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ABSTRACT Vehicle-to-Everything (V2X) communication technology aims to enhance intelligent vehicles’
coordination and perception by enabling interactions with other vehicles, road users, and infrastructure.
Although 4th and 5th generation cellular technologies (4G LTE and 5G NR) can support non-safety V2X
communication, their design, rooted in multimedia and telephony, doesn’t align well with safety-critical
applications. Despite the advancements of 5G NR over 4G LTE, ensuring reliable Quality-of-Service (QoS)
metrics remains a notable concern. The process of handover, a core cellular network function, significantly
contributes to the challenges in cellular communication reliability. To assess handover’s impact on latency
in V2X communication scenarios, a driving-focused measurement campaign was executed on an early 5G
NR-enabled commercial cellular network. Findings reveal that, in terms of its effect on end-user latency, the
more mature 4G LTE network displays on average 63% (intra-freq.) and 36% (inter-freq.) lower latency costs
when performing handovers compared to early 5G NR deployments. Notably, inter-generation handovers
(4G to 5G and vice versa) exhibit 24% (intra-freq.) and 10% (inter-freq.) higher average latency costs with
respect to other handover types. Furthermore, discernible variations in network reliability emerge between
distinct V2X scenarios such as urban and rural environments. The prevailing reliability concerns tied to
present handover algorithms hold substantial weight, as they undermine intelligent vehicles’ trust in network-
received information. Consequently, these outcomes underscore the urgency for designing and implementing
handover strategies better suited to the dynamic mobility characteristics of intelligent vehicles across diverse
V2X scenarios.

INDEX TERMS V2X, V2X communications, vehicle-to-everything, vehicular networks, intelligent
transport systems, ITS, cellular, C-V2X, 4G LTE, 5G NR, handover, latency, network planning.

I. INTRODUCTION
In recent years, the intelligent vehicle concept and the
industry of Intelligent Transport Systems (ITS) have become
technologically and commercially feasible. This is high-
lighted by the ongoing research and commercial deployments
from automotive companies such as Cruise [1], Alphabet’s
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Waymo [2], Tesla [3] and Uber [4]. As a result of these
developments, there is increased research and industry inter-
est in what is known as the connected intelligent vehicle. Also
known as Vehicle-to-Everything (V2X) communications, the
concept of the connected intelligent vehicle is a natural
extension of existing efforts to integrate advanced sensing and
computation capabilities into a vehicle. As a consequence,
substantial amounts of data are being generated and pro-
cessed by the intelligent vehicles, as such this data could be
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offloaded from the vehicle to other parties of interest such as
other nearby vehicles or traffic management authorities. This
particular interest in V2X communications is highlighted by
activities undertaken by wireless communications standards
organisations such as the 3GPP [5], [6] for cellular and the
IEEE [7] for Wi-Fi.

In general, the term V2X communications describes a
system that would allow connected intelligent vehicles to
exchange information with other road users or relevant
stakeholders. Thus, the primary aim of a V2X communica-
tions system is to increase road safety and traffic efficiency
by enabling stakeholders in a road traffic environment
to communicate and therefore coordinate with one other.
A large catalogue of use cases and applications arise from
the introduction of V2X communications that concern not
only safety and traffic efficiency but also infotainment and
eCommerce applications [8]. Consequentially, these potential
use cases and applications can involve a non-trivial number
and variance of stakeholders, and as such require a robust,
secure and reliable underlying wireless communications
technology.

Cellular communications, developed by the 3GPP [9],
has been considered as a candidate technology for V2X
communications for many years [10]. Cellular communi-
cations is commonly referred to as C-V2X (Cellular-V2X)
in the context of V2X communications. This interest in
cellular as a potential V2X access technology is largely
due to the existing widespread base station deployments
available globally, which would enable C-V2X to serve
various end-user types i.e., vehicles, trains, pedestrians
and static infrastructures. Several specifications for C-V2X
were developed by the 3GPP, the first of which was
developed as part of 3GPP Release 14 [11] in 2017, often
known as LTE-V2X, and another was developed as part
of the introduction of the 5th generation of cellular (5G
NR) in 3GPP Release 15 [12] in 2019, often known as
NR-V2X.

Previous studies [13], [14], [15], [16] have demonstrated
that C-V2X can reliably maintain Quality of Service
(QoS) metrics required to support basic non-safety V2X
applications outlined by the 3GPP [8]. However, as is
the motivation of this work, significant issues still remain
surrounding reliability and stability and as such C-V2X
cannot reliably support advanced safety-critical use cases.
The service requirements developed for 5G NR [17] indicate
significant promise for C-V2X to be able to provide the
reliability required for advanced safety V2X applications.
Handover plays a crucial role in the cellular network, ensuring
the degree of QoS that C-V2X can maintain. Effectively
managing the movement of participants connected to the
C-V2X network is vital for the success of V2X applications.
This is because different users within the V2X network have
distinct mobility characteristics and patterns. For instance,
vehicles generally move at higher speeds compared to
pedestrians, yet pedestrians can change their direction more
quickly than vehicles.

The aim of this work is to expand on the results and
findings presented in [16] to provide a deeper understanding
of the effects of handover on end-user latency performance
in V2X communications scenarios. Latency is often con-
sidered the key metric to enabling safety-critical real-time
applications. In the context of V2X communications, this
consideration is particularly pertinent due to the risk of the
intelligent vehicle making a misinformed decision based
on delayed or outdated information about its environment.
Unlike similar works that study the effect of handover on
network Key Performance Indicators (KPIs), the commercial
network under study in this work features early 5G NR
deployments. In addition, an analysis of different automotive
scenarios is also provided for further insight into key
considerations for V2X applications. Results and findings
presented here can be used by Mobile Network Operators
(MNOs) to inform the planning and implementation of future
5G NR deployments with the aim of increasing the cellular
network’s capability to support V2X applications and use
cases.

The remainder of this paper is structured as follows,
in Section II the related work is revised. Section III presents
an overview of handover mechanisms in 4G LTE and 5G
NR. Section IV outlines the experimental methodology
used to conduct measurements and Section V discusses the
data processing and analysis methods used in this work.
Section VI presents the results of the analysis, discusses the
effects of handover and proposes methods to address them.
Section VII discusses the limitations of this study and future
work. Finally, Section VIII concludes this paper.

II. RELATED WORK
Evaluating the effect of handover on network KPIs is
well-studied in the cellular communications literature. How-
ever, there are significantly fewer studies evaluating the effect
of handover on network KPIs in V2X scenarios. Moreover,
there are even fewer driving-based studies evaluating either
commercial or private cellular networks as opposed to those
that utilise theoretical analysis or simulation. Typically, in the
context of V2X communications works typically provide
survey or tutorial content on handover mechanisms in cellular
networks, evaluations of the performance of handovers in
the cellular network or presentations of handover algorithms,
particularly for 5G NR.

For the benefit of the reader, a small number of tuto-
rial/survey works are briefly discussed for further context and
learning. Tayyab et al. [18] provide a robust tutorial survey of
the transitions in handover management from 4G LTE to 5G
NR. As part of their survey, Tayyab et al. present a thorough
overview of the prevailing challenges in current handover
strategies. A challenge of particular note is that of high
mobility and the authors discuss a number of solutions around
cell deployment strategies. Gures et al. [19] follow on from
the previous work and deliver a very comprehensive tutorial
on 5G NR-based handover management with a particular
focus on the mmWave frequency range introduced with 5G
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NR. Gures et al. also provide an in-depth discussion on
the beam management issues surrounding utilising these
mmWave frequencies to serve devices with high mobility.
Lastly, Alraih et al. [20] provide a broad survey on handover
or mobility management in what authors describe as Beyond
5G (B5G) or 6G networks. Alraih et al. discuss at length
the stringent requirements imposed for 6G networks and the
technologies and techniques that will play a role in enabling
them.

As is highlighted by the tutorial/survey studies cited above,
existing handover techniques are designed and optimised
towards mobile handsets which have different mobility
characteristics to cellular-enabled vehicles, as such existing
handover strategies suffer in high mobility scenarios. This
challenge surrounding high mobility scenarios is further
highlighted bymany authors [21], [22], [23]. Sultan et al. [23]
in particular demonstrate this in their comparison between
a cellular network consisting only of large (macro) cells
and a cellular network composed of many cell sizes
(macro, micro, pico). Handover between cells (inter-/intra-
frequency) and between radio access technologies (RATs)
i.e., 2G, 3G, 4G, 5G has been shown to have a significant
effect on network performance [14], [15], [24], [25],
[26]. Neumueier et al. [15] report that handovers between
cellular generations have the largest impact on latency
performance.

Regions with several MNOs offering different coverage
capabilities also present a significant concern [14], [25], [27],
[28]. Notably, Sliwa et al. [25] and Fernandez et al. [28]
demonstrate, via proposed solutions in the form of shared
infrastructure, that for cellular to succeed as a V2X commu-
nications solution, inter-MNO or inter-PLMN (Public Land
Mobile Network) handover is also a key challenge that
requires consideration.

The handover algorithms or strategies that result in these
observed effects on network KPIs are the subject of quite
an active area of communications research. In general,
improvements proposed or introduced aim to tackle two key
issues in the handover procedure in cellular communications:
handover failures and user data interrupt time [18], [29].
These metrics represent the reliability and latency perfor-
mance of the handover procedure, and both require careful
consideration, particularly for V2X communications.

As highlighted by Tayyab et al. [18], existing handover
strategies based on a break-before-make or hard handover
procedure cannot guarantee handover success or low interrupt
time in challenging radio channel scenarios. As such,
a modification of the existing handover procedure known as
Conditional Handover (CHO) [30], was introduced as part
of 3GPP Release 16 [5] in 2020, to guarantee handover
success and low interrupt time. A version of this modification
was proposed by Park et al. [29] two years prior. Since this
time, CHO has gained significant interest in the field of
handover with modifications and adjustments being proposed
to improve on Radio Link Failures (RLFs) [31] and to
minimise signalling overhead [32], [33].

As a result of this adoption of the CHO algorithm to
address handover failures and handover interrupt time, sev-
eral works now focus on the decision-making aspect of CHO
i.e., when an early handover command should be executed.
As such, a number of prediction algorithms and strategies
for the early handover decision process have been proposed.
Zhao et al. [34] propose a Recursive Least Squares (RLS)
algorithm that leverages multi-connectivity for handover
decisions. Several deep learning-based approaches are pro-
posed by several works [35], [36], [37], [38]. Qi et al. [37] in
particular propose a predictive handover algorithm alongside
a resource reservation mechanism which works in tandem
to uphold network QoS metrics. Das et al. [39] provide an
interesting prediction algorithm based on Doppler shifts to
provide a prediction mechanism similar to that provided by
Zhao et al. [34]. Other notable prediction algorithms include
a combined graph theory and Reinforcement Learning (RL)
approach [40] and an approach based on plant propaga-
tion [41] which provide robust results compared to standard
so-called reactive handover strategies.

III. OVERVIEW OF HANDOVER IN CELLULAR
COMMUNICATIONS
In the following section, an overview of the most relevant
concepts surrounding handover in cellular communications
is presented. In general, handover will occur as a result of
two necessary functions of the cellular network: mobility
management and congestion control. As an example, the
former occurs as a result of poor channel conditions as a
cellular device (a.k.a user equipment or UE) travels towards
the edge of a cell, reducing the serving base station’s (S-BS)
ability to uphold Quality-of-Service (QoS) metrics. Thus,
the cellular device, with the aid or direction of the S-BS
must transfer to a target base station (T-BS) with more
favourable channel conditions. The latter occurs as a result
of the S-BS becoming congested due to a large number
of devices requiring access to the cellular network. In this
scenario, the S-BS will request the offloading of some of its
users to another T-BS with similar channel conditions and
QoS capabilities.

A. HANDOVER TYPES
The cellular network employs different types of handovers for
mobility management or congestion control, depending on
the particular domain or layer of the network where they need
to take place. Consequently, the level of control signalling
needed for each successive handover type varies based on
the cellular network entities that are involved. Below is an
overview of these handover types, listed from the least to
the most control signalling required, although the list is not
exhaustive.

• Intra-/Inter-Frequency: An S-BS and a T-BS are
referred to as intra-frequency neighbours if they operate
on the same carrier frequency. Conversely, if an S-BS
and T-BS operate on different carrier frequencies, they
are referred to as inter-frequency neighbours. The
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measurements performed by a UE will differ depending
on whether or not the S-BS and T-BS are intra-frequency
or inter-frequency neighbours.

• Intra-/Inter-Cell Layer A common technique to rem-
edy congestion issues or gaps in a cellular network’s
coverage is that of heterogeneous networks (HetNets).
HetNets involve deploying cells of different sizes,
typically referred to asmacro, micro and pico cells, often
with smaller cells deployed within larger cells. When
an S-BS and a T-BS are of the same size i.e., macro-
macro, they are referred to as inter-layer neighbours.
Conversely, if the S-BS and T-BS are of different
sizes i.e., macro-pico they are referred to as inter-layer
neighbours.

• Intra-/Inter-RAT Each of the cellular generations
typically introduces a portion of their technological
improvement via different wireless access technologies
or RATs. As such, when an S-BS and T-BS share the
same RAT they are known as intra-RAT neighbours.
Conversely, if the S-BS and T-BS operate on different
RATs they are known as inter-RAT neighbours. Inter-
RAT handovers typically occur for congestion control
or due to deployment limitations.

• Intra-/Inter-eNodeB/gNodeB A more recent form on
handover introduced as part of 4G LTE is that between
eNobdeB (4G LTE) or gNodeB (5G NR). These
network entities are used to manage one or more cell
sectors or cell sites. If the S-BS and T-BS belong
to the same eNodeB/gNodeB then they are referred
to as intra-eNodeB or intra-gNodeB neighbours. Con-
versely, if the S-BS and T-BS do not belong to the
same eNodeB/gNodeB they are referred to as inter-
eNodeB/inter-gNodeB neighbours.

• Intra-/Inter-MME/AMF Alongside the introduction
of the eNodeB/gNodeB type handover, another type
of handover applies to the Mobility Management
Entity (MME - 4G LTE) or the Access and Mobility
Management Function (AMF - 5G NR). These core
network entities manage UEs in their access of and
mobility within the cellular network. Likewise with the
eNodeB/gNodeB handover type, if an S-BS and T-BS
belong to the same MME/AMF they are known as
intra-MME/AMF neighbours. Conversely, for cellular
networks of significant size, an S-BS and T-BS being
managed by different MME/AMFs are known as inter-
MME/AMF neighbours.

• Intra-/Inter-MNO/PLMN Lastly, the highest order of
handover in a cellular network is that between MNOs
or PLMNs. While a UE is connected to their subscribed
MNO/PLMN, any handovers that occur are known as
intra-MNO/PLMN handovers. However, when a UE
travels to another region not served by their subscribed
MNO/PLMN, this is known as inter-MNO/PLMN
handover, also known as roaming. Typically this type of
handover will occur in regions, jurisdictions or countries
that share physical borders.

B. HANDOVER PROCEDURE
The exact processes, exchange of messaging or signalling
that occur to execute a handover in the cellular network
varies between each of the RRC UE modes (IDLE vs.
CONNECTED) [42], [43] and cellular generations (2G, 3G,
4G, 5G) and handover types. However, the overall principle
of the handover procedure is the same and is briefly outlined
for illustrative purposes:

1) The S-BS and neighbouring BSs continuously transmit
reference signals on the downlink channels.

2) The UE performs measurements on the reference
signals it can perceive as it travels.

3) The UE periodically generates a measurement report
from the conducted measurements.

4) In the RRC IDLE state, the UE will then begin to
camp on the most appropriate candidate cell based
on the measurement report. Thus, in the RCC IDLE
state the procedure is complete. However, in the
RRC CONNECTED state, the UE will send the most
recently generated measurement report to the S-BS.

5) In the CONNECTED state, the S-BS will make a
decision based on the measurement report on whether
to begin a handover or not. If so, the S-BS will begin
communicating with the most appropriate T-BS to
begin the appropriate handover procedure.

C. HANDOVER METRICS
The handover procedure involves communication between
a number of different entities in the cellular network i.e.,
UE, S-BS, T-BS and MME/AMF, as such, there are several
different metrics typically used to evaluate the performance
of the various processes underlying the handover procedure.
A non-exhaustive list of general handover metrics is briefly
presented below.

• Handover Rate: Measured in Hz, handover rate is
the number of handovers per second. Typically, the
handover rate can be expected to increase with smaller
cell sizes andwith higher UE velocities e.g., a car driving
through a city.

• Handover Failure Rate: Given by Equation 1 [44],
handover failures can occur at many points in the
handover procedure. Typically, handover failures occur
due to poor channel conditions as most handovers will
occur at the boundaries between cells.

HOFRate =
#HOFs

#HOAttempts
(1)

• Handover Success Rate: A handover is considered
successful if the UE has begun receiving packets from
the T-BS without any handover failures occurring since
the handover was initiated. The handover success rate is
given by Equation 2 [44].

HOSRate =
#HOSs

#HOAttempts
(2)

• Ping-pong Rate:A ping-pong event is the phenomenon
wherein a UE will repeatedly perform handovers
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between the same S-BS and T-BS. The ping-pong rate
is the number of ping-pong events per second.

• Handover Interruption Time: The period where
a UE cannot send or receive information with the
cellular network is known as the Handover Interruption
Time (HIT). Typically, handover algorithms attempt to
minimise this metric.

In general, a handover algorithm should aim to minimise
handover failures, handover rates, ping-pong rates and
HIT. As such, minimising these metrics in turn maximises
handover successes and therefore results in an average gain
in QoS for various network KPIs.

IV. EXPERIMENTAL METHODOLOGY
As previously mentioned, this work aims to expand on
the results and findings presented in [16]. Therefore, the
experimental methodology that was used to create the dataset
for the analysis conducted in this work is described in detail
in [16]. However, a brief overview will be presented here to
provide context for this work.

A. MEASUREMENT SETUP
Measurements of the cellular network were conducted
through a custom application. This application interfaced
with two VirtualAccess rugged automotive cellular routers;
a 4G LTE-only GW3300 [45] and a 5G NR-enabled
GW1400 [46]. Two types of measurements were collected
by the custom application: passive and active. Passive
measurements consisted of low-level radio metrics such as
serving cell ID, signal strength (Reference Signal Received
Strength - RSRP), and signal quality (Reference Signal
Received Quality - RSRQ), queried from the router’s cellular
modem [47], [48] via AT commands. Active measurements
were collected by sending ICMP and TCP packets to a remote
server, estimating latency and throughput respectively. All
measurements conducted were temporally and geo-spatially
stamped at the time of collection.

B. MEASUREMENT ROUTES
To reasonably evaluate the commercial cellular network,
driving routes were chosen to provide ample coverage of
various possible road scenarios. Specifically, four routes
were chosen to cover sub-urban, urban, rural and highway
scenarios. An overview of these chosen driving routes is
provided in Figure 1.
The sub-urban route (centred at 53.285955, −9.066378)

follows a ∼4km loop through the University of Galway
campus. The urban route (centred at 53.274393, −9.060635)
is a ∼13km loop that navigates through the primary roads
and junctions in Galway City. The rural route (centred
at 53.351526, −9.196307) is a ∼50km loop along the
N59 secondary national road to the town of Oughterard
(53.429693, −9.318869). The highway route (centred at
53.299666, −8.903497) follows a ∼47km loop along the

M6 motorway towards the town of Athenry (53.301198,
−8.745321).

V. DATA PROCESSING AND ANALYSIS
As with the analysis performed in the previous work, each of
the GPS, active and passive measurements, stored as separate
time-stamped trace files are pre-processed before analysis.
Initially, simple unit conversions are applied before the
separated data traces i.e., GPS, active, and passive, that share
the same collection time are synthesised into a composite
trace. This pre-processing revealed that the onboard GPS of
the cellular routers will only return null values if the vehicle’s
location remains constant for longer than 1s. As such, these
null GPS traces can simply be filled in with the previous
known location.

As is discussed in Section III, there are several different
metrics used to analyse handover and its effect on network
KPIs such as HOF rate, HOS rate, HO frequency and
ping-pong rate all rely on access to RRC signalling. RRC sig-
nalling could not be collected due to the constraints imposed
by the Quectel modems regarding the available commands,
response times (300ms) and the network under study being
commercial. Additionally, due to the proprietary nature of the
network under study, information regarding the implemented
architecture and available features of the 4G LTE and 5G NR
network could not be ascertained. Consequentially, handover
metrics such as HO failure/success rate and interruption time
cannot be estimated. However, passive measurements such
as current cell ID, ARFCN and current RAT were collected.
Therefore, the effect of the aforementioned handover types
of intra-/inter-frequency and inter-RAT on end-user latency
performance can be analysed. This effect on the end user
latency performance is analysed by calculating the relative
increase in latency at the time of a handover event. This
relative increase in latency is then captured by the difference
between the measurement at the time of handover and the
cumulative average since the previous handover event as
given by Equation 3 [49]:

Latency Cost = HOn −
Mn−1 + . . . +Mn−k

k
(3)

where HOn is the latency, in milliseconds, measured at the
handover event, Mn−1 is the latency, also in milliseconds,
measured before the handover event and k is the number of
samples since the previous handover event. It should be noted
that only the samples collected since themost recent handover
event are considered for each cumulative average calculation
to ensure that the samples are locally relevant i.e. within the
same cell.

VI. RESULTS
As previously discussed, the analysis in this work aims
to estimate and characterise the effect of handover on
latency performance of the early 5G NR deployments in
V2X scenarios. To do so, we first present and discuss the
overall effect of handover on both measurement devices the
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FIGURE 1. Overview map of driving routes throughout galway city region (centred at 53.294080, −9.058970) (Map data 
2023
Google).

5G NR-enabled GW1400 and 4G LTE-only GW3300.
Following this, the performance of each of the driving routes
outlined in Section IV-B will be compared for each device
individually. It should be noted that this work follows the
conventions set in the previous work [16], wherein the
figures presented in this analysis utilise a log axis for display
purposes, however, the analysis is performed irrespective of
this. In addition, the upper and lower fences of the box plots
presented in this section are determined by Equations 4 & 5,
where IQR is the inter-quartile range.

LowerFence = Q1 − 1.5(IQR) (4)

UpperFence = Q3 + 1.5(IQR) (5)

A. OVERALL COMPARISON
As previously mentioned, latency stands as a vital metric
for V2X applications. Delayed data can misguide intelligent
vehicles, risking accidents in safety-critical situations and
reducing traffic efficiency, fuel economy, and passenger
comfort in other cases. Tables 2 and 3, alongside Fig-
ures 2 and 3 present the overall latency cost or handover
performance statistics and distributions for each of the two
cellular routers, 5G NR-enabled GW1400 and 4G LTE-
only GW3300, respectively. Additionally, frequency bands
observed during the measurement campaign are presented in
Table 1.
It should be noted that distributions from latency measure-

ment data tend to have a positive skewness and high kurtosis
(leptokurtic) i.e., the mass of the distribution is concentrated
to the left of the graphwith a long tail to the right, a.k.a heavy-
tailed. This is a natural consequence of the fact that latency
measurements are by definition constrained to the positive

TABLE 1. Operating frequencies observed during measurement
campaign.

integers and, as a result of significantly delayed packets, can
exhibit a larger proportion of outliers with high z-scores.

1) 5G NR-ENABLED GW1400 DEVICE
First, only samples from the 5G NR-enabled GW1400 device
are considered, which are detailed in Table 2. As should be
expected, there are far fewer (76.9% less) inter-frequency
handovers observed compared to intra-frequency handovers.
Typically, MNOs have access to a limited number of channels
within the cellular bands. As such, it is typical to observe
adjacent cells that are intra-frequency neighbours rather than
inter-frequency neighbours. However, unexpectedly, there is
a notably larger number of inter-RAT handovers observed for
the 5G NR-enabled GW1400 device, compared to the other
handover types. Inter-RAT handovers would be expected to
be minimised in their occurrences due to the cost associated
with the degree of control signalling and radio re-tuning
required to switch between RATs. The likely rationale for
this observation is that the 5G NR-enabled GW1400 device
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TABLE 2. Overall statistics for latency cost (ms) due to handover for 5G NR-enabled GW1400 device.

TABLE 3. Overall statistics for latency cost (ms) due to handover for 4G LTE-only GW3300 device.

will attempt to maintain a connection to the new 5G NR
deployments when they are available. However, there are far
fewer 5G NR cell deployments compared to the existing 4G
LTE network. As a result, two adjacent cells may not be intra-
RAT neighbours, forcing the 5GNR-enabledGW1400 device
to switch to the existing 4G LTE cell deployments to maintain
a connection to the network.

FIGURE 2. eCDF + marginal box plot of latency cost due to handover
distribution for 5G NR-enabled GW1400 (Inter-RAT: 29.6ms, Intra-Freq.:
29.76ms, Inter-Freq.: 25.8ms median latency cost).

As can be seen in Table 2, the inter-RAT handover type
from the 5GNR-enabledGW1400 device does indeed display
on average the highest latency costs of the three detected
handover types. This is demonstrated by the larger skewness
(8.49) and kurtosis (95.8) of the inter-RAT handovers and is
further highlighted by the 2.73x (intra-freq.) and 2.17x (inter-
freq.) larger maximum latency cost. From Figure 2, it can
be seen that the larger skewness and kurtosis values of the
inter-RAT handover type indicate that the distribution has a
significantly heavier tail i.e., a larger proportion of outliers,
compared to the other two handover types.

Interestingly, the inter-frequency handovers exhibit on
average the lowest latency cost of the three detected handover
types, as highlighted by the smaller quartiles in Table 2.
It should be noted that even though the inter-frequency
handover type has a larger mean, standard deviation and
maximum sample value compared to the intra-frequency
type, this does not indicate poorer performance. As can be
seen in the box plot of Figure 2, the intra-frequency handover
type is found to have an appreciably larger proportion of

outliers than the inter-frequency handover type. This offset
seen for the inter-frequency handover type is due to the
three outliers, one of which happens to exceed the maximum
observed sample value of the intra-frequency handover type.

The inter-RAT handover type has the highest latency cost
or worst handover performance of the three handover types,
likely due to the higher degree of control signalling and radio
adjustments required to execute an inter-RAT handover. This
inherent limitation of these inter-RAT handovers could be
considered tolerable if they occurred infrequently, however,
results reveal that this is not the case and in fact, they are
the most commonly observed handover type. It would also be
expected that the intra-frequency handover type should have
the lowest latency cost given there is less signalling overhead
and no radio re-tuning required to perform it. However, this
is not what the results indicate. The inter-frequency handover
type displays the lowest average latency costs or the best
handover performance. This unexpected outcome might stem
from a smaller observed sample size for inter-frequency
handovers, however, slightly poorer intra-frequency handover
performance could be linked to interference. Handovers
typically occur at the boundaries between cell regions also
known as handover regions. If these handover regions exist
in an area with a large degree of occlusions such as buildings
and or foliage, the non-line-of-sight (NLOS) and multi-path
fading accrued between the serving and target base stations
can affect the handover procedure.

2) 4G LTE-ONLY GW3300 DEVICE
Next, only samples from the 4G LTE-only GW3300 device
are considered, which are detailed in Table 3. As with
the previous work, the 4G LTE-only GW3300 device did
not experience any inter-RAT handovers throughout the
entire measurement campaign. Similar to the 5G NR-enabled
GW1400 device is the trend in the relative frequency
of occurrences of the intra-frequency and inter-frequency
handover types for the 4G LTE-only GW3300 device.
Again as expected, there are far fewer inter-frequency
handovers compared to intra-frequency handovers, however,
the difference is larger for this device (∼88.8% less). Likely,
this increase in the difference in the relative frequency of the
two handover types is a product of the maturity of the existing
4G LTE network in the area under study.
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FIGURE 3. eCDF + marginal box plot of latency cost due to handover
distribution for 4G LTE-only GW3300 (Intra-Freq.: 14.13ms, Inter-Freq.:
13.4ms median latency cost).

For the 4G LTE-only GW3300, the latency cost or
handover performance difference between the handover types
is less pronounced than with the 5G NR-enabled GW1400
device. As previously mentioned, the smaller observed
sample size of inter-frequency handovers may influence
the apparent nuanced behaviour of the distribution. From
the empirical CDF plot in Figure 3, it is clear that the
inter-frequency handover type achieved a greater percentage
of lower latency handovers. This is highlighted by the 25th
(intra-freq.: 7.53ms, inter-freq.: 5.59ms) and 50th (intra-
freq.: 14.13ms, inter-freq.: 13.4ms) percentiles, shown in
Table 3. However, an apparent crossing point between the
two handover types occurs in the 40-50% range, indicating a
decrease in reliability for the inter-frequency handover type.

This behaviour displayed by the data suggests that if an
inter-frequency handover is to occur and is successful, the
latency cost will be quite low. However, if the handover is
not successful due to a radio link failure or similar issue then
the latency cost is significant due to the need to perform
a re-connection procedure to the target base stations on
the new frequency band. This is further highlighted by the
fact that the largest outlier for the inter-frequency handover
type (531.72ms) is greater than the largest outlier for the
intra-frequency handover type (423.68ms).

3) COMPARISON BETWEEN DEVICES
Finally, samples from both measurement devices are consid-
ered to evaluate differences in performance and behaviour.
As mentioned previously, no inter-RAT handovers were
observed for the 4G LTE-only GW3300 device. As such,
no comparison can be drawn between the devices regarding
the performance of this handover type. However, the distinct
lack of this handover type observed with the 4G LTE-
only GW3300 device gives further merit to the need for
minimisation of occurrences in new 5G NR deployment
strategies, due to the associated control signalling and
radio management costs. Moreover, this insight regarding
inter-RAT handovers may highlight a strong rationale for
the reliability discrepancies found in the previous study
conducted on this dataset.

Regarding the other two handover types, it was previously
noted that there is a commonality between the two devices
regarding the relative frequency of handovers. Particularly
of note is the increased difference in this relative frequency
of handover types found for the 4G LTE-only GW3300
device. Spectrum access is the likely cause for this increased
difference between the measurement devices, as the 5G NR-
enabled GW1400 device has access to the same spectrum i.e.,
frequency bands as the 4G LTE-only GW3300, in addition to
the new 5G NR frequency bands.

FIGURE 4. eCDF + marginal box plot of latency cost due to handover
distribution for both measurement devices.

Tables 2 and 3 illustrate that the 4G LTE-only GW3300
device achieved on average lower latency costs across both
the intra-frequency and inter-frequency handover types. This
is particularly evident from Figure 4 and the percentiles
reported by each device for the intra-frequency handover
type. Specifically, the 75th percentile of the 4G LTE-only
GW3300 (20.88ms) closely matches the 25th percentile of
the 5G NR-enabled GW1400 (20.07ms) showing a marked
improvement in latency cost performance.

In addition to improved latency cost performance, the 4G
LTE-only GW3300 also exhibits a higher degree of reliability
compared to the 5G NR-enabled GW1400, as is highlighted
by the lower positive skewness and smaller inter-quartile
range across all handover types. This difference in reliability
is further highlighted by the fact that the 5G NR-enabled
GW1400 device has a significantly larger proportion of
outliers and larger maximum values i.e., worst case scenarios
(intra-freq.: ∼2.6x, inter-freq.: ∼2.5x increase in maximum
latency cost). These findings are confirmed by the results
of a Mann-Whitney U Test [49], revealing that there is
a significant difference between the latency costs of both
devices (p < 0.001). Overall, the difference in latency cost
performance and reliability between the two measurement
devices highlights the degree of ramifications that technology
maturity has on QoS.

B. ROUTE COMPARISON
Following the presentation and comparison of the overall
latency cost performance of both devices, this subsection
will compare the latency cost performance of both devices
across each of the four driving routes used to conduct the
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measurements. This part of the analysis aims to acquire
insights into the processes and mechanisms that influence
the performance and behaviours discussed in the previous
section. Particularly, key areas of concern will be highlighted
for each of the routes as found by each measurement device.
It should be noted that an online public coverage map and
cell site viewer is provided by the National Commission for
Communications Regulation (ComReg) [50].

1) 5G NR - GW1400 DEVICE
First, we consider the samples collected from the 5G NR-
enabled GW1400 device. Table 4 presents the descriptive
statistics for each of the handover types along each of the
driving routes for the 5G NR-enabled GW1400 device.

a: SUB-URBAN ROUTE
Along the Sub-Urban route, we see a continuation of
the trend in the relative frequency of the handover types.
For this route, there were significantly fewer instances of
inter-frequency handovers (∼93%) observed compared to
the other two handover types. Almost equal amounts of
inter-RAT handovers (83) and intra-frequency handovers (80)
were found. The increased difference in relative frequency
for this route compared to the overall difference in relative
frequency (∼76.9% less) can likely be attributed to the fact
that this route does not traverse a significant geographic area.
Therefore, the same cells are visited repeatedly, very few of
which appear to be inter-frequency neighbours. Due to the
lack of samples for the inter-frequency handover type, only
the performance of the remaining two handover types can be
discussed.

FIGURE 5. eCDF + marginal box plot of latency cost due to handover
distribution along the sub-urban route for 5G NR-enabled GW1400
(Inter-RAT: 43.09ms, Intra-Freq.: 46.12ms, Inter-Freq.: 43.12ms median
latency cost).

Considering the performance of the remaining two han-
dover types along this route, the data suggests that the
inter-RAT handover type has the least performance and
reliability. This can be seen from the inter-quartile range
(54.59ms) and maximum sample value (1,346.54ms) of this
handover type in Table 4, but also more apparent from the
box plot in Figure 5. Conversely, the intra-frequency has
a much higher degree of reliability as is also shown by

its ∼70% smaller inter-quartile range (15.93ms) and lower
maximum sample value (916.34ms). However, interestingly,
the inter-RAT handover types for this route exhibit similar
behaviour to the inter-frequency handovers found for the
overall performance of the 4G LTE-only GW3300 device.
From the percentiles in Table 4 and the empirical CDF
in Figure 5 there is a crossing point between curves the
inter-RAT and intra-frequency handover types. This indicates
that if an inter-RAT handover is to occur and if it is successful
the latency cost will likely be lower than the intra-frequency
handover type. However, if some form of handover failure
occurs e.g., radio link failures, then the latency cost with be
significantly more compared to the intra-frequency handover
type.

To gain further insight into the possible causes or
underlying processes behind the distributions observed for
each of the handover types, features and characteristics of the
Sub-Urban Route are explored. Figure 6 presents the scatter
plot maps for the handovers observed along this route, where
Figure 6(a) provides an overview of the route. Inspection of
the overview of the route reveals a large concentration of
handovers observed in the highlighted region in the upper
middle of the map. Figure 6(b) offers an enlarged view of
this specific area. Here, the route traverses Corrib Village
(53.288240, −9.066114) and Goldcrest Village (53.288028,
−9.066951) student accommodations, characterised by a
dense arrangement of buildings and foliage. From Figure 6(b)
it can be seen that 4 of the 5 inter-frequency handovers occur
in this region along with a significant number of inter-RAT
handovers. In fact, ∼68% of the total observed handovers
for this route occur within this region. Therefore, it is highly
likely that occlusions are the primary source of handovers in
this area given the −113dBm mean signal strength (RSRP)
value observed at the time of handover within this region.
It should be noted that typically RSRP values less than
−100dBm are considered to be at the edge of a cell’s coverage
area, as such, this region of the route can be considered a
cell boundary or handover region. Therefore, due to the poor
signal strength valuesmeasured, the outliers with high latency
costs observed for this route are likely a result of radio link
failures that occur as the measurement devices attempt to
establish a connection to the best cell.

b: URBAN ROUTE
Along the Urban route, there were ∼70-80% fewer instances
of inter-frequency handovers observed compared to the other
two handover types. There were distinctly more inter-RAT
handovers (202) observed compared to intra-frequency han-
dovers (124). This increase in the total number of observed
handovers is expected as urban regions like Galway City tend
to have a higher density deployment of cells. Also, given that
this route traverses a significant portion of the area of Galway
City, it is likely that the larger number of inter-RAT handovers
relative to the number of intra-frequency handovers is a result
of the early 5G NR deployments not yet having complete
coverage of the city.
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TABLE 4. Route comparison statistics for latency cost (ms) due to handover for 5G NR-enabled GW1400 device.

FIGURE 6. Handover type maps of sub-urban driving route through university of galway campus for the 5G NR-enabled GW1400 device (centred at
53.285955, −9.066378) (Map data 
2023 mapbox).

FIGURE 7. eCDF + marginal box plot of latency cost due to handover
distribution along the urban route for 5G NR-enabled GW1400 (Inter-RAT:
23.83ms, Intra-Freq.: 27.46ms, Inter-Freq.: 21.87ms median latency cost).

Across the various handover types for this route, the data
suggest a relatively consistent level of performance. This can
be primarily seen from the similarity in skewness, kurtosis
and percentile values in Table 4 and the empirical CDF curves
and box plots in Figure 7. However, despite their similarity,
there are notable differences between these handover types.
Particularly, the inter-frequency type displays the least
reliability among the handover types, noted from its larger
inter-quartile range (42.92ms) in combination with having
the largest outlier or maximum sample value (1,362.47ms).

Additionally, the skewness and percentiles indicate that the
inter-RAT handover type has marginally higher handover
performance compared to the intra-frequency handover type.
This can be seen more clearly in the box plot in Figure 7.

Figure 8 presents the scatter plot maps of the handovers
observed along the Urban route, to provide insight into the
underlying processes behind the behaviour identified for
this route. Examination of the overview map in Figure 8(a)
reveals that, unlike the concentrated region along the Sub-
Urban route, the handover types are quite spread out
across the Urban route. This spread of the handover types
reveals a compelling rationale for their relatively consistent
performance found from the statistical analysis. Additionally,
towards the centre of this overview map is a highlighted
region of concern for the route. Figure 8(b) provides a
magnified view of this region, which encompasses the
Spanish Arches (53.269727, −9.054157) and the Claddagh
(53.266373, −9.056499) areas of Galway City. As is shown
in Figure 8(b) this region was found to have a concentration
of handovers, a significant portion of which were inter-RAT
handovers. This concentration of handovers indicates that the
region is at the boundary between cells, as is highlighted by
the −98dBm average signal strength measured in the region.
From the perspective of a V2X communications system, this
region of the Urban route is of particular concern as it is
typically one of the busiest regions of the city in terms of
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FIGURE 8. Handover type maps of urban driving route through galway city for the 5G NR-enabled GW1400 Device (centred at 53.274393,
−9.060635)(Map data 
2023 mapbox).

pedestrian, cyclist and vehicular traffic. As such, the cells
serving this region will likely suffer from congestion which
can significantly impact the handover process, particularly
in the event of a handover failure, where a re-connection
procedure must be performed.

c: RURAL ROUTE
Along the Rural route, ∼80-85% fewer instances of
inter-frequency handovers were observed compared to the
other two handover types. Unlike the other routes discussed
this far, there were substantially more intra-frequency
handovers (69) observed compared to inter-RAT handovers
(42). This increase in the ratio of intra-frequency handovers
to inter-RAT handovers is expected for rural scenarios. It is
typical, due to the large coverage areas of cells in these areas,
to allow adjacent cells to operate on the same frequency band
as the inter-cell interference will be more manageable at the
boundaries between cells. Additionally, it is also expected
that the total number of handovers for this route is notably
lower than the Sub-Urban and Urban routes, given that it is
typical that rural cell deployments tend to be more sparse i.e.,
fewer cell boundaries.

FIGURE 9. eCDF + marginal box plot of latency cost due to handover
distribution along the rural route for 5G NR-enabled GW1400 (Inter-RAT:
35.28ms, Intra-Freq.: 27.68ms, Inter-Freq.: 33.06ms median latency cost).

Given the lack of samples for the inter-frequency han-
dover type, only the performance of the inter-RAT and

intra-frequency handover types can be compared for this
route. The inter-RAT handover type displays worse handover
performance and reliability compared to the intra-frequency
handover type, as is illustrated in Figure 9. This drop
in performance between the two handover types is also
evident from the difference in standard deviation (inter-RAT:
478.61ms, intra-freq.: 158.8ms) and the 25th, 50th and 75th
percentiles presented in Table 4. While the sample size is
not large enough to make definitive claims, the spread of the
samples collected for the inter-frequency handovers suggests
that this handover type may have similar performance and
reliability to the inter-RAT handovers.

The scatter map plots for the Rural route are presented
in Figure 10, where Figure 10(a) provides an overview of
the handovers observed along the route. It becomes apparent
upon review of this overview map, that the majority of the
handovers observed along this route occur in the region
along the N59 national road where there is an apparent
transition from rural to urban at the outskirts of the city.
A magnified view of this transition region is presented in
Figure 10(b), where ∼62.5% of the total handovers observed
for the Rural route was found to occur. Notably, all of the
inter-RAT handovers observed for this route occurred within
this region. This region along the N59 national road features a
gradient of density in terms of housing and foliage as the rural
area transitions into the city. This suggests that this region
is not only the transition point for environmental factors
such as buildings and flora but also for cell deployment
patterns, from sparse rural deployments to dense urban
deployments. This national road is an example of an artery
road used by commuters (pedestrians, cyclists, vehicles) to
access the city, thus it is subject to high-speed high-density
traffic multiple times a day. As such, this is a key area of
concern when considering cellular network planning for V2X
communications, particularly when considering the number
of vulnerable road users likely to be in this area. Similar to
the area of concern along the Urban route, handovers in these
transition regions should be minimised given their impact
on latency, this is especially pertinent when considering the
impact found for the inter-RAT handover type.
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FIGURE 10. Handover type maps of rural driving route to and from oughterard town for the 5G NR-enabled GW1400 Device (centred at 53.351526,
−9.196307) (Map data 
2023 mapbox).

d: HIGHWAY ROUTE
A more even ratio of occurrences for each of the handover
types is observed along the Highway route, where there
are only ∼52% fewer inter-frequency handovers observed.
Similar to the Sub-Urban route, the inter-RAT (50) handovers
and intra-frequency (52) handovers are similar in frequency.
However, unlike the Sub-Urban route, the number of inter-
frequency (24) handovers observed is notably larger along
the Highway route. This trend observed for the Highway
route does not match that which was observed for the Rural
route, which initially would be expected to exhibit similar
patterns given that both routes follow artery roads out of
the city. However, the Highway route follows a motorway
road where speed limits are higher than national roads i.e.,
100km/h vs. 120km/h. As such, the Highway route features
different environmental characteristics i.e., no residential
housing along the route and sparse foliage. Therefore, it is
likely that the cell deployments along this route are more
sparse i.e., larger cell areas, than the Rural route, thus
resulting in the relative handover frequency ratios observed.

FIGURE 11. eCDF + marginal box plot of latency cost due to handover
distribution along the highway route for 5G NR-enabled GW1400
(Inter-RAT: 14.84ms, Intra-Freq.: 21.72ms, Inter-Freq.: 15.02ms median
latency cost).

Similar to the Urban route, the handover performance
between the handover types along this route is relatively
consistent, though the reliability of all handover types

is notably higher along this Highway route compared to
the Urban route. However, between the handover types,
there are notable differences. The inter-frequency handover
type displays the best-achieved handover performance and
reliability, which is evident from the standard deviation
of the 25th (6.24ms), and 50th (15.02ms) percentiles and
can be seen in the empirical CDF curves in Figure 11.
Conversely, the intra-frequency handover type exhibits the
poorest handover performance as shown by the percentiles
in Table 4 and the more significant proportion of high
latency cost outliers in Figure 11. Additionally, the handover
performance and reliability of the inter-RAT handovers are
higher than that of intra-frequency handovers, not only as
is evident from the box plot in Figure 11, but also by
its skewness (inter-RAT: 3.09, intra-freq.: 2.4) and kurtosis
(inter-RAT: 9.34, intra-freq.: 5) values. This data suggests,
due to the characteristics of this route i.e., high mobility
and large cell areas, that it is more challenging to perform
intra-frequency handovers. Specifically, for this device, along
this Highway route, a mean SINR of 5.27dB (StD: 9.81dB,
median: 8dB) was measured during the intra-frequency
handovers, which is indicative of the handovers occurring at
the boundary between cells [51], [52].

The scatter map plots for the Highway route are presented
in Figure 12, where Figure 12(a) provides an overview of
the handovers observed along the route. Inspection of this
overview map reveals that a large number of intra-frequency
handovers are observed near the intersection or crossing point
between theM6,M17 andM18motorway roads. Amagnified
view of this region is presented in Figure 12(b), where ∼50%
of the total handovers observed for the Highway route was
found. While there are no notable environmental features
such as buildings, foliage or topology changes along this
section of the route, the average signal strength found in
this region is −105dBm, suggesting that this is a boundary
region between cells. As previously mentioned, this Highway
route along the M6 motorway is an artery road used by
commuters to access the city. Additionally, the M17 andM18
motorway roads are also utilised by commuters from nearby
towns to access the M6 into the city. Thus, this intersection
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FIGURE 12. Handover type maps of highway driving route to and from athenry town for the 5G NR-enabled GW1400 Device (centred at 53.299666,
−8.903497) (Map data 
2023 mapbox).

or crossing point is subject to a large volume of high-speed
vehicular traffic multiple times per day, similar to the Rural
route. In the context of planning the cellular network for
V2X communications, efforts should be directed towards
minimising handovers in these areas and similar regions
characterised by the convergence of high-speed vehicular
traffic.

2) 4G LTE - GW3300 DEVICE
Following the presentation of the route comparison for the 5G
NR-enabled GW1400 device, we now consider the samples
collected from the 4G LTE-only GW300 device. Table 5
presents the descriptive statistics for each of the handover
types along each of the driving routes for the 4G LTE-only
GW3300 device.

a: SUB-URBAN ROUTE
Along the Sub-Urban route, there is a sizeable difference in
the relative frequency of the two observed handover types,
intra-frequency (123) and inter-frequency (2). Due to the lack
of samples for the inter-frequency handover type along this
route, little can be observed about its effect. Though with the
2 samples that are observed, the latency cost is quite low. This
∼98% difference in handover frequency is likely observed
because the existing 4G LTE network has been optimised
after many years of deployment. Thus, if any handovers
occur, they are only the lowest expected latency cost handover
type: intra-frequency handovers.

The data on the intra-frequency handovers suggests quite
a high degree of reliability, particularly evident from its large
skewness (6.97) and kurtosis (59.66) values alongside a small
inter-quartile range (10.32ms) in Table 5. While this large
kurtosis does suggest that the mass of the distribution is more
concentrated close to the median, it also highlights that the
distribution is notably heavy-tailed, as is further shown by the
proportion of outliers in the box plot of Figure 13 and by its
maximum sample value (423.68) having a z-score of 9.188.

Scatter map plots for this route are presented in Figure 14,
where Figure 14(a) provides an overview map of the route.

FIGURE 13. eCDF + marginal box plot of latency cost due to handover
distribution along the sub-urban route for 4G LTE-only GW3300
(Intra-Freq.: 8.14ms, Inter-Freq.: 4.75ms median latency cost).

Initially, it is clear that there is a very similar pattern
of handovers to what was found for the 5G NR-enabled
GW1400 device along this route. Particularly, it can be
seen there is another distinct grouping of handovers in the
segment of this route that passes through the Corrib Village
(53.288240, -9.066114) and Goldcrest Village (53.288028, -
9.066951) student accommodations. More notable, however,
is the area highlighted at the northernmost section of the
route in Figure 14(a). This section of the route, magnified in
Figure 14(b), encapsulates the Dangan Park & Ride Parking
Lot (53.290423, −9.072105).
This parking lot, which serves many of the students and

staff of the university, features a large open area entirely
encapsulated by tall and dense trees. From the magnified
view, a distinct grouping of handovers is observed at the
entrance of the parking lot where the dense foliage begins.
The average signal strength observed at this entrance to the
parking lot is −92dBm which is ∼8.4dBm lower than the
average for the entire route. As such, this behaviour aligns
with that found for the 5G NR-enabled device for this route.
However, this segment of the route is of particular concern
for V2X communications as intelligent parking lots are a
particularly attractive early system for the technology, due to
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TABLE 5. Route comparison statistics for latency cost (ms) due to handover for 4G LTE-only GW3300 device.

FIGURE 14. Handover type maps of sub-urban driving route through university of galway campus for the 4G LTE-only GW3300 device (centred at
53.285955, −9.066378) (Map data 
2023 mapbox).

the low speeds involved. Dense foliage like that observed here
has significant scattering effects via multi-path propagations
resulting in very noisy and challenging channel conditions.

b: URBAN ROUTE
Acontinuation in the large difference in the relative frequency
of the intra-frequency (80) and inter-frequency (8) is found
along the Urban route. Unexpectedly, there are ∼35% fewer
intra-frequency handovers found along this route compared to
the Sub-Urban route. Again, due to the lack of samples for the
inter-frequency handover type along this route, substantiated
claims cannot be made about its effect. With the few samples
that are observed, it is notable that the latency cost is quite
low.

Specifically, it can be noted from the 25th, 50th and 75th
percentiles in Table 5 and the empirical CDF curves in
Figure 15 that both handovers types appear to have similar
performance along the Urban route. Moreover, this data
for the Urban route suggests a high degree of reliability
for the intra-frequency handover type. This is particularly
highlighted by its lower maximum sample value (298.69ms)
compared to the worst case observed overall, its small
inter-quartile range (10.28ms) and the small proportion of
outliers as seen in the box plot of Figure 15.

To provide insight into the underlying processes behind
the behaviour identified for this route, Figure 14 presents the
scatter plot maps of the handovers observed along the Urban
route. Examination of the overview map in Figure 14(a)
shows that the inter-frequency handovers measured for

FIGURE 15. eCDF + marginal box plot of latency cost due to handover
distribution along the urban route for 4G LTE-only GW3300 (Intra-Freq.:
19.48ms, Inter-Freq.: 21.1ms median latency cost).

this route are quite spread out, indicating the boundaries
between macro-cells. Additionally, there is a concentration of
handovers observed in the highlighted region in Figure 16(a).
Figure 16(b) provides a magnified view of this region, which
follows along the Bohermore road (53.278900, −9.044682)
that serves as a main access road to the city centre. This
route primarily features a high density of primarily residential
buildings and is typically subject to high-density pedestrian
and vehicular traffic. This concentration of handovers,
which encompasses ∼23% of all handovers observed along
this route, indicates that the region is at the boundary
between cells, particularly where the medium-density cell
deployments of the outer city transition into the high-density
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FIGURE 16. Handover type maps of urban driving route through galway city for the 4G LTE-only GW3300 device (centred at 53.274393, −9.060635)(Map
data 
2023 mapbox).

cell deployments of the city centre. As such, similar to the
region identified for the Rural route observed by the 5G NR-
enabled GW1400 device, any segment of road that exhibits
a high density of handovers, particularly those that are
transition regions in cell density should be considered an area
of concern. This is especially pertinent when the environment
where the handover region occurs features significant static
and dynamic obstructions, as highlighted by an 11.65%
average increase in latency cost that was observed in regions
of low quality (SINR < 13dB [52]).

c: RURAL ROUTE
Along the Rural route, the largest number of inter-frequency
(26) handovers is observed along with a substantial number
of intra-frequency (109) handovers resulting in a ∼76%
difference. While there are still few samples observed for the
inter-frequency, there are enough samples observed for this
route to more substantially support the descriptive statistics
found.

FIGURE 17. eCDF + marginal box plot of latency cost due to handover
distribution along the rural route for 4G LTE-only GW3300 (Intra-Freq.:
10.36ms, Inter-Freq.: 8.91ms median latency cost).

As with the Urban route, despite the lack of samples for
the inter-frequency handovers, the empirical CDF curves
in Figure 17 alongside the percentiles in Table 5 suggest
that both handover types have similar handover performance
and reliability. There is a notable difference in the size

of the inter-quartile range for the inter-frequency handover
(17.98ms) type, suggesting that they are less reliable than
the intra-frequency handover (15.84ms) type, however, this
difference can likely be attributed to the sample sizes.
As expected, however, the overall performance of handovers
along this route is higher than that found for the Urban route
due to the larger handover regions typically experienced in
more sparse cell deployments.

The scatter map plots for the Rural route are presented
in Figure 18, where Figure 18(a) provides an overview of
the handovers observed along the route. It is immediately
apparent upon inspection of the overview map, that the
majority of the handovers observed along this route occur
at the beginning, exactly as was found for the 5G NR-
enabled GW1400 device. Similar to the other measurement
device, ∼55% of the total handovers observed for the
Rural route were to occur in this region. Aside from this
region, there is another notable concentration of handovers
in the highlighted region of Figure 18(a) just north of the
town of Moycullen (53.339190, −9.179954) along the N59
national road. A magnified view of this region, known
as Lahardane (53.358663, −9.215534), is presented in
Figure 18(b) where two distinct groupings of intra-frequency
handovers are observed. It is along this segment of road
that the topology of the landscape begins to transition from
flat to more hilly terrain. While the previous region clearly
has a more significant impact on the handover performance
observed along this route, this alternate region highlights
another archetype area of concern i.e., adverse geographic
topologies, when considering cellular network planning for
V2X communications. As such, careful consideration needs
to be given when deploying cells to supply adequate coverage
to these segments of the road.

d: HIGHWAY ROUTE
Lastly, along the Highway route, the fewest total number
of handovers among all the routes for the 4G LTE-only
GW3300 device is observed. As with previously discussed,
there are too few samples of the inter-frequency handover
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FIGURE 18. Handover type maps of rural driving route to and from oughterard town for the 4G LTE-only GW3300 Device (centred at 53.351526,
−9.196307) (Map data 
2023 mapbox).

(6) type to support the descriptive statistics in Table 5.
However, from these few samples, the data suggests that this
handover type performs more poorly than the intra-frequency
handover type. Conversely, the intra-frequency handover type
for this route displays the highest reliability across all the
measurement routes. This is particularly highlighted by the
very small proportion of outliers found for this handover type
in Figure 19.

FIGURE 19. eCDF + marginal box plot of latency cost due to handover
distribution along the highway route for 4G LTE-only GW3300 (Intra-Freq.:
18.16ms, Inter-Freq.: 30.36ms median latency cost).

The scatter map plots for the Highway route are presented
in Figure 20, where Figure 20(a) provides an overview of
the handovers observed along the route. Examination of this
overview map reveals the same pattern in handovers that was
observed by the 5G NR-enabled GW1400 device, where a
large number of intra-frequency handovers and all of the
inter-frequency handovers for the route are observed near
the intersection or crossing point between the M6, M17 and
M18 motorway roads. Additionally, at the opposite side of
the route, in the highlighted area of Figure 20(b), are another
cluster of intra-frequency handovers where theM6Motorway
passes between the Deerpark Industrial Estates (53.280227,
−8.928238) and Galway Airport (53.302318, −8.940830).
A magnified view of this region is presented in Figure 20(b),
where∼53% of the total handovers observed for the Highway
route was found.

Similar to the crossing point discussed previously for the
route, there are no notable environmental features such as
buildings, foliage or topology changes along this section of
the route. However, there are cell sites found at Galway
Airport (53.302318, −8.940830) and within the Deerpark
Industrial Estates (53.280227, −8.928238). Therefore, the
handover clusters observed are a manifestation of an overlap
region between two cells, where the handover algorithm is
attempting to maintain the best connection to the cellular
network. As such, this renders this region another area of
concern for V2X communications as either cell deployment
would be sufficient to cover this segment of the road, given
their proximity to the motorway road. From the perspective
of V2X communications, unnecessary handovers should be
minimised via make-before-break handover techniques like
CHO [29] in addition to cell deployments that optimise
coverage for road networks, particularly where there is likely
to be high-density high-speed vehicular traffic.

C. DISCUSSION
From the results and findings presented, it is clear that
the handover procedure imposes a significant latency cost
from an end-user perspective. Particularly, the results here
provide a deeper insight into the reliability disparity found
between the new 5G NR deployments and the existing 4G
LTE network found in the previous work. In fact, it is now
apparent that the inter-RAT handover type, which requires the
most control signalling and radio management to perform,
is the largest source of unreliability for the new 5G NR
deployments. This is only further reinforced by the fact
that the 4G LTE-only GW3300 device, which measured
the existing 4G LTE network, experienced no inter-RAT
handovers for the entire duration of the measurement
campaign. Additionally, the existing 4G LTE network was
found to have on average lower latency costs or improved
handover performance across both intra-frequency and inter-
frequency handovers. These insights speak to the importance
of localised optimisation of cell deployments, which the
existing 4G LTE network has had many years of iterative
improvement to draw upon.
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FIGURE 20. Handover type maps of highway driving route to and from athenry town for the 4G LTE-only GW3300 Device (centred at 53.299666,
−8.903497) (Map data 
2023 Mapbox).

These results and findings further reinforce the insights of
the previous work regarding the degree of variability between
the different measurement routes used to conduct this study.
Notably, it was found across both measurement devices that
the Highway route displayed not only consistent performance
across all three handover types but also on average the
lowest latency costs or highest handover performance.
Additionally, it was found that the Sub-Urban and Urban
routes exhibited on average the least reliability in terms
of handover performance. This highlights the degree of
impact that both static obstructions, from buildings and
foliage, and cell density have on handover performance.
Between the different handover types, it would be expected,
due to the degree of control signalling and coordination
required, that the inter-RAT handover type would perform the
poorest and the intra-frequency handover type would perform
the best. Contrary to these expectations, the inter-RAT
handover doesn’t always show the worst performance, and
the intra-frequency handover doesn’t always exhibit the
best performance across all routes and scenarios. It was
instead found that factors such as cell deployment den-
sity and environmental factors that affect received signal
strength and quality were likely to impact the perfor-
mance of the intra-frequency and inter-frequency handover
types.

Furthermore, these varying specific factors that distinguish
different V2X scenarios have been highlighted through the
discussion on areas of concern. The primary feature of these
areas of concern is that they are regions where concentrations
of handovers are found, thus indicating that a weakness in
the handover algorithms is being exploited. Most notable are
regions with significant obstructions i.e., buildings, foliage,
and topology, that happen to align will cell boundaries or
artificially impose a cell boundary due to occlusions. Given
the effect of the areas of concern discussed in this work, such
as the student accommodations found along the Sub-Urban
route, handover algorithms should be one of the primary
focuses of the planning and development of networking for
V2X communications.

Given all the findings and insights from this study, it is
clear that major systemic improvements are required to
address these reliability concerns in order to enable V2X
communications as a potential ITS and telecommunications
industry vertical. There exist many channels of research
aimed at addressing the challenges associated with the
handover process, many of which, such as dual connectivity
(DC) and conditional handover (CHO) have very promising
potential. However, as was made clear by the analysis of the
various measurement routes, V2X communications scenarios
tend to feature quite a broad collection of variables e.g.,
static obstructions, geographic topology and dynamic traf-
fic/obstructions, that influence the effectiveness of handover
algorithms. As such, it is likely more pertinent to consider
incorporating crowd-sourced localised information into not
only the prediction and decision processes of the improved
generalised handover algorithms utilised across the cellular
network but also into the vehicle itself.

From the previous work, it was demonstrated that the
average latency performance of the cellular network varies
significantly from scenario to scenario and to address these
variations would require further development of the 5G NR
network. As a result, it was proposed that an Application
Map should be developed to inform the connected intelligent
vehicle what degree of automation the V2X communications
system could support. This application would manifest as
segmentation of the road network where regions of high per-
formance and reliability are designated as high-automation
regions and vice versa. This work builds upon the Application
Map concept as the statistical analysis presented herein
can be used to replicate the methods of Toril et al. [24],
where statistical models of the handover performance of the
road network can be generated. Using techniques like the
Maximum Likelihood Estimation (MLE) and Kolmogorov-
Smirnov goodness-of-fit tests to fit distributions such as the
lognormal and generalised extreme value (GEV) would allow
for a high degree of granularity to these Application Maps.
These statistical models only require 2-3 parameters and as
a result would be easy to disseminate and can be used to
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apply confidence intervals to the degree of automation the
V2X communications system can support. Therefore, with a
probabilistic Application Map a connected intelligent vehicle
can increase its safety and traffic efficiency capabilities by
either adjusting its level of automation, driving behaviour or
intended route.

VII. LIMITATIONS AND FUTURE WORK
As with the work completed previously [16], the results and
findings presented in this work are also primarily limited
by the practical limitations of using a single test vehicle to
conduct measurements. As such, only a portion of the total
road network within the coverage of anMNO can be covered.
Also, as previously mentioned, given that the network under
study was a commercial network, RRC signalling and other
handover procedure information cannot be obtained. As a
consequence, the cellular network must be treated as a black
box system and therefore the results reflect only the end user’s
experience. Regardless of these limitations, the outlined
methods, analysis techniques, results and insights can be
used to advise MNOs and automotive manufacturers on the
characteristics and behaviours that need to be considered to
develop V2X communications as an industry vertical.

In future, the current dataset can be expanded to encap-
sulate not only more of the available road network but also
capture different times of day, days of the week and seasons
of the year. This can be achieved by the inclusion of an
increased number of test vehicles across several MNOs with
varying levels of 5G NR deployments. Consequentially, this
would allow for a more granular analysis regarding the effect
of handover as it occurs in particular regions of interest
such as heavily occluded areas near forests or deep within
the city. In addition to static obstructions, a deeper analysis
of other contributing factors such as dynamic obstructions,
environmental factors and vehicle telemetries can be carried
out to isolate the parameters that have the largest impact on
the various network KPIs outlined in the standards generated
by the 3GPP [8], [53]. Additionally, the current dataset can
be used to inform the parameters of a simulation study to
provide an analysis of the methods and techniques discussed
to mitigate unnecessary handovers and handover failures.

VIII. CONCLUSION
In this work, we present an analysis of the effect of handover
on latency in V2X scenarios in early 5G NR deployments.
A driving-based measurement campaign was conducted to
perform this analysis and was achieved by collecting passive
and active network measurements from two cellular routers;
one with 5G NR capabilities and the other without, installed
in a test vehicle. This test vehicle was driven through several
V2X scenario archetypes including Sub-Urban, Urban, Rural
and Motorway areas to provide a reasonable representation
of typical driving environments.

The results elaborated above demonstrate the substantial
latency cost of the handover procedure from an end-user
viewpoint. Results also reveal a reliability gap between new

5G NR deployments and the previous 4G LTE network, with
the inter-RAT handover type emerging as the main source
of unreliability (10-24% higher latency cost) for 5G NR
due to demanding control signalling and radio management.
Conversely, the 4G LTE-only GW3300 device experienced
no inter-RAT handovers, highlighting the superior handover
performance, in terms of latency cost, of the existing 4G
LTE network for intra-frequency (63% lower) and inter-
frequency (36% lower) handovers. This accentuates the need
for localised optimisation, which was leveraged during the
iterative improvements of the 4G LTE network.

Furthermore, this work reinforces earlier insights into
route-based performance variability. Notably, for the 5G NR-
enabled GW1400 device, the Highway route consistently
demonstrated the lowest average latency costs across all
handover types (inter-RAT: 57.5%, intra-freq: 30.1%, inter-
freq.: 63.6% lower), while the Sub-Urban and Urban routes
exhibited less reliability due to factors such as obstructions
and cell density. Interestingly, the expectation that inter-RAT
handovers would perform worst and intra-frequency han-
dovers would perform best in all scenarios is overturned.
Instead, factors like cell deployment density and environ-
mental conditions were found to significantly influence
intra-frequency and inter-frequency handover performance.

Consequentially, these findings emphasise the need for
substantial systemic improvements to address reliability con-
cerns, particularly for safety-critical V2X communications.
Adoption of make-before-break CHO algorithms, alongside
the deployment of cells to optimise coverage for road net-
works, would constitute the most pertinent improvements for
upholding QoS requirements. The complex array of variables
impacting handover algorithms in diverse V2X scenarios also
suggests the value of integrating crowd-sourced localised
information into both the CHO algorithms within the cellular
network and vehicles themselves. Additionally, the concept
of the ApplicationMap may aid in informing intelligent vehi-
cles of achievable automation levels, building on statistical
analysis to create models of handover performance across the
road network.
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