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Abstract—Dualsteer (DS) is a core-network (CN)-level multi-
generation aggregation method that leverages multipath trans-
port protocols, including multipath QUIC, to integrate legacy and
new radio access network (RAN) without modifying the legacy
RAN. This RAN transparency enables smooth, cost-effective
network migration. Our flow-level radio resource allocation
modeling reveals the possibility of DS in performance degradation
due to RAN transparency. If DS persists in activating both paths
at high user equipment (UE) density, the system utility is inferior
to that of single-path methods. Furthermore, the packet-level
simulations reveal that existing multipath transport mechanisms
cannot avoid this risk. Even though existing mechanisms reduce
the traffic on the weaker path, they still waste radio resources
due to persistent splitting and keep both paths active. To address
the problem without introducing RAN impact, we propose a
UE-density-aware DS that dynamically controls splitting and
switching using only information available on the CN or the UE.
Large-scale simulations with 12 BSs and 100 UEs demonstrate
that the proposed scheme improves application-level goodput
at high UE density by 21.5% over existing schedulers, while
retaining bandwidth-aggregation benefits at low UE density.

Index Terms—Dualsteer, Network migration, Multipath, Dual
connectivity, MPQUIC

I. INTRODUCTION

For the successful and sustainable realization of 6G, net-
work migration has attracted greater attention than in previ-
ous generations, including 4G and 5G [1], [2]. The mobile
network operators (MNOs) already operate mature 4G and
5G systems and expect 6G to evolve seamlessly on top of
legacy infrastructure while reusing existing facilities as much
as possible [2]. A fundamental enabler of such migration is
multi-generation traffic aggregation [1], [3]-[6], which allows
a user equipment (UE) to communicate simultaneously with
legacy and new base stations (BSs) and improves throughput,
spectrum efficiency, and reliability. In the 5G introduction,
EUTRAN-NR dual connectivity (EN-DC), also known as non-
standalone (NSA), has been widely commercialized [7].

A key lesson from DC deployment is sustainability, since
DC often requires extensive updates to legacy BSs solely for
compatibility even when existing hardware remains otherwise
adequate [5]. Motivated by sustainability, dualsteer (DS), a
core network (CN)-level aggregation method [1], [4]-[6], has
emerged as an alternative where traffic aggregation is handled
in the CN without coordination between new and legacy BSs
by using layer 4 (L4) multipath protocols such as multipath
TCP (MPTCP) and multipath QUIC (MPQUIC). In DS, the
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Fig. 1. High-level summary of multi-generation aggregation methods. In DC,
BS aggregates the traffic. In DS, the UPF in CN aggregates traffic.

traffic aggregator is the user plane function (UPF) in CN [8].
Since BSs remain agnostic to aggregation and CN functions
are already virtualized and centralized, DS can reduce opera-
tional effort and enhance long-term sustainability [S]. A high-
level comparison of DC and DS is depicted in Fig. 1.

This paper investigates the degradation of the system utility
caused by DS under high UE density. Existing transport
multipath studies mainly focus on per-UE performance [9]-
[11] and fairness to single-path UEs [12], [13], leaving system-
level utility unclear. In contrast, the DC literature [14] has ex-
tensively studied system utility and reports that the utility gain
from multi-connectivity diminishes as UE density increases,
approaching that of single-cell selection, but never falling
below it. This raises a concern for DS in high-density environ-
ments, because DS is inherently RAN-unaware and does not
control the RAN. The UPF cannot observe radio conditions
such as signal-to-interference and noise ratio (SINR), which
can lead to inefficient traffic steering and reduced system
utility [5].

Therefore, we have a research question: whether RAN-
transparent DS becomes inferior to single-generation selection
in terms of system utility under high UE density. To answer
this question, we conduct flow-level radio resource allocation
modeling and packet-level simulations. The results reveal that
DS with existing L4 multipath mechanisms can be inferior
to simple single-generation (SG) selection under high UE
density in terms of system utility. In particular, the flow-level
evaluation shows that if DS persists in splitting, meaning both
paths remain active, system utility degrades not only compared
to DC but also compared to simple SG under high UE density,



as described in Sec. III. The packet-level evaluation further
shows that existing multipath scheduling algorithms [9]-[11]
and congestion control algorithms (CCAs) [12], [13], [15] tend
to maintain persistent splitting, resulting in utility degradation,
as described in Sec. IV.

Aiming to mitigate degradation caused by excessive splitting
while retaining bandwidth-aggregation benefits without intro-
ducing RAN impact, we propose UE-density-aware DS, called
UE-DA DS. UE-DA DS uses cell reselection information in
the system information block (SIB) to determine path priority
and suppresses splitting based on the number of active sessions
in the cell, steering traffic to the priority path at high UE
density. Large-scale simulations with 12 BSs and 100 UEs
show that UE-DA DS achieves 21.5% higher application-
level goodput than existing multipath methods at high UE
density, while retaining bandwidth-aggregation benefits at low
UE density.

The contributions of this paper are as follows:

o We formulate a flow-level radio resource allocation model
for DS and SG by extending the DC formulation in [14].
Using this model, we demonstrate that persistent dual-
path activation in DS degrades system utility at high UE
density, making DS inferior to local SG.

o We conduct packet-level simulations with four L4 mul-
tipath schedulers [9]-[11] and three CCAs [12], [13],
[15]. The results show that existing mechanisms cannot
avoid persistent splitting, which wastes radio resources
on inefficient paths and reduces system utility.

o« We propose UE-density-aware DS, called UE-DA DS,
which switches between single and splitting modes based
on an estimated per-cell load using only UE and UPF
information. UE-DA DS preserves RAN transparency and
improves application-level goodput at high UE density
while retaining bandwidth-aggregation benefits at low UE
density.

To the best of our knowledge, [13] is the only L4 multipath
study that explicitly addresses system efficiency degradation
under high UE density. It targets wireless local area network
(WLAN)-cellular MPTCP and mitigates contention-induced
throughput loss by suppressing the secondary path using
queue occupancies of access points. In contrast, we analyze
DS-specific degradation driven by spectrum efficiency (SE)
degradation in cellular-cellular multipath and develop a RAN-
transparent method relying solely on UE and UPF information.
Moreover, we show that secondary-path suppression [13] alone
is insufficient to prevent persistent splitting and the associated
utility loss in DS, which is detailed in Sec. IV.

II. RELATED WORKS

Dual connectivity. DC [3] is a traffic aggregation method
commercialized as EN-DC [3] during the transition from 4G
to 5G, also known as the NSA architecture. DC enables the
UE to simultaneously connect to both new and legacy BSs.
Traffic is distributed and terminated at the legacy BS and
UE, respectively. Based on the interaction between legacy and
new BS, the legacy BS distributes the traffic to the new BS.
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Fig. 2. Protocol Stack of DS using MPQUIC.
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Thanks to tight coordination between legacy and new BSs,
e.g., frequent sharing of SINR, resource block (RB) allocation,
buffer sizes, and loads [16], DC enables improvements in
reliability [17] and throughput [14].

Beyond the performance benefits of DC, a key lesson
learned from NSA deployments is that the tight coordination
required between BSs in DC significantly impacts the legacy
RAN, often necessitating hardware replacement or substan-
tial upgrades of existing BSs [1], [5]. Given that the RAN
infrastructure has accumulated across multiple generations,
such replacements are not cost-effective. Therefore, a multi-
generation aggregation approach that requires updates only to
the CN, while leaving the legacy RAN unchanged, is highly
desirable. This is because the CN is already largely virtualized,
whereas the RAN remains predominantly purpose-built [5], at
the time of 6G introduction. Therefore, this paper focuses on
DS [1], [4]-[6], an emerging cost-efficient alternative to DC.
Dualsteer. DS [1], [4]-[6], [8], [18] is a multi-generation
aggregation method by CN without impacting RAN. Traffic
is split and aggregated at the UPF and UE, with transparency
to the RAN. In more detail, the UE and the UPF support
MPQUIC proxy [19] and establish two QUIC connections be-
tween the UE and the UPF via an HTTP/3 proxy architecture.
Application flows are encapsulated and tunneled over HTTP/3
using the appropriate CONNECT methods [20]. The protocol
stack is illustrated in Fig. 2.

DS is based on L4 multipath technology with WLAN
and cellular, e.g., MPQUIC [19] and MPTCP [21], which is
extensively investigated. In the L4 multipath protocol, there
are two major areas of research: scheduling and CCA. The
multipath scheduling algorithm [9], [10] aims to improve the
throughput while avoiding the head-of-line (HoL) blocking.
Coupled CCA [12] manages the congestion window (CWND)
of each path in a mutually coordinated manner, optimising
overall throughput while maintaining fairness for single-path
flows. For both areas, a cross-layer control approach with the
lower layer is proposed. Based on the MAC queue length of
the WLAN AP, CCA [13] is proposed to suppress the usage
of weak paths, and a scheduler [11] controls the packet.

Unlike the integration of WLAN and cellular networks, this
paper focuses on cellular-cellular integration [1], [4]-[6]. [4]
evaluates the multipath scheduler in DS. [5] compares the DS
and DC, clarifying the performance gap. [6] proposes a cross-
layer scheduler to improve the latency. Unlike existing DS
studies, this paper focuses on the system utility of DS in high
UE density environments.

System utility problem in high UE-density. In the DC



literature, a limitation of DC [14], [17], [22] regarding system
efficiency is reported. In [22], although increasing the number
of simultaneously connected cells per UE improves SE, the
multi-cell gain diminishes as the number of cells increases,
especially beyond 4. [17] reports that trade-off between reli-
ability and system utility. In [14], the system utility gain of
DC over load-aware ideal single-cell allocation diminishes at
high UE density. These papers [14], [17], [22] address in DC
literature, where an aggregator, i.e., a legacy BS, has detailed
radio information, including RB allocation, SINR, and cell
load, and control on RAN

Unlike these papers [14], [17], [22] in DC literature, this
paper focuses on the DS, in which an aggregator, i.e., the
UPF, has no control over the RAN and is unaware of the
RAN. For example, the cell to which a UE connects is selected
independently in each RAN generation, without coordination
between RANSs, and the UPF lacks SINR and RB allocation
information. We found a critical problem caused by the RAN-
unawareness in DS, which is discussed in Sec. III and IV.

III. RADIO RESOURCE ALLOCATION MODELING

This section evaluates the impact of RAN unawareness on
system utility in the DS using a flow-level radio resource
allocation model. We consider two DS variants to evaluate the
effect of RAN unawareness at the UPF. Ideal DS serves as an
upper bound, assuming the UPF has full RAN knowledge and
can optimally steer the traffic, namely legacy-only, new-only,
or both. Fully active (FA) DS captures a practical risk case
in which the UPF lacks RAN information, and the multipath
mechanism keeps both paths persistently active, e.g., with a
round-robin scheduler under sufficient traffic. For comparison,
we also consider DC and two single-generation baselines. The
modeling of DC is followed by [14]. Ideal SG assumes global
information and optimizes UE association, whereas local SG
selects the generation with the largest SINR with an offset.

To evaluate the system utility, we focus on downlink com-
munication with a sufficiently large application buffer, similar
to [14]. This paper focuses on downlink communication, since
downlink traffic accounts for 92% of traffic in commercial
networks.

A. System model

Fig. 3 shows the system model consists of N UEs, B"
legacy BSs, BY new BSs, an UPF, and an application server.
The UPF accommodates all BSs and UEs. The legacy and
new BSs are operated on different frequencies. For example,
considering 5G and 6G, the 5G and 6G BSs operate in
frequency range (FR) 1, i.e., below 6 GHz, and in FR3, i.e.,
6 GHz to 15 GHz [23].

B. Modeling of system utility of DC, DS, and SG

Dual connectivity: The system utility modeling of DC fol-
lows [14]. Let U, denote the set of UEs served by BS b. A
UE can connect to at most one legacy BS and at most one
new BS. Let BL and BY denote the candidate sets of legacy
and new BSs for UE u, respectively. Given SINR 7y, from
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Fig. 3. Example of 100 UE locations and 6 BS locations. At the BS location,
new BS and legacy BS are colocated, resulting in 12 BSs.

BS b to UE u, total bandwidth W, at BS b, and set of all BS
B, the throughput of UE u is

DC
by = E Wh, b, s (1)
beBLUBY

where pp, , = log,(1 + 75.4,), Subject to

WheB, Y wyu < W, 0)
uEUy

Vuet, »  1{w,, >0} <1, (3)
beBY

Vue, »  1{wy, >0} < 1. 4)
beBY

For shorthand, we denote the B-dimensional vector W as
(Wi,...,Wp) and the U x B matrix p as p[b, u] = pp .

The proportional fair (PF) metrics [24], which balance the
throughput and fairness, is used as a system utility in this
paper. The system utility of DC LP€ is given by the optimal
value of

1
max N%leg(ffc) s.t. (2), (3), (4). 5)

Dualsteer: The critical difference between DS and DC is
that, in DS, the UPF is RAN-unaware and does not control
the RAN. Cell selection and RB allocation are optimized
locally within each generation, without coordination across
generations. The UPF only controls whether to forward traffic
to each generation, relying on transport-layer metrics such as
RTT rather than RAN metrics such as SINR and load. To
reflect this constraint, we formulate DS as follows.

Let b and bY denote the serving cells of UE u in the
legacy and new RANS, respectively. The serving cells b% and
b are determined locally in the legacy and new RANs, which
are denoted in Sec III-C2. For each UE wu, we introduce
binary variables ol and ol indicating whether the UPF
forwards traffic to the legacy and new RANs. For notational
convenience, we write a for g € {L,N} to represent ok
and oY, respectively. We denote ol = (a},...,a%) and
o =(aff,... o).



Within each cell b, radio resources are shared equally among
active UEs [24], namely UEs with a¢ = 1 on that generation.
Let

kj = ag1{by = b} 6)

ueU

denote the number of active UEs in cell b of generation g.
When of = 1, UE u receives bandwidth W / kgg from
generation g. We assume kgg > 1 whenever o = 1. The
resulting UE throughput is

=Y

g€{L,N}

Wy
kbgqu Hpg - @)

The system utility of DS LPS is formulated as

1
& 2 log(t™) - ®)

ueU

To evaluate the impact of RAN-unawareness, we consider
two DS variants. Ideal DS serves as an upper bound, where
the UPF is assumed to know g and optimally selects o and

alN as

max LPS 9

al aN

FA-DS captures persistent dual-path activation without load-
aware steering, namely o = o = 1. Note that packet-
level simulations in Sec. IV show that existing multipath
mechanisms result in persistent dual-path activity.

Single generation allocation: In SG, cell association and RB
allocation are optimized locally within each generation, as in
DS, and the UE uses only one generation at a time. Using kgi
in (6), the throughput of UE w and system utility are

Wiyo
L= Y ol gt (10)
g€{L,N} ba
1
L3¢ = =3 log(t;%) (11)
uel

N
(7

Ideal SG serves as an upper bound where a centralized
optimizer has global RAN information and selects a® to
maximize system utility, formulated as

where ol =1 -«

12)

In local SG, the UE selects the generation based on SINR
with an offset, similar to inter-frequency selection with g-
offset [25]. Given SINR values 7% and N for the legacy
and new candidates and offset ¢, the UE selects the legacy
generation if v — g > rN. The offset is typically configured
by self-organized RAN (SON) to improve system-level per-
formance [26].

C. Setup

We consider a 1,200m x 1,200 m area with 6 BS sites and
N UEs as described in Fig. 3. Each BS site has a legacy
BS and a new BS because the new BS is assumed to be
installed at the existing site alongside the legacy BS. The inter-
site distance is 300 m. We assume the UEs are fixed as [14],
where the positions of UEs are generated by the Poisson point
process. The legacy and new BSs operate at 2.0 GHz and
6.0 GHz, respectively, with 10 MHz bandwidth.

1) Path loss modeling: Given the frequency f and distance
between BS and UE d, we model the path loss using a
shadowing model by

20logyg(4mf/c) +10alogy(d) + X, (13)

where c is the speed of light, a is the path loss exponent, X,
is a log-normal shadowing term drawn from N(0,c?) in dB.
We set ¢ = 3.0x 108 m/s, a = 3.5, 0 = 8 dB, and NF = 5 dB,
following 3GPP channel modeling [27]. The noise figure of 5
dB is used.

Following [14], we ignore inter-cell interference by assum-
ing ideal interference coordination [28]. We model SINR as

_ DPtx lb,u
- NoWp’
where piy is the BS transmit power, [, is the pathloss
between BS b and UE w including noise figure, and Ny is
the noise power spectral density.

2) Serving cell selection in each generation: In DS and
SG, the serving cell in each generation bY is optimized
independently in each generation g by the RAN and does not
depend on the UPF traffic-forwarding variables o). Let

K= 1{b] =b}

ueU

Tb,u (14)

5)

denote the number of UEs associated with cell b in generation
g. The per-generation association is modeled as the solution
of the PF objective

ng
max log Y 1y o | -
{bi}ueu% (Kg b )

g
bu

(16)

3) Solver of optimization: The optimization problems
(5),(9), (12), and (16) are mixed-integer nonlinear program-
ming problems. We use the open-source optimizers [29],
[30] and select the solution with the best objective value
for each trial. We run ten trials with different random seeds
for each configuration. Assuming the SON-based parameter
tuning [26], we select gofset Using the N = 100 case with a
separate random seed from those used in the evaluation trials,
and then fix gofises = 6.6 dB for all configurations.

D. Results

Fig. 4 shows the system utility L and system throughput for
DC, ideal DS, FA-DS, ideal SG, and local SG. We define UE
density as the number of UEs per BS, namely N/(B" + BY).
As UE density increases, FA-DS degrades relative to DC and
eventually becomes inferior to local SG. These results indicate
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Fig. 4. System utility L and system throughput. Figs. (a) and (b) show the
absolute results of DC. Figs. (¢) and (d) show the performance of the ideal
DS, FA-DS, ideal SG, and local SG relative to DC. The shaded area indicates
the standard deviation over ten trials.

that persistent dual-path activation in DS can degrade system
utility under high UE density, even at the flow level.

Figs. 4 (a) and (b) show the system utility L and system
throughput of DC. Consistent with [14], the utility decreases,
and the system throughput saturates as UE density increases.
Figs. 4 (c) and (d) compare the other methods relative to DC.
Ideal DS performs comparably to DC across UE densities.
Both ideal SG and local SG approach DC as UE density
increases, which is consistent with [14]. In the low-density
regime, FA-DS is comparable to DC, whereas its relative
performance degrades as UE density increases. In particular,
FA-DS becomes inferior to local SG when UE density exceeds
3 UEs per BS.

The following explains the background that FA-DS per-
forms well at low UE density but degrades at high UE density
compared to the ideal DS and SG methods. Fig. 5 shows the
system-average RB utilization ratio, and SE averaged over
all BSs in both generations. As shown in Fig. 5 (a), ideal
DS and FA-DS achieve RB utilization close to 1.0 at low
UE density, which is higher than ideal SG. As UE density
increases, the RB utilization ratio of SG also approaches 1.0.
This occurs because DS activates up to two cells per UE across
generations, leading to up to 2N active cell associations,
whereas SG activates at most one cell per UE, leaving more
cells unused in the low-density regime. This difference in the
RB utilization ratio contributes to the high system utility of
ideal and FA-DSs in the low UE density regime.

Fig. 5 (b) shows that, at high UE density, the system SE of
FA-DS is lower than that of ideal DS and ideal SG. Since RB
utilization saturates at 1.0 for all methods at high UE density,
the lower SE of FA-DS directly leads to lower system utility.

To further analyze the SE degradation of FA-DS, Fig. 6
presents the UE-level perspective. Fig. 6 (a) shows the number
of cells from which each UE obtains bandwidth. As UE
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Fig. 5. System average RB utilization ratio and SE for each method.
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Fig. 6. UE-perspective spectrum analysis. (a) Number of cells from which
the UE obtains bandwidth. (b) Ratio of UEs under ideal DS.

density increases, ideal DS reduces the number of active cells
per UE from two to one, whereas FA-DS keeps both cells
active. Fig. 6 (b) shows the UE distribution under ideal DS by
bandwidth source, namely the higher-SE cell only, the lower-
SE cell only, or both candidate cells. For example, the lower-
SE only means that the UE obtains bandwidth from a cell
that is relatively lower-SE in the candidate cells, i.e., new and
legacy cells. As UE density increases, ideal DS increasingly
allocates a single higher-SE cell to each UE, improving system
SE by balancing the load-SE trade-off. In contrast, FA-DS
keeps both paths active for all UEs. As a result, each UE
remains active on both a higher-SE cell and a lower-SE cell,
and each cell shares resources equally among active UEs
regardless of link quality. This forces the consumption of
non-negligible resources on inefficient paths and decreases the
system SE.

IV. PACKET-LEVEL SIMULATION EVALUATION ON
EXISTING MULTIPATH METHODS

To validate that the persistent splitting behavior assumed
in FA-DS occurs in existing multipath transport schemes, we
conduct a packet-level simulation. This section examines four
multipath schedulers and three CCA methods in a simplified
scenario and finds that they exhibit persistent splitting behav-
ior, leading to inferior performance compared to the simple
SG method. As discussed in Sec. III-B, the performance
degradation of persistent splitting behavior at high UE density
is owing to the inefficient bandwidth allocation between the
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the same position near the legacy BS and farther from the new BS. The other
six UEs are at another position near the new BS.
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UE’s candidate paths with different SE. To clearly evaluate the
occurrence and effect of persistent splitting in existing multi-
path mechanisms, this section emulates a situation in which
persistent splitting causes significant performance degradation,
i.e., the UE has two candidate paths with different SEs. Note
that evaluation with a realistic setup is provided in Sec. V.

A. Setup

The simplified system consists of a legacy BS, a new BS,
and 12 UEs, with the UE positions fixed, as illustrated in
Fig. 7. Half of the UEs are located near the legacy BS, and
the other half are located near the new BS. We conducted
two scenarios. In scenario A, the SINR from the nearer and
farther BSs is 15 dB and 5 dB, respectively. In scenario B,
the SINR from the nearer and farther BSs is 30 dB and 0 dB,
respectively. In each scenario, the application server sends full-
buffered traffic using QUIC [31] with CUBIC CCA [15]. As a
baseline, we use an SG method in which the UE only connects
to the dominant BS.

We use an open-source packet-level simulator [6], [32]. The
simulation parameters are as follows; The wired connection
between UPF and BS has sufficient bandwidth and propagation
delay of 10ms, that between UPF and application server
has sufficient bandwidth and propagation delay of 1ms, the
packet size is 1,500byte, 1 ACK per 2 packets for both
application QUIC protocol and MPQUIC subflow. We simulate
10 s. Further details on the packet-level simulator configuration
follow [6].

1) Baseline multipath methods: This paper examines four
existing multipath schedulers with uncoupled CCA with CU-
BIC [15] as follows:

o Minimum RTT (MinRTT) selects the path with the small-
est RTT, which is the default scheduler of Linux MPTCP.

o Early completion first (ECF) [9] estimates the completion
time of incoming data on each path and schedules packets
on the path that minimizes the expected completion time.

« Blocking estimation (BLEST) scheduler [10] aims to
avoid HoL blocking by preventing transmissions on
slower paths when blocking is expected.

o Cross-layer information-based one-way delay predictive
scheduler (CPS) [11] is a cross-layer scheduler that
predicts the delay using the queue length and MAC level
throughput, and selects the minimum delay path.

We examine two coupled CCAs with the MinRTT scheduler

as follows.

o OLIA [12] is a coupled CCA designed for MPTCP, which
dynamically adjusts the CWND of each subflow based on
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TABLE I
BANDWIDTH ALLOCATION RATIO BETWEEN NEARER AND FARTHER BSS

Scenario A Scenario B

Method Nearer  Farther  Nearer  Farther
BLEST 59% 41% 45% 55%
ECF 49% 51% 43% 57%
minRTT 49% 51% 36% 64%
CPS 39% 61% 13% 87%
OLIA 49% 51% 36% 64%
NSMAM 51% 49% 36% 64%

path conditions, increasing the window more aggressively
on better paths and less on congested ones.

o Network-side multipath access management
(NSMAM) [13] is a cross-layer coupled CCA, which
defines the path priority, and suppresses the CWND
of the non-priority path when the MAC queue of the
WLAN AP on that path is occupied.

2) Results: Fig. 8 shows the per-UE application-level good-
put for each multipath method and local SG. Regardless of the
scenarios, the SG method achieves higher goodput than any
other multipath method. This is because, though the multipath
method successfully suppresses the throughput of the farther
cell, it remains in a splitting state. While a BS has packets in
buffer to send to UEs, it allocates bandwidth equally among
UE:s to optimize intra-BS utilization. The BS consumes a large
amount of bandwidth for non-dominant UEs, even though the
throughput is low, resulting in reduced spectral efficiency. We
support the analysis in the following paragraphs.

Fig. 9 shows the sending throughput of the multipath
methods for the nearer and farther BSs per UE. The multipath
scheduler successfully suppresses the traffic allocation to the



farther BS. Table I shows the ratio of the bandwidth that is
allocated from nearer and farther BSs to UEs. Different from
the sending throughput, large bandwidth is allocated from
farther BS, at a minimum of 41%. This is because the BS
with the PF scheduler allocates equal bandwidth to UEs with
buffers. Even though the sending throughput is low, the buffer
remains for a long duration due to the lower SE.

V. PROPOSED UE-DENSITY-AWARE DUALSTEER

To address the inefficiency of DS at high density, we
propose a UE-DA DS that dynamically switches between
single and splitting modes based on the number of active
sessions on the secondary-path cell. The path priority is
determined following the cell reselection criteria, which rely
on the broadcast information in SIBs. UE-DA DS is self-
contained within the UE and the UPF, since UE-DA DS relies
only on information available at the UE, e.g., cell ID and cell-
reselection offsets broadcast in SIBs, and on transport-layer
observations at the UPF. Therefore, UE-DA DS preserves the
fundamental DS requirement of no RAN impact. Moreover,
the broadcast information used by UE-DA DS is updated at
a coarse timescale, typically upon reselection and handover.
UE-DA DS does not require frequent cross-layer signaling.
The proposed UE-DA scheme is summarized in Fig. 10.

As a baseline, this paper uses the local SG method, in which
the UE selects an appropriate generation according to the
3GPP-specified cell reselection procedure [25]. The criteria
comprise UE-measured SINR and the cell offset broadcast
in SIBs, including SIB1 and SIB4. This reselection criterion
is also used in UE-DA DS to determine the priority and
secondary paths.

A. Detail of proposed method

UE-DA DS defines two operation modes for each UE: single
and splitting modes. In single mode, the UPF uses only the
UE’s priority path. In splitting mode, the UPF may use both the
primary and secondary paths for the UE. This evaluation uses
uncoupled CUBIC [15] and the minRTT scheduler for UE-
DA DS. UE-DA DS is orthogonal to the underlying multipath
scheduler and CCA.

The UE-DA DS consists of three phases: initial, exploring,
and sustaining. In the initial phase, the UE and the UPF es-
tablish MPQUIC connectivity, determine a priority path based
on cell reselection information, and begin communication on
the priority path in single mode. During the exploration phase,
the UPF estimates the UE density on the secondary-path cell
by counting active sessions associated with that cell ID, and
decides whether to enable split mode. When the mode changes,
the sustaining phase keeps the selected mode for a sustain
duration to prevent rapid oscillations; after the timer expires,
UE-DA DS returns to the exploring phase. Note that the
overhead of UE-DA DS is that the maintenace of the per-UE
cell ID in UPF and UE notify its campon cell.

Initial phase: When UE starts the communication, the UE
establishes two packet data unit (PDU) sessions via legacy
and new BSs, and subsequently establishes two QUIC sessions

Initial phase Exploring phase

Count UEs on secondary
; Activate splitting
@ /==
UPF % g = o
) —= f
& =

UE density UE density
increase decrease

SIB
Q-offset Select path priority w. SIB
cell i Notify Cell ID to UPF
Priority !

Fig. 10. Summary of proposed UE-DA DS.

Secondary

with the MPQUIC proxy at the UPF [8], [19]. The legacy or
new BS to which the UE connects is selected independently
within each RAN according to its own selection mechanisms,
e.g., cell reselection [25]. The UE determines the priority
and secondary paths according to the cell reselection criteria,
which is used when the UE becomes RRC active from
idle [25]. Subsequently, UE sends the cell identifiers of the
priority and secondary paths [25] to the UPF via application
metadata on HTTP/3. Note that in 5G NR, NR cell global
ID (NCGI) [33] can serve as an identifier, as it is a globally
unique identifier for the cell and is broadcast by the BS to the
UE via SIBI.

Exploring phase: During the exploring phase, the UPF peri-
odically estimates the UE density of each cell on the secondary
path, every A seconds, by counting the number of active
sessions associated with that cell’s ID. A session is regarded
as active on a path if it has one or more ACK-eligible in-flight
packets on that path. For a given UE whose secondary-path
cell ID is b, let k[b] denote the number of active sessions on
cell b. UE-DA DS enables splitting if k[b] < K and otherwise
switches to single mode, where K is a load threshold. To avoid
oscillation, once the mode changes, UE-DA DS keeps the new
mode for a sustained duration before re-entering the exploring
phase. The UPF maintains per-cell counters and per-UE mode
states, and the update cost per decision epoch scales linearly
with the number of UEs. Note that the UE notifies the cell id
to the UPF, every time the camp-on cell is changed.

B. Simulation evaluation setup

We conduct a large-scale packet-level simulation with 12
BSs and up to 100 UEs. Unless otherwise specified, we reuse
the physical and radio configurations, including UE and BS
locations, bandwidth, propagation model, and local SG offset,
from Sec. III-C, and the packet-level configuration, including
packet size and wired-link delays, from Sec. IV. The serving
cells of each generation are assumed to be optimized via each
generation and obtained by Sec. III-C2.

We evaluate both static and dynamic scenarios. In the static
scenario, UEs are fixed, and the application generates sufficient
data to keep the downlink continuously backlogged. In the
dynamic scenario, application of each UE starts communica-
tion gradually at a rate of 6.6 UEs/s, and each application
stops communication after 15s of activity. As a result, the
UE density v increases from 1/12 UE/BS to 100/12 UE/BS
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Fig. 11. System goodput

TABLE II
SYSTEM GOODPUT AS A FUNCTION OF UE DENSITY ~. Boldface,
UNDERLINING, AND GRAY SHADING INDICATE THE BEST, SECOND-BEST,
AND WORST VALUES, RESPECTIVELY.

System goodput (Mbit/s)

Method ¥y=05 =10 ~v=20 ~y=83
UE-DA 391 640 782 808
Local SG 352 571 711 800
BLEST 389 592 686 660
CPS 454 614 688 641
ECF 410 563 685 657
minRTT 409 545 684 659
NSMAM 393 549 675 657
OLIA 420 560 663 665

and then decreases back to 1/12 UE/BS within a trial. Each
configuration is simulated for 30 s per trial over five trials with
different random seed and diffrent UE locations.

For UE-DA, the sustain timer is randomly drawn from 100
to 500 ms, and A is set to 1 ms. Unless otherwise specified,
we use K =1 as a default, i.e., enabling splitting only when
the secondary cell has no active session. A sensitivity study
on K is provided at the bottom of Sec. V-C.

C. Results

Static scenario. Fig. 11 compares system goodput, i.e., the
sum of per-UE QUIC goodput, for UE-DA DS, local SG,
and DS with existing multipath methods, under several UE
densities «y. At high UE density v = 8.3, UE-DA achieves
comparable performance to local SG and improves goodput
by 21.5% over the best existing multipath baseline, i.e., OLIA.
At low UE density (y = 0.5), UE-DA achieves 11.2% higher
throughput than local SG, while maintaining competitive
goodput relative to existing multipath baselines. These results
indicate that UE-DA retains bandwidth-aggregation gains at
low UE density and avoids the performance loss at high UE
density observed with conventional multipath DS.

Table II shows the system goodput as a function of the
various UE densities . When -y is greater than 1, the proposed
UE-DA achieves higher goodput than any other multipath
method, comparable to local SG. At v = 0.5, the local SG’s
throughput is lower than that of any other method, whereas
the proposed UE-DA achieves performance comparable to
that of other multipath methods. This is because, in low UE
density, multipath bandwidth aggregation increases throughput
by increasing RB utilization.

TABLE III
RB UTILIZATION RATIO AND SE

v=0.5 v=28.3
Method  RB util. SE RB util. SE
rate (bit/s/Hz) rate (bit/s/Hz)

UE-DA 57% 6.7 100% 7.8
Local SG 48% 7.0 100% 7.7
minRTT 60% 6.5 100% 6.6
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Fig. 12.  Dynamic UE-density scenario evaluation. (a) Number of UE with
active application over time. (b) System goodput at representative time instants
(1s,5s, 155,25 s, and 30 s). (c) Splitting-mode ratio of UE-DA over time.

To explain these trends, Table III reports system RB uti-
lization and SE. At v = 0.5, multipath schemes, i.e., UE-
DA and minRTT, exhibit higher RB utilization than local SG,
which directly contributes to higher goodput in low-density
regimes. In contrast, at v = 8.3 the RB utilization saturates
at nearly 100% for all methods, and performance becomes
SE-limited. Here, UE-DA and local SG achieve higher SE
than other multipath methods. This SE advantage stems from
suppressing unnecessary dual-path activation on inefficient
paths, i.e., avoiding excessive splitting, which we further
quantify in the following dynamic and parameter studies.

Dynamic scenario. To evaluate the adaptability of UE-DA
DS to time-varying UE density, we conduct a dynamic sce-
nario in which UEs gradually start and stop communication,
yielding an increase and decrease in UE density over time, as
shown in Fig. 12 (a). Fig. 12 (b) reports system goodput at
representative time instants, corresponding to low- to high-
density time regimes. The average goodput over 30s are
731 Mbit/s, 702 Mbit/s, and 570 Mbit/s for UE-DA DS, local
SG, and DS with minRTT. In the early and later stages, i.e.,
1 and 30s, where UE density is lower than 2 UE/BS, the
UE-DA and minRTT achieve higher goodput than local SG,
benefiting from bandwidth aggregation. In the middle stage,
ie., 5s to 25s, UE density becomes high. DS with minRTT
is inferior to the local SG due to persistent dual-path activity,
whereas UE-DA suppresses excessive splitting and achieves
performance comparable to local SG while outperforming
minRTT. Fig. 12(c) further illustrates that the splitting-mode
ratio of UE-DA. The splitting-mode ratio decreases in the early
stages as the system approaches a high-density regime and
increases in the latter stages as it approaches a low-density
regime. Thus, we can confirm that UE-DA adapts the mode
selection to UE-density dynamics and achieves the benefit
reported in the static scenario.



TABLE IV
SYSTEM GOODPUT AND SPLITTING MODE RATIO FOR EACH K

(System goodput (Mbit/s), Splitting mode ratio)

Method K v=0.5 y=1 y=2 v =28.3
1 391, 100% 640, 49% 782,10% 808, 0%
UE-DA 2 391, 100% 560, 100% 730, 52% 809, 0%
3 391, 100% 554, 100% 689, 82% 809, 0%
Local SG - 352, - 571,- 711,- 800, -
minRTT - 409, - 545, - 684, - 659,-

D. Discussion on parameter K

Table IV summarizes the effect of K on UE-DA behavior.
A larger K relaxes the condition for enabling splitting and
thus tends to keep UE-DA in multipath operation, whereas
a smaller K makes UE-DA more conservative and closer to
local SG. UE-DA exhibits consistent behavior at v = 0.5
and v = 8.3 across all tested values of K. For example, at
v = 0.5, UE-DA consistently exploits bandwidth aggregation
with 100% splitting and achieves identical goodput for all
K, which is higher than local SG. The impact of K mainly
appears at moderate densities. At v = 1, K = 1 achieves the
highest goodput with 49% splitting ratio, whereas larger K
values keep splitting active all the time and reduce goodput,
which is similar to the results of minRTT. Overall, in our
simulation evaluation, K = 1 provides the most robust
performance across the evaluated densities.

VI. CONCLUSION

This paper showed that DS can degrade system utility at
high UE density due to persistent dual-path activation under
RAN-unawareness by flow-level modeling. The packet-level
simulations confirmed that existing L4 multipath mechanisms
cannot avoid this inefficiency. To address this issue without
impacting the RAN, we proposed UE-DA DS, which switches
between single and splitting modes based on estimated cell
load. Future work includes extending the evaluation to multi-
band operation, UE mobility, and bursty traffic models, while
keeping the method self-contained within the UE and the UPF.
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