represent
the most costly and complex aspect of deploying and operat-
ing mobile communication systems [5]. RAN slice resource
management is critical for applications involving flying and
ground vehicles, requiring the integration of Network Slic-
ing and Multi-access Edge Computing (MEC) for efficient
resource allocation [6]. Massive MIMO networks centered
on users improve the user experience through coordinated
transmission from distributed units, revolutionizing the 5G
architecture [7]. The challenges of associating mobile vehi-
cles with static fog servers during handovers highlight the
need for innovative architectural solutions [8]. However, in
most commercial deployments, the mechanisms governing
mobility management such as handover are closed, standard-
ized implementations that are costly and time-consuming to
customize or update. This rigidity limits the ability of opera-
tors to adapt handover strategies to evolving traffic patterns,
specific service requirements, or experimental features. In
contrast, open-source 5G platforms, combined with the Open
RAN paradigm, offer a promising path toward programmable,
flexible, and real-time control of handover procedures.

Leveraging these capabilities, this work demonstrates how
a custom xApp, developed using the FlexRIC framework and
integrated into a full OpenAirInterface 5G stack (including
both core and RAN, with a USRP B210 as gNB and a commer-
cial smartphone as UE), can invoke and control handovers
based on application-defined triggers. Beyond implement-
ing a proof-of-concept handover logic, where the decision
is triggered by Key Performance Metrics (KPM) periodically
reported by the gNB, the proposed work extends the official
OAI codebase to support new control messages from the
XApp, enabling the selection of the target cell and custom
trigger parameters. The goal is to establish a foundation for
future, more sophisticated solutions, that can dynamically
adapt mobility management according to real-time network
conditions and service requirements.

2 Background and Related Work

Handover is a fundamental mechanism to ensure service
continuity in mobile networks, allowing the transfer of a
User Equipment (UE) connection from one cell to another as
the user moves. The node managing the serving cell instructs
the UE to measure the signal quality from neighboring cells
and report the results. Based on these measurements, the
node may decide to initiate a handover to a neighboring cell
offering better radio conditions [1]. In current networks, han-
dovers are typically event-triggered and rely on parameters
such as the Reference Signal Received Power (RSRP), Refer-
ence Signal Received Quality (RSRQ), and QoS-based criteria,
as specified by the European Telecommunications Standards
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Institute (ETSI) and the 3rd Generation Partnership Project
(3GPP) [9].

In 5G networks, despite the introduction of network slice
[10], a mechanism that enables multiple logical networks
with distinct service characteristics to co-exist over the same
physical infrastructure, the handover process remains es-
sential. Slicing provides service differentiation and traffic
isolation (e.g., enhanced mobile broadband, low-latency com-
munication, massive IoT), but it does not remove the need to
manage physical network resources dynamically [11, 12]. As
such, a gNB may initiate a handover not only due to degraded
signal conditions but also for reasons like traffic load balanc-
ing or throughput optimization. This ensures efficient use
of radio resources and maintains the quality of experience,
even within the same slice. One of the main disadvantages
of handovers triggered by these metrics is that the user’s
type of service is not taken into account. For example, the
handover optimization requirements for broadband access
that transmits high-quality video are different from those
of an autonomous vehicle. For this reason, the integration
of XxApps is essential, as they provide enhanced functional-
ity and flexibility, allowing network operators to customize
network behavior according to specific operational require-
ments and rapidly deploy new services [13].

A variety of open-source frameworks exist to support
xApp development and deployment in near-real-time RIC
environments, each with different trade-offs in terms of flex-
ibility, ease of use, and compatibility with OpenAirInterface
(OAI). For example, ONF SD-RAN (D-RAN) provides a cloud-
native near-real-time RIC with strong multi-vendor sup-
port [14]. Although flexible and standards-compliant, it relies
heavily on containerized microservices (typically Kubernetes
based), which can complicate experimental setups and limit
ease of use for rapid prototyping. Integration with OAl is pos-
sible via the standard E2 interface, but no native OAI-specific
RAN agent is included. The O-RAN Software Community (O-
RAN SC) near-RT RIC offers a feature rich, fully O-RAN
compliant platform [15]. It supports multiple programming
languages and service models and includes example xApps
such as traffic steering with handover triggering. However,
the deployment is relatively heavy, often requiring Kuber-
netes, and integration with OAI depends on manually setting
up the OAI E2 agent. srsRAN implements an E2 agent in its
gNB and supports KPM and RC service models, making it
compatible with external RICs [16]. It is lightweight and
straightforward to install, but its RIC-related capabilities
and xApp examples are still limited compared to dedicated
RIC frameworks. Finally, FlexRIC is specifically designed for
seamless integration with OAI, making it particularly rele-
vant to this work [17]. It includes a native OAI-compatible
E2 agent, a compact and easily deployable near-RT RIC, and
supports multiple encoding formats and pluggable service
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models. It also provides ready-to-use xApp examples, includ-
ing handover control and APIs in C/C++/Python, enabling
rapid development.

In this paper, we build on FlexRIC and OAI to implement
and test a custom handover mechanism. This combination
was selected because, unlike other frameworks, it allows
direct integration into OAI’s 5G RAN without external bridg-
ing components, minimizing setup complexity and enabling
direct extensions to the OAI codebase for new control mes-
sage handling. This native compatibility provides a unique
advantage for prototyping and validating new mobility man-
agement strategies in an open source 5G environment.
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Figure 1: Setup for testing the handover procedure.

3 Methods

In cellular networks, the Radio Resource Control (RRC) pro-
tocol defines the connection states between the User Equip-
ment (UE) and the radio access network. These states de-
termine how the UE interacts with the network in terms
of signaling, mobility, and resource allocation. The main
RRC states in 5G, as defined in the 3GPP specifications
[18], are RRC_IDLE, RRC_CONNECTED, and RRC_INACTIVE. In
RRC_IDLE, the UE is not actively connected; in RRC_CONNECTED,
the UE maintains an active radio connection and exchanges

both control and user data with the network. The RRC_INACTIVE

state enables fast connection resumption while reducing sig-
naling overhead by preserving UE context at the gNB. Han-
dover procedures are only possible when the UE is in the
RRC_CONNECTED state [19], as the network retains full con-
trol over the radio link and can coordinate the transition of
the UE between cells. In other states, such as RRC_IDLE or
RRC_INACTIVE, the UE manages its mobility independently
through cell reselection, and no network-initiated handover
is performed.

In this work, the handover procedure was studied in the
RRC_CONNECTED state in which the cell phone is transmitting
and receiving and the network has full control of the UE
connection. The procedure begins when the source node
forwards a handover request, aimed at transferring control
of the device, to the destination node. This message includes
the destination cell identifier, the Access and Mobility Man-
agement Function (AMF) responsible for the device, as well
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as detailed information regarding active Protocol Data Unit
(PDU) sessions and associated Quality of Service (QoS) flows.

3.1 Experimental Setup

The experimental setup, in Fig. 1, consists of one PC running
the Ubuntu operating system, equipped with the OpenAir-
Interface (OAI) 5G stack and the FlexRIC Near-RT RIC SDK.
On the same host, we implemented a second 5G cell. Two
Software Defined Radios (SDR) are connected to the PC via
USB 3.0 as Radio Unit (RU) of the implemented 5G Networks.
A smartphone (Google Pixel 8a) serves as the User Equip-
ment (UE) and is configured with OpenCell SIM card [20] to
connect to the network.

On the PC, the stack includes the OAI Core Network (CN),
the OAI gNB, and the FlexRIC Near-RT RIC. The Near-RT
RIC is preloaded with the following xApps:

e KPM Monitor: Prints the Key Performance Measure-
ment (KPM) provided by the E2 node.

e RC Monitor: Sends aperiodic notifications for each
RRC state change.

e RC Control: Executes a RAN control function, specif-
ically QoS flow mapping configuration.

The SDR used in the setup are two Universal Software
Radio Peripheral (USRP) B210 [21], by Ettus, operating in
the band n78 [22].

The USRP B210 covers a wide frequency spectrum ranging
from 70 MHz to 6 GHz, making it suitable for a variety of
wireless applications. It supports a bandwidth of up to 56
MHz, allowing operation with signals of considerable am-
plitude. The device connects to the computer via a USB 3.0
interface, providing the high data transfer rates necessary
to handle large amounts of real-time data. It is programmed
using the USRP Hardware Driver (UHD) software, which
enables the prototyping of base stations with open-source
applications [23].

In our experimental setup, we employ USRP B210 due to
their low transmission power, which makes them suitable
for controlled indoor testing environments. This character-
istic minimizes the risk of unintentional interference with
commercial cellular users and allows safe experimentation
without violating regulatory constraints.

3.2 Handover with Open Air Interface

The O-RAN architectural specifications define various func-
tions that can be implemented on E2 nodes. In this work, the
E2 node corresponding to the OAI gNB includes the “RAN
Control” and “KPM Monitor” functions. These modules en-
able both REPORT and CONTROL operations, allowing the
system to collect measurements from the nodes and transmit
control messages accordingly. The services provided by the
E2 CONTROL function are defined in specifications [23] and
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Table 1: NR CGI structure

RAN Parameter ID | RAN Parameter RAN Parameter Value Type
1 Target Primary Cell ID STRUCTURE
2 >CHOICE Target Cell STRUCTURE
3 »NR Cell STRUCTURE
4 »>NR CGI ELEMENT

[24], and are offered through a set of control styles. Each
control style corresponds to a specific set of actions, with
each action addressing a distinct RAN functionality. Every
action is associated with a defined set of RAN parameters,
typically specified in a mapping table. Regarding handover
management, CONTROL Style 3: Connected Mode Mobility
(CMM) is employed. This control style provides a standard-
ized mechanism to initiate a mobility control procedure for
a User Equipment (UE) operating in the RRC_CONNECTED
state. Applications of this service include:

o Inijtiating a handover for a selected UE towards a spe-
cific target cell.

e Initiating a conditional handover for a selected UE
towards a list of candidate cells.

e Initiating a handover with Dual Active Protocol Stack
(DAPS) for a selected UE towards a target cell.

After receiving the control request message, the E2 Node
will invoke the handover procedures as specified in [13].
The control message may include one or more of the follow-
ing Information Elements (IEs), which are structured data
fields used to convey specific information within messages
exchanged between network entities:

o The primary target cell ID

o The list of PDU sessions to be transferred

o The list of DRBs (Data Radio Bearers) to be transferred
o The list of secondary cells to be configured

In order to develop an xApp that leverages Control Style
CMM 3, it was necessary to extend its implementation in the
OAI codebase repository. Specifically, modifications were
made to the ran_func_rc.c file, which defines all the IEs as-
sociated with each control style. By default, this file only
included the IEs related to the Radio Bearer Control style,
which is used to modify Radio Bearer configurations [25].
For the purpose of this work, a new IE was implemented to
represent the target cell identifier, known as NR CGI (New
Radio Cell Global Identifier). It is a globally unique identi-
fier used in 5G networks to precisely identify a specific cell
within the mobile network infrastructure. This new IE is
required in the control message sent by the xApp to the E2
node to trigger the handover procedure.

The hierarchical structure of the IE, which must be duly
included in the ran_func_rc.c file, is shown in Table 1. To
implement a new style within the file, it is essential to refer
to the data structures defining the IEs, which are contained
in the header files of the OAI repository. The OAI source file

68

Vicario et al.

for the Key Performance Measurement (KPM) Service Model
provides several parameters that can be used as input for a
handover algorithm. Specifically, the parameters exposed by
OAl include:

e DRB.PdcpSduVolume: This parameter indicates the vol-
ume of user data (SDU) carried over the PDCP layer
for both downlink and uplink on a specific DRB.

e DRB.R1cSduDelay: Measures the delay experienced by
an SDU at the RLC layer in downlink and uplink, i.e.,
the time taken for data packets to be transmitted from
the network to the UE.

e DRB.UEThp: Indicates the throughput for both down-
link and uplink for a specific UE over a given DRB.

e RRU.PrbTot: Measures the total number of Physical
Resource Blocks (PRBs) used in both downlink and
uplink for a specific RRU. PRBs are radio resource
units allocated to the UE for data transmission.

3.3 xApp code implementation

To enable a xApp to interact with E2 nodes within the O-
RAN architecture, it is necessary to use the xApp API, which
provides a set of essential functions. These functions form the
core interface for managing interactions between the xApp
and E2 nodes, enabling the implementation of customized
control and monitoring logic within the O-RAN ecosystem.

e init_xapp_api(): initializes the xApp APL

e try_stop_xapp_api(): attempts to safely stop the
xApp APL

e e2_nodes_xapp_api(): returns an array containing
the currently available E2 nodes.

e report_sm_xapp_api(): returns a handle that can be
used to communicate with an E2 node, based on its
identifier and other specific information.

e rm_report_sm_xapp_api(): removes a previously ob-
tained handle, releasing the associated resources.

e control_sm_xapp_api(): sends a control message to
an E2 node, including commands related to specific
network functions.

The procedure for performing a customised handover us-
ing xApp is represented by the flowchart in Figure 2 and the
pseudo code in Algorithm1. As shown in the xApp code (see
Algorithm 1), the main function initializes the API, stores the
connected E2 nodes in an array, and initializes a mutex to
ensure thread synchronization. The mutex is used to prevent
unsafe concurrent access to shared resources by multiple
threads, thereby ensuring correct execution and avoiding
race conditions.

Subsequently, two additional functions were used, namely
KPM and RC. Regarding the KPM function, a subscription
message to the REPORT service is generated, specifying
the parameters to be monitored. The message is then sent
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Figure 2: Flow chart for implementing the handover procedure in xApp.

using the report_sm_xapp_api() function, and finally, the
allocated memory is properly released.

The KPM function implements the logic to send KPM
SUBSCRIPTION messages to each connected E2 node from
within an xApp. Specifically, the KPM RAN function is de-
fined with a constant identifier 2. For every node in the nodes
list, the structure of the node is accessed, and the index of the
KPM function supported by that node is retrieved. It is then
verified, using an assertion, that the identified function is in-
deed of type KPM. If the node provides at least one reporting
style (i.e., the ric_report_style_list is not null), a KPM
subscription message (kpm_sub) is generated and sent to the
node using the report_sm_xapp_api. The success of the
operation is asserted, and finally, the memory allocated for
the subscription message is released. This procedure dynam-
ically enables the monitoring of performance metrics across
multiple network nodes using the KPM (Key Performance
Measurement) service within the O-RAN architecture.

RC code block begins with the creation of a subscription to
the RC reporting service. This service enables the reception
of asynchronous reports whenever the RRC state of a selected
UE changes—for example, transitioning from CONNECTED to
IDLE.
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RC RAN code block defines a constant for the RC RAN
function with value 3 and iterates on all connected E2 nodes.
For each node, it locates the index of the RC function among
the supported RAN functions. An assertion verifies that the
identified function is indeed RC. If the node supports an
RC reporting service (indicated by a non-null report), a sub-
scription message is generated for this service. This message
is sent to the node via a dedicated API, and the success of
the operation is checked. Finally, the memory allocated for
the subscription message is freed, ensuring proper resource
management.

4 Results

We exploited the parameters listed in subsection 3.2 to design
a customised handover algorithm. Specifically, the KPM pa-
rameters were measured by simulating various traffic and UE
mobility conditions within the cell. The goal was to analyse
the behaviour of these parameters and identify any signif-
icant variations that could indicate useful triggers for the
handover decision-making process. From a series of prelimi-
nary experiments, it was observed that the distance of the
UE from the gNB resulted in some parameter variations that
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Algorithm 1: Pseudocode for Managing KPM and
RC Subscriptions in an xApp

Input: Command-line arguments
Result: KPM and RC subscriptions are created and
sent for each connected E2 node

function main(argc, argv):
args «<— init_fr_args(argc, argv) ;
init_xapp_api(args) ;
/* Initialize synchronization structures
%/ Initialize mutex with default attributes ;
Ensure mutex initialization succeeded ;
hndl « allocate array of size nodes.len ;
Wait for 1 second ;
nodes « e2_nodes_xapp_api() ;

/* Handle KPM RAN function (ID = 2) %/
for i < 0 to nodes.len — 1 do
n « nodes.n[i] ;
idx « find_sm_idx(n.rf, n.len_rf, eq_sm, 2) ;
if n.rflidx].defn.type == KPM then
if n.rflidx].defn.kpm.ric_report_style_list #

NULL then
kpm_sub «
gen_kpm_subs (n.rflidx].defn.kpm) ;
hndl[i] < report_sm_xapp_api (n.id,
2, kpm_sub, sm_cb_kpm) ;
Ensure hndl[i] is successful ;
Free kpm_sub data ;

/* Handle RC RAN function (ID = 3) x/ for
i < 0to nodes.len — 1 do

n <« nodes.n[i] ;

idx « find_sm_idx(n.rf, n.len_rf, eq_sm, 3) ;
if n.rflidx].defn.type == RC then

if n.rflidx].defn.rc.report # NULL then
rc_sub «

gen_rc_sub_msg(n.rflidx].defn.rc.report)

hndl[i] « report_sm_xapp_api(n.id,
3, rc_sub, sm_cb_rc) ;
Ensure hndl[i] is successful ;

Free rc_sub data ;

Ensure allocation succeeded ;

can be used to trigger a handover. Although several (or all)
parameters analysed could be used, to demonstrate the possi-
bility of performing a customised handover using xApp, the
most responsive parameter, throughput, was selected. We
used the iPerf software to operate in a client-server model,
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where one device acts as a server, configured to listen and
receive data, in this case the core network (CN), while the
other device, the UE user equipment, acts as a client, sending
data to the server in order to measure the data transfer rate.

The status transition message from Connected to Idle was
used to terminate the actual speed monitoring cycle. This
cycle triggers the sending of the RC CONTROL message, con-
taining the handover control, only when the actual downlink
or uplink speed exceeds a predefined threshold. The thresh-
old value was set to 1000 kbps. Once the control message is
sent, the cycle is interrupted, memory is freed, and the xApp
is terminated using the corresponding API function.

Figure 3 shows the variation of the parameters monitored
during a handover. In particular, the throughput graph, de-
picted in Figure 3c, clearly shows three distinct phases: (i)
An initial phase in which the throughput remains relatively
stable around 6000-8000 Kbps, with some fluctuations typ-
ical of variable radio conditions. (ii) The handover phase,
during which the throughput drops below 1000 Kbps; in this
case, a brief interruption of throughput is observed, dropping
practically to zero. This is the critical moment when the cell
change occurs. (iii) The post-handover phase, in which the
throughput quickly recovers and reaches significantly higher
values (12000-15000 Kbps), indicating that the device has
connected to a cell with better radio conditions. Similarly,
in Figure 3d, the PDCP Volume graph exhibits a comparable
pattern. In the pre-handover phase, the volume remains con-
stant but moderate, around 4-6 bytes. During the handover,
a significant drop in the transmitted data volume is observed,
reflecting the temporary disruption in the connection. In
the post-handover phase, the volume rises sharply to 10-12
bytes, in direct correlation with the improvement in through-
put, indicating enhanced radio conditions in the new serving
cell.

Fig.4 shows a captured sequence of NGAP (Next Gener-
ation Application Protocol) messages exchanged between
different network nodes during the initiation of a handover
procedure. The process begins with a HandoverRequired
message sent from the source gNB (192.168.70.141) to the
AMF (192.168.70.132), indicating that the UE needs to be
handed over to a target gNB. The AMF forwards this request
to the target gNB (192.168.70. 140) viaa HandoverRequest.
After the target gNB accepts the request, it responds with a
HandoverCommand (preceded by a TCP Selective Acknowl-
edgement). Once the UE has successfully accessed the target
cell, the target gNB sends a HandoverNotify message to the
AMF. The process concludes with a PathSwitchRequest
and an UplinkNASTransport message, finalizing the switch
of the user plane path to the new gNB.

Overall, the results indicate that the customized handover
process was successfully executed. The transition between
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KPM parameters analysed as input for the handover procedure.
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cells caused only minimal service interruption, and the post-
handover phase was characterized by a marked improvement
in performance. This improvement is supported by increases
in both transmission speed and PDCP volume, confirming
the reliability of the measurements. Furthermore, the results
suggest that implementing a customized handover strategy
via an xAPP can effectively guide the device to a 5G cell
that offers better coverage or reduced congestion. Such op-
timization maximizes network resource utilization and can
significantly improves the end-user. More complex optimiza-
tions are also possible, which is left for future work.
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5 Conclusion

This study investigates the potential of 5G Open RAN net-
works through the implementation of a customized handover
algorithm, developed using the OpenAirInterface (OAI) plat-
form and the FlexRIC SDK. The proposed algorithm lever-
ages throughput as the primary decision-making parameter
for handover execution. The obtained results clearly demon-
strate the flexibility and adaptability of open-source architec-
tures such as OAL highlighting the ease of integrating new
xApps for more intelligent and dynamic network manage-
ment. This capability paves the way for optimizing network
performance based on customized criteria and the evolving
needs of users and services. This work represents a first step
toward exploring the capabilities of 5G Open RAN networks.
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Future research may focus on implementing more sophisti-
cated handover algorithms that combine multiple decision
parameters and leverage machine learning techniques to
dynamically adapt to network conditions. Additional devel-
opments could also explore the integration of further xApps
to enable advanced functionalities such as network slicing,
mobility control, and radio resource optimization.
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