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Mobility management in cellular networks, and in particular the handover (HO) process, is central to providing
seamless Internet access. The wide-scale deployment of 5G has greatly increased its complexity, yet how
operators configure HOs, and whether those configurations are efficient, remains largely unknown. Through
four cross-country US driving trips over a 27-month period, we conduct the first large-scale measurement
study of HO configurations across all three major US operators. We find that current configurations are often
overly aggressive: devices report far more measurement events than necessary, with only 13–31% actually
triggering HOs, and we show this overhead is a direct consequence of configuration choices rather than an
inherent property of the events. Despite the large configuration spaces operators maintain, actual HO behavior
concentrates in a tiny dominant subset. Finally, optimizing configurations is fundamentally challenging:
the metrics operators directly control are only weakly correlated with user-perceived performance, and a
deployment-density confound makes it hard to tell whether a configuration is well-calibrated. Our findings
have concrete implications for operators seeking to reduce signaling overhead and improve HO quality in 5G
networks.
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1 Introduction
Mobility management in cellular networks, and in particular the handover (HO) process, plays
a critical role in providing seamless and ubiquitous Internet access. In operational networks,
HO decisions are governed by a policy-based approach: each HO is triggered based on signal
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strength conditions, cell priorities, and a set of measurement events, all controlled by configuration
parameters that operators set freely within the 3GPP framework [2].
The wide-scale deployment of 5G over the past six years has significantly increased the com-

plexity of mobility management. 5G’s support for diverse radio bands (low, mid, high), different
architectures (non-standalone (NSA) vs. standalone (SA)), and the coexistence of LTE and 5G radio
access technologies (RATs) make HO management in the 5G era far more complex than before.
Prior measurement studies have shown that HOs can significantly degrade throughput and increase
latency [8, 11–14, 18, 19, 29, 30, 34]. However, these studies focus on the outcome of the HO process
— its impact on user performance — without examining its root cause: the configuration policies
that govern when and how HOs are triggered. Whether current HO configurations are efficient, or
whether they introduce unnecessary overhead and suboptimal decisions, remains largely unknown.

The answer matters because HOs are not free. Before an HO can occur, the network configures
the UE with a set of reporting events, criteria that specify what to measure and when to report.
The UE then measures the serving and neighboring cells and sends a measurement report (MR)
whenever a criterion is met. Every report consumes uplink radio resources and signaling capacity,
whether or not it leads to an HO. Configurations therefore determine not only when HOs occur,
but also how much signaling the network spends to make them happen. Yet 3GPP only defines
the configuration parameters, without prescribing how to set them efficiently. Assessing how well
operators make this choice requires examining their configuration policies directly, across operators
and at scale, which, to the best of our knowledge, no prior measurement study has done in the 5G
era. We therefore revisit mobility management from this configuration-centric perspective and
ask a fundamental question: Are current HO configurations in operational 5G networks efficient and
well-calibrated?

To answer this question, we conduct the first large-scale measurement study of HO configurations
in the 5G era. Through four cross-country driving trips (Los Angeles to Boston in Aug. ’22 and
Nov. ’24, Boston to Chicago in May ’23, and Boston to Atlanta in Aug. ’23) covering 15,000+ km
over a 27-month period, we collect a dataset of 48K HOs and 239K HO-related reporting events
spanning all three major US operators (Verizon, AT&T, T-Mobile), both RATs (LTE and 5G), both 5G
architectures (NSA and SA), and all 5G frequency bands (low, mid, high). We analyze this dataset
along four axes: the HO-triggering event landscape, the diversity and evolution of configuration
parameters, the aggressiveness of those configurations and its role in generating overhead, and the
impact of configurations on signal strength and ping-pong performance. Our key findings are:
• HO-triggering events (§4). The 5G HO landscape differs fundamentally from LTE: new inter-
RAT events (B1, B2) have appeared while periodic events have been practically eliminated. Despite
the large overall event volume, actual HO behavior converges on a single dominant event per
HO type. The overhead is strongly bimodal — events are either largely decisive (A3, B1, A5) or
almost entirely wasted (A1, A6, periodic) — and the conversion rate of the same event varies up to
10x across operators, confirming that overhead is a configuration choice rather than an inherent
property of the event.
•Diversity and evolution of configurations (§5.1). LTE configurations have grown substantially
more complex since prior work [7], with some parameters now taking 43–56 distinct values. 5G
configurations have lower richness (fewer than 12 distinct values for most parameters) but still
exhibit large dispersion, indicating that operators tune configurations differently across bands, area
types, and deployment regions. LTE configurations have largely stabilized, while 5G configurations
continue to diversify rapidly, with some parameters gaining more than 10 new values in two years.
• Aggressiveness, overhead, and operational concentration (§5.2,§5.3).We introduce a frame-
work to classify each configuration as aggressive, moderate, or conservative. The decisive events
are configured more tightly in 5G than LTE, showing that operators have learned to apply discipline
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where it matters most, but have not yet extended it to other events. Finally, despite the large and
diverse configuration spaces operators provision, actual HO traffic concentrates in a tiny dominant
subset. Most provisioned configurations are operationally irrelevant and this concentration is
tighter in 5G than LTE.
• Impact on performance (§6). Optimizing HO configurations is fundamentally challenging:
no single configuration simultaneously optimizes post-HO signal improvement, pre-HO signal
degradation, and ping-pong rate, and a pervasive coverage confound means counter-intuitive
outcomes across operators and configurations are frequently explained by deployment density
rather than configuration quality. TTT is the most reliable lever for ping-pong control across all
event types. Most strikingly, Verizon’s 5G→LTE demotion strategy, while rational from a signal
strength perspective, results in throughput degradation 80% of the time, a cost that RSRP-based
optimization cannot capture.
Contributions. In summary, this paper makes the following contributions: (1) We collect a large
multi-carrier, multi-technology, multi-band dataset of cellular mobility management during four
cross-country driving campaigns spanning 15,000+ km over a 27-month period. (2) We develop a
revisedmethodology to accurately identifyHO-triggering events in 5GNSA deployments, correcting
a flawed assumption in prior work that affects 12% of HOs. (3) Using the collected dataset and
revised methodology, we analyze the HO-triggering event landscape, the diversity and evolution
of configuration parameters, the aggressiveness of those configurations and its role in generating
overhead, and the impact of configurations on signal strength and ping-pong performance. (4) Our
dataset and processing scripts are publicly released [1].

2 HO Primer

Config Decision

1. Configure

2. UE movement

3. UE measurement

4. UE report

5. Network decision

6. Execute 
handover

Cell A Cell B

UE
UE

1’. Configure

Fig. 1. Basic HO procedure.

A HO is used to transfer a user’s network session from the
cell it is attached to (serving cell) to another cell (neighboring
cell), because either the user moves out of the serving cell’s
coverage area or there is another cell operating at a different
RAT. HOs can be classified into idle-state HOs and active-state
HOs, based on whether the UE is idle or sending/receiving
traffic to/from the network. Idle-state HOs are performed by
the device, which selects an appropriate cell for future access.
Active-state HOs are initiated by the network; the serving cell
migrates the UE to another neighboring cell. In this work, we focus on active-state HOs.

Fig. 1 shows a basic cellular HO procedure. When a UE connects to a new cell, the cell advertises
an HO configuration (1) to the UE. Based on the configuration, the UE learns the criteria to trigger
an HO, including whether to invoke measurement, what and when to measure, and when/what to
report. As the UE starts moving from the coverage area of Cell A to a new coverage area under Cell
B, it starts measuring (3) different signal metrics (RSRP, RSRQ). 3GPP defines a set of measurement
report (MR) mechanisms based on events, which are triggered when certain signal-related criteria
are met. When an event is triggered, the UE sends an MR (4), which the network uses to decide (5)
whether to perform an HO or not. Based on the network’s decision, the HO is executed (6) from
Cell A to B, followed by a new set of configurations (1’) advertised from Cell B to the UE.
Reporting events. Table 1 lists the HO-related reporting events defined by 3GPP and observed in
our dataset, together with their triggering conditions. In the following, we briefly describe each
one and its role in mobility management.
• Intra-RAT events (A1–A6) are triggered by conditions on the signal quality of the serving cell (𝑀𝑆 )
or a neighboring cell (𝑀𝑁 ) within the same RAT. A1 is triggered when the serving cell becomes
better than a threshold. Since this indicates that the serving link has recovered, A1 is typically
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Table 1. LTE/5G-NR HO-related reported events
(𝑀 = measurement,𝐶 = serving cell, 𝑁 = neighboring cell)

Event Type Event Description trigger Condition
A1 Serving cell becomes better than a threshold 𝑀𝑆 > Θ𝐴1 + 𝐻𝐴1

A2 Serving cell becomes worse than a threshold 𝑀𝑆 < Θ𝐴2 − 𝐻𝐴2

A3 Neighboring cell becomes offset better than the serving cell 𝑀𝑁 > 𝑀𝑆 + Δ𝐴3 + 𝐻𝐴3

A4 Neighboring cell becomes better than threshold 𝑀𝑁 > Θ𝐴4 + 𝐻𝐴4

A5 Serving cell becomes worse than a threshold
and neighboring cell becomes better than another threshold

𝑀𝑆 < Θ𝑆
𝐴5

− 𝐻𝐴5

𝑀𝑁 > Θ𝑁
𝐴5

+ 𝐻𝐴5

A6 Neighboring cell becomes offset better than the serving cell 𝑀𝑁 > 𝑀𝑆 + Δ𝐴6 + 𝐻𝐴6

B1 Inter-RAT neighbor becomes better than threshold 𝑀𝑁 > Θ𝐵1 + 𝐻𝐵1

B2
(5G only)

Primary cell becomes worse than a threshold
and inter-RAT neighbor becomes better than a threshold

𝑀𝑆 < Θ𝑆
𝐵2

− 𝐻𝐵2

𝑀𝑁 > Θ𝑁
𝐵2

+ 𝐻𝐵2

P Periodic reporting of serving and neighboring cell’s radio
signal quality. N/A

used to cancel a pending HO or stop ongoing neighbor measurements rather than to trigger an
HO. A2 is its counterpart: it is triggered when the serving cell becomes worse than a threshold
and is used to prepare for an HO, initiate neighbor measurements, or facilitate fallback to another
RAT. A3 is triggered when a neighbor becomes better than the serving cell by an offset; because it
directly compares the serving and neighboring cells, it is the primary event used for intra-RAT
HOs. A4 is triggered when a neighbor becomes better than an absolute threshold, irrespective of
the serving-cell quality; it is commonly used for mobility and load-balancing decisions, and in
our dataset appears only in 5G. A5 combines two conditions: the serving cell must fall below one
threshold while a neighbor rises above another. Requiring both conditions makes A5 more selective
than A4, since an HO is considered only after the serving link has degraded. A6 is structurally
similar to A3, but compares a neighbor against a secondary cell (SCell) rather than the primary
serving cell. It is therefore primarily used for secondary-cell management under carrier aggregation
(CA), rather than for primary-cell HOs.
• Inter-RAT events (B1, B2) handle transitions between LTE and 5G and mirror the A4/A5 intra-RAT
events. B1 is triggered when an inter- RAT neighbor becomes better than an absolute threshold
and is commonly used to drive LTE→5G promotions. B2 additionally requires the serving cell to
fall below a threshold and is typically used for 5G SA→LTE demotions.
• Periodic reporting (P) is not condition-based. Instead, the UE periodically reports the signal quality
of the serving and neighboring cells at a fixed interval, regardless of whether a particular triggering
condition is met. It can therefore generate reports continuously and, as we show in §4, only rarely
precedes an HO in our dataset.
Configuration parameters. Each event is governed by the parameters listed in Table 4 in Appendix
in §B. The three most relevant to our analysis are (a) the threshold Θ or offset Δ, which defines
the required signal condition, (b) the hysteresis margin 𝐻 , which prevents rapid back-and-forth
triggering around the decision boundary, and (c) the time-to-trigger (TTT), which specifies how long
the condition must remain satisfied before a report is sent. A fourth parameter, the trigger quantity,
determines whether the condition is evaluated using RSRP or RSRQ. Together, the threshold/offset
and TTT determine how easily and how quickly an event is triggered — the two dimensions along
which we characterize configuration aggressiveness in §5.2.

While events and parameters are standardized by 3GPP, operators are free to select different
configurations (i.e., values for each parameter), implementing different HO policies. This is the
central subject of this paper.

3 Methodology
UEs andmeasurement tools.We used Samsung S21 Ultra (in 2022, 2023) and S24 (in 2024) phones
as UEs, the state-of-the-art devices at the time of our measurement campaigns. Since we only focus
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on active-state HOs, which are controlled by the network, our findings are independent of the UE
model and can be generalized for any smartphone model. Each UE was connected to an Accuver
XCAL Solo device [6], which extracts and logs PHY layer KPIs and RRC layer signaling messages
such as HOs, configurations, and MRs. We performed measurements concurrently over the three
operators, using 3 UEs, each connected to a different operator.
Driving Tests.We drove 15,000+ km during the four road trips covering all major cities on each
route (Fig. 17a in §C). In addition to driving on highways, we conducted additional downtown
driving tests in select major cities on our routes to obtain data from urban environments.
5G Carriers.We purchased multiple unlimited data plans from all three major US service providers,
Verizon, T-Mobile, and AT&T, to perform the experiments. Fig. 17b in Appendix §C shows the
overall cellular coverage landscape for all three operators in our dataset. The 5G coverage varies
from 43.3% (for Verizon) up to 89.5% (T-Mobile). Further comparison of the coverage over the same
route in 2022 and 2024 shows an increase in 5G coverage for all 3 operators: from 32% to 50% for
AT&T, from 73% to 94% for T-Mobile, and from 33% to 54% for Verizon. Notably, all three operators
exhibit substantial coverage of both LTE and 5G throughout our measurement campaigns, allowing
us to observe and study the full range of HO types.
Traffic workload. Our analysis relies on the UE being in active (RRC-connected) state throughout
the drives, since active-state HOs are only performed while the UE has traffic to send or receive.
We therefore ran tests continuously on each UE for the entire duration of every trip, cycling in
round-robin fashion through backlogged downlink/uplink throughput tests, ICMP-based ping RTT
tests, and application tests — that is, a mix of backlogged (saturated) and non-backlogged traffic. For
the performance analysis in §6, where we examine the impact of HO configurations on end-user
throughput, we focus on the backlogged tests.
Choice of signal quality metrics. 3GPP permits an event to be evaluated on either RSRP or
RSRQ, chosen per configuration via the trigger quantity parameter (Table 4), and we use whichever
metric is appropriate for the analysis at hand. Our configuration-aggressiveness analysis (§5.2)
spans both LTE and 5G, and AT&T and Verizon configure a substantial fraction of their LTE events
on RSRQ; we therefore classify both RSRP- and RSRQ-based configurations there, using separate
cutoffs for each (Table 3). Our performance-impact analysis (§6), in contrast, focuses on 5G HOs,
where every configuration we observe in our dataset is RSRP-based; we consequently use RSRP for
the post-HO signal-quality analysis.
Extracting HO-triggering events. Prior work [7] assumed the last reporting event before an HO
is the one that triggered it. We found this assumption fails in 12% of HOs in our dataset, particularly
in NSA deployments, and developed a revised methodology that inspects all MRs preceding an HO
in both LTE and 5G UL DCCH messages to identify the one whose cell ID and frequency match the
new cell. This approach uncovered several unusual cases: a B1 event, normally used for LTE→5G
HOs, can sometimes trigger an LTE→LTE HO; certain A1/A2 reports include neighboring cell
measurements, making them capable of triggering an HO directly; and for a subset of 5G HOs,
complete configuration parameters must be traced back through multiple prior HOs due to the
network sending only partial RRC reconfiguration messages when a UE reconnects to a previously
visited cell.

4 HO Reporting Events: Diversity and Signaling Overhead
Distribution of HO-related reporting events. Figs. 2a and 2b break down the reporting events
for each operator, for LTE and 5G respectively. For each event, we show both the total number
of events reported by the UE ("Overall") and the number of events that actually led to an HO
("Active HO"). The three operators generate vastly different overall numbers of events: 98K/32K/26K
(AT&T/Verizon/T-Mobile) in LTE and 11.5K/27K/47K in 5G.
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Fig. 2. Distribution of HO-related reporting events. F: 5G failures, P: periodic events.

Fig. 2a shows that AT&T triggers the highest number of reporting events in LTE, followed
by Verizon, and T-Mobile the fewest. The lower event count for T-Mobile is consistent with its
significantly lower LTE coverage compared to the other two operators (Fig. 17b). The distribution of
events also differs substantially across operators, suggesting the usage of different event parameter
configurations. While A3 is the dominant event for all three operators in LTE (7K–26K), AT&T
triggers a much larger number of A1, A2, A5, and B1 events (8K–20K) compared to Verizon and
T-Mobile (0.5K–5K). Notably, AT&T and Verizon have comparable LTE coverage (Fig. 17b), yet their
event distributions differ significantly, highlighting operator-specific diversity in event triggering
policies, which we explore in detail in §5.

While a similar disparity in triggered event counts exists for 5G, the ordering among operators
reverses: T-Mobile generates the most 5G events, consistent with its ~90% 5G coverage, while
AT&T generates the fewest. In terms of event distribution, however, we observe notable contrasts
relative to LTE. While A3 remains the dominant event for AT&T and Verizon in 5G, consistent
with their LTE behavior, T-Mobile’s most frequently triggered event in 5G is A1, an event that
was practically never triggered in LTE. A6 forms a significant fraction of total 5G events for both
Verizon and T-Mobile compared to LTE. We also observe new event types absent in the pre-5G era:
B1 (LTE→5G NSA) and B2 (5G SA→LTE), and various 5G failure events. Notably, periodic events
(P) are practically absent in 5G across all operators.

Table 2. Dominant triggering event per HO
type.

HO type Dominant triggering event
LTE→LTE A3 (80-86%)

5G→5G intra-band A3 (79-96%)
5G→5G inter-band A5 (52-72%)

LTE→5G B1 (98-99%)
5G (NSA)→LTE 5G failures (60-69%)
5G (SA)→LTE B2 (75%)

Dominant triggering events. When we look at the
events that actually triggered HOs in Figs. 2a and 2b, the
picture is strikingly different from the overall distribution.
The total number of HO-triggering events is very simi-
lar across operators (11K/11K/5K for AT&T/Verizon/T-
Mobile in LTE and 4K/7K/8K in 5G), and only three events
dominate: A3 (60–70% of all HOs), B1 (15–20%), and A5
(15% for T-Mobile, 5–6% for the other two). Fig. 2 sum-
marizes the dominant triggering event for each HO type. Despite the increased complexity of the
5G HO landscape, operators converge on a single dominant event for each HO type. The majority
of 5G→LTE demotions are an exception to this pattern: 60–69% are caused by various 5G failure
events rather than by a reporting event, meaning they lie outside the RSRP-based HO framework
entirely, and cannot be addressed through configuration tuning alone.
Quantifying the event triggering overhead. Figs. 2a and 2b suggest that all three operators
use aggressive configurations, forcing the UE to trigger a very large number of events, most of
which are ignored by the network. We quantify this overhead as the ratio of reports that actually
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Fig. 4. Richness of HO configuration parameters.

triggered HOs to the total number of reports, for each operator and technology, and find that
only 11%/21%/36% (LTE) and 45%/18%/27% (5G) of reported events actually triggered HOs for
AT&T/T-Mobile/Verizon. Fig. 3 breaks down the overhead by event type, revealing three important
patterns.
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Fig. 3. Event overhead breakdown.

First, the conversion rate is strongly bimodal: events are
either largely decisive (A3, B1, A5, A2, and A4 in 5G only) or
almost entirely wasted. Periodic, A1, and A6 events convert
at less than 3.5% across all operators and both technologies
despite being reported in large volumes — these are the dom-
inant source of overhead. The most extreme case is T-Mobile,
which triggers 21K A1 events in 5G of which less than 1%
actually trigger an HO. This is partly by design — A1 signals
that the serving cell has recovered and cancels a pending HO,
while A6 is responsible for carrier aggregation — but the large
volume of these events represents a substantial and avoidable
signaling cost. The absence of periodic events in 5G (Fig. 2b)
suggests that operators are actually trying to reduce unnecessary signaling on the 5G interface,
since periodic events do not typically lead to HOs for LTE (Fig. 2a); the same reasoning should be
extended to A1 and A6.

Second, the conversion rate of the same event varies dramatically across operators, confirming
that overhead is a configuration choice rather than an inherent property of the event. In LTE,
an A5 event triggers an HO 49.9% of the time for Verizon but only 5.3% for AT&T, nearly a 10x
difference. Similar gaps exist for B1 (52% vs. 16%) and A3 (66% vs. 24%). AT&T is the least efficient
operator overall: even its decisive events convert poorly in LTE, consistent with its lowest aggregate
conversion rate (11%), whereas Verizon is the most efficient (36%).

Third, 5G configurations are generally tighter than LTE: for most decisive events, a larger fraction
of reports lead to an HO in 5G than in LTE (e.g., A3 rises from 24% to 53% for AT&T and from 38%
to 74% for T-Mobile), suggesting more targeted HO decisions in 5G. A notable exception is A5 for
Verizon, whose conversion drops from 50% in LTE to 23% in 5G, consistent with the A4-equivalent
A5 misconfiguration we identify in §6.1.2.
Summary.All three operators force the UE to report a very large number of events, the vast majority
of which the network ignores — an inefficiency that is a direct consequence of configuration choices,
which §5.2 examines in detail.
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5 HO Configuration Parameters: Diversity and Aggressiveness
5.1 Diversity of HO configurations
Fig. 4 shows the richness 𝑅 for 28 parameters related to different reporting events in LTE and 5G,
which measures the number of unique values for a given parameter. We observe that most LTE
parameters take multiple values. On the extreme end, A3 offset has 9–17 distinct values for each
operator, and A1 threshold, A2 threshold, and the two A5 thresholds take 28–31 distinct values
in AT&T, 34–44 in Verizon, and 43–56 in T-Mobile – even higher than those reported for AT&T
in [7], where the largest richness observed was 21. Even parameters like A3 hysteresis, reported as
single-valued in [7], now have 5–11 different values. The only parameters that exhibit low richness
are those related to events used infrequently (A4, A6, and periodic). Interestingly, T-Mobile exhibits
the highest richness for several parameters despite its lower LTE coverage, indicating that richness
reflects operator policy rather than sampling volume. On the other hand, the richness of 5G values
is much lower, with most parameters having fewer than 12 distinct values. This is true even for
T-Mobile, despite its much higher 5G than LTE coverage (Fig. 17b), reinforcing our conjecture that
observed richness is not an artifact of the number of encountered cells.
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Fig. 7. Normalized triggered events.

Evolution. Fig. 5 shows the difference in richness for each
parameter in 2022 vs. 2024: Δ𝑅 = 𝑅(2024)−𝑅(2022). For LTE, Δ𝑅
is zero or negative for most parameters: operators have largely
stopped tweaking LTE configurations as the technologymatures,
and the negative values for T-Mobile reflect its sharply reduced
LTE coverage in 2024. For 5G, by contrast, Δ𝑅 is mostly positive,
with some parameters gaining more than 10 new values in two
years, reflecting ongoing adaptation to expanding coverage and
evolving traffic demands. Notably, the parameters of the most
popular event A3 (indexes 7, 8, 9) show only minor variation
over the same period, suggesting that operators have converged
on stable A3 configurations while continuing to fine-tune less
dominant events.

5.2 Aggressiveness of HO Configurations
Fig. 7 normalizes the reported events in Fig. 2 by each operator’s

LTE/5G event count. This removes differences due to coverage and highlights how heavily each
operator relies on each event type.
Defining aggressiveness. A HO configuration governs how easily an event is triggered through
two major components: metric, which is the threshold (or offset) that the measured signal must
cross, and the time-to-trigger (TTT) for which the condition must hold. We classify each observed
configuration along both components as aggressive, moderate, or conservative. A configuration is
aggressive if it makes the event trigger easily and quickly (an easily-satisfied threshold/offset and a
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Fig. 8. Aggressiveness of an event to be triggered. M = Threshold/Offset Metric, M1 = Threshold Serving (A5),
M2 = Threshold Neighbor (A5), T = TTT. Aggressive, Moderate, Conservative.

short TTT) and conservative if otherwise. We set these cutoffs per event: threshold-based events
(A1, A2, B1, and the two A5 thresholds) use absolute RSRP/RSRQ signal-quality bands chosen
relative to the operating range we observe across our measurements (Fig. 6), while offset-based
events (A3, A6) use offset cutoffs adopted in the spirit of the 3GPP reference parameter sets [3].

Table 3. Aggressiveness classification.

Evt. RSRP RSRQ
Agg. Con. Agg. Con.

A1 ≤-115 dB ≥-90 dB ≤-15 dB ≥-12 dB
A2 ≥-105 dB ≤-120 dB ≥-13 dB ≤-16 dB
A3 ≤2 dB ≥5 dB ≤1 dB ≥2.5 dB
A5-S ≥-105 dB ≤-120 dB ≥-12 dB ≤-17 dB
A5-N ≤-115 dB ≥-90 dB ≤-16 dB ≥-12 dB
A6 ≤3 dB ≥8 dB ≤2 dB ≥4 dB
B1 ≤-110 dB ≥-95 dB ≤-18 dB ≥-12 dB

For events that trigger when a cell’s signal strength rises
above a threshold (A1, B1, and the neighboring cells
threshold of A5), a low threshold is aggressive; for events
that trigger when the serving cell’s signal strength falls
below a threshold (A2 and the serving cell threshold of
A5), a high threshold is aggressive; and for offset-based
events (A3, A6), a small offset is aggressive. Table 3 shows
the cutoffs we use to classify the metric component of each HO event configuration as aggressive
or conservative. For TTT, we label ≤200ms as aggressive and ≥640ms as conservative, following
the discrete 3GPP TTT ladder [4, 5].

Fig. 8 shows, for each event, the breakdown of its configurations into aggressive, moderate, and
conservative categories, separately for the metric M (threshold/offset) and the TTT (T), using the
trigger quantities each operator actually deploys (RSRP and RSRQ for LTE, RSRP only for 5G; see
§3).

We discuss the aggressiveness of event triggering by grouping the events into two categories: (1)
events that do not directly lead to a HO, and (2) otherwise.
Group 1: Events that do not directly lead to a HO.
A1. A1 is triggered when the serving cell rises above a threshold, so a low threshold and a short
TTT make it aggressive: the serving link needs to recover only slightly, and only briefly, before
the UE reports. Verizon configures A1 the most aggressively in 5G (88% aggressive thresholds, 89%
aggressive TTTs), followed by AT&T (58%, 89%), while T-Mobile is the least aggressive (29%, 16%).

Interestingly, the resulting event volumes follow the opposite order. A1 is T-Mobile’s single largest
5G event type, accounting for 45% of all its 5G events — more than any other event for any operator
in either RAT — compared with 23% for Verizon and 12% for AT&T. Aggressiveness explains why
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Verizon triggers more A1 events than AT&T, but it does not explain why the most conservative
operator triggers the most events. This is largely due to T-Mobile’s considerably stronger 5G RSRP
distribution compared with the other two operators (Fig. 6). As a result, even relatively conservative
A1 thresholds are satisfied frequently. Because A1 is primarily used to cancel pending HOs rather
than trigger them, these reports contribute signaling cost without directly leading to HOs, and
T-Mobile’s 5G A1 conversion rate is correspondingly below 1%.
A6. A6 compares a neighbor against a secondary cell (SCell), so like A3, a small offset and a short
TTT make it more aggressive. For A6, however, the more interesting distinction is how actively an
operator uses the event, and here the three operators separate clearly. Verizon uses A6 extensively
— with an 8 dB offset and an aggressive 160 ms TTT — and it accounts for 27% of its 5G events. T-
Mobile and AT&T progressively suppress A6 triggering instead: 71% and 93% of their configurations,
respectively, pin the offset to its maximum value alongside a 5120 ms TTT, and their A6 shares fall
correspondingly to 11% and 4%.
Although A6 does not directly drive primary-cell HOs, its relatively large reporting volume

does not necessarily represent unnecessary signaling. A6 reports are used for secondary-cell
management under CA, allowing the network to identify and reconfigure SCells as radio conditions
change. Thus, the differences we observe across operators largely reflect different CA management
strategies.
Periodic reporting. Periodic reports are not condition-based, so their aggressiveness is determined
mainly by the reporting interval. While they contribute noticeably to LTE reporting, they are
practically absent from 5G across all three operators. The near-elimination of periodic reporting
in 5G shows that operators can substantially reduce reporting overhead by avoiding events that
provide limited value for HO decisions.
Group 2: Events that actually drive HOs.
A3. A3 is triggered when a neighboring cell becomes better than the serving cell by an offset, so a
small offset makes the configuration more aggressive. In general, A3 is configured conservatively:
the majority of observed configurations use offsets of ≥5 dB (Fig. 8d). One notable exception is
AT&T in LTE, which relies primarily on RSRQ and sets the RSRP offset and hysteresis to their
maximum values 60% of the time, effectively suppressing RSRP-based A3 triggering. In 5G, A3
configurations are more tightly controlled than in LTE and their reports translate into HOs at
correspondingly higher rates (Fig. 3).
B1. B1 is triggered when an inter-RAT neighbor exceeds an absolute threshold, so a low threshold
and a short TTT make the configuration more aggressive. All three operators use very similar
thresholds, clustered around -111 to -112 dBm (Fig. 8c), suggesting a common criterion for when a
5G cell is considered viable. The main difference across operators lies in TTT. AT&T is the most
aggressive, with a median TTT of 40 ms, while Verizon is more conservative with a median of 256
ms. Verizon’s aggregate median, however, masks a clear band-dependent strategy: very short TTTs
for mmWave, moderate TTTs for 5G mid-band, and longer TTTs for 5G low-band. We examine
this strategy, and how TTT differences across operators affect ping-pong behavior, in §6.1.3.
A2. A2 is triggered when the serving cell drops below a threshold, so a high threshold makes
the configuration more aggressive: the serving link needs to degrade only slightly before the UE
reports the A2 event. In LTE, all three operators generally use conservative A2 thresholds, which
naturally limits triggering; Verizon is the main exception in practice because it pairs conservative
thresholds with aggressive RSRQ-based TTTs. In 5G, all three operators become less conservative —
the conservative share drops from 68-99% in LTE to 35-70% — allowing the UE to report A2 earlier
as the 5G link degrades. This is particularly relevant for Verizon and AT&T, whose 5G coverage is
slightly lower than 50% (Fig. 17). The main difference across operators again lies in TTT: AT&T

Proc. ACM Netw., Vol. 4, No. CoNEXT4, Article 64. Publication date: December 2026.



Too Many Reports, Too Few Handovers: A Large-Scale Study of Configuration Inefficiencies in
Operational 5G Networks 64:11

1 10 20
Configuration ranking

0%

10%

20%

30%

40%

%
 o

f H
an

do
ve

rs

Verizon
AT&T
T-Mobile

214

(a) A3, LTE.

1 3 6
Configuration ranking

0%

25%

50%

75%

100%

%
 o

f H
an

do
ve

rs

T-Mobile
Verizon
AT&T

41

(b) A3, 5G.

1 27 55
Configuration ranking

0%

10%

20%

30%

%
 o

f H
an

do
ve

rs

Verizon
AT&T
T-Mobile

691

(c) A5, LTE.

1 14 29
Configuration ranking

0%

10%

20%

30%

40%

%
 o

f H
an

do
ve

rs

T-Mobile
Verizon
AT&T

169

(d) A5, 5G.

1 7 15
Configuration ranking

0%

10%

20%

30%

40%

50%

%
 o

f H
an

do
ve

rs
AT&T
Verizon
T-Mobile

168

(e) B1.

1 12 24
Configuration ranking

0%

10%

20%

30%

40%

50%

%
 o

f H
an

do
ve

rs

AT&T
Verizon
T-Mobile

192

(f) A2.
Fig. 9. Concentration of HOs across different parameter configurations.

uses aggressive TTTs 88% of the time, consistent with its larger A2 event share, while T-Mobile
remains the most conservative, consistent with keeping UEs on its stronger 5G network for longer.
A5. A5 requires the serving cell to fall below one threshold and a neighboring cell to rise above
another, so it becomes more aggressive when the serving-cell threshold is high or the neighbor-cell
threshold is low. Across operators, the neighbor threshold remains relatively moderate, making
the serving-cell threshold the main tuning lever. In 5G, T-Mobile and Verizon frequently set this
threshold to -31 dBm (42% of Verizon’s configurations and 16% of T-Mobile’s), a value that is almost
always satisfied. This effectively removes the serving-cell degradation condition and makes A5
behave like an A4 event, eliminating the additional safeguard that distinguishes A5 from A4 (§2).
The deployment-wide configuration shares, however, do not directly reflect how often these

settings affect actual HOs. Among configurations that trigger HOs (§6.1.2), the fraction of A4-
equivalent A5 configurations is 43% for Verizon and 25% for AT&T, but only 9% for T-Mobile. This
indicates that many of T-Mobile’s -31 dBm configurations are deployed in locations where the
corresponding A5 conditions are rarely satisfied.
Summary. Overall, these results highlight three broader observations. First, reporting volume is
shaped jointly by configuration choices and deployment conditions, rather than by aggressiveness
alone. Second, operators adapt the same event differently across LTE and 5G; for example, more
aggressive A2 configurations in 5G are consistent with the need for timely fallback where 5G
coverage remains incomplete. Third, some parameter choices, such as overly high A5 serving-cell
thresholds, can effectively change the intended behavior of an event. We examine how these
configuration choices translate into HO performance in §6.

5.3 Operational Concentration of HO Configurations
We now examine what fraction of this large configuration space actually drives HOs in practice. For
each event, we rank an operator’s configurations (combinations of threshold/offset, hysteresis, and
TTT) by the number of HOs they trigger and show each configuration’s share of that operator’s
HOs (Fig. 9).

Across all events and operators, the distribution is steeply concentrated: a small set of configura-
tions accounts for the majority of HOs, while the remaining ones form a long tail. For A3 in LTE
(Fig. 9a), 5–14 configurations cover 90% of an operator’s HOs, even though the total number of
distinct configurations is 34/64/214 for AT&T/T-Mobile/Verizon. The concentration is even tighter
in 5G: the number of distinct A3 configurations falls to 24–41 (Fig. 9b), and only 2–3 of them
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account for 90% of the HOs. AT&T’s 5G A3 is the extreme case, with a single configuration driving
89% of its A3 HOs. A5 sharpens this contrast further. In LTE, A5 configurations form the longest
tail with 267/691/569 distinct combinations for AT&T/T-Mobile/Verizon (Fig. 9c), yet only 11–34 of
them contribute 90% of the HOs. As with A3, the A5 5G tail collapses relative to LTE, with T-Mobile
having the most at 169 combinations (Fig. 9d) and only 8–18 configurations contributing 90% of the
HOs. B1 (Fig. 9e) is similarly steep, with its top five configurations covering 77–94% of LTE→5G
HOs. The 5G A2 (Fig. 9f) is the most operator-dependent: AT&T’s HOs collapse onto just four
configurations (95% within its top five), while T-Mobile and Verizon spread theirs across 122 and
192 combinations, needing 12–15 to reach 90%. This is consistent with AT&T’s highly standardized
A2 TTT — 88% of its demotions use TTT = 160 ms (§5.2) — leaving little room for configuration
diversity to matter in practice.
This concentration has an important implication: most of the configuration diversity is opera-

tionally irrelevant. Although operators provision a large parameter space, real HO traffic flows
through a tiny dominant subset, so tuning effort can focus on the few combinations that actually
drive HOs.

6 Impact on Performance
The 5G HO configurations we analyze are defined in terms of RSRP thresholds and offsets — the
levers operators control are signal strength conditions. The central question of this section is
therefore whether the configurations operators have chosen actually achieve their intended goal:
improving signal strength post-HO, limiting signal degradation pre-HO, and avoiding wasteful
ping-pong HOs. We analyze the four major HO types in turn: A3 and A5 for intra-RAT 5G→5G
HOs, B1 for LTE→5G promotions, and A2 for 5G→LTE demotions.

Following §5.3, we analyze only HO-triggering configurations, and among those, the dominant
ones that together account for at least 90% of each event’s HOs; these may differ from the most
frequently provisioned configurations, a distinction that matters, as we show for A5 below.

6.1 Impact on signal strength and ping-pong HOs
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Fig. 10. Fraction of A3
ping-pong HOs.

We use three metrics to evaluate configuration effectiveness: Δ𝑅𝑆𝑅𝑃 =

𝑅𝑆𝑅𝑃𝑝𝑜𝑠𝑡 − 𝑅𝑆𝑅𝑃𝑝𝑟𝑒 quantifies post-HO signal improvement; 𝑅𝑆𝑅𝑃𝑝𝑟𝑒
quantifies how much signal quality has degraded before the HO executes;
ping-pong rate (the fraction of HOs where the UE returns to the previous
cell within a short amount of time (15 s in our analysis)) quantifies
wasteful HO decisions. Together, these metrics capture the fundamental
three-way tradeoff operators face: a larger offset or threshold produces
better post-HO signal at the cost of worse pre-HO signal, while a longer
𝑇𝑇𝑇 reduces ping-pong risk but delays the HO decision and worsens
pre-HO signal. Optimizing all three simultaneously is extremely difficult,
as we show below.

Note that the 15 s ping-pong window is an observation interval chosen
for our analysis, not a configured parameter. The 𝑇𝑇𝑇 s of the dominant
configurations we analyze are at most 1.28 s, and even the largest 𝑇𝑇𝑇
allowed by 3GPP (5.12 s) is well below 15 s, leaving ample time for a
return HO to be triggered and executed within the window. At the same
time, 15 s is short relative to the time a vehicle typically spends traversing
a cell at highway speed.
One important subtlety is worth noting before proceeding: unlike

Δ𝑅𝑆𝑅𝑃 , which is a relative metric, 𝑅𝑆𝑅𝑃𝑝𝑟𝑒 is an absolute metric that
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Fig. 11. Dominant parameter combinations and RSRP analysis for the A3 event.

depends not only on HO configuration choices, but also on the operator’s overall deployment
density and transmit power. An operator with a denser deployment may achieve higher 𝑅𝑆𝑅𝑃𝑝𝑟𝑒
than a competitor using a more aggressive configuration simply because its cells are closer together.
This coverage confound means that counter-intuitive 𝑅𝑆𝑅𝑃𝑝𝑟𝑒 results across operators should not
be interpreted as configuration failures without first checking whether deployment density explains
them.

6.1.1 A3 HOs. An A3 event is triggered when the RSRP of a neighboring cell remains Δ𝐴3 +𝐻𝐴3 dB
higher than the RSRP of the serving cell for 𝑇𝑇𝑇 ms. Fig. 11a shows the dominant configurations
— tuples of ((Δ𝐴3 + 𝐻𝐴3 ,𝑇𝑇𝑇 )) — for all three operators. AT&T has 2 dominant configurations
responsible for 96% of its HOs, while T-Mobile and Verizon each have 3, responsible for 96% and
93%, respectively. The configurations differ across operators.
RSRP analysis. Regardless of the A3 parameter choices, 98% or more of A3 HOs result in a positive
Δ𝑅𝑆𝑅𝑃 (Fig. 11b). This is a direct consequence of the A3 trigger condition, which requires the
neighbor’s RSRP to exceed the serving cell’s by an offset before an HO is triggered. However,
the magnitude of improvement and the degree of pre-HO degradation vary significantly across
configurations.
AT&T primarily uses one configuration (8, 640), while T-Mobile uses the same configuration

53% of the time and another configuration with higher Δ𝐴3 + 𝐻𝐴3 (10, 640) 33% of the time. In
contrast, Verizon uses two configurations with lower 𝑇𝑇𝑇 and/or offset 86% of the time ((6, 256)
and (8, 256)). As a result, AT&T and T-Mobile achieve similar Δ𝑅𝑆𝑅𝑃 , outperforming Verizon by 2
dB at the median. The 𝑅𝑆𝑅𝑃𝑝𝑟𝑒 results, however, are counter-intuitive at first glance: T-Mobile has
much higher 𝑅𝑆𝑅𝑃𝑝𝑟𝑒 than AT&T despite using the same primary configuration, and Verizon has
the lowest 𝑅𝑆𝑅𝑃𝑝𝑟𝑒 despite using the most aggressive configurations, which should in principle
trigger HOs earlier and thus, at higher signal levels.
The cross-operator comparison is explained by coverage differences rather than configuration

choices. T-Mobile has the highest 5G RSRP and Verizon the lowest among the three operators
(Fig. 6), which directly accounts for T-Mobile’s higher 𝑅𝑆𝑅𝑃𝑝𝑟𝑒 compared to AT&T in spite of using
the same configuration, and Verizon’s lower 𝑅𝑆𝑅𝑃𝑝𝑟𝑒 in spite of its more aggressive configurations.
Ping-pong analysis. Verizon experiences the highest A3 ping-pong rate (25%) compared to 15–16%
for AT&T and T-Mobile (Fig. 10a), directly attributable to its low 𝑇𝑇𝑇 values of 256 ms vs. 640
ms for the other two operators. Within each operator, longer 𝑇𝑇𝑇 consistently produces lower
ping-pong rates for T-Mobile and Verizon (Fig. 10b). The exception is AT&T, where the very
different configurations (8, 640) and (4, 320) produce similar ping-pong rates, suggesting that local
deployment density can override the𝑇𝑇𝑇 effect when cell boundaries are sparse and unstable.𝑇𝑇𝑇
is thus the dominant, but not universal lever for ping-pong control — a finding we confirm across
A5 and B1 below.
6.1.2 A5 HOs. An A5 event requires two conditions to hold simultaneously for𝑇𝑇𝑇 ms: the serving
cell’s RSRP drops below Θ𝑆

𝐴5
− 𝐻𝐴5 and a neighboring cell’s RSRP rises above Θ𝑁

𝐴5
+ 𝐻𝐴5 . The use

of two independent thresholds rather than a single relative offset gives A5 finer-grained control
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Fig. 12. Dominant parameter combinations and performance analysis for the A5 event.
than A3; operators can independently set how bad the serving cell must be and how good the
neighbor must be before an HO is triggered. As we show below, this advantage is real, but requires
careful configuration to realize. Fig. 12a shows that there are 8/14/18 dominant configurations for
AT&T/T-Mobile/Verizon — substantially more than for A3 — with no single configuration exceeding
a 33% share. The configurations differ again across operators.
A critical misconfiguration. The primary A5 configurations for both AT&T and Verizon are
functionally equivalent to A4 events: the serving cell threshold Θ𝑆

𝐴5
− 𝐻𝐴5 is set to -31 or -42

dBm, a level that is almost always satisfied in practice, meaning the HO is triggered whenever a
neighbor satisfies the second condition regardless of the serving cell’s signal quality. AT&T uses
this A4-equivalent configuration 25% of the time and Verizon 43% of the time, compared to only 9%
for T-Mobile. This is a misconfiguration: it negates the key advantage of A5 over A3, which is the
ability to condition the HO on actual serving cell degradation rather than just neighbor strength.
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Fig. 13. % of LTE-5G ping-pong
HOs.

RSRP analysis. The performance consequences of the A4-
equivalent misconfiguration are clearly visible in Fig. 12a. Both
AT&T and Verizon have negative Δ𝑅𝑆𝑅𝑃 approximately 50% of the
time, with Verizon achieving the worst outcomes. However, there
is a compensating effect on 𝑅𝑆𝑅𝑃𝑝𝑟𝑒 : by not waiting for the serving
cell to degrade, these configurations ensure the HO is often com-
pleted while signal quality is still relatively high. Verizon achieves
the highest 𝑅𝑆𝑅𝑃𝑝𝑟𝑒 among the three operators 60% of the time, and
AT&T outperforms T-Mobile on this metric 35% of the time. This
is the characteristic tradeoff of A4-equivalent A5 configurations;
they sacrifice post-HO signal quality in exchange for executing the
HO while the serving cell is still strong.

T-Mobile, which uses properly configured A5 events for the vast
majority of the time, achieves the highest Δ𝑅𝑆𝑅𝑃 (positive 80%
of the time). It also achieves the highest 𝑅𝑆𝑅𝑃𝑝𝑟𝑒 40% of the time,
primarily due to the aggressive 𝑇𝑇𝑇 in its primary configuration
(320 ms vs. 640 ms for the other operators), but lags behind Verizon
60% of the time and behind AT&T 35% of the time.
Ping-pong analysis. Fig. 12c plots the fraction of A5 ping-pong
HOs for the top-3 configurations of T-Mobile. Consistent with the
A3 findings, 𝑇𝑇𝑇 is the dominant lever: ((-101, -95), 320) produces
a 16.3% ping-pong rate compared to 5% for configurations with
TTT = 640 ms (Fig. 12c), despite having a higher neighbor threshold that should in principle
ensure stronger post-HO signal. The higher threshold is insufficient to compensate for the low
measurement confidence of a short 𝑇𝑇𝑇 .
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Fig. 14. Dominant parameter combinations and performance analysis for B1 event.

6.1.3 B1 HOs. B1 events are used to promote UEs from LTE to 5G. A report is sent when the
RSRP of an inter-RAT 5G neighboring cell exceeds Θ𝐵1 + 𝐻𝐵1 for 𝑇𝑇𝑇 ms. Notably, B1 does not
condition on the serving LTE cell’s signal quality; promotion to 5G is desired as long as the 5G cell
is sufficiently strong, regardless of how good the LTE connection currently is.
Fig. 14a shows the dominant configurations. All three operators use similar Θ𝐵1 + 𝐻𝐵1 values

but very different 𝑇𝑇𝑇 values, reflecting different promotion strategies. AT&T uses the shortest
𝑇𝑇𝑇 (40–80 ms), aggressively promoting UEs to 5G at the first opportunity. T-Mobile uses a mix
of short and long 𝑇𝑇𝑇 values (80, 256, and 640 ms). For Verizon, we further break down the 𝑇𝑇𝑇
configurations based on the carrier frequency of the target 5G cell. Verizon uses a deliberately
band-differentiated strategy: very short TTT (128 ms) for mmWave, moderate TTT (160–512 ms)
for 5G mid, and long TTT (1024–1280 ms) for 5G low. This reflects a rational policy — mmWave
cells have limited coverage and must be seized quickly when available, while 5G low competes
directly with Verizon’s strong LTE signal, justifying conservatism.
RSRP analysis. Since B1 ignores the serving cell, RSRP improvement is not guaranteed. About
50% of B1-triggered HOs for AT&T and T-Mobile and 80% for Verizon result in a signal strength
reduction (Fig. 14b). Verizon’s high rate of signal-reducing B1 HOs is explained by its network
characteristics: it has the highest LTE RSRP but the lowest 5G RSRP among the three operators
(Fig. 6), meaning promotion to 5G almost always means accepting a weaker signal. Its long 𝑇𝑇𝑇
for 5G low reflects awareness of this tradeoff. T-Mobile has the opposite profile — highest 5G RSRP,
lowest LTE RSRP — and achieves the best Δ𝑅𝑆𝑅𝑃 despite using more aggressive 𝑇𝑇𝑇 values than
Verizon, again illustrating that coverage context, not configuration alone, determines outcomes.
Ping-pong analysis. We found the Verizon configuration (-116, 256) did not appear at all in 2024.
Since the 2022 dataset contained a much smaller number of LTE-5G HOs and the 2023 dataset was
collected only on the East Coast, our analysis is based on the 2024 dataset only for a fair comparison
across configurations. T-Mobile has the lowest B1 ping-pong rate (10%), reflecting its strong 5G
coverage (Fig. 13a). AT&T’s aggressive short 𝑇𝑇𝑇 produces the highest rate (18%). Verizon, despite
using longer 𝑇𝑇𝑇 than T-Mobile, experiences nearly as many ping-pong HOs as AT&T, because
its weak 5G signal means that even carefully timed promotions frequently fail to hold. Within
operators, longer𝑇𝑇𝑇 consistently reduces ping-pong rates for both AT&T and T-Mobile (Fig. 13b).
Between configurations with the same 𝑇𝑇𝑇 , a higher Θ𝐵1 + 𝐻𝐵1 reduces ping-pong only for AT&T,
confirming again that 𝑇𝑇𝑇 is the primary lever and threshold effects are secondary.

6.1.4 A2 HOs. A2 events are the primary mechanism for 5G NSA→LTE demotions. A report is
sent when the serving 5G cell’s RSRP remains below Θ𝐴2 − 𝐻𝐴2 for 𝑇𝑇𝑇 ms. Since A2 does not
consider neighboring cell signal quality, RSRP improvement after the demotion is not guaranteed,
but in practice all three operators use conservative enough thresholds (Fig. 15a) ensuring that
Δ𝑅𝑆𝑅𝑃 is positive 75–95% of the time (Fig. 15b).

Fig. 15a shows the dominant configurations. All three operators use similar, mostly conservative
Θ𝐴2−𝐻𝐴2 values but differ substantially in𝑇𝑇𝑇 . AT&T uses TTT = 160 ms for 88% of its demotions —
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Fig. 15. Dominant parameter combinations and performance analysis for A2 event.

a standardized, moderately aggressive approach. T-Mobile distributes 𝑇𝑇𝑇 broadly across 160–640
ms (86% of the time), with a small fraction using 40 ms (4%) — the most conservative overall,
consistent with its goal of keeping UEs on 5G as long as possible given its strong 5G signal. Verizon
uses the shortest 𝑇𝑇𝑇 values: 128 ms alone accounts for 69% of demotions and TTT ≤ 160 ms
covers 88% — the most aggressive strategy among the three operators.
These strategies make clear sense given each operator’s network characteristics. Verizon has

the lowest 5G RSRP and the strongest LTE RSRP, so it does not want to keep UEs on 5G when
signal degrades, hence the short 𝑇𝑇𝑇 and quick demotion. Fig. 15b shows indeed that Verizon has
the lowest 𝑅𝑆𝑅𝑃𝑝𝑟𝑒 under 5G but switching to LTE results in the highest Δ𝑅𝑆𝑅𝑃 . T-Mobile has
the opposite profile (highest 5G RSRP, lowest LTE RSRP) so it holds on to 5G connections as long
as possible, accepting lower Δ𝑅𝑆𝑅𝑃 as the cost of maximizing 5G time. AT&T sits between the
two. Among the four event types analyzed in this section, A2 configurations are the most clearly
well-matched to each operator’s deployment context — a useful contrast to the misconfigured A5
events and aggressive B1 𝑇𝑇𝑇 s identified above. We omit ping-pong analysis for A2 since rapid
return to 5G after a demotion is governed by B1 configurations, analyzed in §6.1.3.

6.1.5 Summary. In summary, the three metrics cannot be optimized simultaneously, and two of
them are strongly influenced by deployment density.𝑇𝑇𝑇 is consistently the most reliable lever for
ping-pong control, though sparse deployments can override it, and counter-intuitive outcomes are
frequently explained by deployment density rather than configuration quality, so operators cannot
evaluate configurations from aggregate metrics alone.

6.2 RSRP vs. throughput improvement
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Fig. 16. RSRP and throughput correlation.

While the 5GHO configurations we analyze are
defined in terms of RSRP, a natural question
is whether the signal strength improvements
we analyzed in §6.1 translate to throughput
improvements for users. We briefly examine
this relationship to characterize the limits of
RSRP-based optimization. Since the goal here
is to isolate the impact of HO configurations on
end-user throughput, we restrict this analysis
to the backlogged, saturated tests in our dataset (§3); non-backlogged traffic is rate-limited by the
application rather than by the radio link, and would therefore mask the very effect we are trying to
measure. We calculate the average throughput 1 s before (𝑇𝑝𝑟𝑒 ) and 1 s after (𝑇𝑝𝑜𝑠𝑡 ) an HO and then
define Δ𝑇 =𝑇𝑝𝑜𝑠𝑡 −𝑇𝑝𝑟𝑒 ; results are robust across intervals from 0.5 s to 5 s (Fig. 18 in §D).
Fig. 16 shows scatterplots of Δ𝑇 against Δ𝑅𝑆𝑅𝑃 for all three operators and HO types. There is

no meaningful correlation between signal strength improvement and throughput improvement
across any operator or HO type. RSRP therefore remains the appropriate metric for judging
whether the RSRP-based configurations of §6.1 behave as intended, but it is not a proxy for
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user-perceived performance, which also depends on factors outside the HO framework, such as
bandwidth, scheduling, and congestion. We return to this limitation in §7.
Three additional observations are worth noting. First, for intra-RAT LTE→LTE and 5G→5G

HOs (mostly triggered by A3 events), the majority improve RSRP but Δ𝑇 is negative for 40–50% of
cases across all operators, indicating that signal-improving HOs frequently harm user experience
regardless of how well the RSRP outcome is optimized. Second, LTE→5G HOs result in signal
strength reduction 45–75% of the time across operators, yet Δ𝑇 is negative for only 20–30%;
aggressive 5G promotion often benefits users even when it worsens signal strength, due to the
much higher bandwidth of 5G mid and high bands. Third, and most strikingly, Verizon’s 5G→LTE
demotions improve RSRP 85% of the time yet result in throughput degradation 80% of the time,
with losses exceeding 150 Mbps in 18% of cases. AT&T and T-Mobile achieve a substantially
better balance between RSRP and throughput for the same HO type. This suggests that Verizon’s
aggressive A2 demotion strategy, while rational from a signal strength perspective, comes at a
significant throughput cost that RSRP-based optimization cannot capture.

7 Implications for Operators
For operators. The most immediate opportunity is reducing wasteful signaling from A1 and A6,
which together dominate reported events while almost never leading to HOs. Operators already
eliminated periodic events from 5G for exactly this reason; the same logic applies to A1 and A6.
For A1, conservative configurations alone cannot prevent excessive triggering in networks with
strong 5G coverage; operators should reconsider whether the current event triggering policy is
necessary at current 5G deployment densities.
Operators should also audit their A5 configurations. Verizon and AT&T configure A5 in a

way that makes it functionally equivalent to a simpler event in 43% and 25% of HO-triggering
configurations respectively, negating its key design advantage. The performance consequences
are clear: misconfigured A5 events produce negative post-HO RSRP approximately half the time,
while properly configured ones achieve improvement the vast majority of the time. T-Mobile’s
HO-triggering A5 configurations provide a concrete reference point.
TTT is the most reliable lever for ping-pong control, but cannot be evaluated from aggregate

metrics alone; deployment density confounds the relationship and must be controlled for. Finally,
operators relying solely on RSRP to evaluate HO performance will miss throughput consequences
entirely (§6.2).
For the research community. The coverage confound we document, where deployment density
explains counter-intuitive performance outcomes across operators and configurations, poses a
fundamental challenge for automated HO tuning systems (e.g., [10]). Ground-truth characterization
of this confound, as we provide here, is a necessary input for any tuning system to define meaningful
optimization targets.
The weak RSRP-throughput correlation suggests the 3GPP HO framework is optimizing the

wrong objective from the user’s perspective, particularly for inter-RAT HOs where bandwidth
differences dominate. Designing HO policies that account for technology-specific characteristics is
an open and practically important problem. The operational concentration finding further suggests
that data-driven optimization need not search the full parameter space; the dominant configurations
we identify provide a compact, empirically grounded starting point.

Finally, while quantifying the precise cost of signaling overhead in terms of UE energy and
network resources is beyond our scope, the rates we observe represent continuous unnecessary
radio activity whose energy cost is well-established [14, 15].
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8 Related Work
HOs in the pre-5G era. Prior work studied LTE HOs in operational networks [7, 20–23, 31–33, 35,
36], examining their performance impact [20, 21, 31, 33, 35, 36], mitigation solutions [31, 35, 36],
and instability or unreachability issues [22, 23, 32]. Closest to ours is [7], the first large-scale
characterization of LTE HO configurations; we provide the first such study in the 5G era.
HOs in the 5G era.Many experimental studies have evaluated 5G HOs [8, 11–14, 16–19, 24–26, 29,
30, 34, 37], most at small scale across a few km or 1–3 cities [8, 18, 19, 24–26, 29, 30, 34, 37]. The only
large-scale 5G HO studies [11–14, 17] characterize what happens during HOs: frequency, duration,
and impact on transport and application performance from the user’s perspective [11–14], or geo-
temporal dynamics and failure causes over a 4-week dataset from an operator’s perspective [17] —
but none examine the configuration parameters that cause HOs. We are the first to study these
configuration policies at scale, and our 27-month longitudinal dataset lets us track their evolution
over time.
Dependentmisconfigurations and configuration diversity.Zhang et al. [37] identify dependent
misconfigurations in 5G/4.5G RRC, where certain parameter combinations violate inter-dependency
constraints in the 3GPP specification. We are orthogonal: rather than checking specification com-
pliance, we ask whether operators’ freely chosen values achieve good HO outcomes in practice —
often they do not, most notably the A4-equivalent A5 misconfiguration deployed by AT&T and
Verizon. A separate line of work [9, 10, 27, 28] proposes data-driven and learning-based approaches
for automated cellular configuration selection; most relevant is Iridescence [10], which tunes 5G
NSA configurations in the presence of deployment confounders — precisely the coverage confound
we identify as a systematic obstacle to evaluating HO configurations. These operator-side tools
address how to tune configurations automatically across the full configuration space; we address the
prior question of what is misconfigured and why, providing the ground-truth characterization such
tuning systems need to define their optimization targets. The contributions are complementary.

9 Conclusion
We conducted the first large-scale, longitudinal study of HO configurations in the 5G era, collecting
a 27-month dataset of 48K HOs and 239K reporting events across all three major US operators.
Our analysis reveals that current configurations are often overly aggressive and inefficient, with
overhead concentrated in a few event types operators can and should revisit; despite large provi-
sioned configuration spaces, actual HO behavior concentrates in a tiny dominant subset, tighter
in 5G than LTE. A pervasive coverage confound means counter-intuitive performance outcomes
are frequently explained by deployment density rather than configuration quality. Finally, TTT
is the most reliable lever for ping-pong control, a critical A5 misconfiguration deployed by two
operators negates a key design advantage, and Verizon’s aggressive 5G→LTE demotion incurs
a significant throughput cost invisible to RSRP-based optimization. We expect our findings and
released dataset to help operators reduce overhead and guide the research community toward more
effective, adaptive HO policies for next-generation networks.
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Table 4. Description of common event parameters.

Parameter Name Description

Hysteresis 𝐻
Prevents unnecessary and fast HOs. Sets a threshold below
which the serving cell is considered better than a neighboring cell,
even if the neighboring cell’s signal strength is slightly stronger.

Threshold Θ
Defines the level at which a measurement is triggered. When the
measured value crosses the threshold, a measurement report
is generated.

Offset Δ
Added to the signal strength of a serving or a neighboring cell.
Creates a margin in the comparison between the serving
cell and the neighboring cell.

Time To Trigger TTT Time during which specific criteria for the event need to be met
in order to trigger a measurement report.

Trigger Quantity Defines the measured parameter (RSRP or RSRQ) used to trigger
an event.
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Fig. 17. Measurement route and cellular coverage.

Appendix
A Ethics
This work does not raise any ethical concerns. The study was carried out by PhD students and
faculty. We purchased multiple unlimited cellular data plans from one of the three major US carriers
and our experiments comply with their customer agreements.

B Handover events and Parameters
Table 4 describes LTE/5G-NR HO-related important event parameters.

C Route and Coverage
Fig. 17a shows the routes of the four driving trips. Fig. 17b shows the overall cellular coverage
landscape for all three operators in our dataset. Coverage for a particular technology (LTE or 5G) is
defined as the fraction of the number of XCAL logs (at a granularity of 1 s) for that technology
over the total number of logs.

D Pre and post throughput difference at varying time granularity
Fig. 18 shows Δ𝑇 across different time intervals ranging from 0.5 seconds to 5 seconds for all three
operators and all HO types.
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Fig. 18. Pre and post throughput difference at varying time granularity.

Received 5 June 2026; accepted 10 September 2026

Proc. ACM Netw., Vol. 4, No. CoNEXT4, Article 64. Publication date: December 2026.


	Abstract
	1 Introduction
	2 HO Primer
	3 Methodology
	4 HO Reporting Events: Diversity and Signaling Overhead
	5 HO Configuration Parameters: Diversity and Aggressiveness
	5.1 Diversity of HO configurations
	5.2 Aggressiveness of HO Configurations
	5.3 Operational Concentration of HO Configurations

	6 Impact on Performance
	6.1 Impact on signal strength and ping-pong HOs
	6.2 RSRP vs. throughput improvement

	7 Implications for Operators
	8 Related Work
	9 Conclusion
	Acknowledgments
	References
	A Ethics
	B Handover events and Parameters
	C Route and Coverage
	D Pre and post throughput difference at varying time granularity

