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Abstract

Mobile real-time video streaming (RTS) applications—cloud
gaming and AR/VR—require consistent high throughput and
low latency to satisfy user Quality of Experience (QoE), yet
today’s wireless links fluctuate wildly. While multi-path solu-
tions seem promising to tackle such single-link fluctuations,
existing transport-level solutions require multiple cellular
subscriptions, which most users don’t have. In this paper, we
leverage 5G multi-connectivity, which allows simultaneous
connection to multiple base stations (e.g., 5G and 4G) and is
already deployed in commercial networks. However, our mea-
surements show RTS applications still suffer from single-link
fluctuations due to operators’ deliberate policies restricting
multi-connectivity to conserve 4G backup links regardless of
application demands. To optimize application QoE while re-
specting operator policies, we present QCON, a QoE-driven
multi-connectivity solution that efficiently utilizes backup
links based on precise application QoE. For practical deploy-
ment, we design QoE Monitor to infer application QoE within
the RAN and develop multi-link scheduling to optimize both
QoE and radio resource efficiency. We also design priority-
based re-injection utilizing RAN link recovery mechanism to
prevent video stalls. Our prototype implementation of QCON
on a RAN intelligent controller within an Open-RAN testbed
demonstrates 2.1 x improvements of bitrates, enhancing tail
frame rates by 4-5x with efficient backup link use compared
to existing multi-link scheduling schemes.

1 Introduction

Real-time video streaming (RTS) has become the back-
bone for a wide range of interactive and immersive applica-
tions (apps), including video conferencing [1, 6], cloud gam-
ing [60, 63], and virtual/augmented reality [24, 85]. These
services increasingly cater to mobile users, from passengers
in autonomous vehicles to travelers on public transit, plac-
ing stringent performance requirements on today’s wireless
networks. However, the requirements for RTS are particu-
larly high to provide a good QoE (Quality of Experience)
for users: a single 1080p gaming stream at 60 FPS consis-
tently requires 25 Mbps [63] of throughput and per-frame
latencies under 100 ms [58]. While 5G radio access networks
(RAN) are designed to meet these goals, real-world deploy-
ments still exhibit frequent disruptions—especially in mobile
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scenarios [36,43]. Even brief packet losses or latency spikes
can trigger cascading stalls, significantly degrading the user
experience of apps [26, 88].

A well-known approach to mitigating link disruptions is the
multi-path transport solution [26,47,76,88]. These techniques
can send packets across multiple links to maintain continuous
traffic flow, even if one link fails. While promising, they face
two significant limitations: (1) Practical deployment remains
challenging, as mobile users must subscribe to multiple cellu-
lar plans from different operators. This presents a significant
adoption barrier, with only 0.5% of US mobile users utilizing
multi-carrier plans [65], which typically cost more than twice
the standard cellular rates. (2) Current transport solutions treat
wireless links essentially as black boxes, making it difficult
to promptly respond to the rapid wireless fluctuations [57].

Therefore, effectively addressing wireless disruption de-
mands a multi-path solution that treats wireless as a white
box without requiring additional costs for users. Fortu-
nately, commercial 5G already provides such opportunity
with multi-connectivity'—a mechanism that allows a sin-
gle user equipment (UE) to connect to multiple base sta-
tions (BSs) [11] simultaneously. Originally designed to ag-
gregate bandwidth during the early deployment of 5G net-
works [70], multi-connectivity can deliver multi-path benefits
at the link level, enabling faster detection and recovery from
link failures compared to higher-layer multi-path transport
solutions, while requiring only a single cellular subscription.
With proper enhancements focused on reliable transmission,
multi-connectivity offers significant potential to improve per-
formance for RTS apps that demand both low latency and
high throughput.

However, our measurements on commercial 5G networks
reveal that multi-connectivity remains underutilized for RTS
apps. As shown in Figure 1, these apps frequently encounter
degraded 5G throughput and, consequently, low delivered bi-
trate, yet the 4G leg is left largely idle in 5G multi-connectivity
networks, even when 5G throughput suddenly deteriorates
and necessitates compensation from the 4G link. Our further
analysis in §3.3 reveals that this issue stems not from insuffi-
cient 4G bandwidth, but from operators’ deliberate strategy
to conserve backup 4G link regardless of the app demands.

! Current commercial 5G primarily employs dual-connectivity, a specific
form of multi-connectivity that connects 4G and 5G BSs. In this paper, we
consider a more general form and refer to it as multi-connectivity.
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Figure 1: Underutilization of multi-connectivity in commercial
5G networks”. When 5G throughput degrades (around 17 s), the
RTS bitrate also drops, despite sufficient 4G bandwidth being
available through multi-connectivity.

As aresult, critical opportunities to improve app QoE through
link-level multi-path are wasted.

To address this, we introduce QCON, the first seamless
QoE-driven multi-connectivity solution that schedules pack-
ets across multiple links based on precise app requirements.
With the QoE in mind, QCON can efficiently utilize the
backup links only for the app requirements. Importantly,
QCON aims to achieve this without requiring app modifica-
tions, creating commercial opportunities for 5SG operators to
support RTS apps while meeting both performance enhance-
ments with multi-link capabilities and users’ accessibility
needs. However, implementation must overcome the follow-
ing challenges:

¢ How to enable QoE-awareness in the network? Frame-
level transmission information is crucial for understanding
the RTS app’s QoE, directly affecting frame rate and bi-
trate [26]. However, such app-level frame information is not
explicitly exposed to the intermediate router, such as BS.
QCON uses RTS protocol metadata and last-mile BS trans-
mission status to track frame-packet associations, enabling
precise frame-level tracking without app modifications.

* How to schedule packets to maximize video QoE? Frame-
level tracking helps deadline guarantees, but merely en-
suring deadline satisfaction, as in prior work [58, 83], can
degrade video quality due to RTS congestion control that
reduces bitrate according to the delay jitter [48]. QCON
employs adaptive deadline-based multi-path scheduling,
optimizing link usage and preventing jitter-induced bitrate
degradation by fine-tuning deadlines to avoid triggering
congestion control at the end host.

e How to prevent frame stalls during link disruptions?
Preventing frame stalls during link disruptions is essential
for RTS QoE. Traditional RAN recovery methods like re-
transmission [12] and handover [54] are designed for single-
connectivity and underutilize multi-connectivity. QCON
prevents stalls by intelligently redirecting packets from de-
layed links to alternative paths based on QoE signals.

2To estimate unused 4G capacity without active traffic injection, we calcu-
lated available bandwidth using spectral efficiency (derived from SINR (Sig-
nal to Interference plus Noise Ratio)) multiplied by maximum resource
blocks, measured overnight when background load is minimal.

We prototype QCON on the RAN Intelligent Con-
troller (RIC) within an Open-RAN testbed using OpenAirIn-
terface5G’s 5G/4G BSs [4]. Extensive evaluations, including
both emulation and real-world experiments on WebRTC and
commercial cloud gaming services, show that QCON outper-
forms existing solutions, boosting tail frame rates by 4-5x
with higher bitrates by up to 2.1 x with efficient radio resource
usages.

Our contributions are summarized as follows:

* We analyze the underutilization of 5G multi-connectivity
for RTS app QoE.

* We introduce a novel QoE-driven multi-connectivity frame-
work within an RIC that leverages link-layer multi-path
benefits for RTS apps.

* We prototype and evaluate QCON in real-world settings,
showing significant QoE improvements for RTS apps in
practical deployments.

2 Backgrounds

In this section, we first discuss 5G, which is a key technol-
ogy to enable high-quality mobile RTS. We then provide
a background on WebRTC, the de-facto standards of RTS
apps [26,49].

2.1 5G Primer

5G technology aims to deliver high-bandwidth, low-latency
services to meet the demanding requirements of modern mo-
bile apps. Below, we highlight the key 5G concepts essential
for low-latency, high-throughput RTS.

Multi-connectivity. Modern 5G networks permit a single
UE to connect to multiple BSs simultaneously, a feature
known as multi-connectivity [66]. A common example is dual-
connectivity in 5G non-standalone (NSA) mode, where 5G
and 4G links operate in parallel. Crucially, 3GPP standards
also extend multi-connectivity to standalone (SA) deploy-
ments [11], allowing a UE to concurrently link to multiple
5G cells (e.g., sub-6GHz 5G + mmWave 5G). This capability
is distinct from carrier aggregation (CA), which aggregates
multiple carriers at a single BS [51], though both technologies
can be used in tandem.

Data transmission procedure. Figure 2 shows the data-plane
stack for 5G NSA, illustrating the path from the core network
down to the physical (PHY) layer. At the top, @) the Packet
Data Convergence Protocol (PDCP) layer receives IP data
packets from the core network and is responsible for link-level
multi-path scheduling in multi-connectivity. As shown in the
figure, @ PDCP performs path scheduling, directing packets
to either 5G or 4G radio access networks through Xn inter-
face [11]. Below PDCP are the Radio Link Control (RLC) and
Medium Access Control (MAC) layers, which handle packet
segmentation, buffering, and radio resource coordination. On
the user equipment (UE) side, @ incoming packets traverse
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Figure 2: Packet transmission procedure in the data plane of
multi-connectivity-enabled 5G. The PDCP layer serves as the
anchor for multi-connectivity, handling path scheduling on the
sender side and packet reordering on the receiver side.

OpX OpY OpZ

NSA (Non-standalone) v v v
SA (Standalone) X X v
Multi-connectivity enabled v v v

Table 1: Operational support across deployment options. All
operators can provide multi-connectivity features.

up through the protocol stack where the 5G PDCP layer waits
for packets to be ordered in its buffer before delivering them
in sequence (1, 2, 3) to the app (@)).

2.2 Overview of WebRTC

WebRTC, as the de facto standard for RTS apps, underpins
interactive apps such as cloud gaming [41], video conferenc-
ing [1, 6], and teleoperation [25]. In the WebRTC pipeline,
senders continuously produce, encode, and transmit video
frames, which are decoded by receivers only after all packets
for each frame have been received [57,77].

Requirements. Two critical requirements ensure high Quality
of Experience (QoE): 1) Frame-level deadline satisfaction,
where each frame must reach receivers within tight deadlines
to maintain high frame rates without stalling [57, 58], even at
the lower tail, to ensure a consistent user experience [77]; and
2) High throughput, as better video quality requires higher
encoding bitrates [32], with cloud gaming, for instance, re-
quiring 25 Mbps for 1080p at 60 FPS [63].

Congestion control algorithm (CCA). To balance high
throughput with low latency, WebRTC employs latency-
sensitive CCAs that monitor both delay jitter and packet
loss, enabling rapid adaptation to network queuing dynam-
ics [20,57,84]. These algorithms detect congestion based on
jitter patterns across groups of packets (e.g., per-frame), and
when jitter exceeds a threshold, congestion is inferred and the
sender reduces its bitrate accordingly [48].

—_ opz (M) — NV(M)
ﬁ_ opY (M =l .é)'20~ B—8 BO(M)
S 204 OPX (M o S ° ° e-e
S |ae g 5 o g oo
& g XB(M)
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(a) Operators. (b) Commercial apps.

Figure 3: RTS apps’ performance over commercial 5G that
mainly utilize a single link (S), and an commercial traces-
based emulation that fully utilizes both 5G and 4G links (M).

3 Motivations

This section presents comprehensive measurement results
from current multi-connectivity-enabled 5G networks running
RTS apps, revealing systematic underutilization and uncover-
ing key opportunities to enhance RTS performance.

3.1 Multi-Connectivity in Commercial 5G

We investigated multi-connectivity in three commercial 5G
networks (OpX, OpY, OpZ)” across campus, city, and high-
way environments. Our workload included 1080p, 60 FPS
video streaming (with a maximum bitrate of 25 Mbps) us-
ing WebRTC and cloud gaming apps (Nvidia GeForceNow
(NV) [63], Xbox (XB) [60], Boosteroid (BO) [18]) on Sam-
sung S22 smartphones receiving video frames from AWS
(minimum RTT~19 ms) or provider servers. Link-level statis-
tics were collected with XCAL diagnostic tools [15]. More
details about our experiments are in Appendix §A.

As shown in Table 1, our measurements reveal that all op-
erators support dual connectivity with both 4G and 5G BSs.
OpX and OpY consistently operate in 5G NSA mode, while
OpZ primarily uses 5G SA mode, with occasional transi-
tions to NSA. When 5G signal quality falls below operational
thresholds (e.g., RSRP (Reference Signals Received Power)
< -115 dBm), connections temporarily revert to 4G-only, re-
suming 5G connectivity as conditions improve. We confirm
that simultaneous data transfer occurs over both 4G and 5G
links in both the downlink and uplink directions.
Observation #1. Commercial 5G operators and COTS UEs
support multi-connectivity with both 4G and 5G BSs.

3.2 Poor Performance of RTS App on 5G

Despite the multi-connectivity capabilities of 5G, our mea-
surements reveal that commercial deployments often fail to
deliver robust QoE for mobile RTS apps. Figure 3 compares
the average bitrate and lower-tail frame rates (PO1-P05) of
WebRTC running on (i) a commercial 5G network and (ii) an
ideal multi-link emulation that aggregates 5G and 4G band-
width, as measured by Iperf [78]. To ensure reproducibility,

30pX: Verizon, OpY: AT&T, OpZ: T-Mobile.
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Figure 4: Sudden delay spikes in RTS app significantly de-
grade frame rates.
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Figure 5: 4G throughput (TP) of RTS apps in 5G multi-
connectivity and 4G-only connection. Despite the ability to
use 4G and 5G simultaneously in multi-connectivity enabled
networks as shown in uplink case, 5G operators mostly prefer
to utilize only 5G in the downlink.

the emulation was performed with network traces from 10 it-
erations of the same driving route with WebRTC experiments.
Under commercial service, WebRTC achieves an average of
just 16.3 Mbps and drops to 1 FPS at the PO1, while the ideal
scenario maintains 23.5 Mbps and 51 FPS. Similar patterns
are observed in commercial cloud gaming in Figure 3(b),
indicating that the issue is agnostic to the specific app.

A more detailed timeline (Figure 4) reveals that transient
5G delay increases—often triggered by mobility-induced han-
dovers or wireless errors [36, 82]—cause sharp frame-delay
spikes, notably around 595 s and 655 s. These disruptions
are exacerbated by the conservative nature of many RTS
congestion control schemes, which typically follow additive-
increase, multiplicative-decrease (AIMD) logic [20]. Once
a delay spike is detected, sending rates are aggressively re-
duced and may take several minutes to recover (as in Figure 1),
leading to prolonged low-bitrate streaming. These findings
highlight the need to mitigate sudden link disruptions with
multi-connectivity, to ensure consistent RTS performance
over mobile 5G.

Observation #2. RTS apps perform poorly over commercial
5@, even when multi-connectivity features are available to
provide reliability through heterogeneous links.

3.3 Underutilization of Multi-Connectivity

Multi-connectivity technology offers a potential solution by
leveraging multiple networks when a single link fails. How-
ever, commercial deployments rarely utilize 4G connections
effectively for downlink traffic.

Operator policies limiting multi-connectivity. In Figure 5,
our WebRTC experiments in static scenarios compare 4G-
only connections with 5G multi-connectivity (with 4G support

©R -~ 5G 5G + 4G
Lo
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<; VAN P11 I/\ Tesny 1) nn A I
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Figure 6: Available bandwidth measured by simultaneous
Iperf test on 5G and 4G UEs. 4G link can complement the
sudden capacity drop of 5G.

enabled) in both downlink and uplink scenarios. Using the
same 4G BS connection, results show the 4G link under multi-
connectivity utilizes only 0.1~0.4 Mbps while standalone
capacity is enough to serve more than 20 Mbps in downlink.
Meanwhile, the bandwidth-constrained uplink could utilize
over 50% of 4G only session throughput. This asymmetry
indicates operators deliberately limit 4G downlink usage for
5G-capable devices, likely to preserve 4G resources for users
without 5G coverage.

Potential enhancement with multi-connectivity. Despite
operator-imposed restrictions, our simultaneous Iperf tests
show that 4G links could effectively compensate for 5G dis-
ruptions, as shown in Figure 6. In the experiment on OpZ’s
network, we observe that utilizing both 4G and 5G links
yields a PO1 throughput of 73 Mbps and a P0.1 throughput
of 20.9 Mbps, compared to 0 Mbps at both percentiles when
using 5G alone. This is because the throughput of 5G link and
the 4G link are weakly correlated (p=0.28). We attach the de-
tails of our traces that show the potential of multi-connectivity
in Appendix A.

Why not simply enable 4G? In principle, operators could
seamlessly leverage 4G alongside 5SG; however, in practice,
they often reserve 4G capacity for devices outside 5G cov-
erage. This system-wide policy avoids overloading 4G links
that must serve users lacking reliable 5G signals. Yet this
approach is overly cautious from the perspective of RTS apps,
which experience abrupt video stalls and latency-sensitive
CCA-induced bitrate collapses even with brief 5G lapses.
To this end, a more nuanced multi-connectivity scheduler
is needed—one that opportunistically invokes 4G resources
only when necessary to enhance the app QoE, rather than
defaulting to a rigid “4G or 5G” fallback strategy.
Observation #3. Current commercial 5G implementations
prioritize preserving 4G capacity and underutilize the multi-
connectivity features regardless of the app demands.

3.4 Approach

Existing app-awareness solutions in the RAN either lack visi-
bility into QoE or rely on deployment mechanisms that are im-
practical. For instance, 5G QoS frameworks [8,9] manage the
RAN based on packet-level service level agreements (SLAS),
but cannot capture the frame-level transmission status that is
critical to RTS QoE [26]. Recent solutions that do offer frame-

1724 23rd USENIX Symposium on Networked Systems Design and Implementation

USENIX Association



level insights [22, 83, 86] require modifications to both the
app and the RAN, necessitating tight coordination between
independent entities. To address these limitations, we pro-
pose an advanced multi-connectivity scheduler that optimizes
RTS QoE without intrusive system changes, achieving high
performance and practical deployability.

4 QCON Design

We present QCON, an operator-side, QoE-driven multi-
CONnectivity framework in the RAN that improves the QoE
of RTS apps without requiring any cooperation from the apps
themselves. Below, we outline the key design challenges and
our considerations for efficient packet scheduling over multi-
connectivity.

4.1 Design Challenges

* Understanding QoE signals while preserving trans-
parency. RTS QoE is determined by metrics such as video
quality and stalling [26], which are not directly observable
at the network layer. While app-level solutions [26, 87, 88]
implement control channels by modifying both sender and
receiver apps, such coordination is infeasible in RAN en-
vironments. To remain compatible with unmodified, exist-
ing RTS apps, QCON must infer QoE signals in an app-
transparent manner.

* QoE-driven multi-link scheduling. Even with QoE in-
sights, effective scheduling requires deeper app awareness.
Simply optimizing network-level metrics such as packet
delay or throughput may not directly improve QoE, and
can lead to inefficient use of backup links. A QoE-driven
approach must align packet-level decisions with app-level
needs.

* Preventing frame stalls from link disruptions. Meeting
frame deadlines is critical, even during transient link fail-
ures. While existing RAN mechanisms such as HARQ re-
transmission [ 12] offer some resilience, they rely on a single
link and can still fail. BS-to-BS handover solutions [54] pro-
vide link-layer continuity but lack awareness of app QoE.
QCON must protect frame delivery deadlines by proac-
tively leveraging multi-link redundancy with QoE in mind.

4.2 Frame-Level Insights into App QoE

The main metrics that determine the RTS QoE-video quality
and video stalls—are tightly coupled with frame-level trans-
mission dynamics. Bitrate, which determines video quality, is
largely influenced by the CCA, which adjusts based on frame-
level jitter. Meanwhile, video stalls occur when frames fail to
arrive within the app’s playback deadline [26]. This implies
that while the RAN may not directly access app-level QoE
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Figure 7: Frame-level transmission status tracking for trans-
parent RTS QoE estimation in RAN, utilizing frame identi-
fication from packet metadata and direct link transmission
observability.
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signals, it can infer them by tracking frame-level transmission
behavior. Existing QoE estimation techniques on in-network
devices [59, 72] struggle to track accurate frame-level trans-
mission dynamics, as they focus on high-level and straightfor-
ward metrics, such as frame rates, that fail to capture varying
frame transmission patterns induced by pacing [38] or en-
coding [44]. Notably, we observe that RTS packet metadata
contains rich implicit information about their frame member-
ship, which can be exploited for accurate frame-level track-
ing (§5.2). As the last-hop router, the RAN’s BS holds a
uniquely privileged vantage point to observe packet arrivals
at the UE. As shown in Figure 7, combining this vantage with
per-packet frame membership insights can reconstruct frame
transmission timelines with millisecond-level accuracy.

4.3 Frame-Aware Multi-Link Scheduling

Given access to frame-level transmission status, multi-link
scheduling should intelligently leverage multiple links to opti-
mize app performance. However, to be effective, the schedul-
ing design must account for the specific characteristics of
real-time video. We introduce two key design strategies in
our multi-link scheduler:

Frame-level deadline-aware scheduling. Naively distribut-
ing packets across multiple links to optimize low-level met-
rics (e.g., delay or throughput) can lead to unnecessary use
of backup links without tangible improvements in app per-
formance. To maximize efficiency, our scheduler activates
the backup link only when it anticipates an improvement in
app QoE. This is achieved by enforcing SLAs on a frame-
by-frame basis, ensuring that each video frame is delivered
within its deadline using the minimum necessary resources.
Jitter-adaptive deadline adjustment. Meeting deadlines
alone is insufficient. Even when frames arrive within their
nominal deadlines, they can trigger unintended CCA re-
sponses if delivery timing introduces high jitter. For example,
a pair of frames arriving at 10 ms and 90 ms may technically
meet a 100 ms SLA [14], but such uneven arrival times can
mislead latency-sensitive CCAs into interpreting congestion,
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prompting them to reduce bitrate unnecessarily. Our key in-
sight is that frame-level jitter significantly influences RTS
CCA behavior [20,48], and since we track frame-level trans-
mission, we can observe this jitter directly. Leveraging this,
our scheduler dynamically adjusts frame deadlines to suppress
jitter spikes and avoid CCA-triggered bitrate degradation.

4.4 Priority-Based Multi-Link Re-Injection

Even when frames are carefully scheduled over multi-
connectivity using current channel status, unpredictable wire-
less variations can still lead to deadline violations. Rather than
attempting to predict future channel conditions, which is inher-
ently uncertain, we instead exploit the heterogeneity of multi-
ple links to proactively protect frames from stalling. A com-
mon approach in transport-layer multi-path systems is packet
re-injection, where packets experiencing delay are redun-
dantly sent over alternate paths to meet deadlines [47,87, 88].
However, these solutions treat underlying links as opaque
and often rely on brute-force duplication, which wastes ra-
dio resources and lacks urgency awareness for high-priority
video frames. In contrast, QCON introduces a more effi-
cient and QoE-aware re-injection mechanism by leveraging
existing RAN capabilities. Specifically, we repurpose the
packet-forwarding technique traditionally used for BS han-
dovers [54], which moves packets from a source cell to a
target cell to avoid packet loss. QCON uses RAN-Ievel con-
trollability to selectively re-inject urgent frames based on their
deadlines, ensuring that they bypass queuing delays and meet
tight app timing requirements.

5 QCON System

This section provides an overview of QCON, including its
system architecture and core modules.

5.1 System Overview

Figure 8 illustrates QCON implemented within the real-time
RIC of Open-RAN [28,45]. This architecture comprises three
key modules that interface with Open-RAN’s functional split
components: the Central Unit (CU), which hosts the Packet
Data Convergence Protocol (PDCP) layer, and the Distributed
Unit (DU), which manages the lower protocol stack including
RLC, MAC, and PHY [64]. These modules exploit multi-
connectivity capabilities at the link level to enhance app QoE
in app-transparent way. Note that QCON supports only reg-
istered apps, identified via SQI (5G QoS Indicator) [14] that
can differentiate traffic flows.

QoE Monitor profiles frame transmission by tracking
packet arrival via metadata in RTS packets (i.e., Real-Time
Transport Protocol (RTP) [79] headers) and departure sta-
tus through link transmission status. This allows it to assess
real-time frame delivery progress and inter-frame jitter.

Data plane side

O Path Split @ Re-injection
oo —
RTP ——| 5G-DU OO0
RTS | packets Split — v
Application PDCP Re-injection |
Server oo
—»l 4G-DU OSSN (£ Fast Link
RTP header Link O ACK
sniffing : |status | Split ratio  ACK Scheduling Re-injection
k2 v
RTP Link Deadline-aware
Profiler Profiler Multi-link Scheduler Fast Link ACK Sched.
QoE Monitor (§5.2) || CU Controller (§5.3) || DU Controller (§5.4)

| Link status 1 t
QCON  Frame deliver progress|

Control plane side (Real-time RIC)

Figure 8: System overview of QCON.

CU Controller manages the CU’s PDCP layer to optimize
packet distribution across multiple links based on frame infor-
mation and link status given by QoE Monitor. It selects paths
that meet frame-level deadlines while minimizing reliance on
backup links. To maintain consistent bitrates, it dynamically
adjusts deadlines in response to latency fluctuations.

DU Controller provides two main functionalities: (a) Fast
link ACK technique for immediate feedback on frame de-
livery, and (b) Rapid packet re-injection, which reroutes de-
layed packets to faster available links using packet forwarding
in handover mechanisms, with priority scheduling for time-
sensitive frames.

5.2 QoE Monitor

QoE Monitor captures QoE signals of RTS apps by detecting
frame delivery status in the RAN. It profiles RTP headers
for arrivals and monitors link status for departures, providing
comprehensive visibility into frame transmission. Here we
mainly focus on video frames, but audio frames are equally
applicable as they also have RTP headers.

RTP header profiling. To determine which video frame each
packet belongs to, QoE Monitor analyzes the RTP headers
of incoming packets. When an IP packet arrives at the CU
from the internet, the RIC first inspects it to check if it be-
longs to a registered RTS flow. For identified RTS packets,
QoE Monitor extracts two key fields from the RTP header:
(1) RTP timestamp, which is used for playback synchroniza-
tion at the receiver. All packets belonging to the same frame
share the same timestamp, enabling QoE Monitor to group
them accordingly; and (2) Marker bit, which indicates the
end of a video frame, providing clear frame boundaries. This
header information is originally designed to allow receivers
to make frame-level decoding decisions without decrypting
the entire payload, and is thus exposed even in widely-used
secure RTP (SRTP) [80].

The extracted information used in RIC is shown in Figure 9.
This includes the packet’s timestamp identifier, total frame
size in bytes, number of bytes acknowledged via link-layer
ACKs or dropped bytes (e.g., from buffer overflow), marker
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struct rtp_frame_infof
int timestamp;
int frame_size; int mac_total_RBs;
int acked_bytes; int mac_TBS;
bool int mac_RBs;
< marker_received; int rlc_acked_bytes;

struct DU_stats({
int path_id;

inté64_t int rlc_dropeed_bytes;
— arrival_time; };
int64_t struct CU_stats{

int path_id;
int sent_bytes;

< departure_time;
int64_t deadline;
}i bi

Figure 9: Frame information. Figure 10: RAN information.

reception status, arrival time of the first packet in the frame,
and the frame’s departure time from the network. Additionally,
we set the frame’s deadline based on the given SLA (e.g.,
100 ms), along with the arrival time of the first packet at
the RAN. During transmission, QoE Monitor continuously
reports frame progress to DU Controller to evaluate potential
re-injection triggers. Upon complete acknowledgment of all
packets within a frame, this metadata is forwarded to CU
Controller to inform subsequent scheduling decisions.

Link status profiling. After extracting frame-level informa-
tion from RTP headers, QoE Monitor collects RAN transmis-
sion statistics to determine the current link status and track
frame departures, as summarized in Figure 10. It monitors
link capacity and buffer occupancy using Open RAN’s Key
Performance Metrics (KPMs) [30], enabling accurate frame
delivery time estimation in a standards-compliant manner.

To track packet transmission status, QoE Monitor lever-
ages RLC-layer KPMs, as the RLC layer—particularly in
Acknowledged Mode (AM)—offers precise in-order delivery
statistics via link-level ACK mechanisms [74]. It monitors
buffer status upon RTS packet enqueueing (sampled at 0.5 ms
intervals) and tracks transmitted bytes upon ACK reception.
However, commercial 5G ACK reporting mechanisms intro-
duce substantial delays (>100 ms), which hinder real-time
tracking of frame progress. To mitigate this, we introduce a
fast link ACK technique, detailed in §5.4.

Additionally, QoE Monitor performs bandwidth monitoring
to enable accurate multi-link scheduling in the future. For this,
QoE Monitor subscribes to MAC-layer KPMs and calculates
the available bandwidth on each link using:

BW, = SE;x- (Rix+ mTkﬁélj)’

ey
where SE;; is the measured spectral efficiency for user i
on link k, R;; is the number of resource blocks allocated
to the user, and N; is the total number of active users on
link & [82]. This direct bandwidth estimation from the RAN
offers more accurate and responsive insights compared to in-
direct transport-layer methods. QoE Monitor monitors these
metrics continuously, performing bandwidth calculations each
time the first packet of a new frame is detected.

5.3 CU Controller

CU Controller determines packet distribution across multiple
wireless links to maximize RTS app performance. It operates
through two coordinated mechanisms.

Deadline-aware multi-link scheduling. CU Controller se-
lects the optimal set of links and the corresponding split ratio
to meet delivery deadlines with minimal cost, based on the
most recent link status. Unlike in multi-path transport, where
the data and control paths are managed on a per-packet basis,
allowing packets to arrive at the scheduler and depart immedi-
ately after scheduling, RICs operate in a near real-time regime
for control and data paths. As a result, the multi-link scheduler
must make decisions before frames arrive. To address this, CU
Controller uses frame arrival information to ensure scheduling
is performed with the most up-to-date view of both link and
frame conditions. Specifically, the scheduler observes frame
arrival patterns (i.e., frame rates) over a 100 ms window and
proactively schedules transmission half a frame cycle ahead
of expected arrivals, using the average recent frame size as an
estimate. Within this setting, the scheduler solves the follow-
ing optimization problem (We omit UE index i for simplicity):

min %%
st max(de+ —~) <D Y si=fm 4 i—&-l
o keS k BWk —= ms = k ms k BWk k-
)

Here, f,, is the estimated size of the m-th frame, BW, is the
available bandwidth on link %, and s is the portion of the
frame routed over link k. The term d; captures queuing and
fixed latency, with By, the current buffer occupancy and /i the
per-link interface delay. Each link incurs a cost ¢ (e.g., 1 for
the primary 5 G link and 2 for the backup 4 G link). The
scheduler enumerates link subsets S C K, selecting the lowest
cost set that satisfies the deadline D,,; if none do, it chooses
the subset with the smallest expected completion time. For
multi-link solutions, the split ratio oy = s/ f;, is obtained by
equalizing finish time across all selected links [62].
Jitter-adaptive deadline setting. We dynamically adjust
frame deadlines instead of applying fixed SLA latency lim-
its. This prevents RTS apps from reducing bitrate when they
misinterpret jitter as congestion. However, the challenge is
determining the appropriate jitter threshold without unneces-
sarily using backup links, while modern RTS apps employ
proprietary CCA implementations [48, 56].

Our solution derives this threshold from two sources: 1) Of-
fline measurements: For different RTS apps, we measure the
maximum tolerable frame-level jitter J, s¢ using methodology
from [48]. By running the apps on an emulated network and
observing their reactions while incrementally increasing jitter,
we determine app-specific jitter thresholds. 2) Online adap-
tation: CCA sensitivity varies with network conditions [20],
so we continuously monitor frame jitter and bitrate. If an app
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Algorithm 1: Deadline-aware multi-link scheduling
Input: Estimated m — th frame size f,,; link set K SLA
latency Dpay; jitter threshold Jy,
Output: Chosen link set $* and split ratios {oy }

1 Dy, <+ ADAPTIVEDEADLINE(Ji, Dmax );
2 $* <+ @

3 foreach § C K in ascending cost do

4 T + EQUALFINISHTIME(S, fin);

5 if Thhax < Dy, then

6 S* <« S;

7 L break;

8 foreach k € S* do

9 sx < CHUNKSIZE(k,T);

10 L (Xk<—sk/fm;

11 SENDCUCOMMAND ({(k,04) | k € §*});

demonstrates reducing bitrate at smaller jitters J,,,, we update
the threshold to J,, from J, 7. Specifically, we update J,, to
Jyp, if bitrate degrades by 15% or more (based on [48]) due to
jitter lower than J, ¢y within the past 500 ms. If no subsequent
bitrate degradation occurs, we gradually increase J,, by 1 ms
every 500 ms for efficient backup link utilization.

Our scheduler uses this adaptive threshold to set frame
deadlines. For the m-th frame (with RAN arrival time ¢,, and
expected departure time 7;,,), the deadline is:

Dy, = min{DmaXa (Tmfl“‘(tm_tmfl)‘k-]th))}y (3)

where D,,,, represents the app’s SLA latency requirement,
ensuring that meeting the deadline satisfies the SLA. The
workflow of our multi-link scheduling is described in Algo-
rithm 1. Upon each scheduling trigger that occurs just before
frame arrival, QoE Monitor computes the deadline based on
recent frame transmission status and the jitter threshold (line
1). Using this deadline, the scheduler determines the optimal
combination of links capable of delivering the frame within
the deadline while minimizing link utilization costs (lines
2-10). Then, QoE Monitor sends a control command to the
CU with the link set and frame split ratio (line 11).

5.4 DU Controller

DU Controller operates at the DU level to ensure timely re-
porting of frame delivery status and rapid recovery from link
disruptions. It implements two primary mechanisms:

Fast link ACK mechanism. Previous researches to deter-
mine the transmission status of app data units [83, 86] have
simply utilized the estimated bandwidth at the MAC layer, but
this cannot track out-of-order packets that can occur due to
channel errors [74], making it difficult to know exactly when
each packet is sent in the frame. To accurately track the real-
time frame delivery progress, we leverage the existing 5G
ACK reporting mechanism in RLC layer, which is originally
designed to notify the out-of-order packets for retransmission.

UE UE

t-polIRetransmify
(80 ms in OpX)
Data
& Poll RLC
& Grant Immediate /@ status
report w/o timer report
t-statusProhibit or uplink
(35 ms in OpX) RLC scheduling delay RLC
©status [e——— 0 status
. report . report
Uplink M
IScheduling delay
(15 ms in OpX)
DEEEE— 1)
Grant Q—————p
RLC
status
. report

(a) Commercial 5G mechanism. (b) Fast link ACK mechanism

Figure 11: Compared to commercial 5G with high link ACK
delay, our mechanism reduces ACK report delay through op-
timized timer settings with immediate poll and uplink grant.

Unfortunately, current 5G ACK reporting mechanism is
insufficient for real-time tracking of frame delivery progress
due to its reliance on conservative RLC ACK reporting. This
delay hinders the responsiveness of the scheduling algorithm.
As shown in Figure 11(a), the delay arises from the inher-
ent RLC timers at both the BS and UE [74], and from uplink
scheduling protocols that require grant allocation before trans-
mission [75, 83]. Specifically, the BS’s t-pollRetransmit timer
in OpX activates every 80ms to check for retransmissions,
while the UE’s -statusProhibit timer (35ms in OpX) limits
the frequency of status reports. Furthermore, uplink packets
can take up to 15 ms to be scheduled due to the SR (Schedul-
ing Request) process, which occurs periodically (every 10 ms
in OpX) when the UE buffer is empty. In the worst-case sce-
nario, these delays accumulate, and it can take up to 130 ms
for the BS to receive an ACK from the UE.

To address these delays, DU Controller implements an op-
timized link ACK mechanism. As illustrated in Figure 11(b),
this technique disables conventional RLC timers for RTS
UE and instead immediately triggers RLC ACKs using poll
bits during data transmission. Simultaneously, uplink grants
are proactively provided to minimize scheduling latency
for returning status reports. This method incurs slightly
more radio resource usage than general-purpose 5G, but
the overhead is minimal: RLC status reports are under 8
bytes [13], and uplink grants to transmit these consume less
than 100 bytes—negligible in the context of high-bitrate RTS.
Priority-aware re-injection. When network conditions dete-
riorate unexpectedly, DU Controller rapidly migrates packets
to alternative links to prevent deadline violations. Unlike tra-
ditional transport layer re-injection methods, DU Controller
leverages RAN’s packet forwarding capabilities, typically
used during handovers, to transfer buffered packets between
DUs without duplication, significantly improving radio re-
source efficiency.

The re-injection process is triggered when DU Controller
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Figure 12: Our re-injection immediately detects the delay and
forwards frames to the alternative link, considering its priority.

detects that the expected delivery time for a frame’s remain-
ing packets calculated by recent bandwidth status exceeds the
available slack time (deadline minus elapsed time) by a factor
of (1+P), where P is a configurable tolerance parameter. A
higher P results in more frequent re-injections to prevent video
stalls but may increase backup link utilization. Once triggered,
DU Controller solves a scheduling problem to identify the op-
timal alternative links and forwards unacknowledged packets
from the disrupted link accordingly. If there is no available
set that satisfies the deadline, we do not re-inject the packet
since this would rather increase the delay of alternative links.

If the stalled frame has a shorter estimated delivery time
than the fastest frame on the alternative link, it is placed in
a priority queue to ensure faster delivery. To achieve this,
DU Controller leverages 5G’s logical channel ID (LCID) pri-
ority mechanism [12]. By assigning higher priority LCIDs
to re-injected packets, they can bypass lower-priority traffic
in RAN queues. This ensures faster delivery than methods
relying on transport layer mechanisms or standard packet
forwarding that do not account for app-level QoE require-
ments. As shown in Figure 12, this mechanism enables quick
service of delayed packets: @) when video stalls occur, @
RIC receives immediate feedback on frame delivery progress,
€ issues a re-injection command to the underperforming
link, and prioritizes these packets on the alternative link to be
delivered on deadline (@)).

6 Implementation

We implement our system based on OpenAirInterface5G [4].
While OpenAirlnterface5G supports 5G NSA mode, the ex-
isting implementation only enables data transmission via 5G
link. We extend this implementation to support simultane-
ous data transmission over both 5G and 4G links. Our mod-
ifications to OpenAirlnterfaceSG comprise approximately
2 k lines of new/modified C++ code implementing dual-
connectivity features and RIC interfaces. These include data
split functions at the PDCP layer and Xn interfaces between
5G and 4G BSs for coordinated data transmission.

QCON is developed as a uApp on EdgeRIC [45], an
Open-RAN-compliant RIC framework enabling millisecond-

Figure 13: Multi-connectivity enabled Open-RAN testbed.

scale control by co-locating with RAN device. Following
EdgeRIC’s implementation, the interfaces between RIC and
RAN are implemented with ZMQ interface [81]. This in-
cludes 10 k lines of new C++ code.* Specifically, QoE Moni-
tor’s packet profiling leverages eBPF [29] to filter and capture
packets with minimal overhead. This allows direct sniffing of
incoming RTP packets with TC INGRESS FILTER [53] from
the network interface without RAN modification. Addition-
ally, to implement DU Controller’s re-injection technique,
which adopts the data forwarding mechanism in handover, we
utilize the data interface implemented on 5G and 4G BSs for
dual-connectivity feature.

7 Performance Evaluation

7.1 Experimental Testbed

Open-RAN testbed. For evaluation, we construct an end-
to-end Open-RAN testbed with OpenAirInterface5G 5G/4G
BSs and Magma core network [3] as shown in Figure 13.
Hardware includes two USRP B210 radio units [69] and a
Linux desktop (CPU of i7-12700, 32 GB RAM). We use four
COTS Android 14 smartphones (three Pixel 6a, one Pixel 7
Pro) with programmable sysmoISIM-SJA2 SIM cards [73].
The network operates in NSA mode: 5G with 20MHz band-
width (n78 band), numerology 1, single MIMO layer, and
S5DDDSU TDD duplex; 4G with 20MHz bandwidth (b41
band) in FDD mode. Our setup achieves up to 73 Mbps on 5G
and 37 Mbps on 4G. Experiments run in an RF shield box with
Mini-Circuits programmable channel attenuator [5] to emu-
late real-world highway driving SINR traces over OpX. We
setup Xn interface delay between CU and each DU as 10 ms
considering Open-RAN’s disaggregated architecture [10].
Trace-driven emulator. Since the testbed hardware setup
provides limited bandwidth compared to the commercial 5G,
we supplement our evaluation using an emulator with real-
world 5G traces (Table 5 in Appendix). Implemented with
11 k lines of C++ codes, this emulator leverages Linux’s TUN
interface [27] to process internet traffic and forward it through
emulated cellular protocol stacks (PDCP/RLC/MAC/PHY).

7.2 Evaluation Setup

Apps. Experiments include various RTS apps: open-source
WebRTC [33] and commercial cloud gaming (Nvidia

4We release the source code of QCON at [46].
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OpX OpY
Alg. VMAF Bitrate P05/P01 FPS 4G Usage 4G TP/Total TP VMAF Bitrate P05/P01 FPS 4G Usage 4G TP/Total TP
Single 58.3£11.6 3+2.1Mbps 42/0 OMbps 0% 92.3+£12.3  20.5+7.6Mbps 37/8 OMbps 0%
minRTT 54.5+8.8 2.8+1.9Mbps 48/11 1.7Mbps 60% 83.7£16.4  13.5+5.3Mbps 32/15 5.6Mbps 41.4%
DCH 59.2£12.3  3.1£2.1Mbps 41/15 1.5Mbps 47% 85.2+£14.7  15.3+4.8Mbps 34/12 4.5Mbps 29.4%
PD 90.2+7.3  19.14+5.3Mbps 50/36 19.1Mbps 100% 93.5+£9.5  22.14+3.2Mbps 49/44 22.1Mbps 100%
5QI 743£144  9.5+£6.3Mbps 38/8 3.2Mbps 33% 87.1£15.7 17.3+4.0Mbps 40/18 2.3Mbps 13%
QCON 91.5+7.7  20.3+4.5Mbps 53/38 4.9Mbps 24% 94.8+6.3  23.3+3.6Mbps 53/49 2.7Mbps 11%

Table 2: Performance comparison of different algorithms in the Campus traces for OpX and OpY. TP is a throughput.

GeForceNow [63], Xbox cloud gaming [60], an Boost-

DChannel

Single

QCON

eroid [18]). All configurations use 1080p/60 FPS video

with a maximum 25 Mbps bitrate, except Xbox, which uses

1080p/60 FPS streaming with a maximum 20 Mbps bitrate.

Baselines. We evaluate QCON with following baselines.

* Single-connectivity (SINGLE): Commercial 5G approach
using only primary 5G link.

* MINRTT [67]: Multi-path scheduler sending packets on
the lowest RTT path, implemented using RLC layer ACK.

* Packet duplication (PD) [68]: Reliability-focused tech-
nique by duplicating packets across multiple path.

* DChannel (DCH) [71]: Recent L3 multi-path scheduler
combining high-bandwidth eMBB and low-latency URLLC
channels for short flow (e.g., web loading), implemented
with 5G as eMBB and 4G as URLLC.

* 5QI [14]: Modified 5G QoS indicator guaranteeing 100 ms
packet-level latency for gaming apps, scheduling packets
to backup links only when SLO requirements are at risk.

Metrics. Evaluation uses the following performance metrics.

1) Bitrate: Average received video rate (Mbps). 2) Frame rate:

Frames rendered per second, affecting motion smoothness.

3) VMAF [52]: Netflix’s perceptual video quality metric (O-

100). 4) Normalized performance. Bitrates, FPS, and backup

link usages are normalized with the maximum bitrates, maxi-

mum FPS, and the total backup link capacity, respectively.

Evaluation. We evaluate QCON with the following aspects:

* App performance improvements (§7.3). We present
QCON can improve bitrates up to 2.1x and PO1 frame
rate by 4-5x compared to the state-of-the-art multi-link
scheduling, while preserving less 4G link utilization.

* Compatibility with various RTS apps (§7.4). QCON
achieves better app QoE in commercial cloud gaming apps
without modifying these apps.

¢ Microbenchmarks (§7.5). Microbenchmarks of individual
QCON components reveal the specific contributions of
each module to overall performance gains.

* Overheads (§7.6). QCON shows negligible overheads in
terms of CPU, memory usages, and RIC communications.

7.3 Trace-Driven Emulation

We first show the overall performance of QCON in Table 2
over traces on Campus across OpX and OpY. On both traces,
QCON achieves the higher bitrates and tail FPS compared
to the baselines with comparable 4G link usage. Specifically,

0 100 200 300 400 500
Time (sec)

(a) Bitrate.

meoﬂ-[ , + O W 1‘11%1(-»—————
o
(15 | . It I q i

301
0 . . , .
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(b) Frame rate.
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a
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o
=0
O 0 100 200 300 400 500
< .
Time (sec)

(c) 4G capacity usage. TP is a throughput.

Figure 14: Performance of QCON over OpX trace.

QCON shows 2.1 x higher bitrates compared to SQI while
enhancing tail PO1 FPS from 8 to 38 over OpX trace. While
the baselines vary in performance depending on the nature
of the trace, QCON is always able to maintain good perfor-
mance. For instance, SINGLE shows high bitrates in OpY
(20.5 Mbps) trace, but achieves only 3.0 Mbps bitrate in OpX
trace. This is because OpX trace’s 5G link is highly variable,
and it is not enough to serve RTS app with only a single link.
Even though the average bitrate is comparably high, the tail
FPS of a single link is consistently lower compared to the
other techniques.

At the same time, existing multi-path solutions show worse
bitrate performance than SINGLE, suggesting that simply re-
ducing packet-level delay is not enough to optimize RTS QoE.
Similarly, 5QI, which utilizes multi-connectivity without con-
sidering frame-level insight, fails to achieve high performance.
These techniques mostly utilize lower absolute 4G capacity
compared to QCON, but 4G throughput as a percentage of
total used throughput is higher than QCON. This shows that
QCON efficiently utilizes valuable 4G resources for QoE of
RTS app. PD performs the second best after QCON, but this
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Nvidia GeForceNow [63]

Xbox cloud Gaming [60]

Boosteroid [18]

Alg. Bitrate P0O5/P01 FPS 4G Usage Bitrate PO5/P01 FPS 4G Usage Bitrate P05/P01 FPS 4G Usage
Single 13.243.5 Mbps 40/0 0 Mbps 9.5+3.8 Mbps 36/1 0 Mbps 16.5+5.9 Mbps 33/3 0 Mbps
minRTT 9.7£4.0 Mbps 35/10 42Mbps  7.243.2 Mbps 2177 2.5Mbps  8.144.6 Mbps 12/3 4.3 Mbps
DCH 11.143.3 Mbps 42/14 2.6 Mbps  7.742.9 Mbps 33/3 1.6 Mbps  11.3+5.0 Mbps 3715 3.6 Mbps

PD 19.4+5.1 Mbps 49/34 19.4 Mbps  16.2+3.1 Mbps 48/45 16.2 Mbps  19.143.4 Mbps 49/42 19.1 Mbps
5Q1 10.8£5.7 Mbps 37/9 3.5Mbps  10.443.9 Mbps 39/17 7.5Mbps  12.6+5.5 Mbps 41/19 4.9 Mbps
QCON 19.8+4.2 Mbps 52/35 5.7Mbps  17.9+3.3 Mbps 52/48 7.0 Mbps  22.8+4.7 Mbps 56/50 5.5 Mbps

Table 3: Performance of three cloud-gaming apps on the OpX’s highway SINR trace (standard deviations shown).
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Figure 15: Performance of QCON with multiple UEs.

is not good in terms of radio efficiency as it requires the same
amount of backup link usage as bitrate, and always relies
on the performance of the best single link while missing the
opportunity of bandwidth aggregation of multi-path.

Figure 14 depicts how QCON gets such consistently high
performance. When SINGLE and DCHANNEL experience
bitrate degradation or frame rate degradation, QCON ac-
tively utilizes 4G throughput. However, DCHANNEL, with-
out app QoE awareness, uses the backup link even during
periods without performance degradation (430 s~470 s).
While QCON consumes a higher absolute 4G throughput
(4.95 Mbps vs. DCHANNEL’s 1.48 Mbps), it uses propor-
tionally less 4G compared to its total throughput—only 24%
of total throughput compared to DCHANNEL’s 47%. This
highlights QCON’s efficient backup link utilization for QoE
improvements.

7.4 Real-World Experiments

We next evaluate QCON in real-world scenarios.
Performance of commercial apps. QCON’s benefits extend
to widely used commercial apps. Table 3 shows QCON’s
performance across three commercial cloud gaming platforms
of single UE. QCON consistently achieves high performance
regardless of app type in our real-world testbed. These apps
are fully compatible with QCON as they utilize RTP protocol
and WebRTC-like CCA [56]. Since different apps exhibit
varied CCA behaviors under identical channel conditions,
QCON’s adaptive jitter-aware deadline mechanism allocates
more backup link resources to apps more sensitive to jitter.
For example, Xbox cloud gaming showed the lowest bitrate
performance with SINGLE (9.5 Mbps compared to 16.5 Mbps
of Boosteroid), prompting QCON to allocate more backup
link resources to maintain high QoE.

Performance under contending UEs. To evaluate QCON
in multi-UE environments, we simultaneously ran 4 WebRTC

XY PO1 FPS Backup usage
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Figure 16: Ablation studies with QCON modules.
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Figure 17: Gap between Figure 18: Impact of re-
estimated jitter from QoE injection technique in deadline
Monitor and true value. violation.

Jitter Difference (ms)

UEs and calculated normalized metrics for average bitrates,
tail FPS (across all frame rate samples), and total backup
link usage. Figure 15 shows that QCON efficiently utilizes
backup links while maximizing QoE. Unlike our single-UE
experiments, we found that PD achieves significantly lower
normalized bitrates (0.32 vs. QCON’s 0.47). As contention
on the primary link increases, efficient use of the backup
link becomes critical to prevent video stalls during transient
congestion; however, PD overutilizes the backup link unnec-
essarily. We further analyze the impact of QCON on fairness
with other UE in Appendix B.

7.5 Microbenchmarks

Ablation studies. To verify each module’s effectiveness in
QCON, we conduct ablation studies in Figure 16 with two
additional comparisons: 1) w/o Re-inject, which excludes re-
injection module and 2) w/o Sched, which excludes deadline-
aware multi-link scheduler module. Operating as 5QI without
any QCON modules reduces average bitrates by 45% with
degraded tail FPS. Adding just the scheduler (w/o Re-inject)
increases bitrates by 1.4 x and enhances tail FPS compared to
5QI. While the re-injection-only configuration (w/o Sched)
doesn’t improve bitrate beyond baseline, it significantly boosts
normalized tail FPS from 0.37 to 0.68. The complete QCON
implementation shows slightly lower tail FPS than w/o Sched
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Figure 19: The impact of multi-link scheduling.
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Figure 20: The impact of fast link ACK technique.

because increased bitrate introduces additional delay. Nev-
ertheless, full QCON achieves 1.5 x higher bitrate than w/o
Sched and 1.8 x higher than 5QI through its effective jitter-
aware multi-path scheduling mechanism.

Accuracy of frame-level transmission tracking. Figure 17
shows the CDF of error between QoE Monitor’s estimated
frame-level jitter and ground-truth jitter from the UE. Across
OpX’s traces, QoE Monitor accurately tracks frame-level jitter.
In campus and city, 94.4% an 93% of estimations show errors
below 10 ms, respectively. Even in more variable highway
trace, 73% of estimations remain under 10 ms error, and 99%
of samples stay below 40 ms.

Priority-based re-injection. Figure 18 measures the deadline
(100 ms in our settings) violation ratios for overall frame trans-
mission. We compare our technique with SQI and w/0 PRIO,
which re-injects frame without the priority given by LCID.
Across three scenarios, our prioritized re-injection achieves
violation rates only 1.4%, 1.8%, and 2.1%, outperforming
both comparisons which experience more than 2x and 3x
higher violation rates for 5QI and W/0 PRIO, respectively.

Adaptive deadline-aware multi-link scheduling. To quan-
tify gains from jitter-adaptive deadline-aware scheduling, we
compare against two fixed deadlines (D, = 30,100 ms) in
OpX’s campus trace. As shown in Figure 19(a), shorter dead-
lines (30 ms) achieve high bitrate but require substantial
backup link usage (23% from overall 4G capacity). Looser
deadlines (100 ms) reduce backup usage to 8% but decrease
bitrates by 18%. QCON’s adaptive approach balances these
extremes, reducing 4G link usage by 49% compared to the
30 ms setting with only 5% reduced bitrate. This efficiency
stems from reduced frame-level jitter at the tail. Figure 19(b)
demonstrates that QCON achieves low tail jitter comparable
to the 30 ms fixed deadline, while the 100 ms fixed deadline
exhibits higher tail frame jitter, which results in lower bitrate.

# of UE 100 200 300 400 500

CPU util (%) 7.2 7.9 8.4 8.6 9.0
Memory usage (MB) 149.6 1553 161.1 163.7 166.0

Table 4: System-level overheads.

Fast link ACK technique. Figure 20 illustrates the impact
of fast link ACK technique. In Figure 20(a), we find fast
link ACK technique significantly reduces the link ACK delay.
Compared to DEFAULT 5G, which averages 62 ms delay,
QCON achieves 6 ms of average delay. This creates a faster
control path for our core modules, resulting in performance
improvements shown in Figure 20(b): 1.4x higher bitrate
and 2.1 x better tail FPS. Without fast status reporting, both
frame-level jitter and delivery progress information become
outdated, compromising the effectiveness of our key modules.

7.6 System-Level Overheads

Finally, we report the system-level overheads of QCON.
CPU and memory overheads. To evaluate QCON’s re-
source requirements, we generated dummy RTP flows (each
10 Mbps) on a local host that QCON processes as UE traffic.
Using the LINUX PS tool [7], we found that QCON maintains
minimal system-level overheads. Even when handling 500
UEs simultaneously, CPU utilization remains at just 9.0%
with memory consumption of 166 MB. This efficiency stems
from QCON’s use of eBPF for packet inspection and its
lightweight control message exchange with RIC.
RIC communication overhead. Communication between
RIC and CU/DU components introduces negligible overhead.
RAN KPM signaling (Figure 10) requires only 512Kbps of
bandwidth when this information is exchanged every slot (i.e.,
0.5 ms in 5G). Since our implementation co-locates RIC with
RAN components on the same device, this overhead has no
measurable impact on QCON’s performance.

Power consumption of QCON is reported in Appendix C

8 Discussions

QCON on other wireless technologies. Our prototype tar-
gets today’s NSA dual-connectivity deployments because they
dominate commercial roll-outs, but the design choices gen-
eralize. Multi-connectivity in SA mode with multiple gNBs
is also defined in 3GPP standards [11]. The only required
change is to adjust PDCP context hand-offs so that 5G BS-5G
BS multi-connectivity replaces the current 5G BS-4G BS
pairing. Looking forward, early 6G proposals advocate na-
tive Al-driven RICs [19,37]. QCON’s transparent app QoE
monitoring fits naturally into those blueprints: QoE Monitor
becomes one of several "semantic" inputs a 6G RIC will learn
from, and QCON’s scheduling logic that should infer the
app operations, such as adaptive jitter-aware deadline settings,
can be enhanced with more sophisticated machine learning
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techniques. Our insights apply equally to Wi-Fi multi-link
operation [21], which we leave as future work.
QCON with future RTS apps. QCON leverages standard
RTP protocol header information, which underpins current
RTS apps. For emerging RTS workloads like volumetric
video [35,50] or holographic telepresence [39] that mainly fo-
cus on en/decoding techniques, the transport protocol remains
undecided. Encouragingly, RTP/RTCP continues to be a vi-
able delivery substrate for interactive media: IETF is actively
standardizing RTP packet formats for volumetric video [40],
and Microsoft has implemented RTP in holographic remot-
ing [2]. This means QCON can continue extracting frame-
level insights from standard RTP header fields without mod-
ifications. For future RTC apps that may adopt alternative
protocols such as TCP or QUIC, we leave this exploration as
future work.
QCON to provide new revenue opportunities. Current
commercial providers primarily focus on user-centric service
models, as evidenced by Verizon’s "Enhanced Video Calling"
available only on premium plans [42]. However, implement-
ing QCON opens significant new revenue opportunities for
5G operators by offering premium services to mobile RTS
app providers whose user QoE is critically determined at the
wireless stage. Compared to existing QoS mechanism [14]
that may not directly improve the QoE of user, QCON en-
hances QoE for mobile RTS apps with only wireless-stage
optimization. This enables 5G operators to attract both users
and app providers seeking guaranteed performance.
Additional deployment considerations are in Appendix D.

9 Related Work

App-aware wireless endpoint. Several literature optimizes
wireless endpoints for app-specific requirements. Zhuge [57]
reduces tail frame delay for RTS apps by minimizing the con-
trol loop through faster congestion detection and notification
from wireless endpoints. Tutti [§3] and ARMA [86] optimize
video analytics app over 5G through tight integration between
app and RAN. RAN slicing [16,23] primarily focus on SLAs
rather than directly considering the QoE of RTS apps. QCON
directly optimizes RTS app QoE while simultaneously con-
sidering radio resource efficiency, bridging the gap between
app-level metrics and RAN resource utilization.

QoE-driven multi-path in wireless networks. Multi-path so-
lutions have been proposed to enhance app performance by in-
creasing reliability under wireless fluctuations. Converge [26]
proposes video-aware multi-path transport over WebRTC. Au-
gur [88] leverages user state stability for multi-path schedul-
ing in real-time video, assuming user state remains relatively
stable over short time periods. Other works [55, 87] have
proposed QoE-driven multi-path techniques for on-demand
video streaming. However, these approaches typically assume
users are connected to multiple cellular networks or to cellu-
lar networks with Wi-Fi, which are not prevalent in current

mobile devices. In contrast, QCON can be deployed with
only single-transport in an app and user-transparent manner,
making it immediately applicable to existing infrastructure.

10 Conclusion

This paper presented QCON, a QoE-aware 5G multi-
connectivity framework to optimize RTS app QoE that works
transparently to both apps and users. By bridging the gap be-
tween app QoE and the multi-link capabilities, QCON fully
leverages the potential of multi-connectivity to maximize the
app performance in a radio resource-efficient way. Notably,
these improvements are achieved without the significant de-
ployment barriers of the existing multi-path solution (e.g.,
multiple cellular subscription requirements) for mobile users.
Evaluated on open-source radio suite and real-world trace-
driven emulation, QCON shows high QoE improvements in
WebRTC and commercial cloud gaming services compared to
the state-of-the-art multi-path scheduling techniques. Beyond
cloud gaming and WebRTC, the core design of QCON can be
extended to a variety of latency-sensitive services, bringing
the promise of robust, high-quality RTS closer to reality for
mobile users everywhere.
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Appendices
A Commercial 5G Experiments Detail

A.1 Real-world 5G experiments

We collected comprehensive traces on three major 5G opera-
tors from February to March 2025, traveling through campus
areas, city streets, and highways. Our subscription plans for all
three operators are the most premium plan, which is renowned
for providing full capabilities of 5G. Table 5 presents the
statistics of our bandwidth measurements, collected at 100 ms
intervals using Iperf [78] simultaneously on both 5G and 4G
Samsung S22 smartphones. Note that Iperf app and there is
no control latency from sleep operation (e.g., Wake up latency
from DRX mode or RRC idle mode [75]) in the traces.

A.2 Commercial RTS app Measurements

Measuring the app performance of commercial RTS apps
presents unique challenges compared to open-source We-
bRTC, as commercial providers typically do not expose their
logging features to users. We discovered that our target com-
mercial cloud gaming platforms—Nvidia GeForceNow, Xbox
cloud gaming, and Boosteroid—reveal key performance met-
rics such as bitrate and frame rates through the standard web-
based WebRTC diagnostic tool WEBRTC-INTERNALS [34].
This tool enables extraction and logging of performance
data for WebRTC-based streaming apps delivered over the
web. To automate data collection, we implemented a Tamper-
monkey [17] script that captures information from WEBRTC-
INTERNALS and transmits it to our web server for storage
and analysis. This methodology allowed us to systematically
run cloud gaming sessions and extract comprehensive perfor-
mance metrics during gameplay.

B Fairness of QCON

Figure 21 shows the fairness of QCON. We run an RTS
app on one UE while a contending UE loads 2 MB web
pages every 15 seconds. We test two scenarios: the contending
UE uses either a 4G or 5G link. QCON achieves high RTS
performance without compromising the contending UE’s web
page loading performance. When the contending UE uses 4G,
QCON delivers 5.7 s of web loading times comparable to
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Figure 21: Page loading time Figure 22: Power consump-
of contending UE while serv- tion of the host device.
ing RTS UE with QCON.

SINGLE (5.7 s), which serves the RTS app exclusively over 5G.
When the contending UE uses 5G, QCON maintains similarly
low web page load times of 4.8 s as SINGLE (4.6 s), even
though QCON achieves higher RTS bitrates. PD that achieves
similar RTS app performance degrade the page loading time
because of its aggressive utilization of both 4G and 5G links.

C Power Consumption of QCON

Figure 22 depicts the power consumption of the host device
running QCON. QCON consumes 3.2% more power than
SINGLE while achieving higher RTS performance. In contrast,
PD consumes over 11% more power to achieve comparable
performance to QCON. This is because QCON efficiently
utilizes both 4G and 5G links without PD’s resource waste.

D Additional Considerations for Real-World
Deployment of QCON

In this paper, we implement and evaluate QCON on lab-scale
testbeds. To extend QCON to real-world deployments, the
following considerations should be addressed.

Handing the wired bottleneck. QCON mainly tackles the
wireless bottleneck scenario, which is prevalent in current
mobile RTC apps [26]. However, QCON also may encounter
a wired bottleneck. In such cases, video frames already ex-
perience significant delays over the wired link, and QCON
will need to conduct multi-link scheduling based on the actual
slack time based on the video frame generation time, rather
than the slack time based on a fixed SLA. This may require
the cooperation with the apps to notify its accurate slack time
to RAN, which we leave as a future work.

Handling the complexity of RIC-based solution. One con-
cern in QCON’s real-world deployment is the inherent com-
plexity of RIC solutions, which require RAN modifications
to provide observability and controllability to the RIC. This
may lead to compatibility issues when RAN and RIC com-
ponents are from different manufacturers, resulting a barrier
to deploying QCON [61]. However, recent research efforts
have recognized this issue and are working to enable pro-
grammability without modifying RAN source code [30] or to
facilitate the transfer of RAN status across different RAN and
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OpX OpY OpZ
Scenario  Case Mean P05 P01 PO.1 Mean P05 P01  PO.1 Mean P05 P01 PO.1
4G 76.96 0 0 0 83.62 10.94 0 0 93.38 2155 042 0
Campus 5G 23534  3.25 0 0 53.63 0 0 0 369.74 166.92 0 0
4G+5G 31092 10.33 0 0 138.10  28.54 8.04 0 461.22 225.72 73.02 20.92
4G 170.76  46.92 0 0 66.34 1.32 0 0 73.58 5.56 0 0
City 5G 420.19 38.16 11.83 0 111.78  4.76 0 0 101.51  32.59 0 0
4G+5G 593.53 150.32 7477 34.85 17931 3424 8.20 0 173.97 73.73 39.88 7.08
4G 95.07 2.00 0 0 65.50 7.90 0 0 53.17 0 0 0
Highway 5G 286.34  29.64 0 0 218.15 7745 23.30 0 111.98 0 0 0
4G+5G 376.86  58.10 12.12 0 284.17 10628 4796 732 16596 2682 4.85 0
Table 5: Measured bandwidth of 5G, 4G, and simultaneous usage of 5G and 4G in Mbps.
RIC vendors [31]. Aligning with these efforts is expected to
accelerate the deployment of RIC-based solutions including
QCON.
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