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ABSTRACT 5G New Radio (NR), introduced in 2019 in the 3rd Generation Partnership Project (3GPP)
Release 15, has become the global radio standard for 5G networks. Because of the presence of an increasing
number of available 5G gNodeBs (gNBs), HandOver (HO) management is crucial, especially in terms
of Quality of Service (QoS) and Quality of Experience (QoE) perceived by a User Equipment (UE).
Unnecessary HandOvers (UHOs) cause latency peaks (on the order hundreds of milliseconds) and multiple
throughput drops in 5G communications. In this paper, we first carry out an experimental campaign to
investigate the behaviour of latency and throughput in correspondence to UHOs. Then, on the basis of a
Matlab-based 5G NR DownLink (DL) transmission simulator, we propose an innovative linear regression-
based algorithm to avoid UHOs, which relies on Channel State Information-Reference Signal Received
Power (CSI-RSRP) measurements.

INDEX TERMS 5G new radio (NR), handover, latency, reference signal received power (RSRP), throughput.

I. INTRODUCTION
Nowadays, 5G New Radio (NR) is widely recognized as
being the global standard for the air interface of 5G networks.
It has been introduced with Release 15 (2019) [1] by the
3rd Generation Partnership Project (3GPP) during the so-
called Phase 1 standardization. The 5G standard has been
subsequently improved through Release 16 (2020), which
expands and reinforces the 5G technology in areas of
particular interest (such as Industry 4.0 and autonomous
driving), and Release 17, initially planned for 2021 and then
rescheduled for 2022, containing new 5G enhancements.

It is well known that the development of Intelligent
Transportation Systems (ITSs) can greatly benefit from 5G
communications. Exploiting 5G Ultra-Reliable Low Latency
Communication (URLLC) [2] is crucial, since services to
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be offered by ITSs may be related to emergency brake
warning, traffic jam warning, hazardous location warning,
speed harmonization, lane change warning, vulnerable road
user warning, etc [3]. In these scenarios, a service interruption
(even for a few hundreds of milliseconds) would be critical.

In urban scenarios, a large amount of 5G gNodeBs
(gNBs) is foreseen, with their overlapped network coverage
regions possibly leading mobile User Equipments (UEs)
to experience multiple (often unnecessary and very short)
HandOvers (HOs) during their movements. Hence, HO
management becomes a key design challenge because of the
high data demand in future cellular networks. As discussed
in [4], the HO process can be managed by letting a UE
measure the Reference Signal Received Power (RSRP) values
of neighbouring cells and, consequently, connect to the gNB
with the highest RSRP. Unfortunately, this mechanism has
disadvantages, such as latency increase and throughput drop,
in the presence of Unnecessary HandOvers (UHOs) [5], i.e.,
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when a UE-gNB link is associated with the highest RSRP for
a (too) short time after HO. Therefore, a gNB with a lower
RSRP but a longer stable connection should be preferred in
order to avoid local UHOs which worsen users’ Quality of
Service (QoS) and Quality of Experience (QoE).

In the literature, the problem of UHOs is well known and
tackled. In [6], an approach based on the so-called UE’s
Time of Stay (ToS) measurement, with consequent setting
of a critical time threshold, is presented and applied to
Heterogeneous Networks (HetNets). In detail, this critical
time threshold ensures that the UE connects to a serving cell
with sufficiently high signal level for a sufficiently long time
and, therefore, the HO is estimated to be reliable. According
to [7], the HO for femtocells is performed only if (i) the
Received Signal Strength (RSS) is higher than a predefined
threshold for a certain amount of time and (ii) the bandwidth
supported by the potential serving cell is sufficient. Another
UHO management approach between a macrocell and a
femtocell in a WiMAX network is presented in [8], taking
into account (among other requirements on the serving cell
bandwidth and the measured RSS level) the UE speed, which
must be below a critical threshold so that the UE can correctly
perform the HO.

Recently, there is an increasing interest on the development
of 5G NR simulators, which allow to investigate 5G NR
performance. Relevant examples are 5G LENA [9], a NR
system-level module of the discrete-event network simulator
ns-3 [10] including full protocol stack and end-to-end
implementations, and 5G-air-simulator [11], an open source
C++ simulator implementing several network architectures
with multiple cells and users, and different mobility and
application models. Although these existent simulators are
fairly flexible, in order to effectively investigate mechanisms
to be adopted to optimize the UHOs, we develop a
novel Matlab-based 5G NR DownLink (DL) transmission
simulator, exploiting experimental 5G data to make the
identification (and, possibly, avoidance) of potential UHOs
accurate.

This work represents a significant extension of [12], where
a preliminary 5GNRDL transmission simulator development
was described and its application to HO management
was considered by simply the simulated performance with
experimental results. The novel contributions of this paper
relate, first, to the collection of experimental measurements
of throughput and service latency values in a dynamic 5G
environment. In fact, it has been observed that throughput
drops and latency peaks take place when the mobile
UE hands-over for a very short time from one gNB to
another gNB—namely, during UHOs. On the basis of the
obtained experimental results and through the use of an
extended version of the 5G NR DL transmission simulator
presented in [12], the second novel contribution of this
paper is the development of an HO management approach
aimed at avoiding the UHOs. Typically, the serving gNB
is selected as the one providing the highest instantaneous
Channel State Information-Reference Signal Received Power

(CSI-RSRP) value at each measurement point: in this
case, UHOs correspond to isolated peaks of the measured
CSI-RSRPs. In order to avoid this phenomenon, linear regres-
sion is applied to the CSI-RSRP values from neighboring
gNBs: the selected gNB is the one with the highest linear
regression-based predicted RSRP. As a consequence, the
proposed HO management algorithm eliminates isolated
CSI-RSRP peaks, thus significantly reducing UHOs.

For the sake of clarity, in Table 1 we list the acronyms
adopted in this paper, for convenience.

TABLE 1. List of the acronyms adopted in the manuscript.

The rest of this paper is organized as follows. In Section II,
an overview on how HO problems have been discussed in the
literature is presented. Section III presents key 5G NR basics.
In Section IV and Section V, the experimental setup for
the performance campaign and the obtained results, in terms
of latency and throughput, are discussed, respectively.
In Section VI, the development of our Matlab-based 5G
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NR simulator is illustrated. Section VII is dedicated to HO
management: in Subsection VII-A, the UHOs problem in
a 5G NR dynamic environment is introduced, whereas in
Subsection VII-B our novel RSRP-based linear regression
approach to avoid UHOs is proposed. In Section VIII,
conclusions are drawn.

II. RELATED WORKS
A. HO PROBLEMS
As detailed in [13], an HO takes place when a moving UE
is forced to change its serving cell in its connected mode:
since the UE switches from one serving cell to another, data
transmission may then be disrupted, thus degrading both QoS
and QoE. Therefore, managing HOs becomes of paramount
importance, especially when dealing with networks with
many cells. In fact, when the number of experienced HOs
increases, the probability of connection failure increases as
well. Moreover, multiple and really short HOs, possibly
happening in an ‘‘intersection area’’ potentially covered by
multiple gNBs, turn out to be extremely detrimental for
network performance, besides being (most of the time) also
unnecessary for cellular coverage purposes.

A particular class of UHOs is represented by ‘‘ping-pong’’
HOs [14], corresponding to situations where a UE rapidly
switches between two serving cells within a short time period,
thus generating unnecessary signaling overhead at the gNBs
and degrading QoE and QoS for the other UEs. Therefore,
unnecessary ‘‘ping-pong’’ HOs (likely taking place in dense
and highly mobile networks) should be mitigated as much as
possible (ideally, eliminated).

Focusing on an HO procedure, three different stages can
be identified: (i) HO information gathering, (ii) HO decision,
and (iii) HO execution [15]. In detail, during the first stage
the different available gNBs and their main attributes are
detected. Subsequently, in the second stage the best network
to be connected to is chosen according to proper criteria—as
an example, RSS, Bit Error Rate (BER), and Signal-to-
Interference-plus-Noise Ratio (SINR). Finally, in the last
stage the connection with the new gNB is established, while
the connection with the previous gNB is released. Among the
above stages, special attention needs to be paid to the decision
stage (when the UE identifies its next serving cell), to make
the HO successful and to avoid degradation of QoS and
QoE. This underlines the importance of properly evaluating
and choosing representative parameters (e.g., RSS) in HO
algorithms.

B. HO PROBLEMS MITIGATION
In the literature, the HO management problem in a dynamic
cellular environment can be addressed relying on Artificial
Intelligence (AI) and Machine Learning (ML) algorithms.
In [16], various Neural Network (NN)-based approaches for
HO forecasting are compared. Similarly, a cascade ofNNs—a
Long Short TermMemory (LSTM) and a FeedforwardNeural
Network (FNN)—is used in [17]: first, to predict future RSRP

values; then, to classify an HO event either as HO success
or failure. In [18], after a RSRP-based time series prediction
exploiting a LSTM network, a classifier is used to evaluate if
an HO trigger event is about to take place.

Focusing on RSRP prediction, AI and ML approaches
can be found in the literature. In [19], different regression
methods are used to predict (in an Unmanned Aerial Vehicle
(UAV) environment) the RSRP value as a function of the
distance between the serving gNB and the drone and of the
elevation angle. In [20], the RSRP values are predicted in a
UAV environment exploiting an Artificial Neural Network
(ANN) fed with nine inputs (namely: drone’s latitude,
longitude, ground elevation, and altitude; network cell’s
latitude, longitude, and ground elevation; cell’s building and
antenna height). In [21], this approach is refined using an
Ensemble Learning (EL) method [22] for RSS prediction—
more precisely, combining k-Nearest Neighbors (k-NN),
Support Vector Regression (SVR), Random Forest (RF),
AdaBoost, and Gradient Tree Boosting (GTB).

III. 5G NR BASICS
A. SYNCHRONIZATION SIGNALS(SSs)
The Synchronization Signalss (SSs) can be categorized
as: Primary Synchronization Signal (PSS) and Secondary
Synchronization Signal (SSS).
• The PSS is generated starting from a sequence computed
through a cyclic code with the cell ID as initial
parameter [23], is used by the UE for DL frame
synchronization, and allows to recover the position of
the first symbol in a radio frame. The cell ID, denoted as
N cell

ID , is an integer number in {0, 1, . . . , 1007} calculated
as follows:

N cell
ID = 3N (1)

ID + N
(2)
ID (1)

where N (1)
ID ∈ {0, 1, . . . , 335} and N

(2)
ID ∈ {0, 1, 2}, with

N (2)
ID andN (1)

ID being recovered from the PSS and the SSS,
respectively.

• The SSS is generated from a sequence computed through
a cyclic code (as the PSS), is transmitted using Binary
Phase-Shift Keying (BPSK) [23], and is also used by the
UE for DL frame synchronization.

B. CHANNEL STATE INFORMATION REFERENCE SIGNAL
(CSI-RS)
The UE estimates the gNB-UE link channel quality via
the DL-only Channel State Information Reference Signal
(CSI-RS) signal. The standard [24] distinguishes between
Non-Zero Power (NZP) CSI-RS and Zero Power (ZP)
CSI-RS. NZP CSI-RS is used at the UE to: (i) measure the
received power in order to manage beams and mobility; (ii)
acquire DL CSI; (iii) measure interference; and (iv) track
time and frequency. On the contrary, given that no power is
transferred in this resource, ZP CSI-RS is mainly used for
interference monitoring.

With the aim of estimating the channel quality, various
quality metrics associated with the CSI-RS can be defined.
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Among them, we introduce the CSI-RSRP. According to the
3GPP specifications [25], this metric corresponds to ‘‘the
linear average over the power contributions (in [W]) of the
Resource Elements (REs) of the antenna port(s) that carry
CSI reference signals configured for RSRP measurements
within the considered measurement frequency bandwidth in
the configured CSI-RS occasions.’’ The CSI-RSRP, denoted
as ρ (dimension: [W]), can thus be computed as follows:

ρ =
1
K

K∑
k=1

Prs,k (2)

where: K is the total number of Reference Signal (RS) REs;
and Prs,k is the estimated received power (dimension: [W]) in
the k-th (k = 1, . . . ,K ) RS RE.

FIGURE 1. Block diagram of the experimental testbed.

The evaluation of CSI-RSRP allows to (i) select cells, (ii)
manage mobility and HO, and (iii) manage beams. In the
following, we take into account the CSI-RSRPmeasurements
on an NZP CSI-RS RE.

IV. EXPERIMENTAL DATA COLLECTION IN A MOBILE
SCENARIO
In order to implement a realistic 5G NR DL transmission
simulator (detailed in Section VI), an experimental data col-
lection (through an on-field campaign) in a mobile scenario,
performed in the industrial area of Reggio Emilia, Italy, was
expedient to collect reference CSI-RSRP measurements.

A Sierra Wireless EM9191 5G EValuation Board (EVB)
embedded wireless modem, hosting a Subscriber Identifica-
tion Module (SIM) card of the 5G provider of the considered
gNB, connected to an antenna (developed by ASK Industries
S.p.A [26] and mounted on the top of the car to connect to
the gNB itself) are the components of the used experimental
testbed, whose block diagram is shown in Figure 1. A
SubMiniature version A (SMA) cable is used to connect
the antenna with the EVB. A Type-C cable with serial
communication is then used to connect the EVB to a laptop.
RSRP readings have been monitored and gathered using AT
commands of the Sierra Wireless modem. The coordinates
related to the RSRP measurements have also been gathered
using a Stemedu Vk-162 Global Navigation Satellite System
(GNSS) module.

Overall, the following data were experimentally gathered:
(i) cell ID N ID

cell (as in Eq. (1)), which corresponds to the

NR physical cell ID of the serving cell and is associated
with the gNB the 5G modem (i.e., the UE) is connected to
(while inside the moving car); (ii) CSI-RSRP measurements
from all ‘‘perceived’’ gNBs (including the one which the 5G
modem is actually connected to); and (iii) coordinates (lati-
tude, longitude) of the associated CSI-RSRP measurements
points—the distances between gNBs and UE are computed
using these coordinates, under the implicit assumption of
perfect knowledge of the gNBs’ positions.

The anticipated mobile UE path and the gathered
CSI-RSRP data are displayed in Figure 2. The path, shown
as a blue line, has been selected in order to ensure Line-
Of-Sight (LOS) conditions between the reference UE and
the connected gNB, while the UE was carried in a vehicle
traveling away from the gNB at an average speed equal
to 60 km/h. The experimentally acquired CSI-RSRP is
represented, in terms of height and color, on top of the
bi-dimensional path. In Subsection VI-D, these empirically
obtained values will be compared with simulation-based
ones.

FIGURE 2. Experimental RSRP: the height (with respect to the
bi-dimensional path) and the color are representative of the measured
RSRP. The blue line indicates the corresponding path of the UE.

V. LATENCY AND THROUGHPUT EXPERIMENTAL
EVALUATION
In order to evaluate the impact on latency and throughput of
UHOs, additional tests were carried out. These tests included
latency analysis with different DL throughput values. In 5G
systems, the expected target interruption time during HO is,
in principle, 0 ms, but the UE may experience, in practice,
an interruption time on the order of hundreds of milliseconds.
This service interruption, caused by no data plane traffic,
requires temporary data storage in a buffer in the UE.
Moreover, multiple services running in the UE lead to an
additional latency. For the purpose of replicating the latency
due to temporary data storage, data traffic patterns with
the following DL throughput were created: 0 Mbps (no DL
data is transmitted, the latency is estimated using the ping
command), 10 Mbps, 100 Mbps, and maximum allowed data
rate (i.e., no limits set on the DL throughput).

To this end, PHY-layer performance metrics can be
retrieved using the 5G modem, while measuring the
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communication throughput requires to opt for an application
layer approach. In this manuscript, the iperf3 [27] tool
has been used (as further discussed on Section V) to
measure the throughput, generating data traffic by properly
setting the bandwidth value. Then, in order to measure
the communication delay, we opt for using the simple
ping command (which exploits ICMP at network layer).
More in detail, iperf3 is a network tool used for active
measurements of the maximum achievable bandwidth on
IP networks, renowned for its tuning support of different
timing and buffer parameters, as well as of several network
protocols. Then, iperf3 and ping servers were set up
at the University of Parma. Measuring the latency at the
PHY layer would be more accurate, but the analysis above is
more realistic from a user experience perspective. Moreover,
evaluating the performance degradation due to HO at the
network layer is more relevant to predict the behaviour of a
realistic IP-based information flow.

FIGURE 3. Geographical location of the gNB (blue marker) and the UE
(green marker) for testing the performance in stationary condition.

FIGURE 4. Latency for various DL throughput values while the UE is
stationary (as shown in Figure 3).

The preliminary experiment aimed at evaluating the
latency with different DL throughput values, with gNB
(blue marker) and UE (green marker) placed as shown in
Figure 3. The (fixed) distance between gNB and UE was
370 m and the observed RSRP was between −85 dBm and
−95 dBm. In Figure 4, the throughput is shown as a function
of the measurement points (corresponding to time instants):
it can be observed that the artificial DL data traffic has no

TABLE 2. Average latency for different DL throughput values while the UE
is stationary.

impact on the latency. Table 2 shows the average latency
(dimension: [s]) for the considered DL throughput values,
with highest DL throughput equal to 324 Mbps.

In order to identify the effect of UHOs on latency and
throughput, multiple tests were carried out by selecting the
reference path shown in Figure 6—this path has been chosen
as one would expect multiple HOs due to multiple gNBs,
within connection range, shown in Figure 5.

The first experiment aimed at analysing the latency
performance when there is no artificial data traffic and there
are multiple HOs. Figure 7 shows the connection behaviour
over the map: different colors represent connectivities to
different gNBs (each one identified by a specific value of the
cell ID N ID

cell). It can be observed that the UE is connected
to some gNBs for (very) short durations. In Figure 8, the
latency is shown as a function of the measurement point:
the latency is lower than 60 ms in correspondence to most
of the measurement points, with sporadic peaks due to HOs.
However, even if there are some UHOs, this does not have a
relevant impact as the maximum observed latency is 173 ms.
It can be observed that performance degradation occurs even
if there is no HO; this is due to channel status’ variation [28].
In Figure 9, the latency is shown together with the RSRP: it
can be concluded that the latency is not affected by the RSRP
along the considered reference path.

Another experiment was carried out by generating a data
traffic of 10Mbps. Figure 10 shows the connection behaviour
over the map: the coloredmarkers represent the identified cell
IDs along the path. In Figure 11, multiple latency peaks can
be observed, with values higher than 2000 ms. These critical
peaks are due to UHOs, which could be avoided by using
proper HO mitigation mechanisms. Figure 12 illustrates the
impact of HOs on latency and RSRP: it can be concluded
that HOs have a stronger impact on latency than on RSRP
(as observed in Figure 12).
We carried out experimental tests also with a DL

throughput equal to 100 Mbps. Figure 13 shows, on the
map, the different cell IDs identified during the experiment.
By comparing the results in Figure 13 with the results
in Figure 10, it can be observed that the new cell ID
N ID

cell = 730 was identified during this trip. In Figure 14, the
experimental latency peaks are similar to the case with a DL
throughput equal to 10Mbps. In Figure 15, the impact of HOs
on latency and RSRP is shown: the obtained results show that
the impact of the HOs is more significant on latency than on
RSRP.
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FIGURE 5. Map representation of the reference area, located in Parma, Italy, at the scientific campus of the University of Parma, identified for the
experimental evaluation. Pins represent the measurement points, while colors represent different cell IDs N ID

cell. Pins with names represent the different
gNBs present in the area. The bottom region marked in pink shows an example of a region where multiple HOs occur.

FIGURE 6. Reference path for the experimental trials.

FIGURE 7. Map representation of the experimental results while the UE is
moving along the test path without artificial data traffic. Markers
represent the measurement points and colors represent the identified
cell IDs.

In order to understand the impact on latency when the max-
imum DL throughput is considered, another experiment was
conducted by setting unlimited bandwidth (i.e., no bandwidth
constraint) in the iperf3 tool. Figure 16 shows the path of
the mobile UE with the associated cell IDs. In Figure 17,
where the experimental latency measured along the path in
Figure 16 is shown, it can be seen that there are peaks due to

FIGURE 8. Experimental latency results while the UE is moving along the
path shown in Figure 7 without artificial data traffic.

FIGURE 9. Experimental latency and RSRP results while the UE is moving
along the path shown in Figure 7 without artificial data traffic. Left y-axis
represents latency and right y-axis represents RSRP values.

HOs. More precisely, the latency peaks are not as high as in
the two previous cases (with DL throughput equal to 10Mbps
and 100Mbps, respectively): thismay be due to the fact that in
previous cases there was a pre-set data bandwidth, whereas in
this case the UE is using the maximum available bandwidth.
In detail, when a 100 Mbps traffic load is set, the ping data
will be queued once the 100 Mbps load is reached, whereas
when the load is set to the maximum available, ping data
will not be queued. Finally, the results in Figure 18 (where
latency and RSRP are shown as functions of the measurement
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FIGURE 10. Map representation of the experimental results while the UE
is moving along the test path with a DL throughput of 10 Mbps. Markers
represent the measurement points and colors represent the identified
cell IDs.

FIGURE 11. Experimental latency results while the UE is moving along the
path shown in Figure 10 with a DL throughput of 10 Mbps.

FIGURE 12. Experimental latency and RSRP results while the UE is moving
along the path shown in Figure 10 with a DL throughput of 10 Mbps. Left
y-axis represents latency and right y-axis represents RSRP values.

points) corroborate the fact that the latency is more affected
by HOs than RSRP.

The previously described experiments are instrumental to
identify the impact on latency of RSRP, HOs, and different
DL throughput values while the UE is moving along a
reference path. In Figure 19, we show the throughput and
RSRP over the reference path: the markers with different
colors refer to different cell IDs. The throughput drops are
due to the fact that there is no data plane traffic during HOs.
In Figure 20, it can also be observed that the DL throughput
is correlated to the RSRP: the correlation coefficient between
downlink throughput and RSRP is equal to 0.716. Therefore,
as mentioned before, the performance degradation occurring
even in the absence of HOs is caused by a change in the
channel conditions.

FIGURE 13. Map representation of the experimental results while the UE
is moving along the test path with a DL throughput of 100 Mbps. Markers
represent the measurement points and colors represent the identified
cell IDs.

FIGURE 14. Experimental latency results while the UE is moving along the
path shown in Figure 13 with a DL throughput of 100 Mbps.

FIGURE 15. Experimental latency and RSRP results while the UE is moving
along the path shown in Figure 13 with a DL throughput of 100 Mbps. Left
y-axis represents latency and right y-axis represents RSRP values.

From the results in the previous experiments, it can be
concluded that there are UHOs, as different cell IDs appear
in different experiments: in other words, it seems that the
UE connects to gNBs in an irregular way. It can also be
observed that there is a throughput drop during each HO:
while necessary HOs cannot be avoided, UHOs should be
removed. Finally, we remark that UHOs typically occur near
bridges, intersections, roundabouts and traffic signals: this
suggests that 5G-based devices in ITSs should be carefully
designed.

VI. 5G NR SIMULATOR
As anticipated in Section IV, the experimental data collected
on the field in a mobile scenario are instrumental to develop
an accurate software simulator, in order to test the designed
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UHO mitigation strategies. More in detail, Matlab and its 5G
Toolbox are adopted to implement our 5G NR simulator.

FIGURE 16. Map representation of the experimental results while the UE
is moving along the test path with maximum DL throughput. Markers
represent the measurement points and colors represent the identified
cell IDs.

FIGURE 17. Experimental latency results while the UE is moving along the
path shown in Figure 16 with maximum DL throughput.

FIGURE 18. Experimental latency and RSRP results while the UE is
moving along the path shown in Figure 16 with maximum DL throughput.
Left y-axis represents latency and right y-axis represents RSRP values.

A. SIMULATION PARAMETERS
First, a 5G NR waveform is created, including 1 SS burst and
1 NZP CSI-RS resource, with the SS burst being transmitted
at a proper power. The values of relevant parameters are
shown in Table 3.

B. CHANNEL MODEL
A Tapped Delay Line (TDL) channel model is identified
as the most appropriate channel profile for our simulator,
since it considers both multi-path propagation and fading.
The 3GPP standard envisions five different TDL channel

FIGURE 19. Experimental throughput while the UE is moving along the
path shown in Figure 16. Left y-axis represents RSRP and right y-axis
represents throughput.

FIGURE 20. Experimental throughput of the moving UE on the path
shown in Figure 16. The scatter points indicate the DL throughput. The
straight line represents the linear least-squares fit.

TABLE 3. Simulation parameters.

profiles [29]: three TDL profiles (namely, TDL-A, TDL-B
and TDL-C) are designed to account for three Non-Line-Of-
Sight (NLOS) conditions, whereas twoTDLprofiles (namely,
TDL-D and TDL-E) model LOS propagation conditions.
An experimental evaluation of the propagation conditions
of the communication link between the considered gNB
(N ID

cell = 117) and the mobile UE is needed to select the most
appropriate TDL channel profile.

In order to model the channel by taking into account the
movement of the UE, the following maximum Doppler shift
fD (dimension: [Hz]) needs to be considered:

fD = fc ·
v
c

(3)
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where v represents the speed of the mobile UE (dimen-
sion: [km/h]) and c indicates the speed of light
(c ≃ 1.08 · 109 km/h). By using the values of fc and v in
Table 3, it follows that fD = 194.58 Hz
In addition to multi-path propagation, the Path Loss (PL)

between the gNB and the mobile UE needs to be calculated to
account for channel attenuation. According to the considered
scenario (among: Urban Macrocell, UMa; Urban Microcell,
UMi; Rural Macrocell, RMa), different PL models can
be used for a 5G NR communication system [29]. These
models vary, in their formulations, in terms of (as shown in
Table 3): carrier frequency fc (dimension: [GHz]); height of
the transmitter HTX (dimension: [m]); height of the receiver
HRX (dimension: [m]); and distance between gNB and UE
(dimension: [km]). The industrial area in Reggio Emilia,
Italy, considered in the experimental data campaign, is well
modelled by the UMa scenario configuration. The specific
TDL channel profile depends on the propagation conditions
(LOS or NLOS) of the communication link between the gNB
and the mobile UE. Therefore, the UMa-NLOS and UMa-
LOS scenarios are considered.

C. CELL SEARCH AND CSI-RS MEASUREMENTS
At the UE, cell search is primarily carried out. In order
to compute N cell

ID according to Eq. (1), PSS and SSS are
extracted from the received SS burst. Then, the CSI-RSRP
(dimension: [W]) is evaluated (in linear scale) as follows:

ρlin =

∣∣∣∣∣∣∣∣∣∣

NCSI−RS
RE∑
i=1

s(rec)CSI−RS(i) · (s
(ref)
CSI−RS(i))

∗

NCSI−RS
RE

∣∣∣∣∣∣∣∣∣∣

2

(4)

where: NCSI−RS
RE is the total number of CSI-RS REs; and

s(rec)CSI−RS and s(ref)CSI−RS are the received and the reference
CSI-RS symbols, respectively. The final RSRP value (in
logarithmic scale) ρ(sim) (dimension: [dBm]) is then

ρ(sim)
= 10 log10(ρlin)+ 30 . (5)

D. RESULTS
We consider 100 simulation runs1 and the average (over the
simulation runs) RSRP value is computed at each position of
the UE (at the corresponding distance from the gNB). The
RSRP Confidence Interval (CI) at each distance is calculated
as follows [30]:

CI = θ ± z∗ ·
σ
√npop

(6)

where: θ is the sample mean; σ is the standard deviation of
the population; npop is the population size (which corresponds
to the number of simulation runs and, thus, is equal to 100);
and z∗ is the so-called z-star parameter and is set to 1.96 to
compute the 95% CI [30].

1Our results show that this number of simulation runs is statistically
sufficient to obtain accurate RSRP results.

FIGURE 21. RSRP as a function of the distance between UE and gNB in
the scenario characterized by the parameters in Table 3: average
simulated (blue line with 95% CI bars) and experimental (orange line
with asterisks) values are directly compared.

The PL model for the UMa-LOS scenario is chosen
because the mobile UE is always in LOS conditions in the
considered experimental scenario in Reggio Emilia, Italy.

The TDL profile can be either TDL-D or TDL-E,
as mentioned in Subsection VI-B. We take into account both
of them for cell search and RSRP measurements in order
to identify the most accurate channel simulator, comparing
the obtained results with the experimental ones. With both
profiles, the correct cell ID N ID

cell = 117 is detected from all
the measurement points. Thus, the RSRP is measured on the
received CSI-RS and the Minimum Absolute Error (MAE)
value associated with each channel profile is calculated.
It turns out2 that the lowest MAE value is obtained with
the TDL-D profile, which is then chosen in our simulator to
simulate the transmission channel.

In Figure 21, the simulation-based CSI-RSRP ρ(sim) is
shown (with its associated CI evaluated according to Eq. (6))
as a function of the distance between the gNB and the UE,
together with the experimental values. It can be noticed that,
despite some acceptable differences due to external factors
that cannot be perfectly replicated in the simulator, simulated
and experimental values are consistent. Thismotivates the use
of our simulator to meaningfully test the performance of the
proposed HO management strategy in the following.

VII. HO MANAGEMENT
A. UHO EXPERIMENTAL SETUP
In order to investigate the performance of the UHO mit-
igation strategy, which will be proposed in the following
Subsection VII-B, we focus on the experimental setup.
In order to do this, we rely on a supplementary experimental
campaign in Parma, Italy, at the scientific campus of the
University of Parma, as shown in Figure 5 (at multiple scales,
zooming in from left to right). In particular, the pins represent
measurement points during a vehicle trip: at each point,
our embedded 5G modem is connected to a specific color-
identified gNB. It can be observed that, in some portions
of the path, multiple consecutive HOs happen. For instance,
in the area shown in Figure 5c it can be seen that the
UE carries out 7 HOs, with very short connection intervals
per gNB. Each of these consecutive HOs introduces a

2The results are not shown here for conciseness.
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non-negligible delay [31], which will consequently introduce
a data transmission latency.

FIGURE 22. Map of the considered area obtained through the
OpenStreetMap software. Red markers: gNBs. White markers: buildings.

Since at the scientific campus of the University of Parma
the mobile UE can also be in NLOS conditions, a TDL-
C channel profile is used to simulate NLOS conditions.
The TDL-D model is kept to account for LOS conditions.
Since a benchmark for the RSRP values in NLOS conditions
was not available (as the experimental campaign in Reggio
Emilia was carried out in LOS conditions), the method
to identify the most suitable NLOS TDL channel profile
for the simulator, mentioned in Subsection VI-D, cannot
be implemented. The next steps of our procedure are the
following. Six different gNBs are considered (those closest to
our experimental campaign area) and, for each of them, the
distances from our measurement points are calculated. The
corresponding channel conditions are computed by means of
the OpenStreetMap software [32], which allows to map the
buildings and the obstacles in the considered geographical
region, as shown in Figure 22. For the measurement points
at distances longer than 2.5 km from the corresponding gNB
and estimated to be inNLOS conditions, an RSRP value equal
to −140 dBm is considered for the sake of computational
efficiency.

In Figure 23, the results obtained simulating the RSRP
values from the six different gNBs in the analysed area
are shown. When considering the serving gNB as the
one that provides the highest instantaneous RSRP, several
‘‘ping-pong’’ HOs (namely, a UE switches back and forth
rapidly between two gNBs, as mentioned in II-A) take
place. ‘‘Ping-pong’’ HOs can be observed even with the
experimental RSRP values. More precisely, one can observe
the appearance, in the experimental results, of a new cell ID
value (namely, N ID

cell = 597) that was not taken into account
in the simulations because its gNB location was outside
the considered geographical region for the simulations in
Figure 22—OpenStreetMap only allows to consider a limited
number of nodes in each map.

FIGURE 23. Simulation-based (solid lines with markers) and experimental
(dashed line) RSRP values from the considered gNBs (with their cell IDs).

FIGURE 24. Simulation-based identification of cell ID Ñ ID
cell identified by

the mobile UE along the path considered in Figure 5 by instantaneous
selection of the gNB with highest RSRP.

B. PROPOSED UHO MITIGATION MECHANISM
In order to avoid that the mobile UE hands-over from one
gNB to another for a very short time interval (i.e., to avoid
UHOs), as highlighted in Figure 23 and Figure 24, we have
developed an approach based on the linear regression of
the CSI-RSRP values. The used RSRP values, obtained
through simulations as ρ

(sim)
gNB , are the same considered in

Subsection VII-A.

1) LINEAR REGRESSION
A general formula for polynomial regression is the following:

p(x) = p0 +
n∑
i=1

pix i (7)

where n is the polynomial degree and {pi}ni=1 are polynomial
coefficients. For our purposes, we choose n = 1 in order to
perform a linear regression in a least-square sense [33].

The pseudo-code representation of the proposed UHO
mitigation mechanism, based on a sliding window approach,
is shown in Algorithm 1. More precisely, we update the
polynomial coefficients used for linear regression (namely,
p0 and p1 in Eq. (7), for n = 1) over nobs RSRP values
(denoted as {ρ(sim)

gNB (x)}, where x is an observation epoch)
related to the ngNB = 6 considered gNBs. Then, we move
the window every npred observations and evaluate the RSRP-
based regression outputs (denoted as ρ̂

(sim)
gNB ) for the next npred
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points. Finally, in order to determine the cell ID N ID
cell which

the UE is connected to (whose location is denoted as Upos),
the number of occurrences of each cell is calculated in the
npred observation interval: the most frequent cell is selected
as candidate gNB to connect to, in order to avoid short (and
useless) HOs, i.e., UHOs.

Algorithm 1 Proposed UHO Mitigation Mechanism

Require: ρ
(sim)
gNB ; ngNB; npred; nobs; N ID

cell

Ensure: N̂ ID
cell(Upos : Upos + npred)

1: while true do
2: for i = 1 : ngNB do
3: Evaluate p0 and p1 over ρ

(sim)
gNB(i)

(Upos− nobs : Upos)

4: Estimate ρ̂
(sim)
gNB(i)

(Upos + 1 : Upos + npred)
5: cgNB(i) = 0 //counter variable
6: end for
7: for x = Upos : Upos + npred do
8: Compare ρ̂

(sim)
gNB (x) among all considered gNBs

9: Identify gNB(j)← max
(
ρ̂
(sim)
gNB (x)

)
10: cgNB(j) = cgNB(j) + 1
11: end for
12: Identify gNB(j)← max(cgNB(j) ) ∀j ∈ [1 : ngNB]
13: Estimate N̂ ID

cell(Upos : Upos + npred) as N ID
cell(gNB)

14: end while

The RSRP-based linear regression results and the selected
cell ID N̂ ID

cell are shown in Figure 25 (a) up to evaluation
point 100 and (b) from point 300 to point 350, respectively,
for all the six considered gNBs. In all cases, nobs is set to
50 and npred is set to 5. It can be noticed that the number
of performed HOs is considerably reduced with respect
to Figure 23 in the same regions. In Figure 26, a more
detailed comparison among (a) the N̂ ID

cell values obtained
with our linear regression-based approach and (b) both
the Ñ ID

cell and N ID
cell values computed, respectively, without

regression and by the experimental procedure, is carried out
in the measurement interval from point 200 to point 300.
One can observe that several really short HOs appearing in
Figure 26(a) disappear in Figure 26(b) by using our approach.

Other (nobs, npred) configurations have been considered.
For instance, in Figure 27(a), the sliding window size is
reduced to nobs = 10 and is moved at every measurement
point (namely, npred = 1). It can be observed that when taking
into account a small regression interval (i.e., small values of
nobs), HOs of really short duration can still take place. On the
other hand, in Figure 27(b), obtained using the configuration
(nobs = 100, npred = 10), one can notice that the number
of performed HOs is considerably reduced, also with respect
to Figure 26(b). Unfortunately, this configuration requires to
collect a large number of measurements (namely, 100) before
starting predicting the cell ID. Therefore, we consider the
(nobs, npred) = (50, 5) configuration as the most appropriate
one for our purposes, because it represents a good trade-off

between (i) performed HOs and avoided UHOs and (ii)
computational complexity.

The results, in terms of selected values of the cell ID N̂ ID
cell

obtained using our approach along the considered path, are
shown in Figure 28: only 13 HOs are performed, which is
smaller than both the 50 HOs obtained in simulations and
the 19 HOs experimentally observed (in both cases without
regression) shown in Figure 23.

2) ALTERNATIVE APPROACHES
As mentioned in Subsection II-B, alternative approaches for
RSRP prediction have been proposed in the literature. For
instance, various regression algorithms are explored in [19]
to evaluate future RSRP values as functions of (i) the distance
between the gNBs and a flying drone and (ii) the correspond-
ing elevation angle. Unfortunately, a fair comparison between
these methods and our proposed approach cannot be carried
out since in our scenario, at each measurement point, the
distance between the considered gNBs and theUE is available
only in the simulation. Nevertheless, in order to demonstrate
the quality of our proposed linear regression-based approach,
we have adapted our RSRP prediction algorithm to consider
also the distances between the UE and the potential serving
gNBs. As a benchmark, the results (in terms of predicted cell
ID N̂ ID

cell) in the measurement interval from point 200 to point
300 are considered, as previously shown in Figure 26(b). The
comparative results, obtainedwith a second-order polynomial
regression, are shown in Figure 29: it can be observed that,
considering the same interval as for Figure 26(b), in Figure 29
many more HOs happen, with the moving UE jumping from
one gNB to another one many more times than by using our
proposed approach.

On the other hand, in Figure 30 the application of a
logarithmicmodel to predict the RSRP values used to identify
the cell ID N̂ ID

cell is shown. Looking at these results, it can
be concluded that the behaviour (in terms of HOs) is similar
to that obtained by applying our proposed linear regression-
based approach. Therefore, (i) knowing the distance between
the moving UE and the potential serving gNB and (ii)
applying a more complex regression model, do not lead to
a significant performance improvement (in terms of N̂ ID

cell
values) with respect to our proposed RSRP-based linear
regression approach. It can be concluded that our approach
can be considered the most computationally efficient, the
easiest to implement, and, therefore, the one with the highest
ratio between performance and complexity.

Besides the RSRP-based regression approaches mentioned
above, other methods based on NN could be effective
in managing the HO process, as mentioned in Section I.
Unfortunately, the characteristics of the available dataset
were not compatible with a NN-based approach. The limited
amount of observations (only 354 measurement points) and
the unbalanced representation of the six different cell IDs
make NN training really inaccurate. As a matter of fact, cell
ID values 308 and 309 appear much less, in the dataset,
than cell ID values 95 and 973, as it can be observed in
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FIGURE 25. RSRP-based linear regression algorithm N̂ ID
cell results (nobs = 50, npred = 5): (a) from 1 to 100; and (b) from 300 to 350.

FIGURE 26. Comparison in the measurement interval from point 200 to point 300 between: (a) the experimental N ID
cell and without regression

Ñ ID
cell results and (b) our linear regression-based algorithm N̂ ID

cell results (nobs = 50, npred = 5).

FIGURE 27. Comparison of N̂ ID
cell in the measurement interval from point 200 to point 300 between: (a) (nobs = 10, npred = 1) and

(b) (nobs = 100, npred = 10).

FIGURE 28. RSRP values linear regression-based identification of cell ID
N̂ ID

cell along the considered path.

Figure 23 and Figure 24. This unbalance of the cell IDs
representation exacerbates when the dataset is not randomly

FIGURE 29. RSRP and distance-based second-order polynomial
regression algorithm N̂ ID

cell results from point 200 to point 300.

split3 into training and test subsets (for instance, using
splitting percentages 70%-30% or 80%-20%), since in the

3The dataset split cannot be carried out in a random manner because we
are dealing with sequential measurements.
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FIGURE 30. RSRP and distance-based logarithmic regression algorithm
N̂ ID

cell results from point 200 to point 300.

last segment of the considered path only some of the six
considered cell IDs were identified.

VIII. CONCLUSION
In this paper, we have implemented an experimental testbed
to investigate the performance of a commercial 5G UE
connected to a 5G public infrastructure. We have analysed
the experimental data and we have shown that latency
peaks and throughput drops are due to UHOs. In order to
deal with UHOs, we have first developed a 5G NR DL
transmission simulator which has then been used to test
the performance of a novel UHO mitigation mechanism
based on the linear regression of the measured CSI-RSRP
values. It has been observed that, by using our RSRP-based
linear regression approach, the number of avoided UHOs
by a moving UE along a path is large and the number of
performed HOs is minimized. Moreover, we have compared
our proposed linear regression-based approach with (i)
a second-order polynomial regression-based approach and
(ii) a logarithmic regression-based approach. The observed
results highlight how linear regression is computationally
efficient, easy to implement, and, therefore, very attractive
from a performance-complexity trade-off perspective. Using
our approach, better QoS and QoE are perceived by the UE,
as the UE since it experiences a lower latency and a higher
throughput.

Future research activities will focus on different aspects:
(i) evaluating the proposed UHOs mitigation mechanism on
newly collected data in rural scenarios; (ii) comparing our
approach with newly defined ones based on alternative ML
and DL (e.g., NN) algorithms; (iii) evaluating the impact
of real-world unpredictability (e.g., weather, obstructions)
on the proposed Matlab simulator, and potential limitations
introduced by the adoption of external software libraries (e.g.,
iperf3); and (iv) evaluating the behavior of the proposed
UHOmitigation approaches in different contexts (e.g., urban,
suburban, rural), as well as in the presence of high mobility
scenarios.
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