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Beam management plays a fundamental role in 5G mmWave networks, due to the highly directional nature
of mmWave signals. Despite its importance, beam management procedures and real-world performance in
operational deployments remain underexplored. This paper addresses this gap by presenting the first in-depth
empirical study of beam management procedures in commercial 5G mmWave networks. Our study is based on
an extensive measurement campaign across two major US operators, covering six cities, different base station
types, and varying mobility scenarios, including walking and driving. We evaluate key beam management
parameters on both the base station and the user equipment side, assessing their impact on network perfor-
mance. In addition, we examine the interaction between beam management and two other mechanisms critical
to performance, rate adaptation and carrier aggregation. Finally, we quantify the beamforming overhead and
analyze the effectiveness of beam tracking. Our findings provide novel insights into the real-world performance
of beam management in 5G mmWave networks, offering guidance for further optimization.
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1 Introduction

The wide-scale deployment of 5G over the past five years represents a significant advancement
in mobile communications, providing enhanced speed, connectivity, and capacity. Central to this
advancement is the use of millimeter wave (mmWave) frequencies, above 24 GHz. This spectrum
offers extensive bandwidth and very high data rates, necessary for supporting the requirements of
modern applications, such as ultra-high-definition video streaming, mobile AR/VR, and connected
autonomous vehicles [28, 32, 35, 76]. However, the propagation characteristics of mmWave signals
— limited range and high susceptibility to obstacles — present considerable challenges to the wide-
scale deployment of 5G mmWave networks. Due to these challenges, in the early stages of 5G
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Table 1. #beams per gNB/op. frequency for the two US carriers that offer 5G mmWave service in 11 US cities.
Los Angeles | Las Vegas | Salt Lake City | Denver Chicago Indy Cleveland Boston Atlanta Miami | Charlotte
Verizon 36/28 GHz 36/28 GHz 36/28 GHz 36/28 GHz | 36/28 GHz | 36/28 GHz | 144/39 GHz | 144/224 GHz | 36/224 GHz | 36/28 GHz | 36/28 GHz
AT&T 24/39 GHz 32/39 GHz - 32/39 GHz | 24/39 GHz | 24/39 GHz | 24/39 GHz 24/39 GHz 24/39 GHz | 24/39 GHz | 24/39 GHz

deployment, 5G mmWave services were extensively deployed only in two countries, US and Japan.
Nonetheless, recently, there is a renewed interest in the use of mmWave frequencies, with several
other countries in the early stages of commercialization, including Germany, Italy, Finland, and
Spain in Europe, Taiwan, Hong Kong, and Singapore in Asia, and Australia [71].

5G mmWave networks rely on beamforming on both the transmitter (Tx) and the receiver
(Rx) end to cope with the high propagation loss in the mmWave frequency bands. Beamforming
involves the use of multiple antennas (antenna arrays) to direct signal transmission or reception to
specific directions (beams), rather than broadcasting signals in all directions. However, directionality
introduces new challenges — vulnerability to blockage and beam misalignment due to mobility.
Consequently, beam management plays a crucial role in the performance of 5G mmWave.

In practice, beam management depends on a large number of factors, including but not limited
to operating band, number of Tx/Rx beams, beamwidth, and interference management. Addition-
ally, while conforming to 3GPP standards, operators and vendors have considerable freedom in
implementing beam management logic, such as the number of active Tx/Rx beams, how often beam
quality is reported, or whether to use beam refinement, yet the implications of these decisions are
rarely visible to practitioners and researchers and remain poorly understood. For example, Table 1
lists the number of beams on a 5G mmWave base station (gNB) and the operating frequency for
Verizon and AT&T, the two US operators that extensively use 5G mmWave services, in 11 major
US cities, showing a very diverse landscape not only across operators, but also across cities for
the same operator. Further, unlike WiFi networks, cellular networks are "black boxes" from the
user’s point of view; users have no direct insight into the operations performed on either the gNB
or the user equipment (UE) side. Consequently, understanding the details of beam management
in commercial 5G mmWave deployments is very challenging, but, at the same time, extremely
important, as it can provide valuable insights into the performance of 5G mmWave networks, and
enable realistic simulation/emulation studies.

Nonetheless, the details of beam management in commercial deployments and its performance in
real-world scenarios remain largely unknown. The only experimental studies of beam management
to our best knowledge are those in [23, 51], but they are limited in both breadth and depth. Narayanan
et al. [51] studied beam management of the two major US operators in Chicago, focusing on coverage.
In our preliminary work [23], we studied beam management of the same two operators in Boston
and found that they use very different beam management parameters compared to those reported
in [51] for Chicago, highlighting the need for extensive measurement campaigns in different cities
to fully understand the details of beam management in commercial deployments. Furthermore,
these studies do not explore fundamental aspects of beam management, such as beam refinement,
interaction of beam management with carrier aggregation, or beam reporting overhead.

This work fills this gap by conducting the first large-scale empirical study of beam management
in operational 5G mmWave networks. Via an extensive measurement campaign spread out over a
16-month period (June’23-Sep.’24), spanning six US cities (Atlanta, Boston, Charlotte, Chicago, Las
Vegas, Miami), two operators (Verizon, AT&T), and different types of mobility (walking, driving),
using off-the-shelf smartphones and a commercial tool that captures lower layer KPIs and signaling
messages, we collected a large cross-layer dataset of 5G mmWave beamforming-related KPIs and
signaling events. Using the collected dataset, we conduct the first comprehensive characterization
of beam management procedures in operational 5G mmWave networks and their impact on
performance. The key contributions and findings of our study are summarized as follows:
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e We analyze beam management on the gNB and UE side and study the impact of the number
of available beams, traffic direction, and motion type (§4.1, §8). We find that beam management
procedures in commercial 5G gNBs and UEs utilize only a small subset of their beams under typical
mobility patterns and trigger beam switches rather infrequently — every 0.6-2.8 s on average. The
number of available beams (which determines the beamwidth), vendor-specific 3D beamforming
implementations, and motion type have a major impact on beam management, determining the
rate of beam switches and the number of beams they utilize. We also find that uplink (UL) channels
(from the UE to the gNB) are affected more by body blockage than downlink (DL) channels (from
the gNB to the UE); as a result, UL traffic triggers more beam changes than DL traffic.

e We explore the impact of beam management on performance and the interplay between beam
management and rate adaptation (RA) (§4.2). Our results show that narrow beams generally result
in better link quality, support higher and more stable MCS, and provide higher throughput in spite
of more frequent beam changes compared to wide beams. In contrast, gNBs featuring wide beams
rely heavily on RA to deal with changes in link quality during motion.

e We analyze for the first time the overhead of beam management procedures (§5). Our results
show that UEs send beam measurement reports every 160-310 ms on average, but many of these
reports do not trigger beam changes on the gNBs, suggesting that there is scope for improvement
with respect to the signaling overhead.

o We evaluate the quality of selected beams under motion (§6). Our results show that proprietary
algorithms in commercial gNBs select near-optimal beams most of the time. Although the selected
beams are not always the "best" beams (in terms of signal strength), their signal strength is within
1-2 dB from the signal strength of the best beam more than 90% of the time, highlighting a key
insight of our study: despite efforts to design increasingly sophisticated beam switching algorithms,
current commercial systems already perform this task quite effectively and further optimization of
beam selection alone may yield diminishing returns.

e We study for the first time the interplay between beam management and carrier aggregation (CA)
(§7). In contrast to IEEE 802.11ad mmWave systems that use a single beam over 2 GHz channels,
we find that 5G mmWave commercial gNBs perform beam measurements and beam selection on a
per carrier basis, even though this is not mandated by 3GPP. Our analysis suggests that this choice
is often justified, showing high frequency selectivity even for adjacent carriers just 100 MHz apart.
e We study for the first time the beam refinement procedure in commercial 5G mmWave systems
(§9). Our results show that beam refinement typically yields substantial signal strength gains,
although it can sometimes result in signal degradation, especially under increased self-blockage or
high mobility speeds. However, these gains come at the cost of significantly increased reporting
overhead. Further, gNBs featuring a very large number of beams without beam refinement yield
overall better throughput, as they still offer high SINR while avoiding the additional reporting
overhead of the beam refinement process.

e Our measurements in walking and driving scenarios show that beam management performance is
similar under both mobility patterns, but user performance is much lower under driving compared
to walking (§8). Furthermore, our experiments with two different phone models show that the higher
number of beams in the newer model does not always lead to better beam selection, but the newer
phone model often yields higher throughput despite suboptimal beam selection (§10), indicating
that other hardware and software improvements may decrease the impact of the beamforming gain
on overall performance. Together, these observations suggest that future research efforts should
not focus on improving beamforming performance alone but instead on the interplay between
beam management and other MAC/PHY layer mechanisms that also affect throughput (e.g., MIMO,
RA, or CA).
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Our ndings contribute to a deeper understanding of beam management in operational 5G
mmWave networks. By providing practical insights into the performance and challenges of beam
management in real-world deployments, our study aims to inform future network optimization and
the development of more accurate simulation/emulation models. To assist towards this direction,
we make our dataset publicly available [1].

2 A Primer on 5G mmWave Beam Management

Beam management in 5G mmWave networks consists
of a set of Layer 1 and Layer 2 procedures designed to
establish and maintain an optimal beam pair between
the UE and the gNB. Although a large part of beam man-
agement algorithms is proprietary and vendor/device
speci ¢, 3GPP speci es the main components of beam
management [3 5, 33] shown in Fig. 1.

Initial beam acquisition. Initial beam acquisition oc-
curs when a UE attaches to a gNB. A 5G mmWave gNB pe-
riodically transmits Synchronization Signal Blocks (SSBs)
in multiple directions throughSSB bearsweeping. Each
SSB is tagged with a uniqueSB indegorresponding to

a speci ¢ SSB beam. Throughout the paper, the terms SSB Index and Beam Index are used inter-
changeably. The UE aligns its own beam(s) to scan for incoming SSBs across di erent directions,
measures the signal strength of the received SSBs, identi es the best gNB's beam (corresponding to
the SSB with the highest signal strength), and reports the index of that beam to the gNB. At the
same time, the UE adjusts its beam to optimize alignment with the selected gNB beam.

SSB Beam switching. Beam switching is crucial to maintaining gNB-UE beam alignment and high
signal quality, especially under UE mobility. For DL transmissions, the gNB periodically transmits
SSBs over the Physical Broadcast Channel (PBCH) in multiple directions. The UE receives these
SSBs using multiple receive beams, measures the signal strength of di erent gNB-UE beam pairs,
and reports the signal strength (SS-RSRP) of a subset of them to the gNB. If a (vendor-speci ¢)
beam switch triggering condition is met, the gNB informs the UE of its new SSB beam through a
Transmission Con guration Indicator (TCI) state ID. The UE then switches to the corresponding
best receive beam and sends a HARQ ACK to the gNB, nalizing the beam switching process. If
beam re nement is not enabled, DL data tra ¢ proceeds on the newly established beam pair after
these steps. For UL transmissions, we found that both phone models we used in our experiments
rely on beam correspondentiee UE uses its best receive beam and the gNB its best SSB beam,
identi ed during the DL procedure, to transmit and receive data, respectively.

Beam re nement and re ned beam switching.  Beam re nement is an optional process designed

to enhance communication between the UE and gNB after initial beam acquisition or switching to

a new SSB beam and before data transmission. Re ned beams, often referre@81-&S beams

are narrower than SSB beams and improve communication quality. While beam re nement can
theoretically occur on both the gNB and UE side, the phones we used in our experiments do not
implement beam re nement. Therefore, we focus on the gNB's beam re nement process. In the DL
case, the gNB transmits multiple Channel State Information Reference Signals (CSI-RS) on re ned
beams. The UE measures these signals and reports the best beam back to the gNB, enabling the
gNB to select a re ned beam within the coarser SSB beam. In the UL case, consistent with SSB
beam switching, we found that gNBs rely on beam correspondence and reuse the re ned beams
selected during the DL procedure to receive data.

Fig. 1. Beam management procedure.
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Beam management on di erent component carriers. CA is a key feature of 5G mmWave,
simultaneously utilizing up to 8 mmWave cells or component carriers (CCs) in the DL direction
and up to 4 cells in the UL direction for increased throughput. Each CC has a 100 MHz bandwidth,
resulting in a total of up to 800/400 MHz of continuous spectrum in the DL/UL direction. 3GPP
speci es two approaches to beam management across di erent CCs. The rst approach simpli es
operations and reduces control overhead, performing beam measurements and reporting only
the primary CC (PCell), which is used for initial access and control signaling along with data
transmission, and using the same beam for all secondary CCs (SCells). The second, more precise
approach, performs separate beam measurements and reporting for each CC, ensuring optimal
alignment but increasing control overhead.

Beam reporting interval. The UE constantly receives reference (SSB or CSI-RS) signals, measures
their signal strength, and reports these measurements to the gNB for beam tracking. 3GPP speci es
three reporting mechanisms: periodic, aperiodic, and semi-persistent. In periodic reporting, the
ogNB sets the reporting periodicity during UE admission, and the UE reports at xed intervals via
the Physical UL Control Channel (PUCCH). In aperiodic reporting, the gNB con gures the UE to
respond to sporadic trigger commands delivered through DCI messages on the Physical UL Control
Channel (PDCCH); however, in this mode, the beam reports are sent over physical UL shared
channel (PUSCH) instead of PUCCH. Semi-persistent reporting combines features of both periodic
and aperiodic reporting, allowing the UE to transmit measurements at regular intervals while also
accommodating sporadic trigger events from the gNB. Implementation details are vendor speci c.

3 Methodology
3.1 5G Devices and Operators

3.1.1 5G Devicédle used Samsung S21 and S24 phones in di erent cities (See Table 3). Both
models support the 5G mmWave bands n260/261 operating at 39/28 GHz, respectively, 8-CC CA
in the DL direction and 2-CC/4-CC CA in the UL direction. Most of our results in this work are
with S21 phones. We compare the beam management on the two UE models and the impact on
performance in Y10. We also used an Accuver XCAL Solo de@]cevhich taps into the Qualcomm
diagnostic (Diag) interface of the smartphone and extracts lower layer KPIs and control-plane
signaling messages necessary for a holistic understanding of the beam management procedures.
As noted in B1], the S21 phone uses two antennas, each of which can simultaneously trans-
mit/receive over up to 8 CCs. Each antenna supports 36 beams. We found that the S24 phone uses a
similar design but each antenna supports 43 beams. In other words, the phones always use two
beams simultaneously. However, each beam in one antenna can only be combined with one speci c
beam in the other antenna, i.e., there are 36/43 possible beam pairs for S21/S24. In addition to the
beam index of each antenna, XCAL also uses a third index to refer to a speci ¢ beam pair on the UE.
For simplicity, we use the third index instead of showing results separately for each UE antenna.

3.1.2 5G Operatoré/e performed all the measurementsTable 2. Number of beams per panel/gNB
in downtown areas of 6 cities using Verizon's and AT&T'$and supported CCs for each operator and
5G mmWave services. The two operators o er services ifity in our study. A

di erent bands (n260/n261, see Table 1), Support di erent—cy— xear e oame o+ 0o

numbers of CCs (see Table 2), and have di erent numbefsitanta [ - 12/36 -l 4ccnce
~Boston 8/24 48/144 4CC/2CC| 6CC/2CC

G

of beams per gNB covering all possible options (24, 32parote | 8722 12/36 | 4CC2CC| 8CCI2CC
H Chicago | 8/24 12/36 8CC/4CC| 8CC/4CC
36' 144) n Table 1 Las Vegag 8/32 12/36 8CC/2CC| 8CC/4CC

A typical 5G mmWave gNB structure consists of 3 Mami | 8ra 12/36 | 8CCJ2CC| 6CC2CC
antenna panels, each covering a 12@ctor (see Figs. 22a, 22b in YC.2). The Verizon gNBs in all
6 cities of our study and AT&T gNBs in 5 cities use this structure. The only exception is some
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AT&T gNBs in Las Vegas, consisting of 4 panels, each covering a&tor (see Fig. 22c in YC.2).

For Verizon gNBs, each panel is identi ed by a Physical Cell Identi er (PCI), whereas for AT&T
gNBs, all panels share the same PCI. Verizon gNBs have 48 SSB beams per panel in Boston and 12
beams per panel in the other 5 cities, or 144/36 beams per gNB covering @Bg&. AT&T gNBs

have 8 beams per panel in all 6 cities, or 32 beams per gNB in Las Vegas and 24 beams per gNB in
the other 5 cities. Note that, unlike the UEs (Y3.1.1), gNBuspanel and hencegnebeam to
communicate with a given UE.

3.2 Experiments

We used iperf3 to generate backlogged TCP DL and UL tra ¢ from/to a Google cloud server located
in Washington, DC for all the throughput measurements. The ingress/egress network bandwidth of
the server was 16+ Gbps, much higher than the maximum 5G mmWave DL throughguGpps).

We conducted experiments under three mobilityrapie 3. Summary of mobility pa erns and UE
patterns controlled walking, random walking, and models used in di erent cities and operators.

driving summarized in Table 3 for di erent cities. —ciy Verizon ATET
. . . . . Atlanta random walk (S21), drive (S21) -
Our controlled Wa|k|ng experiments (Flg 21 in YC. 1)) Boston | controlled walk (S21, S24), drive (531) _ controlled walk (521)
. . Charlotte controlled walk (S21) controlled walk (S21)
involve walking towards, away from, and laterally [ chicago drive (529) drive (529)
. . |-as Vega: drive (S24) controlled walk (S21), drive (S24)
to a 5G mmWave BS, at the typical walking speedvam | conoledwalk (s21), diive (521 dive (521)

(=3 ft/s). Given the deployment of 5G mmWave gNBs on tra c lights and lamp posts, we believe
these three mobility patterns represent realistic pedestrian mobility scenarios. Most of our results
are obtained via controlled walking experiments in front of Verizon gNBs in Boston, Charlotte,
and Miami and AT&T gNBs in Boston, Charlotte, and Las Vegas. The selection of these cities
covers all four possible numbers of beams per gNB (24, 32, 36, 144). 5G mmWave gNBs in Boston,
Charlotte, and Miami are deployed across streets, and we were able to easily identify the gNB to
which the UE was connected and complete the three trajectories in front of it. In Las Vegas, we
conducted our controlled walking experiments in an empty parking lot. In contrast, in Atlanta,
we conducted our experiments in the Centennial Olympic Park, where a large number of Verizon
gNBs are deployed with overlapping coverage, making it extremely challenging to identify the
gNB the UE was connected to at a given time. Hence, in Atlanta, we collected data under random
walking, and we use these data in Y8. Finally, we collected data under driving in cities with dense
mmWave deployments along downtown streets Atlanta, Boston, Chicago, Las Vegas, Miami for
Verizon and Chicago, Las Vegas, Miami for AT&T. The driving trajectories are shown in Fig. 26 in
YC.4. We use this dataset in Y8, Y9, Y10.

During the walking experiments, we sometimes experienced handovers to a di erent 5G mmWave
gNB. We removed such traces and report results from 10 traces (5 DL, 5 UL) for each trajectory-
operator combination where there were no handovers. The duration of these traces varies from
15-40 s for di erent cities and operators, depending on the gNB location. Similarly, for the driving
experiments, each spanning a few hours, we experienced multiple handovers to other 5G or LTE
base stations. We removed those segments from the driving traces and only used the segments of
the traces where the UE was connected to a 5G mmWave gNB.

4 Impact of Beamwidth

We begin by examining the impact of beamwidth on beam management procedures, using data
from our controlled walking experiments (Table 3). We use the tdseam resolutioto refer to

the number of beams per gNBith perfectly-shaped beams of equal beamwidth, 24/32/36/144
beams would each have a beamwidth of 115..25/10°/2.5 to cover the 360 space. However, this
assumption is not valid in practice. Beams generated by phased arrays in commercial gNBs have
imperfect shapes with sidelobes, and also support 3D beamforming. As a result, each beam typically
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(a) Unique beams observed. (b) Beam changes per second. (c) Beam coherence time.

Fig. 2. Beam management statistics DL, gNB side.

(a) Towards. (b) Away. (c) Lateral.
Fig. 3. Number of unique beams per run with di erent mobility pa erns DL, gNB side.

has a di erent shape and beamwidth. Nonetheless, we veri ed that a very large beam resolution
(144 beams) results in much narrower beams compared to the other three resolutions (see YB).
Consequently, in our analysis, we divide the gures into two regions separated by a dashed line: the
left side represents gNBs with wide beams (24/32/36 beams per gNB), and the right side represents
gNBs with narrow beams (144 beams per gNB).

We rst present the overall beam management statistics for di erent beam resolutions in Y4.1
and then analyze the impact of beamwidth on performance in Y4.2. To decouple the impact of
beam management on performance from the impact of CA, we focus on the performance and beam
management of the PCell throughout the paper, and study beam management across di erent CCs
in Y7. Under backlogged tra ¢, the MAC throughput of each CC is approximately equdktoof
the total MAC throughput, where= is the total number of aggregated cells [20].

4.1 Overall Statistics

Fig. 2 presents the overall beam statistics on the gNB side for DL tra ¢ and 4 di erent beam
resolutions. We examine the average number of unique beams observed during a run, the average
number of beam changes per s, and the beam coherence time, i.e., how long a certain beam is used
before switching to another beam. The error bars in Fig. 2 and all the following gures denote the
standard deviations.

We observe that a very high beam resolution (144 beams) results in a higher number of unique
beams per run (8.3 vs. 3.4-4.3 in Fig. 2a), a higher number of beam changes per s (068 vs.
in Fig. 2b), and shorter coherence time (1.37 s \&5 s in Fig. 2c) compared to the other three
(much) lower resolutions. This is expected as beam misalignment is more frequent during motion
in the case of narrow beams. However, the three metrics do not change monotonically with respect
to beam resolution for the three low beam resolutions. To analyze this, we present the number
of unique beams observed for each mobility pattern in Fig. 3. For the case of 144 beams/gNB, we
observe a consistently higher number of unique beams across all mobility types. In contrast, for
24, 32, and 36 beams/gNB, the number of unique beams observed varies for di erent mobility
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(a) Unique beams observed. (b) Beam changes per second. (c) Beam coherence time.
Fig. 4. Beam management statistics UL, gNB side.

(a) Unique beams observed. (b) Beam changes per second. (c) Beam coherence time.
Fig. 5. Beam management statistics DL, UE side.

patterns. For example, gNBs with 32 beams/gNB use the lowest number of unique beams during
"towards" mobility (only 2 beams), but the highest during "away" mobility. This suggests that
vendors implement 3D beamforming di erently, with some focusing more on vertical beams and others
on horizontal beam#eading to the non-monotonic trends observed when the total number of active
beams is not signi cantly di erent in Figs. 2a, 2b, 2c.

Fig. 4 shows beam management statistics on the gNB's side for UL tra c. Our rst observation
is that, even though the number of unique beams observed are similar for both UL and DL trac
(Figs. 4a vs. 2a), UL tra c triggers more beam changes per s, which results in shorter beam coherent
times than DL tra c for 3 out of 4 beam resolutions (Figs. 4b vs. 2b and Figs. 4c vs. 2c). This
observation suggests thahannel reciprocity does not hold, and UL channels degrade more often
than DL channeldn the case of UL tra c, any obstacle near the UE, such as the user's body, can
directly obstruct the signal, especially if the user moves in ways that increase blockage (e.g., away
from the gNB). In contrast, DL signals transmitted from the gNB travel a greater distance before
encountering obstacles, allowing the beam to expand enough to (partly) go around the obstacle.

The beamwidth of the gNB beams also a ects beam management on the UE side (Fig. 5). A
narrower gNB beamwidth generally results in more beam misalignments as the UE moves and in
a higher number of UE beam switches. This is shown in Figs. 5a, 5b, 5¢, which plot the average
number of unique beams, beam changes per s, and the coherence time on the UE side for DL tra c.
Fig. 5b plots both the total number of beam changes per s on the UE side and the number of beam
changes triggered by the UE itself, without a change on the gNB side.

Fig. 5a shows that the number of unique beams on the UE side also increases with the gNB beam
resolution, from 9.4 (with 24 beams/gNB) to 12.2 beams (with 144 beams/gNB). These numbers are
higher than those on the gNB side in Fig. 2a, as the UE performs beam switching both to adapt to
beam changes on the gNB side and on its own (without a beam change on the gNB side). This is
also shown in Figs. 5b, 5¢; beam switching on the UE side occurs much more frequently than on
the gNB side (Fig. 2b), and the average beam coherence time is less than 1 s. Figs. 5b also show that
most beam changes on the UE side are triggered independently of the changes on the gNB side.
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(a) SINR. (b) Pcell throughput. (c) MCS. (d) Rate of MCS changes.
Fig. 6. Impact of beamwidth on performance and rate adaptation.

An interesting observation here is that the highest beam resolution (144 beams) on the gNB
side results in the lowest number of beam changes on the UE side (Fig. 2b). The reason is that
when the gNB features a smaller number of wider beams, the UE has to perform beamforming
more frequently to maintain a high-quality link. This is also indicated by the number of UE beam
changes without a gNB beam change, which accounts for 76-84% of the total beam changes in the
case of 24, 32, and 36 gNB beams, compared to only 64% in the case of 144 gNB beams.

In summary,beam resolution, vendor-speci ¢ 3D beamforming implementation, and motion type
have a major impact on beam management procedures, determining the rate of beam switches and the
number of beams they utiliZzBespite the di erences across di erent gNB con gurations, Figs. 2a,
4a show thatthe beam management procedure utilizes only a small subset of the available beams
on the gNB under typical mobility patternfewer than 5, on average, out of 24/32/36 beams and
fewer than 8 out of 144 beams. The UE utilizes a larger number of beams under the same mobility
patterns (Fig. 5a) but still lower than 1/3 of the available beams on average. Similarly, we found
that the UE reports signal strength measurements for only a small number of beam pairs during
each run 0.7-14% (1-19%) of the total beam pairs in the DL (UL) direction under typical mobility
patterns (details in YC.3.1). Additionally, Figs. 2b, 2c, 4b, 4c, 5b, 5¢ shavetiratorming is typically
triggered infrequentlyandboth the gNB and UE maintain the same beam for long intedvdl?.8 s
and 0.6-0.8 s on average, respectively. Nonetheless, the very large standard deviations, especially in
the case of beam coherence time (Figs. 2c, 4c, 5c) show that there are extreme cases where the gNB
and/or UE either maintain the same beam for several s or switch beams very fast, within a few ms.

4.2 Impact on Performance and Interplay with Rate Adaptation

The gNB's beam resolution poses a design trade-o . Wider beams are more robust to blockage, can
cover a broader area, and can reduce the overhead of frequent beam switching during mobility, at
the cost of reduced directivity, and hence, lower SINR in line-of-sight (LoS) conditions. Fig. 6a, which
plots the SINR for di erent gNB beam resolutions, shows that the SINR with a beam resolution
of 144 beams is about 6-14 dB higher in the median case compared to the other three resolutions.
The higher SINR with a beam resolution of 144 beams allows the gNB to support higher MCS
(Fig. 6¢) and eventually achieve higher PCell throughput (Fig. 6b), in spite of the more frequent
beam switches. In the median case, the Pcell throughput with a beam resolution of 144 beams is
240/226/194 Mbps higher than the throughput with a beam resolution of 24/32/36 beams.
However, the SINR and throughput do not scale proportionally with the number of beams, due to
several reasons. For instance, gNBs with 144 beams only double the throughput compared to those
with 24 beams. First, gNBs with fewer beams often bene t frbiam re nementhat enhances
link quality, whereas gNBs with many beams skip this step, as discussed in Y9. Second, as explained
in Y4 and YB, commercial gNBs feature imperfect beams and 3D beamforming, and hence, the
beamwidth (and beamforming gain on the horizontal plane) does not increase proportionally with
the number of beams. Furthermore, proprietary vendor/operator policies, e.g., di erent RA or Tx
power control algorithms, might also play a role.
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We further explore how beam management interacts with RA, the primary mechanism used in
wireless networks to deal with changes in link quality, in Fig. 6d, which shows the rate of MCS
changes. gNBs with 144 beams rely heavily on beam management (Figs. 2a, 2b) to deal with link
quality degradation due to mobility, ensuring high SINR (Fig. 6a). As a result, RA is triggered
infrequently in this case, as shown in Fig. 6d. In contrast, gNBs with 24, 32, or 36 beams cannot
ensure high SINR most of the time using wide beams (Fig. 6a) and rely on frequent MCS changes to
adjust to the varying channel conditions during motion (Fig. 6d).

In summary, our analysis highlights a fundamental trade-o beam management and RA: operators
can either use narrower beams with more frequent beam switching or rely on RA with wider beams
to cope with dynamic channel conditions. Our results shows that the rst choice results in better
performance; narrow beams yield higher SINR, higher and more stable MCS, and higher throughput in
spite of more frequent beam changes, compared to wide beams.

5 Beam Management Overhead

In this section, we study the beam management
overhead using the beam reporting interval (i.e.,
how often the UE sends beam measurement re-
ports to the gNB) as the metric of interest. We
focus on the overhead for SSB beam manage-
ment here and discuss the overhead of the beam
re nement process in Y9. We found that every (a) DL (b) UL
measurement report sent by the UE reports sig=ig. 7. Beam reporting interval for DL and UL tra ic.
nal strength for 3 beam pairs, in addition to the beam pair currently used, regardless of city, operator,
and gNB type.

Fig. 7 presents boxplots of the UE beam reporting interval for DL and UL tra c. First, we observe
that the reporting interval is not constant, i.e., the UE uses #iperiodic reporting mechanigivi2).
We further observe thathe UE sends reports quite frequergiyery 160-310 ms in the median case
(although with some outliers as high as 2Isjt many of these reports do not trigger a beam switch
on the gNRFigs. 2b, 4b, 5b). For example, with a beam resolution of 24 beams and DL tra c, the
UE sends reports every 0.46 s on average, but the gNB performs a beam switch only every 2.8 s on
average (Fig. 2b). DL tra c generally yields longer reporting intervals than UL tra ¢ (160-310 ms
vs. 160 ms in the median case), which is aligned with our observation in Y4 that UL tra c triggers
a higher number of beam changes per s (Figs. 2b vs. 4b). In addition, the beam resolution does
not correlate with the reporting frequency, which suggests that the reporting frequency is mostly
a ected by environmental factors and/or vendor-speci ¢ con gurations.

In summary,the UE sends measurement reports frequently, but many of these reports do not
trigger a beam switch on the gNB, suggesting that there is scope for further optimization of the beam
management process.

6 Beam Switching Analysis

In this section, we evaluate the e ectiveness of the beam selection algorithms in operational 5G
mmWave networks by examining how often the gNB selects the best beam. According to 3GPP, the
term "best beam" indicates the beam with the highest RSRP measured at the UE. On the other hand,
the serving bearns the beam chosen by the gNB and is not necessarily the best beam reported by
the UE. The selection depends on the proprietary beam switching algorithms implemented by the
vendor. For instance, if the signal strength of the current beam is high enough, beam switching
may not be triggered even if a higher-RSRP beam is reporggdylternatively, the gNB may not
always have the most up-to-date beam information, due to a delayed report from the UE.
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(a) "Redundant" reports. (b) "Useful" reports.
Fig. 8. RSRP of reported beam pairs and RSRP di erence between the current beam pair and reported beam
pair in "redundant” vs. "useful” reports.

Given that many beam measurement reports are ignored by the gNB, as we saw in Y5, we begin
our analysis by trying to distinguish between "useful” reports, i.e., reports that trigger a beam
switch, and "redundant"” reports, i.e., reports that are ignored by the gNB and thus, they could be
omitted to reduce the signaling overhead. Since we have no visibility into the proprietary beam
switching logic on the gNB side, we explore two simple heuristics: (i) making decisions based on
the signal strength (RSRP) of the reported beam pairs and (i) making decisions based on the RSRP
di erence between the reported beam pairs and the serving beam pair. When a report does not
trigger a beam switch, we consider the highest RSRP included in that report. When a report triggers
a beam switch, we consider the RSRP of the beam pair selected by the beam switching logic, even
if it was not the highest RSRP in that report.

In Figs. 8a(left), 8b(left), we compare the reported RSRPs in reports that do not trigger a beam
switch vs. those that trigger a beam switch, for di erent beam resolutions. We observe that, for
each resolution, the RSRPs in reports that do not trigger a beam switch are generally higher than
those in reports that trigger a beam switch, suggesting that the absolute reported RSRPLsed
as the beam switching criterion.

In Figs. 8a(right), 8b(right), we compare the RSRP di erence (between the serving beam pair and
the reported beam pair) in reports that do not trigger a beam switch vs. those that trigger a beam
switch, for di erent beam resolutions. A negative RSRP di erence indicates that the reported RSRP
is higher than the RSRP of the serving beam pair. We observe that the RSRP is negative only 2-12%
of the time in the cases that do not trigger a beam switch, but about 40% of the time in the cases
that trigger a beam switch, indicating that the RSRP di erence is probably used in the beam switch
logic. Nonetheless, Fig. 8b(right) also shows that 60% of the "useful" reports trigger a beam switch
to a new beam pair that has lower RSRP than the serving beam pair, suggesting a more complex
beam switching logic that takes into account additional factors (e.g., history or hysteresis).

Given the complexity of the beam switching logic, Wergpe 4. 9 of time when the serving beam
next study in Table 4 the fraction of time the serving beanjs di erent from the best beam.

di ers from the best beam for di erent beam resolutions [# of beams | Towards | Away | Lateral
and motion patterns. We observe that this fraction is 24 29% 22% | 3%
guite small (3-7%) under lateral motion for all four beamn 32 % 8% 2%
resolutions. On the other hand, when the UE moves away 36 10% | 24% | 7%
from the gNB, a suboptimal beam is selected 22-24%of 144 5% 24% | 5%
the time with 3 out of 4 resolutions. This is expected, since, in the presence of self-blockage, the UE
often has to rely on non-LoS paths (via re ections); the signal strength over such paths may change
frequently and arbitrarily with mobility, increasing the probability of selecting suboptimal beams.
We also observe a non-negligible fraction of suboptimal beams for two resolutions when the UE
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(a) 24 beams. (b) 32 beams. (c) 36 beams. (d) 144 beams.

Fig. 9. RSRP Di erence between serving and best, top 1-3 beams for di erent # beams per panel.
walks towards the gNB; in particular, for 24 beams, a suboptimal beam is chosen 29% of the time,
a fraction even higher than that of "walking away", suggesting again that beam tracking on the
vertical plane may be challenging, depending on the implementation of 3D beamforming. Finally,
we observe no correlation between the beam resolution and the e ectiveness of beam tracking.

To evaluate the quality of the selected suboptimal beams, we plot in Fig. 9 the RSRP di erence
between the serving and the best beam, as well as between the serving beam and the top-3 candidate
beams reported by the UE. We observe that the RSRP di erence between the serving and best beam
is almost always negligible in the case of 32, 36, and 144 beams (less than 1 dB 96-98% of the time,
less than 2 dB 98-99% of the time). For the lowest resolution of 24 beams, these percentages are
slightly higher, but still quite small (less than 1 dB 93% of the time, less than 2 dB 96% of the time).
On the other hand, the RSRP of the serving beam is typically much higher than the RSRP of other
candidate beams.

In summary,beam selection algorithms in operational 5G mmWave networks almost always select
high-quality, near optimal beams, highlighting a key insight from our study: despite extensive e orts
to design increasingly sophisticated beam-switching algorithms, today's 5G mmWave gNBs already
perform this task quite e ectively and attempts to further optimize the beam selection algorithms may
yield diminishing returns.

7 Beam Management Across Di erent Carriers

As mentioned in Y2, in the case of CA, the UE performs separate beam measurements and reporting
for each CC with both operators in all 6 cities. This approach suggests high frequency selectivity,
but appears counter-intuitive, given the small CC bandwidth (100 MHz) and total bandwidth (up
to 800 MHz of contiguous spectrum in the DL direction, up to 200/400 MHz in the UL direction
for S21/S24) and the fact that, in all our experiments, CA is performed over CCs from a single
gNB? If frequency selectivity is non-present across adjacent 100 MHz CCs, performing separate
measurements for each CC can lead to an unnecessary increase of UE's power consumption and
resource utilization. Hence, in this section, we analyze the e ciency of multi-carrier measurement
and reporting.

Fig. 10 shows the fraction of time when all CCs use the same beam. We observe that this fraction
is quite low for all beam resolutions and both tra c directions, ranging from 35% to at most 60%.
This result indicates that the UE often measures di erent signal strength over di erent CCs and
multi-carrier measurements may indeed be necessary. In particular, Fig. 10b (UL direction, where
only two adjacent CCs are used) shows that frequency selectivity is present even for adjacent CCs
just 100 MHz apart.

In spite of frequency selectivity, one could still use the PCell's best beam for all the SCells if
the RSRP di erence between the PCell's best beam and an SCell's best beam is negligible. In the

1For comparison, the WiFi mmWave standard (IEEE 802.11ad), operating at a much higher frequency (60 GHz), uses a single
beam over much wider channels (2 GHz).
2CA can combine carriers from di erent gNBs, but we never observed any such case in our dataset.
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(a) DL. (b) UL.
Fig. 11. RSRP di erence between an
Fig. 10. Fraction of time when all carriers share the same beam.SCell's and PCell's serving beams.

following, we explore this option. For each SCell, when its serving beam di ers from the PCell's
serving beam, we identify the top-3 highest-RSRP non-serving beams and calculate the fraction of
time when the PCell's serving beam is among these top-3 candidates. The results in Table 5 show
that the fraction of time when the Pcell's serving beam is the top-1 non-serving beam for an SCell
(with di erent serving beam) is always less than 70% and can be as low as 53%. In other words,
when an SCell selects a beam di erent from the PCell's beam, the beam chosen by the PCell is
often not a good second choice. Additionally, the beam selected by the PCell is not even among
the top-3 non-serving beams for an SCell for a non-negligible amount of time (up to 17%). We
further analyze the RSRP di erence between an SCell's serving beam and the PCell's serving beam
(measured at the SCell) in Fig. 11. We observe that the median di erence varies from 1.8 dB to 2.8
dB and in extremes cases it can be as high as 10-14.8 dB (more than ten-fold). These high RSRP
di erences suggest that it is often advantageous to perform beam selection per CC in spite of the
increased overhead.

In summary,our results show high frequencyapie 5. Fraction of time (%) when the PCell's serving
selectivity in the 5G mmWave bands, even acrgggm falls in an SCell's top-3 set.
adjacent carriers 100 MHz apart, and our ana}

? i 7} of beams Topl beam | Top2 beam | Top3 beam | Non-Top beam
ysis suggests that the choice made by operatorszs 53 23 10 14
to perform beam measurements and beam se-5 = 5 85 85
lection on a per carrier basis is often justi ed. 14 55 19 9 7

This frequency selectivity can be attributed to both channel-induced selectivity and hardware-
induced selectivity. A key example of hardware-induced selectivitpéam squintn phased arrays,
where signals at di erent frequencies experience frequency-dependent phase shifts, causing the
beam to steer di erently. This e ect is more pronounced at higher frequencies due to smaller
wavelengths. Techniques such as true time delay beamform&#yihstead of phase-shifting can
eliminate hardware-induced selectivity and reduce the need for beam selection on a per-CC basis,
but they are more complex and costlier compared to phase-shifters used to implement commercial
o0 -the-shelf antenna arrays.

8 Impact of Motion Type

In our analysis so far, we only considered walking experiments. In this section, we study the impact
of increased mobility (driving) on beam management. We use our walking and driving data from
Atlanta, Boston, and Miami with Verizon for this study.

In Fig. 12, we analyze the beam change rate under walking and driving mobility. Surprisingly,
walking scenarios often exhibit a higher median rate of beam changes on both the gNB and UE
side, for both tra ¢ directions. We found that the reason for this counter-intuitive result is body
blockage in walking scenarios, which causes signi cant signal strength degradation, prompting
frequent beam switches as the gNB and UE search for better beam pairs, and in ate the overall beam
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(a) SINR. (b) MCS. (c) Throughput.
Fig. 13. Comparison of SINR, MCS, and Throughput under walking and driving mobility.

change rate. Fig. 24 in YC.3, where we removed "walking away" mobility data from our analysis,
indeed shows lower beam change rates for walking mobility in this case. Further, Fig. 25 in YC.3,
which plots the beam change rate separately for each city, shows that in Atlanta, where we only
conducted random walking experiments, the beam change rate under walking is lower than under
driving. In contrast, during our driving experiments, the phone was attached to the passenger's
window and hence, it did not experience any body blockage.

We also found that, despite faster uctua-
tions of channel quality, the fraction of time dur-
ing which there is a mismatch between the serv-
ing and the best beam is only slightly higher
during driving than during walking (13.4% vs.
12.2%). However, the small di erences in beam

management performance between walkinga) Beam changes/s, gNB.(b) Beam changes/s, UE.

and driving cannot explain the large SINR (19.8ig. 12. Comparison of beam change rate under walk-
dB vs. 12.9 dB in the median case) and througitg and driving mobility.

put (305 Mbps vs. 150 Mbps in the DL direction, 64 Mbps vs. 23 Mbps in the UL direction) drops
under driving compared to walking in Fig. 13. This large performance drop is caused by other
factors, e.g., longer UE-gNB distances during driving compared to walking and faster channel
uctuations, which also pose challenges to RA [30] and CA [46] in addition to beamforming.

In summary,our analysis reveals that walking mobility, despite lower speeds compared to driving,
can result in higher beam switching rates due to body blockage, when walking away from the gNB. In
contrast, driving mobility is characterized by rapid channel variations, but the number of mismatches
between serving and best beams is only slightly higher than under walking, further strengthening our
conclusion in Y6 that beam management in today's 5G mmWave gNBs is quite optimized in terms
of performance. On the other hand, the user experienced performance under driving (throughput)
is signi cantly lower than under walking, suggesting that future research e orts should focus on
optimizing other aspects of 5G, such as RA and CA.

9 Beam Refinement

Our analysis till now only considered SSB beams. In this section, we analyze the impact of beam
re nement on performance from two perspectives: signal strength improvement and additional
reporting overhead compared to using only SSB beams.

Recall from Y2 that beam re nement is an optional feature. In our experiments, we found that
beam re nement is typically used on the gNB side with two exceptions: Verizon in Boston, where
the gNBs have a very large number (144) of narrow beams, and (surprisingly) AT&T in Las Vegas.
The lack of beam re nement for AT&T in Las Vegas, which uses only 32 SSB beams, might explain
the low performance and high reliance on RA in that city (Fig. 6). When beam re nement is enabled,
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(@) DL. (b) UL. Fig. 15. SSB and CSI-RS reporting
Fig. 14. Signal strength improvement with beam refinement. overhead.
we found that two re ned beams are used on top of a coarse SSB beam. Beam re nement is used
regardless of the tra c direction, re ning the Tx beams for DL and the Rx beams for UL tra c.

Fig. 14 shows the signal strength improvement with re ned CSI-RS beams compared to wider
SSB beams for both tra ¢ directions and di erent types of mobility. In general, the use of re ned
beams leads to an improved RSRP. However, the bene ts of re ned beams vary for di erent types
of mobility. The lateral and towards mobility patterns exhibit the highest gains, with median
improvements of about 8-8.5 dB for both tra ¢ directions. On the other hand, "walking away" and
driving experience the lowest gain, with median improvements of 5-6 dB (4-4.5 dB) in the DL (UL)
direction. Further, beam re nement can sometimes result in signhal degradation, especially under
"walking away" conditions and driving (6-9% of the time), and this degradation can be higher than
5 dB under extreme cases. The reduced performance when the UE walks away from the gNB is
likely due to the fact that the narrower beams are more vulnerable to blockage, as they o er fewer
multipath alternatives. On the other hand, driving is typically performed laterally to a gNB, but the
higher speeds result in more frequent beam misalignments in the case of narrow beams.

Enabling beam re nement incurs additional reporting overhead. Fig. 15 plots the reporting
interval in the case of SSB and CSI-RS beams. We observe that the median reporting interval
for CSR-RS beams is 3-4x shorter than for SSB beams, indicating a signi cantly higher reporting
overhead for re ned beam management (note that when beam re nement is enabled, both SSB
and CSI-RS beams are reported). Consequently, the trade-o between improved signal strength
and increased signaling overhead must be carefully balanced to optimize system performance,
considering that re ned beams can be suboptimal in some cases, as shown in Fig. 14.

In summary,beam re nement typically yields substantial signal strength improvements, although
it can sometimes result in signal degradation, especially under increased self-blockage or high mobility
speeds. Additionally, the RSRP gains come at the cost of signi cantly increased reporting overheac
We also note that gNBs without beam re nement but with a very large number of SSB beams yield
overall higher throughput (Fig. 6b), suggesting that this might be a better strategy, as it still ensures
high SINR while it reduces substantially the reporting overhead.

10 Comparison of Di erent Phone Models

In the previous sections, experiments were con-

ducted using the Samsung Galaxy S21, which

integrates the Snapdragon X60 5G Modem-RF

System. In this section, we discuss the di er-

ences between the S21 model and a newer

model, the Samsung Galaxy S24, equipped with

the Snapdragon X75 5G Modem-RF System. Re-  (a) gNB side. (b) UE side.

call from Y3.1.1 that the S24 models uses a largdrig. 16. Beam change rate for di erent UE models.
number of beams compared to the S21 model (43 vs. 36). For a comparison under walking, we use
data collected with both phones in Boston with Verizon at the same gNB. For a comparison under
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(@) SINR. (b) MCS. (c) Throughput.
Fig. 18. Comparison of MCS, SINR, and PCell's MAC throughput across di erent devices and mobility modes.

driving, we use data collected with S21 in Atlanta with Verizon and Miami with both operators,
and data collected with S24 in Las Vegas with Verizon and Chicago with both operators, so that
both datasets are obtained from gNBs with the same beam resolutions (24 and 36 beams). We focus
on DL performance due to space limit, however, the ndings are similar for both tra c directions.

Fig. 16 compares the beam change rate between the two phone models. S24 demonstrates
consistently higher beam change rates than S21 across both walking and driving scenarios on both
the gNB and UE sides. The higher beam change rates suggest the S24 employs a more aggressive
beam management approach, with faster responsiveness to channel variations. Additionally, the
larger number of (possibly) narrower beams available on S24 results in faster misalignments during
motion, triggering beam changes more frequently.

However, the faster beam change rate with the S24 model doesble 6. % of time the serving
not help the gNB to consistently select better beams than with thigeam is di erent from the best
S21 model, as shown in Table 6. Under driving, the gNB indelgpm for di erent UE models.

selects the best beam 90% of the time with S24 vs. 85% of the tjm@bility Mode | S21] S24
with S21. However, under walking, the result is reversed; the gNB  Walking 14 | 22
selects the best beam 86% of the time with S21 but only 78% of the Driving 15| 10

time with S24, suggesting that the larger number of beams on the
latter cannot cope well with self-blockage when the user moves away from the gNB.

We also compare the beam re nement gain in Fig. 17. We
only consider the driving scenario, as the walking experiments
were conducted in Boston with Verizon, where the operator
does not support beam re nement. The results show that beam
re nement with the newer phone model provides lower RSRP
gain than the older model (6 dB vs. 7.5 dB in the median case).

We conjecture that larger number of narrower beams on thejg 17, Beam refinement gain with
S24 phone provide higher RSRP, rendering the beam re nemejfitrent UE models.
process less e ective.

However, despite the lower quality of selected beams on the gNB under walking and the lower
beam re nement gain under driving, the SINR with the S24 model is similar to the SINR of the
S21 model (slightly higher during walking, slightly lower during driving, Fig. 18a). Similarly, the
throughput with the S24 model is higher than with the S21 model under walking and exhibits a
higher 75-th percentile (but lower 25-th percentile) under driving (Fig. 18c). In fact, the higher
throughput comes in spite of the lower MCS (Fig. 18b), likely due to improvements in S24's 5G
modem and signal processing.

In summary, the results in this section suggest thatreasing the number of available beams on
newer UE models does not necessarily yield better beam management performance. However, new
models come with a variety of additional hardware and software improvements, which may still yield
better overall performance, making the beamforming gain less relevant.
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11 Related Work

Theoretical foundations of beamforming.  Alarge number of theoretical contributions have been
made in the topic of beamforming for 5G and beyond network4 [16 18 21, 22, 24, 25 36, 39 40

45 48 54,56 59 63 64, 66 72 78 79. The capabilities and potential of 5G networks, together with
comprehensive overviews of beamforming, are extensively discusset¥4r8p, 45 54, 56 63 66.

The works in [11, 15 64, 77 study hybrid beamforming for mmWave systems, which combines
the bene ts of both analog and digital beamforming. However, operational 5G mmWave networks
currently rely only on analog beamforming. The works id§, 21, 22, 25 40 48 78 79 provide
theoretical frameworks for mathematical optimization, analysis, and modeling of beamforming
performance. All these works conduct simulation-based evaluation, which underscores the need
for more empirical research to validate their ndings in real-world environments.

Experimental works on mmWave beam management. A large number of research works have
conducted experimental studies of beam manageméen8,[10, 60, 61, 69 or designed systems to
improve beamforming in mmWave network®[ 26 27, 34, 38 41 43 50,55 65 67, 68 70, 77]. All

these works, with the exception o#1, 47, focus on the 802.11ad/ay standards designed for indoor
60 GHz WLAN environments. 802.11ad/ay radios use di erent beam management techniques
compared to 5G mmWave radios (e.g., they rely on omnidirectional reception that simpli es beam
management at the cost of lower directionality gain) and indoor WLAN environments have very
di erent propagation characteristics compared to outdoor cellular environments. Additionally,
many of these works§ 10 26, 27, 34, 38 41 43 50, 55 61, 67 70, 77] have been evaluated on
custom software-de ned radio platforms. In contrast, our work performs the rst large-scale
empirical study of beam management in operational 5G mmWave networks.

5G measurements studies. Several measurement studies have analyzed various aspects of opera-
tional 5G networks, including coverage, performance, carrier aggregation, MIMO, and application
QOE, over the past 5 yeardT, 19 23 29, 31, 37, 44, 47,49 51, 52 57,58 73 75. None of these
works, with the exception of 23 51] focuses on beam management. As we explained in Y1, the
works in [23 5] perform small scale-studigmited in depth, in one city, with one smartphone
model. In contrast, this work performs the rstarge scalstudy spanning 6 cities and two di er-

ent smartphone models. Additionally, our work explores fost time the performance of beam

re nement, the beam switching overhead, and the interplay between beam selection and CA.

12 Discussion
12.1 Limitations of Our Study

Our study is subject to several practical constraints inherent to working with commercial cellular
systems:

First, our experiments are conducted with limited visibility into the proprietary implementation
details of commercial gNBs. Beam switching logic, re nement strategies, RA and CA algorithms
are vendor-speci ¢ and not publicly documented. Our analysis therefore relies on UE-side ob-
servables and statistical patterns without direct access to gNB decision-making processes. As a
result, we refrain from making de nitive claims about the underlying algorithms or vendor-speci ¢
implementations.

Second our control over system parameters is inherently asymmetric. While we carefully design
UE-side experiments and control mobility patterns, we cannot con gure gNB-side parameters,
such as the number of supported beams, or disable speci c features (e.g., beam switching, CA, or
RA). The beam resolutions in our dataset 24, 32, 36, and 144 beams are the ones available in
commercial deployments; experiments with intermediate resolutions, such as 64 or 96 beams, are
absent due to the lack of such con gurations in commercial systems, not by design. Although ner
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control over gNB-side parameters would de nitely help establish more de nitive performance
trends, we believe our ndings are still valuable to the research community.

Third , cellular networks and technologies are continuously evolving, with ongoing updates to
gNB/UE software, rmware, and hardware, and deployment strategies. As such, our ndings re ect
general trends observed at the time of the study. While the core trade-o s and system interactions
we highlight are likely to persist, speci ¢ metrics may change as the technology matures.

12.2 Implications and Future Research Directions

Our ndings have several implications on future system design, research directions, and standard-
ization e orts. Below, we outline three key takeaways that connect our empirical observations
with broader engineering and methodological considerations.

First, our study shows that beam management is quite optimized in today's 5G mmWave networks
in terms of performance, under both walking and driving mobility patterns, but user performance is
much lower under driving compared to walking. Additionally, our experiments with di erent phone
models show that further increasing the number of beams on the UE side does not always lead to
better better beam selection, but selecting suboptimal beams more often does not necessarily result
in lower throughput. Together, these observations suggest that further attempts to optimize beam
management may not be necessary, and future research e orts should focus instead on cross-layer
interactions and the interplay between beam management and other MAC/PHY layer mechanisms
(e.g., RA, CA, MIMO).

Second we found that, although measurement reports are sent frequently, only a small fraction of
them leads to beam switches at the gNB. This observation suggests that, although beam management
is already optimized in terms of performance, there is still scope for improvement with respect to the
signaling overhead. Future research e orts should focus on simplifying the reporting mechanism and
reducing the frequency of beam measurement reports, e.g., by leveraging ML-based apprd&hes [
55, the UE's built-in sensors13, or out-of-band information p2, 67] to predict blockage, changes

in its moving direction, or the signal strength of neighboring beams.

Third , our experience highlights how limited visibility into gNB-side internals remains a fun-
damental barrier for rigorous research and replicable system analysis. Most beam management
decisions are made based on proprietary vendor logic, which hinders e orts to fully understand or
reproduce behavior across deployments. This motivates the importance of ongoing initiatives such
as O-RAN, which aim to open up key interfaces and standardize telemetry. Broader adoption of
such open frameworks will signi cantly enhance our ability to study, compare, and evolve beam
management strategies in future cellular networks.

13 Conclusion

This work provides the rst large-scale empirical evaluation of beam management in operational
5G mmWave networks. Our results show that beam management is quite optimized in terms of
performance, selectingear-optimabeams most of the time, however, the reporting overhead can be
high, especially when beam re nement is applied on top of coarse SSB beams. Our ndings suggest
that further attempts to optimize beam management performance alone may not be necessary.
Instead, future research e orts should focus on reducing the beam management overhead or should
consider beam management jointly with other components of the 5G protocol stack (e.g., signal
processing, RA, CA, MIMO), which also have a major impact on performance.
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(a) Boston. (b) Charlo e.

Fig. 19. Constructed angular coordinates for two gNBs from Verizon in Boston and Charlo e.

Appendix
A Ethics

This study was carried out by PhD students and faculty. We purchased multiple unlimited cellular
data plans from two US carriers and our experiments comply with their customer agreements. This
work does not raise any ethical concerns.

B Inferring Beamwidths

Throughout the paper, we analyze various beam management parameters among gNBs with
di erent beam resolutions under the assumption that a higher beam resolution (larger number
of available SSB beams) results in narrower beamwidths. Since information about the supported
beamwidth of phased arrays from di erent vendors is not publicly available, in this section, we
describe our systematic experiments and analysis to verify this assumption.

The key to our analysis is to build a mapping between angular positions relative to a gNB and
the active SSB indices used in each position. If we observe the same index used across consecutive
angular positions, we can obtain an estimate of how wide a given beam is.

Experiment procedures. We rst created our own coordinate system for di erent types of gNBs

as shown in Fig. 19. For each surveyed gNB, we divided the surrounding area inwetfrs. We
denoted the middle of a gnB panel a% &nd recorded this direction with a high-accuracy RTK
GPS. Using Google Earth Pro, we generated the coordinates using’this i@ference. We then
generated DL tra c for a total of 40 s with the user standing at a given”1€ector and changing

their orientation with respect to the gNB by 4%very 5 s. We repeated this process at each 10
sector, with 8 user orientations at each sector, while using XCAL to log the SSB indices used by the
gNB to send data at that sector, enabling an analysis of the distribution of observed SSB indices
across the de ned sectors.

Beamwidth inference. Fig. 20 shows the di erent SSB indices recorded at various angles for
two gNBs with di erent resolutions 144 beams and 36 beams as an example. Recall that our
assumption throughout this paper a gNB with a beam resolution of 144 beams has narrower beams
than a gNB with a beam resolution of 24, 32, or 36 beams. Since many beams can be observed at the
same angle for di erent user orientations, due to environmental factors such as blockage causing
the signal to reach the UE over nLoS paths (re ections), we focus on the most commonly observed
beams, annotated for each speci ¢ angle. We observe that, for a gNB with 36 beams (Fig. 20b), the
same dominant SSB indices are recorded at 2-3 consecutiveebiors indicating beamwdiths
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(a) 144-beam gNB. (b) 36-beam gNB.

Fig. 20. Distributions of SSB indices (denoted by di erent colors) recorded at di erent angles for two gNB
types.

of 20°-30. For instance, SSB index 4 is observed fronT #80-40". On the other hand, for a gNB

with 144 beams (Fig. 20a), the same dominant beams are observed at a single sector or at most two
consecutive sectors, indicating a beamwidth of 1. Overall, the results indicate that a gNB

with fewer available beams has to use the same SSB index (beam) to cover a wider range of angles.
We also observe that a gNB with a resolution of 144 beams uses a much larger number of beams to
cover a sector compared to a gNB with a resolution of 36 beams. The results for resolutions of 24
and 32 beams are similar to those with a resolution of 36 beams.

C Additional Experimental Details and Results
C.1 Trajectories of Controlled Walking Experiments

Fig. 21 shows the trajectories of the controlled walking experi-
ments. In the case of walking towards the gNB, we started at P4
and stopped at P5. In the case of walking away from the gNB, we
started at P5 and stopped at P4. For lateral motion, we started
at P1, walked until we reached in front of the gNB at P3, and
continued walking until P2.

C.2 Examples of Commercial 5G mmWave gNBs and
Antenna Panels

Fig. 22 shows three examples of com-
mercial 5G mmWave gNBs and an-
tenna panels. A typical 5G mmWave
gNB structure consists of 3 antenna
panels, each covering a I26ector.
Figs. 22a, 22b) show two such exam-
ples of a Verizon and and AT&T gNB,
respectively, in Boston. The AT&T
gNBs in Las Vegas have a di erent
structure consisting of 4 panels, each
covering a 90 sector, as shown in
Fig. 22c.

Fig. 21. Trajectories for controlled
walking experiments.

(a) Verizon, Boston. (b) AT&T, Boston. (c) AT&T, Las Vegas.
Fig. 22. gNBs and antenna panel examples.
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(a) DL tra ic. (b) UL traic.
Fig. 23. Avg. # of unique Tx-Rx beam pairs included in beam measurement reports per run for di erent gNB
beam resolutions and mobility pa erns.

C.3 Additional Results

C.3.1 Number of Reported Beam Palfs.explore the number of Tx-Rx beam pairs included in

the UE beam reports during typical mobility patterns#tx and#- denote the total number of
available beams on the gNB and UE, respectively, then there are a tota.of #+« beam pairs.

With a gNB beam resolution of 24/32/36/144 beams and a UE beam resolution of 36 beams, this
number is very high (864/1152/1296/5184 beam pairs). However, Fig. 23, shows that the average
number of beam pairs included in UE reports during a run is very small, 35-117 on average in
the DL direction and 51-164 on average in the UL direction, which account for 0.7-14% (1-19%)
of the total beam pairs in the DL (UL) direction. The numbers of reported beam pairs are higher
for the UL direction than the DL direction 80.5 vs. 53, 70 vs. 60, 77 vs. 71, and 150 vs. 103 for
24, 32, 36, and 144 gNB beams, respectively, which also aligns with our previous observations
about UL vs. DL tra c. We also observe that the number of reported beam pairs for a given beam
resolution can vary signi cantly for di erent mobility patterns, but the mobility pattern that yields

the largest/smallest number of reported beam pairs is di erent for di erent gNBs resolutions, due

to di erent implementations of 3D beamforming, as noted in Y4.1.

C.3.2 Impact of Motion TypEig. 24 comple-

ments Fig. 12 comparing the number of beam

changes per s under walking and driving mo-

bility, when walking mobility does not include

the "walking away" pattern. The results show

lower beam change rates for walking mobility

in this case compared to Fig. 12, although still (a) gNB side. (b) UE side.

higher median values compared to driving. _. .
Fig. 25 further plots the beam change rat Fig. 24. Comparison of beam changes per second be

%Neen walking and driving (w/o away mobility).
separately for each city. We observe that in 9 9( Y Y)

Atlanta, where we only conducted random walking experiments, the beam change rate under
walking is lower than under driving. In contrast, in Boston and Miami, the "walking away" mobility
in ates the overall beam change rate under walking.

C.4 Driving Trajectories

Fig. 26 shows our driving trajectories in 5 cities. Note that mmWave 5G coverage is intermittent
due to either sparse deployments or building blockage. When mmWave coverage is unavailable,
the connection typically falls back to lower-band 5G technologies or LTE.
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(a) Atlanta, gNB side. (b) Boston, gNB side. (c) Miami, gNB side.
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(d) Atlanta, UE side. (e) Boston, UE side. (f) Miami, UE side.

Fig. 25. Comparison of beam changes per second between walking and driving in 3 different cities.

(a) Boston driving trajectory. (b) Miami driving trajectory.  (c) Las Vegas driving trajectory.

(d) Atlanta driving trajectory. (e) Chicago driving trajectory.
Fig. 26. Driving trajectories in different cities. Red: 5G mmWave, blue: 5G low/mid.
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