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1 Introduction

5G New Radio (NR) supports a wide range of frequency bands, including Low-Band (<1GHz),
Mid-Band (1-6GHz), and High-Band (mmWave, 24-40GHz). Since its rapid global rollout in 2019,
5G has largely coexisted with 4G/LTE. To leverage both technologies, most operators deploy Non-
Standalone (NSA) mode with Dual Connectivity (DC), while some have also introduced Standalone
(SA) mode. These architectures coexist, adding enormous complexity to modern networks. Like 4G,
5G employs Carrier Aggregation (CA) to boost the overall bandwidth and throughput [22, 77]. As a
result, operators often configure multiple cells per base station, and use one or a combination of
them to serve a user equipment (UE).

To support these technological advancements, most research and commercial efforts have concen-
trated on resource management within a single cell [21, 32, 33, 35, 66]. However, the foundational
question of which cell(s) a user should be served by in the first place remains relatively under-explored,
despite its growing relevance in today’s heterogeneous and multi-cell network landscapes. To
configure a UE’s cells, 3GPP defines a set of procedures that we collectively refer to as Connectivity
Management (CM) procedures for brevity. These include cell selection, reselection, handover, and
CA/DC. The decision-making criteria for configuring these CM procedures are primarily based on
radio link quality; specific configurations to make these decisions are largely left to operators.

Issues with Legacy CM Schemes. Legacy CM has three key limitations. (i) While radio link
quality criterion has historically ensured seamless connectivity, legacy CM is performance-oblivious
and lacks support for metrics like throughput and energy efficiency. (ii) CM procedures operate
independently, leading to redundant logic, increased management complexity, misconfigurations
[25, 46, 58, 79], and, in extreme cases, network outages [29, 59, 60]. (iii) Legacy CM is network-
centric, applying uniform criteria to all UEs. However, different traffic types demand different
solutions—e.g., one cell may be better for latency-sensitive traffic, while another offers higher
throughput. Existing schemes [24, 44] do not support such UE-level performance personalization.
These limitations contribute to the perception that 5G has been disappointing, with some even
claiming it fares worse than 4G [67], despite its potential for higher throughput [61].

Our Proposal. We propose a unified, performance-driven framework for CM that provides a
higher-level abstraction over existing CM procedures. By decoupling CM actions (adding, removing,
or modifying a UE’s cells) from performance criteria (throughput, latency, energy, etc.), our approach
allows operators to flexibly plug in diverse metrics as needed (see Fig. 1). This design enhances user
performance, reduces CM complexity, and supports UE-level personalization, all while remaining
backward-compatible with existing infrastructure. For example, the network may aggregate high-
bandwidth cells for backlogged flows, select low-latency cells (with higher subcarrier spacing) for
real-time traffic, or prefer energy-efficient cells for lightweight workloads. In cases prioritizing cell
coverage, standard radio link quality metrics remain applicable.

The rationale for our proposal can be distilled into three core insights. First, extensive measure-
ments across 12 cities in 5 North American and European countries reveal the wide availability and
heterogeneity of cell deployments (§2.3). In the median case, UEs can access 7+ unique cell combi-
nations spanning NSA-5G, SA-5G, and LTE in broad frequency ranges. These deployments remain
stable both spatially and temporally. Second, large-scale experiments highlight significant, untapped
performance gains enabled by the diversity of available cells (§2.4). The missed potential can be up
to 70.1% depending on the Quality of Experience (QoE) metric (e.g., video bitrate, per-frame latency
and energy consumption). This contrasts with earlier deployments, which prioritized seamless
connectivity over application performance. Third, while operators have traditionally used simple
heuristics for CM, there has been an interesting shift in trends recently. Newer 3GPP specification
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Table 1. Comparing existing CM techniques with OPCM.

Criteria l[Throughput] (Radio Link Quality] (Energy] (Al/ML Reward] ‘ Features Legacy | iCellSpeed | OPCM
Link Quality v v v
Actions [ (Add Cell] [Modify Cell] [Remove Cell) ] Supports Throughput X 7 7
" " " Perf. Metric Latency X X v
Underlying Radio Resource Control (RRC) mechanisms E 7

o nergy X X
Procedures [Handover] [Cell Re/selection} [CA/DC][Load Balancing] I Fair to other UEs 7 x 7
X . . K Respects RAN Policy v X v
Fig. 1. Decoupling CM criteria and underlying Ts 3GPP Compliant 7 X 7
CM procedures via an abstraction layer. *iCellSpeed bypasses standard 3GPP CM procedures.

releases introduce innovative CM techniques to improve user performance (e.g., conditional and
DAPS handovers [1]). This makes us rethink legacy CM practices.

Challenges. While a performance-driven CM framework promises significant gains for users,
several challenges must be addressed. First, managing CM for 10s-100s of UEs is complex due to
diverse performance requirements and heterogeneous cell deployments. Second, the solution must
comply with operator policies. Third, accurate network performance profiling is challenging—active
probing risks performance degradation, while passive techniques introduce approximation errors.
Fourth, CM procedures like handovers risk causing data interruptions.

Opportunistic Performance-driven CM. We present OPCM to tackle these challenges. It
operates opportunistically, ensuring at least the performance of legacy CM while seeking additional
gains. A key design question is: who should be responsible for performance-driven CM? A user-
side solution, like iCellSpeed [24], is immediately deployable on commercial 4G/5G networks;
however, since each UE would individually handle CM, it cannot guarantee cross-user fairness or
fulfill operator-imposed polices. In contrast, a centralized network-side solution can coordinate
multiple UEs, enforce operator policies at various scopes, and facilitate fairness. OPCM sits on the
base station, requiring no UE-side modifications. It remains 3GPP-compliant and fully backward-
compatible with legacy CM. OPCM also exposes a modular custom metric registration API that
reduces CM configuration complexity. Table 1 summarizes key differences between CM schemes,
highlighting OPCM’s broader metric support, policy compliance, and fairness guarantees.

We design three key components in OPCM. First, the Smart Decision Framework (§4) sim-
plifies the multi-UE CM problem by decomposing it into independent single-UE decisions while
pruning cell combinations that violate fairness or operator policies. It then opportunistically selects
cell combinations from the pruned set to exploit missed performance gains. Second, the Hybrid
Profiling Engine (§5) leverages cross-correlation among cell combinations to passively estimate
performance, minimizing profiling overhead. Third, the Robust Execution Module (§6) employs
queuing-aware delayed reconfiguration to reduce data interruptions. It also includes a fallback
mechanism that reverts to legacy radio link quality criterion when gains are marginal.

Prototyping and Evaluation. We prototype OPCM on a programmable over-the-air testbed
with open-source LTE/5G cellular suites [64, 65] in total 6.1K+ lines of code. Our experimental
evaluation combines small-scale over-the-air experiments (for realism) with large-scale trace-
driven simulations (for generality). We also test OPCM over multiple phone models, under diverse
mobility patterns (walking, driving, etc.) from various locations (downtown, campus, suburban),
and using real application workloads (e.g., video-on-demand and video analytics). Key experimental
takeaways are: (i) OPCM offers up to 65.2% and 28.1% higher average Quality-of-Experience (QoE)
than the legacy CM and a UE-side CM solution iCellSpeed [24], respectively (§8.2). (ii) OPCM
performs as well as the legacy CM under mobility, and can effectively find the highest performing
cell combinations in the wild (§8.3). (iii) OPCM satisfies operator policies: cross-UE fairness is
within 98-99% of the legacy CM, while the spectral efficiency improves by 2-3%. It incurs small
(3.1-6.5%) system overhead, and efficiently manages advanced CA/DC settings (§8.4).
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2 Background & Motivation
2.1 A4G/5G Primer

Cells. At any location, a UE is under the coverage of one or more serving cells, each operating on
a continuous frequency block called a component carrier (CC). A Base Station (BS)—eNodeB in
4G and gNodeB in 5G—houses the physical infrastructure for one or more cells. A key feature of
modern cellular networks is CA, which combines multiple cells to boost data speeds. NSA-5G Dual
Connectivity (DC) is essentially a form of CA, as it combines 4G and 5G cells. Serving cells include
a mandatory Primary Cell (PCell), responsible for control signaling and data access, and optional
Secondary Cells (SCells) that enhance data transmission. In NSA-5G, the Primary Secondary Cell
(PSCell) acts as the anchor for 5G signaling in addition to the 4G PCell. We use the term cell
combination to refer to a UE configured with a mandatory PCell and optional PSCell and SCells. A
cell combination is considered unique if it differs in any of its serving cells (PCell, PSCell, or SCells).
CM Procedures. Connectivity Management (CM) procedures determine the serving cells to which
a UE connects at any given moment. For instance, cell selection identifies the most suitable cell
during initial access, while cell reselection transitions an idle UE to a new cell. Handovers ensure
seamless continuity of service by transferring active connections between cells. Load balancing
redistributes traffic among cells to prevent congestion and optimize network utilization. CA/DC
combines multiple cells to enhance bandwidth and data throughput. Table 6 in Appendix A provides
a detailed overview of legacy CM schemes. They perform similar actions (add, modify, or remove a
UE’s cells) based on UE’s radio connection state (idle, inactive, or connected) and criteria (radio
link quality, absolute priority, and cell accessibility).

Terminology. For brevity, we adopt a few rules to talk about cell combinations: (i) 61°(3350)
refers to a UE connected to a 5G PCell with Physical Cell ID (PCI) 61 operating at a frequency of
3350 MHz; (ii) 85*(1850)/61°(3350) is an NSA-5G UE with a 4G PCell 85 and a 5G PSCell 61; and (iii)
85%(1850)/61°(3350)/{108°(3370),111°(3330)} adds two 5G SCells 108 and 111 to the previous setting.

2.2 Measurement Setup

Operator, Band & Technology. We select three major commercial cellular operators (T-Mobile.
AT&T & Verizon) in the US for our experiments. These operators have deployed their cellular
services using 4G/LTE, NSA-5G, and SA-5G in the Low-Band, Mid-Band, and mmWave radio
frequencies. To collect data in Europe, we use the countries’ local cellular operators (Vodafone,
Telekom, SFR, and Orange). European operators also support 4G/LTE and NSA-5G in Low-Band
and Mid-Band range [39]; however, only Vodafone offered SA-5G at the time of our study. Since
mmWave 5G coverage is still low across the US and Europe [7, 39, 70], we mainly focus on Low-Band
and Mid-Band (600-3300 MHz) in our study.

Measurement App. We develop an Android app to test different application use cases in the wild.
(i) Live Video Streaming: our streaming pipeline consists of three components: (a) an RTSP media
server [3], (b) an ffmpeg-based encoder [2], and (c) a lightweight Android RTSP client [26]. We
transmit pre-recorded video content at 30 FPS with a target bitrate of 34 Mbps, matching typical 4K
streaming requirements. (ii) Video Conferencing: we implement a minimal Android client using a
commercial WebRTC SDK [71], maintaining compatibility with standard real-time communication
protocols. (iii) Energy Profiling: We employ pre-built energy consumption models to profile a
UE’s energy efficiency as a function of its network throughput, serving cell combination, and
device model. This model-based approach offers practical advantages over deprecated Android
PowerProfile APIs and external hardware monitors, avoiding both software limitations and the need
to tether devices to measurement equipment during live, in-the-wild experiments. To construct
models, we follow the methodology of Narayanan et al. [56]: we collect current draw traces using
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the Monsoon Power Monitor [37] at varying sending rates, and then fit linear regression models to
derive per-device power consumption profiles. We use a university-hosted server with 4 Gbps+
network bandwidth to host all the applications. Hence, the Internet was not a bottleneck. We also
capture other key information using Android APIs, such as geolocation, mobility speed, signal
strength, BS Id, and ping latency.

Methodology. We use multiple smartphone models to minimize the impact of smartphone diversity:
Samsung Galaxy S10 (S10), S20 Ultra (S20U), S21 Ultra (S21U), and S22+ (S22+). These phones have
diverse radio capabilities. We use a laptop - tethered to the phones via USB3 cables - to control and
time-synchronize the experiments through ADB [23] commands. To extract lower-layer signaling
messages on unrooted UEs, we rely on a professional tool Accuver XCAL [16]. Concurrent phone
measurements can occasionally affect performance results. To mitigate this, we lock UEs to separate
BSs when possible, benchmark devices before each test, and repeat experiments for consistency.

2.3 Wide Availability of Cell Deployments

To geographically map the footprint of cell deployments, we use band-locking code (x#2263#) to
explore cells a UE can access. ping is used to test Internet connectivity. We conducted experiments
across 90+ locations in 12 cities in the US and Europe, repeating each experiment 3X per location.

Our analysis reveals that cell deployments are spatially stable and abundant. Fig. 2 shows the
number of unique BSs accessible to a UE in different regions. At any location, more than 3 BSs can
be accessed approximately ~94% of the time. The median case shows 3—6 BSs per location, with
some locations reaching up to 8. With CA/DC considered, the number of unique cell combinations
exceeds 7 in the median case. We notice denser cell deployments in the US compared to Europe. The
disparity is caused by the limited availability of SA-5G and NSA-5G Low-Band in Europe during
the study period: only one European operator offered SA-5G, and NSA-5G Low-Band was absent in
our dataset. In contrast, US operators extensively used NSA-5G Low-Band for 5G services [34, 39].

To verify the temporal stability of cell deployments, we conducted a 13-month campaign at four
fixed locations (university campus, suburban residential area, downtown plaza, and airport) in a
major US city. Results show 5-6 cell combinations observed 95% of the time across all locations.
The cell combinations always remained the same except when T-Mobile added SA-5G Mid-Band
cells at two of the four locations, or Verizon and AT&T added NSA-5G (C-Band) cells at all locations.

2.4 Performance Diversity in Cell Deployments

With the widespread availability of cell deployments, a key question arises: do the cell combinations
exhibit performance diversity both within and across metrics, and how large is the gap between
the legacy CM schemes, optimized for seamless connectivity, and performance-driven approaches?
A case study. To evaluate performance diversity, we select a 740m X 510m rectangular loop on
our university campus. Using XCAL, we confirm that a T-Mobile UE can connect to the same four
PCells (and PSCells for NSA-5G), each served by a unique BS, at any location. Four S22+ UEs are
locked to the four identified cell combinations, while a fifth S22+ uses cell combinations assigned by
legacy CM. The cell combinations include LTE, SA-5G, and NSA-5G, with UEs free to perform CA.
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Fig. 4. A case study to quantify the performance gap between legacy CM and the highest performing cell
combinations. The color gradient ranges from red (highest performance) to yellow (lowest performance).

Table 2 lists the PCIs and frequencies for all five settings S1-5. The devices are placed side-by-side
and collect data concurrently at walking speed. Each UE runs three apps: live video streaming,
video conferencing, and energy profiling (§2.2). For video streaming, re-buffering time is negligible
(<0.03%), so we only plot video bitrate. For video conferencing, we report per-frame latency, as the
sending rate is low (~2 Mbps [53]). Additionally, we monitor Signal to Interference and Noise Ratio
(SINR) for PCells/PSCells.

Fig. 4 plots SINR, live video streaming bitrate, video conferencing latency, and energy consump-
tion. The top plots represent the legacy CM’s performance (S5), while the bottom ones depict
the highest performance across the other four settings (§1-S4), with darker red indicating better
performance. Our experiments reveal four main insights. First, legacy CM achieves SINR compa-
rable to the best setting (Fig. 4a), as it is optimized for seamless connectivity. Second, no single
setting performs best across all metrics, and the gap between legacy CM and the best setting is
significant (27.0-70.1%) for video bitrate, latency, and energy efficiency. This diversity arises from
factors such as operator deployment preferences (e.g., wider bandwidths improve throughput, while
lower subcarrier spacings reduce latency), device capabilities, and CA priorities. Third, even for
a single metric, no setting consistently offers the highest performance. For example, S2 achieves
the highest video bitrate 43.2% of the time, but the lowest latency 11.3% of the time and is most
energy-efficient 26.1% of the time. Fourth, some operators aggressively camp users on 5G channels
(e.g., in C-band or mmWave band), or aggregate carriers for wider bandwidths. However, wider
bandwidth does not guarantee higher throughput, and factors like channel variability and the
disparate performance of CA combinations play crucial roles too [39, 77].

Next, we conduct large-scale experiments to characterize the network throughput gap across
various mobility scenarios, including walking, driving, light rail, public bus, indoors, and stationary.
The setup remains the same as before, with UEs band-locked to four diverse configurations (LTE Mid-
Band, NSA Low-Band, NSA Mid-Band and SA Low-Band) rather than specific cell combinations.
Each UE runs file transfer apps for both uplink and downlink directions.

Fig. 3 plots the downlink and uplink throughput CDF achieved by legacy CM and compares it
with the highest (the UE with maximum throughput among all five devices). There are four key
takeaways. (i) Although legacy CM provides the best link quality in 83.8% cases, it has the highest
downlink throughput only 16.6% of the time. The uplink is even more drastic where legacy CM has
maximum throughput a mere 3.6% of the time. (ii) The throughput gap between highest and legacy
is huge: 143.1% (62 Mbps) median gap for downlink and 86.8% (9 Mbps) for uplink. (iii) In the
median case, 2-3 cell combinations have better throughput than the cell combination configured by
legacy CM. (iv) The uplink and downlink have the same highest cell combination only 42.1% of the
time, implying that the uplink and downlink CM must be handled separately.

Overall, our findings reveal that no single cell combination consistently outperforms across all
metrics, underscoring the need for adaptive CM solutions.
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3 Opportunistic Performance-driven Connectivity Management (OPCM)

Here, we introduce OPCM (Opportunistic Performance-driven CM) framework. Its design needs
to overcome several challenges. [C1] Performing CM for 10s-100s of UEs presents significant
complexity due to varying performance requirements and heterogeneous cell deployments. [C2]
The framework must adhere to operator policies, such as ensuring cross-user fairness and balancing
cell loads. [C3] Network performance profiling entails either actively switching to cells with
potentially degraded performance or using passive approximation techniques, which are often error-
prone. The challenge lies in determining the best approach to minimize overhead while ensuring
accuracy. [C4] CM procedures, such as handovers, can cause data interruptions. Minimizing these
disruptions is critical to maintaining seamless user experiences.

3.1 Design Overview

Fig. 5 illustrates how OPCM works compared to the legacy CM schemes. Typically, the serv-
ing BS configures @ a UE to continuously measure @ neighboring cells based on the radio link
quality criteria. Once a configured criteria is met, the UE reports @ it to the serving BS. The
serving BS then decides @ if it should initiate a CM procedure. If yes, the serving BS sends a
command to the UE and helps execute @ the procedure. In the above process, ensuring that
OPCM effectively selects the best serving cells according to the configured performance criteria
without sacrificing other UEs’ performance is the key to its adoption. Therefore, we design our
system to be opportunistic: it strives to be as good as legacy CM while searching for additional
performance gains. OPCM only replaces the decide @ and execute @ steps with its own Deci-
sion Framework and Execution Module, respectively. The underlying cellular procedures remain
the same. It also introduces Profiling Engine to support diverse performance criteria. The Data
Manager collects network, signal quality, and measurement report data readily available at the BS.

Profiling Engine §5 Decision Framework §4
The performance-driven CM involves solving [ Criteria Support \ [ Cell set generation
an optimization problem that jointly considers all [ Passive Approximation | || " Cell set pruning
UEs, cell deployments, performance criteria, and | [ Ughtweight Estimation | | |[Opportunistic decision making
RAN policies, leading to a scalability challenge ) H
(C1). To overcome it, the Smart Decision Frame- éj LEEIAEN LT
O Decide | | @ Configure

work (§4) strategically decomposes the mono- ErecationModule 86
lithic multi-UE CM problem into multiple single- ( Delayed Reconfiguration © Execute| | @ Measure
UE CM problems. It further reduces complexity [ Fallback Mechanism | || CM Process | @ Report
by eliminating infeasible cell combinations. To
achieve this, OPCM first generates a cell set con- Fig. 5. The overall design workflow of OPCM.
taining all feasible cell combinations. Our experience from measuring public networks helps us
reduce the number of cell combinations to consider. Then, we perform cell set pruning to remove
cell combinations that may violate operator policies (C2), further reducing the cell set size. Finally,
OPCM opportunistically decides which cell combination to use based on the performance estimates
from Profiling Engine. It also balances the tradeoff between switching to a new cell combination (to
profile its performance) and using the same cell combination (to maximize gains) (C3).

The Hybrid Profiling Engine (§5) estimates the performance of cell combinations in the
cell set based on the appropriate criterion (radio link quality, network throughput, latency, and
energy efficiency). OPCM leverages performance cross-correlation among cell combinations to
opportunistically approximate performance without having to use a cell combination (C3). Finally,
the Robust Execution Module (§6) executes the CM decisions. It employs delayed reconfiguration
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to reduce data interruptions (C4). It also runs a fallback mechanism that reverts UE to the legacy
radio link quality-based criterion if the performance gains are small.

Deployment Practicality. (i) OPCM operates as a lightweight service at the BS, requiring no
changes to UEs. (ii) It adheres to standard 3GPP mechanisms and existing infrastructure; we do not
replace the existing UE-side radio resource management (RRM) measurements which are essential
for initial access, channel adaptation, etc. (iii) OPCM is backward-compatible; we implement legacy
radio link quality-based CM on it and benchmark the performance (§8.3). (iv) Similar to standard
X2/Xn handovers, it allows BSs to communicate on X2/Xn interfaces for shared performance
profiling and coordinated CM decisions (§10). (v) To ensure that OPCM is opportunistic, i.e, it
perform at least as well as legacy CM, we build mechanisms such as hysteresis, legacy fallback,
and marginal-gain avoidance. (vi) Since the best cell combination for uplink and downlink may
differ (§2.4), OPCM applies CM logic separately to each direction. For brevity, we only describe the
downlink procedure in the remainder of this paper.

4 Smart Decision Framework
4.1 Cell Set Generation

At any moment, each UE is under the coverage of multiple cells with varying configurations. The
serving BS configures all connected UEs to report measurements of neighboring cells (€) in Fig. 5).
Additionally, UEs can be configured with multiple serving cells, referred to as a cell combination in
this paper (§2.1). OPCM leverages these radio link quality measurement reports, along with the
UE’s current cell combination, to construct a cell set C = {c;|i € N}, where each cell combination
¢; can have multiple serving cells. Furthermore, OPCM continuously updates C during runtime in
case a new c; is seen or an old one disappears.

UEs are typically surrounded by 3-6 BSs (§2.3). Each BS can have 3-4 PCells and up to 8 SCells,
leading to over 100 possible cell combinations in the worst case. Profiling these many combinations
is prohibitively expensive. Our measurements (Fig. 22 in Appendix B) reveal that operators limit cell
combinations in practice by adding multiple SCells at once based on threshold-based policies [27].
This insight contrasts with the findings of CA++ [45], which assumed a sequential addition of
carriers or SCells. Leveraging this observation, OPCM restricts cell combinations in C to those
explicitly allowed by the operator, reducing the cell set size to under 9 in 95% of cases.

4.2 RAN Policy Compliance via Cell Set Pruning

A BS-side vantage point enables OPCM to respect Radio Access Network (RAN) operator policies.
We next describe how the RAN policies are defined, calculated, and realized.

Defining RAN Policies: OPCM uses a simple framework to encode RAN policies. A §-constraint
55 defines an operator’s tolerance of dissatisfying a well-defined policy #. For instance, 55,[ implies
that if we were to move a UE to cell combination c;, the fairness index FI could go down by at
most & from the best possible value FI?**. Operators can flexibly define policies over the scope
of a UE (e.g., a UE cannot access high-capacity mmWave cells), a cell (e.g., CA channel priorities),
or the whole BS, and define their calculation rules. Table 3 exemplifies two such policies. (i) User
Fairness calculates the fairness index (FI) of the long-term average throughput (7,') among users (U).
(i) Load Balancing measures how evenly the load Table 3. OPCM RAN objective examples.
should be distributed across cell combinations. The RAN Policy P pmax
load distribution index (LDI) computes the degree
of similarity of load (resource blocks R%) for C.
Realizing Policies: Given 5;7; , OPCM evaluatesa  Band Load Balancing LDI' = % 1.0
“what-if” scenario of moving to cell combination ¢; il

i t o Cuen T?
User Fairness FI' = U1 Soea (T2 1.0
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in the next time step, ie., calculating P/*' if OPCM were to move the UE to c;. Lastly, OPCM
checks if the what-if scenario satisfies the constraint, i.e., Pcr:‘“x - Pcti“ < (SZj . If not, ¢; is removed
from the UE’s available set C so ¢; will not be considered in the subsequent decision-making stage.

4.3 Opportunistic Decision Making

Once OPCM prunes the cell set C and obtains performance estimated from Profiling Engine (§5)
for each ¢; € C, the Decision Framework decides whether to retain the current cell combination or
switch to another. The key challenge lies in balancing the exploration vs. exploitation tradeoff (C3).
Exploitation means maximizing the immediate performance by using the best cell combination
based on current estimates, while exploration updates current estimates of cell combinations’
performance. Exploration may incur performance loss when the UE utilizes a suboptimal cell
combination, or increase battery drain when done aggressively. However, not doing so leads to
inaccurate performance estimates, hurting the efficacy of future exploitations. Notably, legacy radio
link quality—based CM does not require exploration, as UEs can passively measure link quality of
other cell combinations via radio resource measurements (@ in Fig. 5).

Balancing Exploration and Exploitation. The above problem can be formulated as a non-
stationary multi-armed bandit problem, i.e., one where the reward distributions associated with
each arm (representing a cell combination) can change over time. A common approach to solving
such problems is the epsilon-greedy policy, where we explore with probability € and exploit our
current estimates with probability 1 — €. Lines 1-2 in Algorithm 1 highlight this policy. OPCM
employs exponential epsilon decay to balance exploration and exploitation over time. The idea is
to start with a high exploration rate (¢) and gradually decrease it exponentially as our performance
estimates get better. A is the decay rate controlling how fast € decreases. Using empirical analysis
(details in Appendix B), we find that OPCM performs best when A is close to |C|/2I, where I is the
best cell combination change interval and it can be easily computed on the BS.

Gain-aware Greedy Exploitation. OPCM simply keeps using the cell combination with the
highest performance according to our estimates y. (Line 3 in Algorithm 1). However, simply
choosing the highest performing cell combination may not lead to better performance if the
performance gains are small and data-plane interruption is high (C4). Therefore, OPCM selects a
new cell combination é*! during exploitation only if its performance is greater than the current
cell combination’s performance ,ucf, plus a small hysteresis H (Line 4-5). A small hysteresis, inspired
by the hysteresis used in UE measurement reporting, ensures that greedy exploitation would not
lead to performance loss. H is easily configurable (we use H = 1/2 = sqrt(,uét) in our evaluations).
Smart-random Exploration. As discussed in §3, OPCM explores suboptimal cell combinations to
update our estimates in anticipation that their performance might have improved. If OPCM decides
to explore, we do not simply choose any random cell combination c;. Instead, the question of which c;
to explore depends on two rules: (i) avoid frequently exploring a ¢; with low historical performance,
and (ii) explore the ones that have not been used for a long time so that OPCM can update their
estimates. On the basis of these rules, we combine normalized estimated performance (u, ) and time
since last usage (lu{.) in equal proportions to calculate the exploration weight (w!.) for each ¢; € C
(Line 7). Lastly, we randomly select a cell combination based on these exploration weights (Line 8).
This enables OPCM to traverse all available cell combinations (in a stochastic manner) based on
the balanced priority between each cell combination’s historical performance and its measurement
staleness. If a new cell combination appears in C, its exploration weight will be higher than other
cell combinations and it will be prioritized during exploration.
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5 Hybrid Profiling Engine

The Profiling Engine estimates the performance of cell combinations according to the configured
criteria. A key challenge here is the absence of inactive cell combinations’ network performance
data (C3). The Profiling Engine addresses this via a novel passive approximation technique. This
helps OPCM enhance the estimates obtained via exploration. Finally, the Profiling Engine produces
the estimated performance metric 4, for all ¢; € C. To compute ., the Data Manager collects the
requisite raw data (e.g., measured performance metric m} of active cell combination ¢ at time t).

5.1 Passive Performance Approximation

Our measurements suggest that the performance of (a subset of) cell combinations is often correlated.
Therefore, historical correlations can help infer other cell combinations’ performance. Recent
works [18, 45, 48, 69] use cross-band link quality estimation on the physical layer. In contrast, we
identify an opportunity where some cell combinations have correlated network performance.

To illustrate the correlation among cell combinations’ network throughput, we present a repre-
sentative trace in Fig. 6, which shows synchrony in the performance of two cell combinations. In
particular, the troughs and stable performance regions are mostly correlated. This phenomenon
is attributed to three reasons. First, cell combinations often share the same cells (or CCs) and
radio infrastructure, which leads to correlated performance. Second, a blockage can cause sudden
performance degradation for multiple cell combinations during mobility. Third, temporary user
congestion can affect the BS-side radio resource scheduling and, henceforth, the throughput for
more than one cell combination.

Inspired by the above observation, we use our large-scale dataset from §2.4 to calculate cross-
correlations across cell combinations. We employ Time Lagged Cross-Correlation (TLCC) [62] to
determine the lag period during which the performance is correlated. The rationale for TLCC is
that a UE can use only one cell combination at any moment, so there is a time lag between when the
data of two cell combinations is collected. In our analysis, we identify the pairs with the maximum
and minimum (lagged) correlation at any given time and plot their averages. Fig. 7 shows that
many cell combinations indeed exhibit non-trivial cross-correlation. Usually, the correlation is
decent (> 0.5) within a short time window [t-5, t+5] secs, suggesting we use recent measurements
of the active cell combination to improve the correlated cell combination’s network estimates.
Additionally, network latency and energy efficiency exhibited similar correlation patterns during
our investigations. mi,. _ 'uéi «[1+ Corrg,ci . (mz _ mé_l)/mg_l] (1)

We detail the procedure of using performance measurements of the active cell combination ¢’ to
improve the estimates of an inactive cell combination c;. First, we calculate their TLCC to be Corr} )
and the lag to be §t. Let a(t) and b(t) be the measured throughput sample series of cell combmatlon
a (active) and b (inactive), respectively. Corr? b 18 calculated as the maximum correlation between
a(t — ot) and b(t) regarding &t, the lag. We emplncally use a 2-minute worth of samples when
calculating Corra’ »- Next, if the TLCC is significant in a small lag period (empirically determined if
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Corré)ci > 0.5 and 8t < 5 secs), we estimate the performance of ¢; using Eqn. 1, which applies the
(measured) gradient of ¢’s performance to the (approximated) ¢;’s performance. The gradient is
weighted by Corrg’ci as our confidence level of the similarity between the two cell combinations’
performance trends. In cases when TLCC-based correlation is weaker than 0.5 (e.g., high mobility,
or different BSs), OPCM uses ¢;’s most-recent estimate to avoid inaccurate predictions.

5.2 OPCM Performance Criteria

Lightweight Performance Estimation. Unlike applications requiring precise network perfor-
mance estimates (e.g., video streaming), OPCM only requires the comparative performance (ranking)
of cell combinations. Since its goal is to perform an argmax operation, the system relies on the
ordinal properties (ranking) of the estimates rather than their precise cardinal values. We thus
adopt a highly lightweight filter-based approach with reasonable accuracy, without resorting to
sophisticated approaches. Eqn. 2 shows how we use the traditional Exponential Weighted Moving
Average (EWMA) to compute the performance estimate p. . Through large-scale trace-driven
simulations, we find that any alpha value in the range a € [0.5,0.8] works decently well (§8.3).
Exploring more sophisticated prediction methods is left to future work.

pro, = axmg, + (1—a) * g ()
Criteria Support. OPCM can support diverse performance criteria and metrics. These metrics
are transparent to applications and can be easily computed at the BS. By default, we use 5G QoS
Identifier (5QI) to identify the performance criterion for a flow. Here, we list down four diverse
criteria implemented in OPCM so far. (i) Radio link quality is the legacy criterion in cellular
networks. OPCM can directly use the link-quality reports (€ in Fig. 5) sent by UEs to the BS. (ii)
Network throughput is a popular choice of performance criterion for CM. OPCM collects Radio
Link Control (RLC)-layer throughput measurements to calculate network throughput. (iii) Network
latency is the head-of-line delay experienced by packets in RLC queues. It represents the time
spent by the first Service Data Unit (SDU) packet in the RLC queue. (iv) UE energy efficiency
criterion is supported via offline energy models or preference lists, which can be constructed using
measurements from external power monitor (§2.2) or Android’s On Device Power Rails Monitor
(ODPM) tool [17, 31]. ODPM allows segmentation of power consumption by hardware components,
including the cellular modem. Offline models predict energy consumption based on UE’s network
throughput, cell combination, and device model [56]. Preference lists simply rank cell combinations
by their mean energy efficiencies and are easier to construct but less robust than full models.

6 Robust Execution Module

Once the Execution Module receives the CM decision (¢/*!) from the Decision Framework, it first
checks UE’s Radio Resource Configuration (RRC) state [12] and current cell combination (¢*). Based
on this, OPCM triggers the appropriate CM procedure (cell re/selection, handover, CA) to change
UE’s cell combination. The execution command is sent as an RRC reconfiguration message to the
UE. OPCM also enables two mechanisms that improve its robustness and efficiency.

(i) Delayed Reconfiguration. Recall that CM procedures incur data-plane interruptions (C4).
A close examination reveals that the interruption is high when data is waiting in the uplink or
downlink transmission queues! while the BS executes the CM procedure. This observation suggests
an optimization opportunity: OPCM can delay executing a CM procedure by up to p in anticipation
that queues will drain up within the next p time units, thus minimizing interruptions.

The uplink (downlink) data waits in UE-side (BS-side) queues before the BS assigns radio resources for data transmission.
The BS does not assign resources to a UE during CM, leading to interruptions.
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Inspired by the above, OPCM initializes a timer (counting down from p) and keeps monitoring the

uplink/downlink queues. The downlink queue resides on the BS side so it can be directly monitored;
meanwhile, UEs periodically send their uplink queue information (buffer status report [4]) to the
BS. When the queues are empty, OPCM stops the timer and triggers the CM procedure. Otherwise,
it exponentially increases UE’s scheduling priority, attempting to drain the queues quickly. When
the timer expires, OPCM executes the CM procedure regardless of queues’ status. The selection of
p incurs a tradeoff: if p is too short, there may not be enough time to drain the queues, whereas a
large p may lead to inaccurate CM execution timing. To balance this tradeoff, we empirically set
p to the median data-plane interruption (120 ms) due to CM procedures (§2.4). The exponential
priority scheduling has a negligible impact on fairness since CM is infrequent and p is short.
(ii) Fallback Mechanism. OPCM includes an optimization to save BS computation and energy.
When the UE experiences no data activity (idle state) or network activity is extremely low (e.g.,
pt. < 1 Mbps), OPCM temporarily falls back to the legacy radio link quality-based criterion and
only passively listens to the traffic for any network activity.

7 Implementation

OPCM Prototype. OPCM is built on top of srsRAN [64, 65], an open-source 4G/5G software
defined radio suite. We modified the cellular protocol stack (4G/5G Layer 2) in srsRAN to implement
OPCM in over 6.1K lines of C/C++ code. First, we implemented necessary logging functionality for
RLC, MAC and PHY layers to support data collection. Further, we developed a modular CM engine
atop the RRC layer of the protocol stack. The engine abstracts the CM procedures inside RRC layer
and adds support for diverse performance criteria. The Data Manager in OPCM collects logs (e.g.,
UE measurement reports and performance metrics) at (configurable) periodic intervals. These logs
are forwarded to: (i) the Profiling Engine that figures out the performance criterion using UE’s 5Q1
information, and estimates the performance, and (ii) the Decision Framework that maintains the cell
set C and makes strategic CM decisions. The system time step length (At =t — (¢t — 1)) is 1 secs.
Finally, the Execution Module receives CM decisions from the Decision Framework and triggers
the appropriate CM procedure. To do so, it observes the UE state and the difference between cell
combination under usage and the one we are switching to. Based on this, the Execution Module
figures out which cells to add, remove, or modify. Finally, it sends the RRC reconfiguration message
to the UE to initiate the CM procedure. Since the BS can assign absolute priorities to cells (Table 6),
we make use of this 3GPP-defined feature to configure the desired cell combination on the UE. The
Execution Module also oversees the delayed reconfiguration module and the fallback mechanism.
Custom Metric Registration. OPCM supports custom metrics through a lightweight C/C++
API As shown in Fig. 8, metrics are registered via register_metric() with a name, callback, and
interval. The Profiling Engine invokes each callback with raw RLC/MAC/PHY stats for all UE-cell
combinations. Returned values are normalized and used by Decision Framework, enabling easy
extensibility without altering core logic. This modular interface reduces the burden of manually
configuring performance rules, directly addressing the CM management complexity (§1).
Trace-driven Simulator. We developed a 4G/5G network simulator based on the ns-3 LTE and NR
codebase [9, 57]. OPCM’s simulator proof-of-concept is similar to our prototype implementation.
Additionally, we integrated trace-driven channel simulations and implemented traffic generator for
a file transfer application. Overall, we added or modified 4.9K+ lines of C/C++ and Python code.

8 Evaluation

We first build an in-lab end-to-end cellular network, given the lack of operator support and high
cost of commercial BS deployment. Despite its limited scale, it provides a high physical-layer fidelity
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through real hardware and channel interaction. This is complemented by large-scale simulations to
stress-test OPCM under a high density of users and cells, thereby ensuring reproducibility.

8.1 Experimental Setup

(i) Over-the-air Testbed. The setup is shown in Fig. 9. Each BS has two components: (i) a srsRAN-
based eNodeB or gNodeB stack running on a laptop equipped with Intel Core i7 @ 3.00GHz CPU,
and (ii) an RF frontend based on USRP B210 [68] software defined radio (SDR). The Open5GS Core
Network (CN) [11] runs on a desktop machine. All apps are hosted locally with a 20 ms delay
between the CN (packet gateway) and the remote server. We use ADB scripts to automate and
time-synchronize experiments. All experiments are repeated at least 5X.

Experiment Settings. We set up three cell combinations on four B210s. NSA-5G needs two RF
frontends, one for 4G and one for 5G. The frequencies for these cell combinations are according
to S2-4 in Table 2. Each one uses 20 MHz bandwidth with 64 QAM and 256 QAM MCS tables for
uplink and downlink, respectively. All BSs use the proportional fair scheduler with default srsRAN
parameters. We put the testbed (Fig. 9) in an empty open parking garage to eliminate environmental
noise. Fig. 10 plots a density map showing maximum downlink throughput at any location. We
freely walk at ~3 mph during our experiments with UEs in hand.

Comparative Approaches. (i) The legacy approach uses the radio link quality-based CM to
choose UE’s cell combination. We use srsRAN’s default criterion parameters. (ii) iCellSpeed [24] is
a UE-side solution to increase UE’s network throughput. For a fair comparison, we implement a
network-side version of iCellSpeed. We modify its iCustomize module since CM procedures can be
directly triggered from the BS. The iprofile module is set up as described in the paper.

COTS & Virtual UEs. We use a Google Pixel 7 (PX7) smartphone and apply a programmable sim
card to register it with CN. The PX7 phone lacks the ability to configure 5QI, therefore, we fix the
5QI in OPCM and test one application use case at a time. For simulation experiments, each app
sets up its data bearers with the appropriate 5QI value. We also use 30 (10 for each BS) ZeroMQ
srsUEs [14] with virtual radios. These virtual UEs utilize real-world network traces to generate
network traffic and channel traces to model realistic channel conditions.

Network and Channel Traces. We collect these traces with NG-Scope [73] and post-process them
to match our BSs’ numerologies (e.g., cell bandwidth). We scale up/down traces to increase/decrease
the BS load at the start of an experiment (call it sload). Note that the BS load can change during
the experiment if a CM procedure transfers the UE from one cell to another. The average sload
is set to be 67% unless otherwise stated. Additionally, we configure srsRAN to utilize real-world
channel quality traces collected with XCAL. Our 14 hrs+ trace corpus is a 4-dimensional tensor
(trace #,cell combination, channel, time), where each entry corresponds to a wideband Channel
Quality Indicator (CQI) value. We chop these traces across time, with each trace spanning 350 secs.
We randomly select 10 traces (for 10 virtual UEs) from the corpus for each BS. Since we have
collected these traces in different mobility scenarios, the heterogeneity and randomization ensure
that each BS has UEs with diverse channel conditions.

RAN Objectives. When OPCM is not running, the fairness index and load balancing index is in
the range of 0.85-0.95 for our testbed (see Fig. 17). Therefore, we set OPCM delta tolerance (51?)
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for fairness and load balancing constraints to the higher limit 0.15 (i.e., 1 — 0.85 = 0.15). Later, we
investigate the impact of § on OPCM performance (§8.5).

(ii) Trace-driven Simulations. We use ns-3 [9, 57] to test OPCM with advanced 4G/5G settings
and large number of users. The setup is identical to the over-the-air testbed, with a few exceptions.
We increase the number of cell combinations to five by adding two new settings: S1 in Table 2 and a
5G cell operating at 2155 MHz. Each BS can now aggregate up to 4 carriers, increasing the bandwidth
from 20 MHz to 100 MHz. 150 UEs (30 for each BS) repeatedly download a 256 MB file from the
remote server for 8 mins. Realistic channel conditions are still modeled with our corpus of traces.

8.2 OPCM QoE Improvement

To evaluate OPCM under our testbed, we develop a suite of four mobile apps with diverse workloads.
(i) VoD Streaming. Our VoD streaming experiments use a dash.js [28] player to stream a 4 min
video. We mainly test buffer-based BOLA [63] and rate-based [49] adaptive bitrate (ABR) algorithms
due to their popularity. The video is encoded at 6 unique quality levels (0.8-6.8 Mbps average bitrate).
Fig. 11 plots the normalized bitrate and stall percentage for our experiments. The QoE improves in
the top right direction as indicated by the arrow. The results show that, compared to the legacy,
OPCM improves the average bitrate by 25.1%. Similarly, it reduces the average video stall percentage
by 65.2%. iCellSpeed offers slightly (3.1%) higher bitrate than OPCM, but also has a 0.2% higher
absolute stall rate. iCellSpeed performs well for downlink throughput-hungry applications but can
lose performance for other application types and has a high memory footprint (details to follow).
(ii) Latency-critical Video Analytics. We select a popular video analytics task: Object detection
(OD). OD app uses a state-of-the-art video analytics model (i.e., YOLOv4 [19]) deployed locally.
Instead of sending camera feeds, both phones stream the same video frames from the COCO
dataset [6] at 30 FPS. The perceptive accuracy (defined in [30, 43]) captures mean average precision
for sending frames, and replaces a frame’s inference with the last feedback if a response is not
received within 200 ms. Fig. 12 showcases that OPCM achieves 23.7% higher perceptive accuracy
and 28.1% lower response latency than iCellSpeed on average. The performance difference can be
attributed to two reasons: (i) iCellSpeed focuses on improving the throughput only while OPCM
optimizes the performance criterion inferred from 5QI, and (ii) OPCM’s queuing-aware delayed
reconfiguration mechanism minimizes data-plane interruptions.

(iii) Uplink Video Ingest. We re-purpose Ant-Media’s LiveVideoBroadcaster [8] to publish a
pre-recorded video stream (1080p @ 30 FPS with 7.2 Mbps average bitrate). UEs send adaptive
RTMP feeds [13] to a media server [5] deployed locally. We plot the sending bitrate and ingest
delay for published video streams. Ingest delay, as defined in [80], is the time from when a video
frame is generated at the source to when its quality variants are available at the server for client
download. Fig. 13 depicts that OPCM achieves 12.9% higher average bitrate compared to iCellSpeed.
Recall that uplink and downlink may have different highest performing cell combinations (§2.4).
OPCM can infer which direction to optimize unlike iCellSpeed that only optimizes the downlink
throughput. Moreover, the uplink-intensive video ingest sees comparatively higher improvement
than other downlink-heavy apps because the gap between legacy and the highest performing cell
combination is wider for uplink (§2.4).
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mobility scenarios.

(iv) Lightweight Fitness Tracker. We build an app to transmit live health data (e.g., heart rate)
to the cloud. The app sends ~100B messages every 0.25 ms. In addition, we configure OPCM to
use energy consumption models and optimize PX7’s energy efficiency (§5.2). Fig. 14 plots the
overall energy consumed by the UE during a 30 mins experiment. It shows that OPCM improves
the average energy efficiency by up to 26.3% and 20.6% over legacy and iCellSpeed, respectively.
While 3GPP has not defined energy-specific 5QI values, Releases 16 and 17 introduce UE Assistance
Information (UAI), enabling UEs to share energy-related preferences with the BS [15]. This, along
with our evaluation, highlights the potential of energy-aware CM for applications like IoT.

8.3 OPCM Benchmarking

OPCM is backward-compatible, and performs as well as the legacy CM under mobility.
To test if OPCM achieves its desired goals, we use radio link quality as the performance criterion
inside OPCM and compare it with legacy CM. The goal is to see if OPCM triggers CM procedures
exactly the same way as legacy CM does if the CM parameters (hysteresis, Time-to-Trigger, etc.) are
same. We only run ping on the PX7 phone to keep the UE radio in active state. We split the parking
garage area (Fig. 10) into 6X4 lanes, mark the lanes with a tape, and walk on the tape vertically
and horizontally to ensure reproducibility. We use WifiRttLocator [72] to position the UE with
1m accuracy. Overall, we collect 3 hrs+ of data with at least 65+ CM procedures triggered (mostly
handovers and DC) for each setting (OPCM and legacy).

Given same mobility patterns, the CM procedures must be triggered at almost the same spot
for both legacy CM and OPCM. Fig. 15 plots the spread of the areas, where CM procedures are
triggered repeatedly. To get this spread, we compute the convex hull for each spot where legacy
CM procedures are triggered, and use that as a reference. We also calculate the overlap percentage
of legacy’s spread with OPCM’s spread. A high mean overlap value of 89.2% shows that OPCM
indeed works like legacy. We also conduct benchmarking simulation experiments, ensuring full
reproducibility. The results reinforce our over-the-air testbed findings, i.e., OPCM triggers CM
procedures at the same time and location as the legacy CM for radio link quality criterion.
OPCM'’s epsilon-greedy policy works effectively in the real world. To evaluate if OPCM’s
epsilon-greedy exploration can efficiently find the highest performing cell combination, we run a
barebone version of our system on S22+ and test it under the same 740m X 510m rectangular loop
as Fig. 4. We pre-configure the cell set C, turn off cell set pruning and delayed reconfiguration, and
use a special code (x#2263#) to switch cell combinations. Fig. 16 plots live video streaming’s bitrate
for OPCM (top plot) and compares it with the highest performance achieved by any of the other
cell combinations $1-4 (bottom plot). The results show that OPCM operates close to the highest
performing setting: the median bitrate gap between the two is only 2.4 Mbps (10.1%). A small
gap is because OPCM’s epsilon-greedy policy starts with zero knowledge of cell combinations’
performance. In comparison, the legacy CM had a median bitrate gap of 70.1% with the highest
performing setting (see Fig. 4b).
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8.4 End-to-end System Evaluation

OPCM satisfies all RAN objectives. Here, our setup only utilizes virtual UEs with sload between
40-80%. We plot user fairness (defined in §4.2) and spectral efficiency (bit/s/Hz), which indicates the
amount of information sent through a network using the available bandwidth. We normalize spectral
efficiency by dividing it with the highest value of the respective cell. Fig. 17 yields two key takeaways.
First, since iCellSpeed does not respect RAN objectives, it costs 12.7-17.9% in terms of fairness.
Moreover, it improves the spectral efficiency of high-bandwidth cell combinations, while the
efficiency of others degrades (see high variation of iCellSpeed’s spectral efficiency). In other words,
iCellSpeed overloads some cells while others are underused. Second, OPCM’s fairness is within
98-99% of legacy. In addition, OPCM improves spectral efficiency by 2-3% compared to the legacy.
Although not shown, the load distribution index of OPCM 1is 0.91-0.94 for different sload values.

OPCM is particularly useful under high mobility. Remember that each virtual UE’s channel
trace (§8.1) belongs to a specific mobility scenario (e.g., walking, driving, bus). To compare OPCM
gains across mobility scenarios, we configure all virtual UEs to repeatedly download a 256 MB file
from the remote server for 8 mins. To plot results, we form UE groups based on the mobility scenario
of UEs’ channel traces. Fig. 18 shows the average file download time of UE groups. Compared to
the legacy case, OPCM reduces the average file download time for bus UEs by 41.5%. In contrast,
walking UEs only see 20.4% reduction. When active cell combination’s performance fluctuates
rapidly (i.e., bus) and the throughput gap between the active and the highest performing cell
combination widens, OPCM is more likely to select a better cell combination at the next time step
due to its greedy policy (§4.3). This leads to higher OPCM gains under complex mobility scenarios.
OPCM is scalable and involves lightweight communication and system costs. First, we eval-
uate OPCM under large-scale users. Fig. 19 plots the file download time of a 256 MB file as the total
number of users (virtual UEs) grows. As users increase, the download time gradually increases due to
the limited bandwidth. However, the increase is almost linear, and the standard deviations are small,
suggesting that OPCM offers application-level fairness in the presence of multi-user competition.
Second, we record OPCM’s CPU and memory consumption in Table 4.

o
It shows that compared to legacy, OPCM increases CPU and memory E 2000 - < ?
utilization by 6.5% and 3.1%, respectively. Although not shown, the & H i
CPU utilization only increases slightly (2.2%) when users go from § § 10007 z B _E 1 T
30 to 90. Although not a fundamental limitation, iCellSpeed incurs § = _T_i_i_
higher memory usage than OPCM because its iProfile module tracks D° 15 60 105

more per-UE state, reflecting both the frequency and performance of # of Users
cell choices. Third, OPCM slightly increases the signaling overhead Fig. 19. OPCM scalability as
between UE and BS due to exploration. In the average case, the number # of users increase.

of signaling messages increases by 11.6% (from 68 to 76 per minute) compared to the setup where
exploration is disabled on our testbed. Similar to legacy CM, this overhead is proportional to UE
mobility: faster-moving UEs experience quicker channel variations and more frequent changes in
the best cell combination, leading to higher signaling rates.

OPCM efficiently manages advanced CA/DC settings. Using large-scale ns-3 simulations, we
evaluate OPCM with advanced 4G/5G numerologies and variable number of cell combinations.
While not shown, our results yield two insights: (i) despite five cell combinations with advanced CA
and DC settings, OPCM maintains fairness within the 551 range (FI > 0.85), evenly distributing
load and achieving >90% normalized spectral efficiency across all cells; and (ii) increasing the
number of cell combinations has diminishing returns, e.g., increasing cell combinations from 3 to 5
only improves average file download time by 9.1%. For comparison, moving from one to three cell
combinations significantly enhances download time by 26.0%.
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Table 4. Comparing system overhead (30 users).

% 1 opCcM % legacy ‘O iCellSpeed OoPCM
- n egacy <
Metric legacy iCellSpeed OPCM w1 @ iCelispeed A Oracle 9 R0 P
CPU Utilization (%) 359 +4.8 41.1+54 424+56 &" =015 Sz0] 46 o°
Memory Utilization (%) 17.8 £3.1 33741 20.9%36 =4 0.25 SE
A 035 S § 20
- . . 2 < 225 175 125
Table 5. OPCM Profiling Engine vs. Baselines. S06 R N
K 20 60 10 esponse Latency (ms)
Metric OPCM OPCM w/o TLCC iCellS iCellS w/ TLCC File download time (secs) Fig 21 Comparing
RMSE  0.15 % 0.04 0.33 % 0.06 0.25+0.06 | 0.3 %0.03 . - .
MAE  0.12 + 0.03 0.24 £ 0.06 018003 0.10%0.02 Fig. 20. Decision  OPCM execution
RA [094%002] 074£006  082+004  094x005  frameworkvs. Oracle.  module with legacy.

8.5 Micro-benchmarks

Decision Framework vs. Oracle. We use ns-3 simulations to compare OPCM Decision Framework
with the Oracle, which has the complete knowledge of cell combinations’ performance and does not
require exploration. It thus represents a performance upper-bound. We turn off Profiling Engine, dis-
able the delayed reconfiguration mechanism, and use ground-truth performance predictions. Fig. 20
yields three main insights. (i) OPCM’s epsilon-greedy policy effectively balances the exploration
and exploitation tradeoff. OPCM is within 98.4% and 83.7% of the Oracle in terms of fairness and
file download time, respectively. This gap can be attributed to exploration, especially when OPCM
starts building performance estimates (§8.3). (ii) The objective-aware Decision Framework offers
adjustable knobs () to balance the tradeoff between application performance and RAN metrics.
(iii) When RAN polices are more tolerant (i.e., large §), OPCM behaves similar to iCellSpeed.
Data-plane Interruption Reduction in OPCM. Our results in Fig. 21 show that OPCM achieves
7.7% lower average response latency and 12.2% higher perceptive accuracy compared to the case
when queuing-aware delayed reconfiguration is disabled on OPCM. It drains the uplink/downlink
queues before triggering a CM procedure, reducing the queuing delay for video frames. This
ultimately leads to a lower response latency and better perceptive accuracy.

OPCM Profiling Engine vs. Baselines. Using the full might of our corpus, we compare OPCM
with three baselines: (i) OPCM Profiling Engine without time-lagged cross-correlation (TLCC),
(ii) iCellSpeed, and (iii) iCellSpeed with TLCC. The root mean square error (RMSE) and mean
absolute error (MAE) between estimated and ground-truth throughput is normalized by each UE’s
mean throughput. Apart from that, we also compute the ranking accuracy (RA) that measures how
accurately an approach predicts the highest performing cell combination. Table 5 presents the
summary of our results. There are four main takeaways: (i) performance estimation can tolerate
small errors since we only need to know the comparative performance (ranking) of cell combinations.
Notice that although the RMSE is 0.13-0.33 depending on the approach, RA is high (0.94-0.74);
(ii) TLCC across cell combinations improves RA (even for iCellSpeed) by up to 27.0%; (iii) OPCM
achieves 14.6% higher RA than iCellSpeed on average. This is because OPCM can utilize passive
approximation to build more accurate performance estimates; and (iv) adding TLCC to iCellSpeed
makes it achieve slightly (13.3%) lower RMSE than OPCM because of its iProfile module that builds
more precise profiles but also results in higher memory usage (Table 4).

9 Related Work

Cell Re/selection and Handovers. Several prior studies have sought to enhance cell selection and
reselection practices to achieve faster access speeds [24, 25, 44]. For instance, iCellSpeed [24] adopts
proactive, device-side assistance to facilitate network-controlled cell selection, thereby improving
network throughput. Similarly, Li et al. [44] propose reconfiguring operator-defined cell selection
parameters to optimize network throughput dynamically. Many 4G/5G studies highlight suboptimal
access speeds due to uncoordinated and inefficient mobility management practices and suggest
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ways to unlock untapped potentials [25, 34, 46, 51, 58, 79]. Several prior studies devise techniques
to distribute user load across cells under practical constraints [20, 36, 76].

Our work distinguishes itself in several key aspects. First, while previous approaches primarily
focus on a single performance metric, mainly throughput, for a specific CM procedure, we advocate
for a full reimagination of CM by decoupling performance metrics from individual procedures.
Second, the existing solutions, particularly those implemented on the UE side, lack support for
meeting operator policies. Third, when comparing the performance of different cells, our solution
can reduce the overhead of online profiling via passive performance estimations.

Carrier Aggregation and Multi-operator Support. CA is a critical technology for boosting
network capacity in 4G/5G networks. Wei et al. [77] analyze the deployment of CA in public 5G
networks, shedding light on its operational characteristics and challenges. Some research focuses
on radio access failures when adding secondary cells [50, 52]. To address limitations of CA’s
sequential, cell-by-cell operations, CA++ introduces novel algorithms for group-based CA [45].
However, our investigation reveals that operators already implement group-wise CA in practice
(§4.1). Additionally, adaptive approaches have been proposed to enable efficient multi-carrier access
for mobile devices [41, 47]. Our approach is complementary to these existing solutions and can be
integrated with them to further enhance system performance.

Measurement Studies. Many recent studies investigate radio characteristics, network performance
and energy efficiency of 5G deployments [54-56, 74]. Yang et al. [75] reveal how reusing 4G
bands for newer 5G deployments reduces 4G performance. Hassan et al. [34] uncover mobility
management overheads for 5G and contrast them with 4G. Some earlier studies [24, 42, 78] explore
the performance of 3G/4G bands under limited settings. We go beyond these efforts by characterizing
the wide availability and diversity of 4G/5G cell deployments, the interplay among them, and the
limitations of operators’ default CM strategies, to name a few.

10 Discussion & Conclusion

Deployment Scope. OPCM’s gains are proportional to the diversity of available cells, making
it most effective in dense urban deployments. In suburban or rural areas with fewer alternatives,
OPCM converges to legacy CM decisions without added cost. The framework also adapts to
permanent changes: new cells are incorporated as soon as UEs report them, while cell failures are
handled similarly to existing CM mechanisms.

Mobility and Coordination. When a UE moves to a legacy BS, OPCM’s backward compatibility
ensures a seamless fallback to legacy CM. Performance can be improved by sharing profiles across
BSs via the X2/Xn interface, while integration with O-RAN Radio Intelligent Controllers (RICs) [10]
offers a natural future extension for richer coordination.

OPCM Time Step. OPCM uses a 1-second time step At, balancing responsiveness against signaling
and computation overhead. At is operator-configurable: smaller values enable faster adaptation,
while larger values reduce cost. Adaptive time-stepping remains an avenue for future work.

In summary, we reveal a new optimization dimension in the 5G/NextG ecosystem — performance-
driven CM. Our multi-country measurement showcases the wide availability and heterogeneity of
4G/5G cell deployments, as well as the missed performance. OPCM demonstrates the feasibility of
building intelligent CM services for 5G/xG networks.
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Table 6. An overview of common CM procedures and their UE data transmission modes (idle, inactive,
connected), actions (add, modify, remove cells), and criteria (cell accessibility, link quality, absolute priority).

Procedure Action on UE’s Cell Set Mode Cell Accessibility Radio Link Quality Absolute Priority
Cell Selection Adds PCell Idle/Inactive Mandatory Irrelevant Primary
Cell Reselection Modify PCell Idle/Inactive Mandatory Primary Primary
Handover Modify PCell/PSCell Connected Mandatory Primary Secondary
Carrier Aggregation Add/Remove SCells Connected Mandatory Primary Primary”
Dual Connectivity Add/Remove PSCell Connected Mandatory Primary Secondary
Load Balancing Modify PCell/PSCell Connected Mandatory Irrelevant Primary

*Measurements below suggest that operators often add SCells in groups, not sequentially.
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Fig. 22. Group-based addition of carriers during CA. Fig. 23. Impact of A on OPCM performance.

A Additional Measurement Details

Cell Management (CM) procedures. Table 6 gives an overview of CM procedures and describes
if a certain criterion is mandatory, primary, or secondary for a procedure.

Group-based carrier aggregation. We perform stationary tests under ideal line-of-sight condi-
tions to analyze how operators add carriers or SCells during CA. Using iperf3 [38], we generate
downlink traffic with sending rates between 1-100 Mbps and collect lower-layer CA data with
XCAL. Our analysis in Fig. 22 reveals two key findings. (i) Operators employ threshold-based
policies to trigger CA, with relatively low activation thresholds. Additional carriers are activated
at sending rates of 4.4 Mbps, 7.8 Mbps, and 11.4 Mbps for the second, third, and fourth carrier,
respectively. (ii) The prevalence of 4x CA even at low sending rates suggests a group-based CA
strategy, where BSs add multiple carriers simultaneously rather than sequentially.

B Design Details

Decay rate for e-greedy policy. The decay rate A controls how fast exploration rate € decreases at
startup. We run ns-3 simulations using our dataset from §2.4. Fig. 23 plots how quickly e decays to 0
for different A values (left y-axis). It also shows the average file download time (right y-axis inverted).
When A is too small (yellow region), OPCM does not explore enough at startup to find the best
performing cell combination. In contrast, when A is large (blue region), OPCM has lower network
throughput due to frequent exploration. OPCM performs best when A is close to |C|/21=0.08 (green
region). This value is not surprising as the optimal A value [40] for an epsilon-greedy policy is: (i)
proportional to the number of cell combinations to explore |C|, and (ii) inversely proportional to
the best cell combination change frequency, which is I=32 secs on average for our dataset.
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