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Abstract

Multi-link terrestrial backhauls create a shared transport environment in which hetero-
geneous multipath protocols compete for the same forwarding resources while reacting
to congestion with different control logics. In this paper, we investigate this problem
in a 5G Integrated Access and Backhaul (IAB) scenario where an IAB node aggregates
traffic from multiple User Equipments (UEs) and forwards it toward the core network over
two terrestrial backhaul paths. We focus on the coexistence of Multipath TCP (MPTCP)
and Multipath QUIC (MPQUIC), evaluating how cross-protocol Congestion Control (CC)
pairings affect performance. Specifically, all feasible BBR, CUBIC, and Reno cross-pairings
are assessed under symmetric and asymmetric dual-backhaul conditions, considering
Enhanced Mobile Broadband (eMBB) and dense low-rate traffic regimes representative of
mMTC-like operation. The analysis considers throughput, Jain’s fairness index, jitter, and
packet loss to identify the trade-offs of each CC pairing. Results show that CC selection
is a first-order design factor in MPTCP/MPQUIC coexistence over shared backhauls. No
single pairing is uniformly optimal across all metrics: some configurations provide more
balanced throughput sharing, others improve fairness, while the most favorable solutions
for jitter do not necessarily maximize transport efficiency. These findings identify CC
pairing as a tuning dimension for multi-link backhaul systems based on heterogeneous
multipath transports.

Keywords: congestion control; integrated access and backhaul; multi-connectivity;
multipath QUIC; multipath TCP; terrestrial backhaul

1. Introduction
Multi-path transport has emerged as a relevant enabler for exploiting path diversity

in heterogeneous networks, where multiple interfaces and alternative routes can be used
concurrently to improve throughput, resilience, and resource utilization. Among the
available solutions, Multipath TCP (MPTCP) extends conventional TCP by allowing data
to be delivered simultaneously over multiple network interfaces, so that a connection
is no longer constrained to a single route but can instead aggregate bandwidth across
all available links [1]. By coupling multiple parallel subflows into one logical transport
connection, MPTCP can significantly improve throughput while making more effective use
of heterogeneous resources. At the same time, it preserves backward compatibility with
legacy TCP behavior, thus remaining interoperable with existing network infrastructures
and endpoints [2].
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These properties are particularly attractive in environments where multiple paths are
naturally available. In wireless systems, for example, devices commonly expose multiple
access technologies, such as Wi-Fi and cellular, and can therefore benefit from traffic distri-
bution across heterogeneous interfaces. This improves achievable data rates and increases
resilience to link disruptions, thereby sustaining End-to-End (E2E) connectivity under
mobility and fluctuating coverage conditions [3]. More generally, multipath operation also
enhances robustness, since traffic can be shifted away from degraded or failed links as
network conditions evolve [4]. An illustrative example of an MPTCP session using two
parallel TCP subflows mapped onto distinct E2E network paths is shown in Figure 1.

Figure 1. Example of an MPTCP session using two parallel TCP subflows mapped onto distinct E2E
network paths.

In parallel with TCP-based multipath transport, the emergence of QUIC as a user-space
transport protocol has introduced additional flexibility, including reduced connection–
establishment latency, built-in security, and improved tolerance to network changes. Build-
ing on these features, Multipath QUIC (MPQUIC) augments QUIC [5] with native multipath
capabilities, thus enabling concurrent path usage while avoiding kernel coupling and re-
ducing exposure to TCP-specific middlebox interference. Similar to MPTCP, MPQUIC
can distribute traffic across heterogeneous interfaces; moreover, it inherits QUIC-native
mechanisms such as connection migration and encryption by default, which are partic-
ularly beneficial in mobile and wireless environments. For these reasons, MPQUIC is
increasingly regarded as a promising complementary substrate for multi-connectivity, espe-
cially in scenarios characterized by frequent path variation, pronounced delay asymmetry,
and intermittent connectivity [6,7].

In the multi-link terrestrial backhaul architecture considered in this work, these mul-
tipath transport capabilities are exploited at the backhaul level as well. More specifically,
multiple User Equipments (UEs) connect to a 5G Integrated Access and Backhaul (IAB)
node. The IAB node aggregates the access traffic and forwards it toward the core network
over two concurrent terrestrial backhaul paths. The operating conditions of these paths
may vary over time because of load fluctuations and transient queueing effects [8–10]. Such
a dual-backhaul configuration is attractive because it can improve utilization and service
continuity, but it also exposes the transport layer to shared-resource contention, queue
buildup, and path-dependent variability. As a consequence, E2E performance depends not
only on the availability of multiple paths, but also on the interaction among Congestion
Control (CC), queueing dynamics, and protocol pacing across the two backhaul links.

This problem is aligned with the evolution of 5G architectures. Specifically, these archi-
tectures rely on multi-link terrestrial backhauls to improve capacity, robustness, and service
continuity under variable load and channel conditions [11–13]. In these systems, UEs
may connect directly to terrestrial base stations or indirectly through IAB nodes that ag-
gregate access traffic and forward it over heterogeneous terrestrial backhaul options [12].
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Although this multi-link structure is instrumental in improving resilience and resource
utilization, it also requires effective coordination mechanisms to preserve Quality of Service
(QoS) under diverse operational conditions [14,15]. In this context, multi-connectivity
becomes a key architectural primitive and is explicitly supported by the 3GPP Access
Traffic Steering, Switching, and Splitting (ATSSS) framework [16]. ATSSS enables multi-
ple links to be used simultaneously or selectively to improve E2E throughput, reliability,
and continuity by steering traffic to the most suitable path, splitting it across parallel ac-
cesses, or switching to a backup when link conditions require it [17]. At the same time,
multi-link terrestrial backhauls may exhibit time-varying delay, throughput, and jitter due
to shared-resource contention and transient buffering effects, which can trigger packet
reordering and throughput degradation if not properly handled [18,19]. Coping with these
effects requires scheduling and transport-layer mechanisms that can adapt to backhaul
dynamics and coordinate transmissions over multiple paths in a timely and stable way [20].
In this respect, MPTCP and MPQUIC, by controlling multiple subflows within a single
connection, represent promising transport substrates for reliable and high-performance
multi-connectivity over multi-link terrestrial backhauls.

Beyond broadband-oriented traffic, the considered IAB architecture is also relevant
under dense Massive Machine Type Communications (mMTC) operating conditions, where
a large number of devices may generate short and sporadic transmissions that collectively
stress both access and backhaul resources [21,22]. In 5G systems, mMTC is recognized as
one of the three main service categories and is associated with very high device density, low-
complexity terminals, and traffic patterns that can intensify signaling overhead, random-
access contention, and resource-allocation challenges [23]. The experimental settings
considered in this paper are not intended to reproduce a complete 3GPP mMTC deployment.
However, the dense-user and mixed-traffic cases can be interpreted as mMTC-inspired
conditions, which are useful for assessing how transport-layer CC affects throughput
sharing, fairness, jitter, and packet loss when many low-rate sources concurrently feed a
dual-link terrestrial backhaul.

From the Radio Access Network (RAN) viewpoint, IAB tightly couples access schedul-
ing and backhaul forwarding, so that coordinating resources across these segments becomes
a first-order design issue rather than a secondary optimization. Accordingly, a broad
literature has investigated joint access/backhaul management under IAB constraints.
For millimeter-wave (mmWave) systems, analytical models have been used to charac-
terize access–backhaul partitioning and its impact on downlink performance [24], while
New Radio (NR)-oriented solutions have explored semi-centralized control to coordinate
topology-aware backhaul scheduling with access demand under practical constraints [25].
Building on this foundation, distributed local strategies have been proposed for per-slot
scheduling in multi-hop mmWave IAB networks and have been further extended with
flow-control-aware resource allocation to better track traffic dynamics [26]. In the same
direction, learning-based forwarding and traffic-engineering approaches have recently
been explored to improve adaptivity also in sub-6 IAB scenarios [27,28].

What remains comparatively less explored is how heterogeneous multipath transport
protocols behave over dual terrestrial backhaul links when protocol coexistence directly
affects congestion and queueing dynamics. This is the perspective adopted in the present
paper, which focuses on MPTCP/MPQUIC operation in an IAB-based multi-link terrestrial
scenario, where multiple UEs are served by a 5G IAB node that aggregates access traffic
and forwards it toward a core-network server over two concurrent terrestrial backhaul
links. Within this framework, we conduct an in-depth comparative study of CC behavior
by evaluating cross-combinations of Bottleneck Bandwidth and Round-trip propagation
time (BBR), CUBIC, and Reno across the MPTCP and MPQUIC stacks, and by quantifying
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the resulting E2E throughput, fairness, and jitter under shared backhaul resources and
time-varying terrestrial conditions.

More specifically, the main contributions of this work can be summarized as follows:

• A systematic experimental assessment of CC cross-combinations between MPTCP and
MPQUIC over symmetric and asymmetric dual-link terrestrial backhaul configura-
tions, providing a unified comparison under a common shared-resource setting.

• A comparative characterization of throughput, fairness, jitter, and packet loss under
Enhanced Mobile Broadband (eMBB) and mMTC-inspired traffic conditions.

• The identification of the CC pairings that provide the most favorable trade-offs depend-
ing on whether the target objective is throughput efficiency, fairness, delay stability,
or packet-loss behavior.

The remainder of the paper is organized as follows. Section 2 reviews the related
work. Section 3 describes the system model and experimental methodology. Section 4
presents the obtained results. Finally, Section 5 concludes the paper and outlines future
research directions.

2. Related Work
The literature related to multipath transport in integrated and heterogeneous net-

working environments can be grouped along multiple directions. A first set of works
investigates the behavior of MPTCP and MPQUIC under realistic wireless and 5G condi-
tions. A second line of research focuses on Software-Defined Networking (SDN)-driven
architectures, routing strategies, and network-side control solutions to support multipath
operation in dynamic topologies. A third body of work addresses IAB resource coordina-
tion, delay-aware scheduling, and congestion phenomena in access/backhaul-integrated
systems. Finally, several transport-oriented studies examine the interaction between con-
gestion control, scheduling, and heterogeneous links, including hybrid terrestrial and
optical environments.

Experimental studies on practical 5G and mobile environments have clarified how
multipath transport behaves under realistic and time-varying network conditions. An early
empirical study on commercial 5G networks shows that MPTCP performance is strongly
influenced by RAN variability and radio-level policies, thus providing useful guidance
for evaluating TCP/MPTCP in real 5G settings [29]. More generally, recent works have
further clarified the impact of heterogeneous wireless conditions on multipath protocols.
In particular, ref. [30] discusses the practical challenges of deploying MPTCP over mmWave
5G and beyond, identifying path asymmetry, blockage sensitivity, and scheduler interac-
tions among the main implementation issues. In addition, Ref. [31] proposes a packet
scheduler for MPTCP in mobile networks, showing that packet-distribution decisions
become a first-order factor when paths are unstable and heterogeneous. In the case of
MPQUIC, Ref. [32] develops a Mobility-Aware Multipath Scheduler (MAMS), which ex-
plicitly exploits mobility awareness to improve path utilization and packet assignment in
dynamic wireless scenarios. Moreover, Ref. [33] shows that learning-based scheduling
combined with adaptive congestion control can improve throughput and delay in different
multipath settings. Beyond scheduler-level adaptation, recent work has also explored
AI-native protocol design. In particular, Ref. [34] shows that abstraction-based multi-agent
reinforcement learning can enable the emergence of generalized wireless MAC protocols
with adaptive and cooperative behavior.

SDN-based and controller-driven approaches have also been explored to support
multipath operation in dynamic topologies. In [35], the authors introduce a Software-
Defined Satellite Network (SDSN) framework building on the broader context of software-
defined and integrated satellite networking solutions [15,36,37], in which a Ryu controller
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installs OpenFlow routes for MPTCP subflows. Three path-selection strategies are im-
plemented and compared, namely modified Dijkstra, Bandwidth-constrained least-Delay
least-Cost Routing Algorithm (BDCRA), and Ant Colony Optimization (ACO). Experiments
on Mininet indicate that ACO and BDCRA outperform Dijkstra, with ACO providing the
highest average throughput at the price of increased computational complexity.

From the IAB perspective, several works have highlighted the importance of coordi-
nated access/backhaul management and delay-aware resource allocation. In particular,
Ref. [38] analyzes CC mechanisms in 3GPP IAB systems and shows that congestion at
intermediate IAB nodes may arise when ingress traffic persistently exceeds egress backhaul
capability, leading to prolonged queue buildup, increased waiting delay, and possible
service degradation. This study emphasizes that such conditions cannot always be handled
effectively by conventional short-term congestion reactions alone and therefore motivate
longer-term control actions based on traffic splitting and topology-aware adaptation. Fur-
thermore, Ref. [39] investigates delay-sensitive link scheduling in IAB networks with
dynamic user demands by formulating the problem as a Markov Decision Process (MDP)
for a general single-donor topology. Their results show that jointly accounting for routing,
access/backhaul multiplexing, heterogeneous delay requirements, and traffic dynamics is
essential to reduce packet delay while maintaining service satisfaction. Similarly, Ref. [40]
provides a recent survey of delay-oriented scheduling policies for 5G/6G IAB systems,
highlighting that delay becomes a central design metric in multi-hop IAB because of spec-
trum sharing, half-duplex constraints, and the fact that only a subset of access and backhaul
links can be scheduled simultaneously.

The interaction between congestion control, scheduling, and heterogeneous paths
has also been studied in transport-oriented works. In [41], BBR is analyzed together
with MPTCP through both a physical testbed and Mininet emulation, varying the RTT
asymmetry between two subflows and considering multiple schedulers. The results indicate
that BBR outperforms CUBIC and Binary Increase Congestion control (BIC) when latency
asymmetry is severe and that minRTT is generally the most robust scheduler. At the same
time, overly large receiver buffers can significantly degrade goodput beyond roughly
20 ms of RTT difference, highlighting head-of-line blocking and non-trivial interactions
between congestion control and scheduling. A recent experimental study on practical 5G
eMBB networks compares the behavior of CUBIC TCP and TCP BBR using real 5G devices,
showing that their throughput can exhibit minute-scale fluctuations and that coexistence
may lead to severe unfairness, with large performance gaps that persist for non-negligible
intervals [42]. The authors relate these long-term phases to deep buffering effects in 5G
elements and to the resulting dynamics of BBR’s estimation and draining mechanisms.
Along the same line, Ref. [43] investigates why empirical studies report conflicting results
for BBR when it competes with other loss-based CC mechanisms, showing that measured
fairness can be strongly affected by convergence time in deep-buffered paths. Using
controlled testbed experiments across different RTTs, link rates, queue sizes, and numbers
of competing flows, that study validates that the proposed model predicts BBR’s throughput
share with low error, thus providing a principled explanation for the observed unfairness
regimes and their dependence on buffer size and probing dynamics.

Additional studies have considered more specialized heterogeneous links. In [44],
a cross-layer analytical framework evaluates multiple TCP variants over hybrid FSO/RF
links affected by turbulence, pointing errors, and orbital geometry. The study shows that
throughput is strongly influenced by parameters such as segment size and zenith angle;
specifically, CUBIC is generally the best performer in many conditions, while Hybla is
preferable when RTT and packet loss are high. In a complementary manner, Ref. [45]
quantifies the benefits of link-layer Incremental Redundancy Hybrid Automatic Repeat
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reQuest (IR-HARQ), showing that incremental redundancy can substantially improve
TCP throughput over turbulent FSO channels. The analysis compares CUBIC and Hybla,
arguing that the preferable CC choice depends on the dominant error regime and on the
level of Internet congestion, while also discussing the combined impact of turbulence and
pointing-jitter-induced misalignment.

Overall, these contributions outline the current state of the art on multipath transport
in heterogeneous environments. They cover real-world 5G measurements, SDN-driven
and controller-based support for multipath management, IAB-oriented scheduling and
congestion analysis, transport-level studies on MPTCP with BBR and other CC algorithms,
and cross-layer analyses of FSO and hybrid FSO/RF systems. However, a unified view
of how MPTCP and MPQUIC interact under different CC choices over dual terrestrial
backhauls is still missing, especially when heterogeneous multipath transports concur-
rently share the same backhaul resources and compete for the same bottleneck capacity.
To address this gap, we present a comparative evaluation of MPTCP and MPQUIC un-
der all feasible cross-combinations of BBR, CUBIC, and Reno, quantifying the resulting
throughput, fairness, and jitter dynamics over a dual-link terrestrial backhaul scenario
under both eMBB and mMTC-inspired traffic conditions.

3. System Model and Experimental Methodology
3.1. Scenario Definition

The system model is designed to isolate the impact of CC interactions between MPTCP
and MPQUIC in a dual-link terrestrial backhaul environment. Accordingly, the proposed
model intentionally abstracts away several aspects of a full 5G system, including detailed
RAN procedures, radio scheduling, HARQ, and access-side signaling dynamics. Even
though these elements may affect deployment realism, they are not the focus of the present
study. The objective here is instead to isolate the backhaul-side transport effects induced by
shared-resource contention and by the coexistence of heterogeneous multipath protocols
under different CC pairings. In this sense, the adopted abstraction should be interpreted as
a controlled transport-level reference scenario, rather than as a complete E2E emulation of
all 5G mechanisms.

To this end, we consider a 5G IAB-based scenario in which multiple UEs generate
traffic toward a remote server, while an intermediate IAB node aggregates the access
traffic and forwards it through two concurrent terrestrial backhaul links. The set of UEs is
evenly divided into MPTCP-enabled and MPQUIC-enabled devices, so that the coexistence
between the two multipath transport families can be evaluated under shared backhaul
operation. The considered reference scenario is illustrated in Figure 2.

Figure 2. Multi-link terrestrial backhaul scenario with MPTCP-enabled and MPQUIC-enabled UEs
and an IAB node aggregating traffic over two terrestrial backhaul links toward the core network.

The adopted abstraction focuses on the backhaul-side transport behavior. More
specifically, the model is not intended to reproduce all radio-access procedures in detail;
instead, it captures the effects of shared-resource contention, transient queue buildup,
and path-dependent variability on the E2E performance of MPTCP and MPQUIC flows.
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This level of abstraction is suitable for comparing CC pairings, since it allows the impact of
CC selection to be assessed without introducing unrelated sources of variability.

UE traffic is conveyed through the IAB node, which aggregates the access-side flows
and relays them toward the remote server over two terrestrial backhaul links. This dual-
backhaul structure emulates a shared forwarding environment in which both paths may
jointly contribute to transport delivery or expose different levels of utility because of
latency, throughput, or availability differences. In this way, the topology captures the
shared backhaul conditions under which the coexistence between MPTCP and MPQUIC
is evaluated.

3.2. Emulation Framework

The considered topology is instantiated in Python 3.8.10 through the Mininet network
emulator, which provides a controlled and reproducible environment for transport-layer
experimentation. By relying on Linux network namespaces and virtual links, Mininet
allows each emulated node to run the unmodified Linux network stack together with
standard user-space applications [46]. This makes it well suited to the present study,
where the objective is to compare MPTCP/MPQUIC CC interactions under repeatable
operating conditions while preserving realistic protocol behavior. In the adopted setup,
the emulated hosts are based on Ubuntu and include the protocol support required to
execute the considered MPTCP and MPQUIC sessions.

3.3. Backhaul and Traffic Configurations

To evaluate the impact of backhaul heterogeneity on transport-layer coexistence, the ex-
perimental campaign considers two dual-backhaul configurations. The first corresponds to
a symmetric setting, in which both terrestrial backhaul links have the same length, equal
to 10 km. The second corresponds to an asymmetric setting, where the two links have
different lengths, namely 10 km and 15 km. This comparison allows the behavior of the
considered transport solutions to be assessed under both balanced and heterogeneous
backhaul conditions, while leaving the overall network architecture and traffic-generation
framework unchanged.

Furthermore, in addition to the eMBB experiments, the campaign also includes a
denser access regime that is described in the following as an mMTC-inspired scenario.
In this context, the term mMTC-inspired is used to denote a high-density set of low-rate
devices simultaneously sharing the same dual terrestrial backhaul, so as to stress contention,
aggregation, and transport coexistence.

Within the considered dual-backhaul framework, the two terrestrial paths may be ex-
ploited concurrently or with different relative weights, depending on the traffic conditions
and on the characteristics of the available links. When the two backhaul paths expose com-
parable delay and throughput conditions, both can contribute jointly to transport delivery
so as to improve aggregate capacity. Conversely, when one path becomes less favorable,
for example because of higher delay variability or transient queue buildup, traffic usage
may become less balanced, with the more stable link carrying a larger fraction of the load
while the other still contributes to robustness or additional capacity. In this work, this
behavior is not studied from the perspective of scheduler design; rather, it provides the
operating context in which the coexistence between MPTCP and MPQUIC and the effect of
different CC pairings are assessed.

3.4. Transport Configuration and CC Settings

On the transport side, MPTCP-capable hosts establish an initial TCP subflow and
then attempt to create additional subflows between the same endpoints when multiple
interfaces are available. MPTCP operation requires that the remote peer correctly recog-
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nizes and acknowledges the extended TCP option fields used for subflow negotiation.
If such a negotiation fails, the connection transparently falls back to standard single-path
TCP. In parallel, MPQUIC-enabled hosts exploit QUIC-based multipath at user space, en-
abling concurrent path usage without requiring kernel-level QUIC support. Within this
setup, packet transmission over the available backhaul subflows follows the transport-level
multipath operation supported by the considered protocol stack.

The MPTCP implementation relies on the default in-kernel scheduler, implemented
through eBPF (extended Berkeley Packet Filter) struct_ops [47,48]. This scheduler follows
a latency-oriented policy commonly referred to as MinRTT, whereby the subflow with the
lowest estimated RTT is generally preferred whenever it has immediate sending opportu-
nity, i.e., when its transmission is not temporarily limited by CC dynamics or other local
constraints. When the preferred subflow cannot sustain further transmissions, traffic is
shifted to the remaining available subflows. As a result, the scheduler tends to fill the
sending opportunity of the minimum-RTT path first, while still allowing other paths to
contribute when needed. In the present work, this mechanism is not itself the object of
analysis; rather, it provides the baseline path-selection behavior under which the impact of
different CC pairings is assessed.

TCP congestion control regulates the sender’s flight size and sending rate to match
the available path capacity while preventing persistent queue growth. In classic loss-based
TCP, congestion is inferred primarily from loss, via duplicate ACKs or retransmission
timeouts, with the congestion window acting as the main actuator that limits in-flight data.
The available tools used to model traffic, namely Iperf [49] and Picoquic [50], make it
possible to model the following CC strategies:

• Reno: TCP Reno is the canonical Additive-Increase/Multiplicative-Decrease (AIMD)
controller. It probes for additional capacity by increasing cwnd during slow start with an
approximately exponential growth and then in congestion avoidance with approximately
linear growth, roughly one MSS per RTT when ACK-clocked. When congestion is
detected through loss, Reno reduces the sending pressure via multiplicative decrease,
and uses fast retransmit/fast recovery to recover promptly from single losses without
re-entering slow start. In practice, timer-driven loss detection Retransmission Timeout
(RTO) and its estimation strongly affect Reno’s behavior under high delay variation
or intermittent loss, since an RTO triggers a more conservative restart than duplicate-
ACK-based recovery [51].

• CUBIC: CUBIC preserves the Reno-style loss signal and multiplicative decrease,
but replaces Reno’s linear window growth with a cubic growth law in time since the
last congestion event. Intuitively, CUBIC grows slowly near the previous operating
point, improving stability, then accelerates to efficiently utilize large Bandwidth-
Delay Products (BDP), and includes a Reno-friendly region to remain reasonably fair
when competing with classic Reno flows. Modern specifications also incorporate
deployment-driven refinements, e.g., improved convergence behavior and startup
guidance, reflecting its widespread adoption as the default TCP congestion controller
in major stacks [52].

• BBR: BBR departs from loss-as-congestion by explicitly modeling the path using online
estimates of bottleneck bandwidth (delivery rate) and minimum RTT propagation
component. It then controls both the pacing rate (send rate) and the allowed in-
flight volume, a BDP-scaled cwnd target, to operate near the optimum, i.e., high
throughput with bounded queues. Rather than waiting for loss to signal congestion,
BBR periodically probes for available bandwidth and for RTT inflation (queue growth)
through cyclic gain patterns, e.g., ProbeBW and ProbeRTT. Recent specifications, such as
BBRv2, also integrate more explicit reactions to loss/ECN and fairness considerations,
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aiming to improve coexistence with loss-based flows and reduce persistent queue
pressure across a broader set of bottleneck conditions [53].

3.5. Evaluation Methodology and Reported Metrics

The simulation campaign was executed on a machine equipped with an Intel Core
i7-10750 CPU at 2.6 GHz, 16384 MB of RAM, and Ubuntu 20.04.6 LTS. The considered
scenarios were instantiated in the Mininet network emulator [46], with the topology and
experiments defined through Python scripts. Traffic generation was performed using
protocol-specific tools: Iperf in multipath mode [49] for MPTCP, relying on the native
Linux-kernel MPTCP stack [54], and Picoquic [50] in multipath mode for MPQUIC.

Within this setup, all feasible cross-combinations of the selected CC algorithms across
the MPTCP and MPQUIC stacks were evaluated. For each pairing, throughput, fairness,
jitter, and packet-loss statistics were collected over the dual terrestrial backhaul. For clarity,
the reported results include: (i) per-link throughput distributions for MPTCP and MPQUIC
on each backhaul link; (ii) jitter distributions comparing the two backhaul links; and
(iii) protocol-specific jitter distributions on each backhaul link separately. In addition,
fairness is summarized through Jain’s index, while throughput and packet-loss statistics
are reported in dedicated summary tables for each scenario. The throughput analysis
highlights how each CC pairing affects not only aggregate utilization but also the sharing
of traffic between MPTCP and MPQUIC over the two terrestrial backhaul links, whose
configured capacities are reported in Table 1. Furthermore, in the scenarios considered,
we assumed a packet size of 1500 bytes for eMBB traffic and 100 bytes for mMTC-inspired
traffic [55], while the 8 ms and 10 ms [56] values represented in Table 1 are the emulated
per-path latency settings in the controlled backhaul abstraction. The latency values of TN1
and TN2 represent baseline emulated path delays. However, the effective packet latency
may vary with packet size and traffic load because of serialization and queueing effects.

Table 1. Configured backhaul capacities for the considered scenario.

Backhaul Links Capacities [Mbit/s] Latencies [ms]

TN 1 501.74 8
TN 2 436.43 10

In all the scenarios considered below, the traffic generated is assumed to be uplink
traffic, i.e., from the UEs to the core network. In the mMTC-inspired scenario, throughput
is not the only relevant metric and may become secondary to delay stability, since a large
number of devices generate sporadic low-rate traffic whose service quality depends more
on predictable delivery than on high per-device throughput [57]. For this reason, in the
corresponding analysis, particular attention is paid to the CC combinations that provide
lower jitter in addition to acceptable throughput behavior.

4. Results
This section presents the results obtained under the experimental settings described in

Section 3. For clarity, the discussion is organized according to the considered backhaul and
traffic conditions. We first analyze the symmetric dual-backhaul setting under eMBB and
mMTC-inspired traffic regimes, and then move to the asymmetric case. Finally, a mixed
scenario is discussed to provide an additional validation point for the observed trends.

4.1. Symmetric Dual-Backhaul: eMBB Scenario

We first consider the symmetric dual-backhaul setting, in which both terrestrial back-
haul links have length equal to 10 km and therefore expose balanced path conditions.
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In this scenario, 12 UEs generate eMBB traffic at 100 Mbps per device, with half of the
users employing MPTCP and the other half MPQUIC. This configuration is used to assess
how the considered CC pairings behave when path asymmetry is not the dominant factor
and the coexistence between the two protocol families is mainly shaped by their transport
dynamics over shared backhaul resources.

Across the considered CC pairings, the symmetric setting shows that the two terrestrial
backhaul links are utilized in a largely balanced way, so that the main differences emerge
from the interaction between the selected CC algorithms and the two transport stacks rather
than from path asymmetry itself.

As shown in Figure 3a, under the BBR-BBR pairing MPTCP achieves consistently
higher throughput than MPQUIC on both terrestrial backhaul links. In particular, MPTCP
operates around µ = 289.89 Mbps (TN1) and µ = 300.76 Mbps (TN2), while MPQUIC
achieves lower mean rates of µ = 206.83 Mbps (TN1) and µ = 195.97 Mbps (TN2),
confirming a persistent throughput advantage for the TCP-based stack even when both
protocols adopt BBR. Figure 3b reports the protocol independent jitter distributions for the
two backhaul links, which largely overlap, suggesting comparable delay variability across
the two terrestrial paths with only minor differences in mean and spread. Figure 3c,d isolate
protocol-specific jitter on TN1 and TN2, respectively. In both cases, MPQUIC concentrates
at lower jitter values (around µ ≈ 2 ms) but exhibits a heavier tail due to occasional high-
jitter outliers, while MPTCP is shifted to higher jitter levels in the µ ≈ 3.6–3.7 ms interval,
with a comparatively tighter distribution. Applying BBR on both stacks, the two terrestrial
links show similar jitter characteristics, while protocol-specific implementation and pacing
dynamics primarily affect the jitter operating point and tail behavior.

(a) (b)

(c) (d)

Figure 3. MPTCP and MPQUIC throughput and jitter distributions in symmetric eMBB scenario
under the BBR-BBR CC. Specifically: (a) throughput distributions on TN1 and TN2; (b) aggregate jitter
distributions on TN1 and TN2; (c) protocol-specific jitter distributions on TN1; (d) protocol-specific
jitter distributions on TN2.

In Figure 4a, the throughput distributions for the BBR-CUBIC pairing show com-
parable operating regions on both terrestrial backhaul links, with largely overlapping
distributions across TN1 and TN2. In general, MPQUIC achieves slightly higher mean
rates than MPTCP on both links (TN1: µ = 276.36 Mbps vs. µ = 220.69 Mbps; TN2:
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µ = 254.98 Mbps vs. µ = 241.67 Mbps), indicating a modest cross-protocol imbalance
that remains consistent across the two backhaul paths. In Figure 4b, the protocol indepen-
dent jitter distributions for TN1 and TN2 are almost indistinguishable (µ = 3.339 ms and
µ = 3.332 ms, respectively), suggesting similar link-level delay variability. Figure 4c,d iso-
late protocol-specific jitter on TN1 and TN2: MPTCP remains tightly concentrated around
low jitter (TN1: µ = 4.341 ms; TN2: µ = 4.330 ms), whereas MPQUIC exhibits a much
broader, heavy-tailed distribution with markedly higher mean values (TN1: µ = 14.722 ms;
TN2: µ = 15.303 ms) and outliers extending beyond 40 ms. This consistent pattern across
both terrestrial links indicates that, under the BBR-CUBIC pairing, MPQUIC experiences
substantially higher inter-arrival variability than MPTCP even when the two backhaul
paths exhibit similar link-level jitter.

(a) (b)

(c) (d)

Figure 4. MPTCP and MPQUIC throughput and jitter distributions in symmetric eMBB scenario
under the BBR-CUBIC CC. Specifically: (a) throughput distributions on TN1 and TN2; (b) aggregate
jitter distributions on TN1 and TN2; (c) protocol-specific jitter distributions on TN1; (d) protocol-
specific jitter distributions on TN2.

In Figure 5a, the throughput distributions for the CUBIC-BBR pairing show a consis-
tent advantage for MPTCP over MPQUIC on both terrestrial backhaul links. In particular,
MPTCP operates around µ = 272.29 Mbps on TN1 and µ = 269.71 Mbps on TN2, while
MPQUIC is centered at lower rates with µ = 218.55 Mbps on TN1 and µ = 219.90 Mbps
on TN2. The close alignment of each protocol across TN1 and TN2 indicates a largely
symmetric utilization of the two terrestrial backhaul links, without a marked link prefer-
ence. Figure 5b reports the protocol independent jitter comparison between TN1 and TN2.
The two distributions largely overlap, with comparable averages (µ = 1.563 ms on TN1 and
µ = 1.572 ms on TN2), while TN2 exhibits a slightly wider spread, suggesting marginally
higher variability in inter-arrival dynamics on that link. Figure 5c,d isolate protocol-specific
jitter on TN1 and TN2, respectively. On TN1 (Figure 5c), MPQUIC shows a lower average
jitter (µ = 2.287 ms) than MPTCP (µ = 4.011 ms), but with a broader dispersion, indicating
occasional higher-jitter events despite a lower typical operating region. A similar behavior
is observed on TN2 (Figure 5d), where MPQUIC remains lower on average (µ = 2.288 ms)
but more variable, whereas MPTCP is concentrated at higher jitter values (µ = 3.772 ms)
with a tighter distribution. This pairing yields comparable link-level jitter across TN1/TN2,
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while highlighting a trade-off where MPQUIC achieves lower typical jitter but with heavier
tails than MPTCP on both terrestrial backhaul links.

(a) (b)

(c) (d)

Figure 5. MPTCP and MPQUIC throughput and jitter distributions in symmetric eMBB scenario
under the CUBIC-BBR CC. Specifically: (a) throughput distributions on TN1 and TN2; (b) aggregate
jitter distributions on TN1 and TN2; (c) protocol-specific jitter distributions on TN1; (d) protocol-
specific jitter distributions on TN2.

In Figure 6a, the CUBIC-CUBIC pairing yields a relatively stable sharing across the two
terrestrial backhaul links. MPTCP operates at slightly higher throughput than MPQUIC
on both links, with mean rates of µ = 266.00 Mbps (TN1) and µ = 269.51 Mbps (TN2) for
MPTCP, versus µ = 225.27 Mbps (TN1) and µ = 227.24 Mbps (TN2) for MPQUIC, while
both protocols remain well distributed over the two paths. Figure 6b reports the protocol
independent jitter comparison between the two backhaul links, showing closely overlap-
ping distributions with comparable averages (TN1: µ = 2.662 ms, TN2: µ = 2.692 ms),
indicating that link-level delay variability is similar across the two terrestrial segments.
Figure 6c,d isolate protocol-specific jitter on TN1 and TN2, respectively. On both links,
MPTCP exhibits a compact distribution centered around ≈ 4 ms (TN1: µ = 4.225 ms;
TN2: µ = 4.005 ms), whereas MPQUIC shows higher average jitter and markedly broader,
heavy-tailed distributions (TN1: µ = 5.179 ms; TN2: µ = 5.684 ms), highlighting larger
inter-arrival variability for MPQUIC despite comparable link-level conditions.

In Figure 7a, the throughput distributions for the Reno-BBR pairing show a consistent
advantage of MPTCP over MPQUIC on both terrestrial backhaul links. In particular,
MPTCP achieves mean rates of µ = 277.78 Mbps on TN1 and µ = 247.92 Mbps on TN2,
while MPQUIC remains substantial with µ = 210.93 Mbps on TN1 and µ = 225.43 Mbps
on TN2, indicating a moderate but stable cross-protocol imbalance rather than starvation.
Figure 7b compares protocol independent jitter across TN1 and TN2 and shows largely
overlapping distributions (µ = 1.552 ms on TN1 versus µ = 1.569 ms on TN2), with TN2
exhibiting a slightly broader spread. Figure 7c,d isolate protocol-specific jitter on TN1 and
TN2, respectively. On both links, MPQUIC features lower average jitter (µ = 2.277 ms on
TN1 and µ = 2.180 ms on TN2) but higher dispersion, whereas MPTCP is shifted to higher
jitter values (µ = 3.775 ms on TN1 and µ = 3.726 ms on TN2) with a more concentrated
core distribution. This suggests that, under Reno-BBR, MPQUIC attains smoother average
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inter-arrival timing but is more exposed to sporadic variability, while MPTCP exhibits more
stable jitter around a higher operating level.

(a) (b)

(c) (d)

Figure 6. MPTCP and MPQUIC throughput and jitter distributions in symmetric eMBB scenario under
the CUBIC-CUBIC CC. Specifically: (a) throughput distributions on TN1 and TN2; (b) aggregate jitter
distributions on TN1 and TN2; (c) protocol-specific jitter distributions on TN1; (d) protocol-specific
jitter distributions on TN2.

(a) (b)

(c) (d)

Figure 7. MPTCP and MPQUIC throughput and jitter distributions in symmetric eMBB scenario
under the Reno-BBR CC. Specifically: (a) throughput distributions on TN1 and TN2; (b) aggregate
jitter distributions on TN1 and TN2; (c) protocol-specific jitter distributions on TN1; (d) protocol-
specific jitter distributions on TN2.

In Figure 8a, the throughput distributions for the Reno-CUBIC pairing show a mod-
erate cross-protocol imbalance that depends on the backhaul link. On TN1, MPTCP and
MPQUIC operate in partially overlapping regions, with MPTCP having slightly higher
mean throughput (µ = 255.57 Mbps) than MPQUIC (µ = 241.50 Mbps). On TN2, the sepa-
ration becomes clearer: MPTCP shifts to a higher-rate region (µ = 291.67 Mbps), whereas
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MPQUIC concentrates at lower rates (µ = 205.06 Mbps), indicating reduced MPQUIC uti-
lization of the second terrestrial backhaul link under this pairing. Figure 8b reports protocol
independent jitter at the link level and shows largely overlapping distributions, with com-
parable mean jitter on TN1 (µ = 2.737 ms) and TN2 (µ = 2.787 ms), suggesting similar
link-level delay variability when both protocols are considered jointly. Figure 8c,d separate
protocol-specific jitter on TN1 and TN2, respectively. On TN1 (Figure 8c), MPQUIC exhibits
higher and more dispersed jitter (µ = 5.732 ms) than MPTCP (µ = 4.268 ms), with a
heavier right tail. The same trend is amplified on TN2 (Figure 8d), where MPQUIC shows a
markedly broader, heavy-tailed distribution (µ = 6.787 ms), while MPTCP remains tightly
concentrated around lower jitter values (µ = 3.960 ms). The Reno-CUBIC configuration
yields reasonably comparable link-level jitter across TN1 and TN2. However, it induces
substantially higher protocol-level jitter for MPQUIC, especially on TN2, together with a
more pronounced throughput gap on that link.

(a) (b)

(c) (d)

Figure 8. MPTCP and MPQUIC throughput and jitter distributions in symmetric eMBB scenario
under the Reno-CUBIC CC. Specifically: (a) throughput distributions on TN1 and TN2; (b) aggregate
jitter distributions on TN1 and TN2; (c) protocol-specific jitter distributions on TN1; (d) protocol-
specific jitter distributions on TN2.

Beyond the per-pairing distributions, Tables 2 and 3 summarize the fairness and mean
jitter trends observed across the considered CC combinations.

Table 2. Jain’s fairness index between MPTCP and MPQUIC in Symmetric eMBB Scenario computed
from the mean throughput values reported in panels (a) of the figures from Figures 3–8.

MPTCP/MPQUIC CC TN1 TN2 Total

BBR-BBR 0.9728 0.9574 0.9655
BBR-CUBIC 0.9876 0.9993 0.9952
CUBIC-BBR 0.9882 0.9898 0.9890
CUBIC-CUBIC 0.9932 0.9928 0.9930
Reno-BBR 0.9816 0.9977 0.9915
Reno-CUBIC 0.9992 0.9705 0.9898
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Table 3. Summary of the mean jitter values extracted from Figures 3–8 for the symmetric dual-
link backhaul eMBB scenario. Boldface highlights the CC pairings providing the most favorable
fairness performance.

MPTCP/MPQUIC CC TN1 TN2 TN1 TN1 TN2 TN2
MPTCP MPQUIC MPTCP MPQUIC

BBR-BBR 1.445 1.461 3.645 2.037 3.722 2.019
BBR-CUBIC 3.339 3.332 4.341 14.722 4.330 15.303
CUBIC-BBR 1.563 1.572 4.011 2.287 3.772 2.288
CUBIC-CUBIC 2.662 2.692 4.225 5.179 4.005 5.684
Reno-BBR 1.552 1.569 3.775 2.277 3.726 2.180
Reno-CUBIC 2.737 2.787 4.268 5.732 3.960 6.787

The fairness results in Table 2 show that two CC pairings emerge as the most favorable,
depending on the adopted fairness objective. If fairness is evaluated on the aggregate
throughput over the two terrestrial backhaul links, BBR-CUBIC provides the most balanced
mean-throughput sharing between MPTCP and MPQUIC, achieving the highest overall
Jain’s index while also remaining close to one on each individual link. Conversely, if the
goal is to maximize per-link fairness consistently on both backhaul links, CUBIC-CUBIC is
the best option, yielding the highest indices on TN1 and TN2, with a slightly lower but still
very high aggregate fairness.

From a jitter-oriented perspective, Table 3 indicates that the most favorable CC pairings
in the symmetric dual-link backhaul scenario are Reno-BBR and CUBIC-BBR. In particular,
Reno-BBR provides the lowest mean jitter across TN1 and TN2, both at link level and at
protocol-specific level, while CUBIC-BBR exhibits very similar performance and confirms
the same overall trend. By contrast, pairings such as BBR-CUBIC and Reno-CUBIC induce
substantially larger jitter dispersion, especially for MPQUIC. For this reason, the following
mMTC-inspired analysis focuses on Reno-BBR and CUBIC-BBR, as the two configurations that
emerge as the most representative jitter-efficient solutions in the symmetric eMBB scenario.

These results highlight that throughput fairness and delay stability are not neces-
sarily aligned. A pairing that equalizes the mean throughput across protocols may still
exhibit larger jitter dispersion for one protocol or on one backhaul link, whereas other
configurations may provide more stable inter-arrival behavior despite a slightly lower
throughput balance.

However, Tables 4 and 5 confirm that the symmetric eMBB case does not align max-
imum throughput with fairness. While the highest overall throughput is reached only
marginally by Reno-CUBIC, fairness points instead to BBR-CUBIC at aggregate level
and to CUBIC-CUBIC when per-link balance is emphasized. Hence, in this scenario,
the throughput-maximizing pairing is not the fairness-maximizing one.

Table 6 complements the throughput, fairness, and jitter analysis by showing that
packet-loss behavior does not fully overlap with the previously identified throughput-
oriented trends. In particular, the lowest packet-loss levels are observed for BBR-BBR,
CUBIC-BBR, and, on the MPQUIC side, also Reno-BBR, whereas pairings such as BBR-
CUBIC, CUBIC-CUBIC, and especially Reno-CUBIC exhibit clearly higher MPTCP loss
levels. This means that the configurations previously highlighted for fairness or jitter
are not necessarily those minimizing packet loss. In this respect, CUBIC-BBR and Reno-
BBR remain particularly attractive, since they were already identified as jitter-efficient
solutions and also maintain relatively contained loss values, thus representing a good
overall compromise. Conversely, BBR-CUBIC, although the most favorable from the
aggregate fairness standpoint, achieves this benefit at the price of a more pronounced
packet-loss cost on the MPTCP side. Overall, Table 6 further confirms that no single CC
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pairing is uniformly optimal across all metrics, and that the final preference depends on
whether the design target prioritizes fairness, jitter stability, or loss containment.

Table 4. Summary of MPTCP throughput statistics for the symmetric eMBB scenario.

Path CC Min Max µ σ

TN1

BBR-BBR 242.81 360.30 289.89 28.73
BBR-CUBIC 5.79 364.72 220.69 63.20
CUBIC-BBR 149.18 433.56 272.29 53.15

CUBIC-CUBIC 178.41 469.01 266.00 58.72
Reno-BBR 149.79 378.45 277.78 62.98

Reno-CUBIC 169.01 406.45 255.57 46.63

TN2

BBR-BBR 264.21 351.95 300.76 26.66
BBR-CUBIC 9.16 360.51 241.67 66.26
CUBIC-BBR 130.37 357.63 269.71 46.70

CUBIC-CUBIC 163.89 447.85 269.51 50.12
Reno-BBR 150.18 412.13 247.92 50.30

Reno-CUBIC 210.26 492.55 291.67 55.49

Table 5. Summary of MPQUIC throughput statistics for the symmetric eMBB scenario.

Path CC Min Max µ σ

TN1

BBR-BBR 39.71 258.43 206.83 28.40
BBR-CUBIC 44.76 506.19 276.36 68.39
CUBIC-BBR 44.04 296.55 218.55 47.14

CUBIC-CUBIC 31.66 332.84 225.27 56.87
Reno-BBR 40.24 297.65 210.93 53.55

Reno-CUBIC 43.47 338.72 241.50 51.21

TN2

BBR-BBR 54.37 239.07 195.97 24.32
BBR-CUBIC 51.61 499.01 254.98 69.68
CUBIC-BBR 50.38 287.47 219.90 39.09

CUBIC-CUBIC 34.15 337.10 227.24 52.62
Reno-BBR 58.93 288.15 225.43 39.19

Reno-CUBIC 9.03 286.92 205.06 55.96

Table 6. Summary of packet loss statistics for the symmetric eMBB scenario.

Protocol CC Min Max µ σ

MPTCP

BBR-BBR 0.000 0.203 0.030 0.032
BBR-CUBIC 0.000 4.538 1.825 0.879
CUBIC-BBR 0.000 0.612 0.162 0.114

CUBIC-CUBIC 0.000 4.838 3.150 0.697
Reno-BBR 0.000 0.926 0.260 0.194

Reno-CUBIC 0.000 5.218 3.766 1.036

MPQUIC

BBR-BBR 0.000 0.000 0.000 0.000
BBR-CUBIC 0.000 0.000 0.000 0.000
CUBIC-BBR 0.000 0.000 0.000 0.000

CUBIC-CUBIC 0.000 0.046 0.018 0.012
Reno-BBR 0.000 0.579 0.104 0.112

Reno-CUBIC 0.000 0.000 0.000 0.000

4.2. Symmetric Dual-Backhaul: mMTC-Inspired Scenario

We then consider the same symmetric dual-backhaul configuration under a denser
mMTC-inspired traffic regime. In this case, 12,000 UEs generate low-rate traffic at 0.1 Mbps
per device, again evenly split between MPTCP and MPQUIC sources. This setting is used
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to stress contention and aggregation effects under balanced backhaul conditions, while
highlighting the extent to which the considered CC pairings affect throughput sharing
and jitter stability when a large number of low-rate flows concurrently access the same
dual-backhaul infrastructure. Across the two selected CC pairings, the symmetric mMTC-
inspired setting confirms that the balanced backhaul remains largely symmetric at link
level, while the main differences emerge from how the two protocol stacks react to heavy
contention and aggregation under dense low-rate traffic.

Under the CUBIC-BBR pairing (Figure 9), the cross-protocol imbalance is more evident
than in the corresponding eMBB scenario. In Figure 9a the throughput distribution for
the CUBIC-BBR pairing shows that MPTCP achieves higher throughput than MPQUIC
on both terrestrial backhaul links, and the separation becomes more pronounced on TN2.
In particular, MPTCP operates around µ = 248.67 Mbps on TN1 and µ = 338.55 Mbps on
TN2, whereas MPQUIC reaches µ = 204.73 Mbps on TN1 and drops to µ = 134.44 Mbps
on TN2. This indicates that, under heavy contention, the TCP-based stack retains a clearer
advantage on both paths, while the QUIC-based stack is more penalized on the second
backhaul link. Figure 9b reports the protocol independent jitter comparison between the
two backhaul links. The two distributions largely overlap and remain concentrated at
low values, with TN1 only slightly above TN2 in terms of mean jitter (µ = 1.919 ms
versus µ = 1.841 ms), indicating comparable link-level delay variability. Figure 9c,d report
protocol-specific jitter on TN1 and TN2, respectively. On TN1, MPTCP and MPQUIC
exhibit similar mean jitter values, with µ = 4.265 ms for MPTCP and µ = 4.414 ms
for MPQUIC. However, the MPQUIC distribution is much more dispersed and heavy-
tailed. A similar behavior is observed on TN2, where MPQUIC has a lower mean jitter
than MPTCP (µ = 3.694 ms versus µ = 4.415 ms) but still exhibits a markedly broader
distribution. Therefore, under the CUBIC-BBR pairing, the main protocol-level difference
in the massive-user setting lies less in the average jitter itself and more in the substantially
larger variability of MPQUIC.

(a) (b)

(c) (d)

Figure 9. MPTCP and MPQUIC throughput and jitter distributions in symmetric mMTC-inspired sce-
nario under the CUBIC-BBR CC. Specifically: (a) throughput distributions on TN1 and TN2;
(b) aggregate jitter distributions on TN1 and TN2; (c) protocol-specific jitter distributions on TN1;
(d) protocol-specific jitter distributions on TN2.
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The Reno-BBR pairing (Figure 10a) preserves the same qualitative trend, with MPTCP
outperforming MPQUIC on both terrestrial backhaul links. In particular, MPTCP reaches
µ = 260.89 Mbps on TN1 and µ = 321.82 Mbps on TN2, while MPQUIC operates at
µ = 193.13 Mbps on TN1 and µ = 147.01 Mbps on TN2. Hence, also under the Reno-
BBR pairing, the throughput gap is moderate on TN1 and becomes more pronounced
on TN2, confirming that the second backhaul link is the one where MPQUIC is more
severely penalized under heavy load. Figure 10b reports the protocol independent jitter
comparison across the two links. The TN1 and TN2 distributions again largely overlap,
with very similar mean values (µ = 1.878 ms on TN1 and µ = 1.775 ms on TN2), indicating
low and well-controlled link-level delay variability. However, Figure 10c,d reveal a clear
protocol-level differentiation. On TN1, MPQUIC shows a slightly lower mean jitter than
MPTCP (µ = 3.868 ms versus µ = 4.246 ms), but its distribution is much broader and
more heavy-tailed. The same trend is observed on TN2, where MPQUIC remains lower
on average (µ = 3.632 ms) than MPTCP (µ = 4.330 ms), while still exhibiting significantly
larger dispersion. Therefore, under the Reno-BBR pairing, the two terrestrial links remain
very similar at link level, whereas the main difference between the two protocol stacks
is again the substantially higher jitter variability of MPQUIC despite its lower average
operating point.

(a) (b)

(c) (d)

Figure 10. MPTCP and MPQUIC throughput and jitter distributions symmetric mMTC-inspired sce-
nario under the Reno-BBR CC. Specifically: (a) throughput distributions on TN1 and TN2;
(b) aggregate jitter distributions on TN1 and TN2; (c) protocol-specific jitter distributions on TN1;
(d) protocol-specific jitter distributions on TN2.

Table 7 summarizes the mean jitter values observed for the two CC pairings considered
in the symmetric mMTC-inspired scenario.

Table 7. Summary of the mean jitter values for the symmetric mMTC-inspired scenario.

MPTCP/MPQUIC CC TN1 TN2 TN1 TN1 TN2 TN2
MPTCP MPQUIC MPTCP MPQUIC

CUBIC-BBR 1.919 1.841 4.265 4.414 4.415 3.694
Reno-BBR 1.878 1.775 4.246 3.868 4.330 3.632
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Therefore, the comparison between Figures 9 and 10, and Table 7 highlights a clear
trade-off between throughput efficiency and jitter performance in the symmetric mMTC-
inspired setting. From a throughput perspective, CUBIC-BBR is slightly more favorable,
since it provides the highest aggregate mean throughput across the two terrestrial backhaul
links, mainly due to the stronger MPTCP exploitation of TN2. From a jitter-oriented
perspective, however, Reno-BBR is the better solution, as it achieves lower mean jitter
both at link level and at protocol-specific level on TN1 and TN2. Hence, also under
heavy contention, the pairing that maximizes throughput is not necessarily the one that
minimizes delay variability. CUBIC-BBR is therefore preferable when throughput is the
primary objective, whereas Reno-BBR is the more suitable option when lower and more
stable jitter is the main design target.

Tables 8 and 9 show that CUBIC-BBR provides the highest overall throughput in the
symmetric mMTC-inspired setting, mainly because of the stronger MPTCP exploitation of
TN2. However, this does not automatically make it the most balanced choice in general
terms, since the subsection highlights a trade-off with Reno-BBR, which is preferable from
the jitter standpoint. Therefore, also here, the throughput-leading configuration should be
interpreted as a throughput-oriented choice rather than as a universally best one.

Table 8. Summary of MPTCP throughput statistics for the symmetric mMTC-inspired scenario.

Path CC Min Max µ σ

TN1 CUBIC-BBR 136.11 481.55 248.67 44.76
Reno-BBR 159.58 464.56 260.89 46.24

TN2 CUBIC-BBR 103.38 435.17 338.55 46.65
Reno-BBR 88.83 434.01 321.82 50.68

Table 9. Summary of MPQUIC throughput statistics for the symmetric mMTC-inspired scenario.

Path CC Min Max µ σ

TN1 CUBIC-BBR 3.16 291.98 204.73 72.58
Reno-BBR 2.83 272.34 193.13 64.98

TN2 CUBIC-BBR 12.87 219.74 134.44 41.24
Reno-BBR 12.96 278.95 147.01 50.75

Table 10 shows that, under dense mMTC-inspired traffic, packet loss remains system-
atically higher for MPQUIC than for MPTCP under both considered pairings, consistent
with the throughput results, which showed that the TCP-based stack preserves a clearer
advantage under heavy contention. Between the two configurations, CUBIC-BBR provides
lower MPQUIC packet loss than Reno-BBR, while the MPTCP loss level remains compa-
rable across the two cases. This observation is coherent with the throughput discussion,
where CUBIC-BBR was found to be slightly preferable when throughput efficiency is the
main objective. At the same time, Reno-BBR was previously identified as the better jitter-
oriented solution; therefore, Table 10 suggests that Reno-BBR should be interpreted as a
delay-stability-oriented choice rather than a loss-minimizing one. In contrast, CUBIC-BBR
emerges as a more balanced compromise in the symmetric mMTC-inspired scenario, since
it combines the highest aggregate throughput with somewhat lower packet-loss impact,
especially on the MPQUIC side.
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Table 10. Summary of packet loss statistics for the symmetric mMTC-inspired scenario.

Protocol CC Min Max µ σ

MPTCP CUBIC-BBR 0.000 2.617 0.462 0.262
Reno-BBR 0.000 2.788 0.436 0.262

MPQUIC CUBIC-BBR 0.000 2.942 1.523 1.245
Reno-BBR 0.000 4.349 2.299 1.806

4.3. Asymmetric Dual-Backhaul: eMBB Scenario

We next move to the asymmetric dual-backhaul setting, where the two terrestrial
backhaul links have different lengths, namely 10 km for TN1 and 15 km for TN2. As in
the symmetric eMBB case, 12 UEs generate traffic at 100 Mbps per device, with half of the
users employing MPTCP and the other half MPQUIC. This scenario is used to evaluate
how backhaul heterogeneity interacts with the selected CC pairings and affects throughput
balance, fairness, and jitter under shared transport operation. Across the considered CC
pairings, the asymmetric setting shows that the second terrestrial backhaul link becomes
the main point where protocol-level differences are amplified, so that throughput imbalance
and jitter variability are no longer shaped only by the selected CC combination, but also by
the heterogeneous path conditions.

As shown in Figure 11a, under the BBR-BBR pairing MPTCP achieves consistently
higher throughput than MPQUIC on both terrestrial backhaul links. In particular, MPTCP
operates around µ = 323.98 Mbps on TN1 and µ = 246.49 Mbps on TN2, while MPQUIC
attains lower mean rates of µ = 172.48 Mbps on TN1 and µ = 140.97 Mbps on TN2,
indicating a persistent throughput advantage for the TCP-based stack even when both
protocols adopt BBR. Figure 11b reports the protocol independent jitter distributions for the
two backhaul links, which largely overlap, with TN2 only slightly shifted toward higher
values (µ = 1.614 ms versus µ = 1.511 ms on TN1), suggesting comparable link-level
delay variability. Figure 11c,d isolate protocol-specific jitter on TN1 and TN2, respectively.
On both links, MPQUIC remains centered at lower jitter values (µ = 2.074 ms on TN1 and
µ = 2.083 ms on TN2), whereas MPTCP is shifted to higher operating regions (µ = 3.647 ms
on TN1 and µ = 4.999 ms on TN2). Overall, with BBR on both stacks, the throughput
asymmetry remains pronounced in favor of MPTCP, while the two terrestrial links exhibit
similarly low link-level jitter and a stable protocol-level separation.

In Figure 12a, the throughput distributions for the BBR-CUBIC pairing show that
MPQUIC now attains the highest operating regions on both terrestrial backhaul links.
In particular, MPQUIC reaches µ = 270.33 Mbps on TN1 and µ = 229.52 Mbps on TN2,
while MPTCP remains lower at µ = 226.90 Mbps on TN1 and µ = 157.86 Mbps on TN2.
This indicates a reversal of the throughput balance observed in the BBR-BBR case, with the
QUIC-based stack becoming dominant under this pairing. Figure 12b reports the protocol
independent jitter comparison between TN1 and TN2. The TN2 distribution is shifted
to higher values and is visibly broader, with µ = 3.547 ms versus µ = 2.717 ms on TN1,
indicating a more variable timing behavior on the second backhaul link. Figure 12c,d reveal
that MPQUIC also exhibits higher protocol-specific jitter than MPTCP on both links: on
TN1, MPQUIC reaches µ = 6.910 ms versus µ = 4.173 ms for MPTCP, while on TN2 the
gap remains evident (µ = 7.634 ms versus µ = 5.725 ms). Therefore, under the BBR-CUBIC
pairing, MPQUIC gains a throughput advantage, but this comes at the cost of significantly
higher inter-arrival variability on both terrestrial links.
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(a) (b)

(c) (d)

Figure 11. MPTCP and MPQUIC throughput and jitter distributions in asymmetric eMBB scenario
under the BBR-BBR CC. Specifically: (a) throughput distributions on TN1 and TN2; (b) aggregate jitter
distributions on TN1 and TN2; (c) protocol-specific jitter distributions on TN1; (d) protocol-specific
jitter distributions on TN2.

(a) (b)

(c) (d)

Figure 12. MPTCP and MPQUIC throughput and jitter distributions in asymmetric eMBB scenario
under the BBR-CUBIC CC. Specifically: (a) throughput distributions on TN1 and TN2; (b) aggregate
jitter distributions on TN1 and TN2; (c) protocol-specific jitter distributions on TN1; (d) protocol-
specific jitter distributions on TN2.

In Figure 13a, the throughput distributions for the CUBIC-BBR pairing show a strong
and consistent advantage for MPTCP over MPQUIC on both terrestrial backhaul links.
MPTCP reaches µ = 333.25 Mbps on TN1 and µ = 259.36 Mbps on TN2 while MPQUIC
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remains substantially lower, with µ = 163.17 Mbps on TN1 and µ = 128.09 Mbps on TN2.
The two protocol stacks therefore occupy clearly separated throughput regions, indicating
that this pairing strongly favors the TCP-based implementation. Figure 13b reports the
protocol independent jitter comparison, showing tightly overlapping distributions with
very low averages on both links (µ = 1.490 ms on TN1 and µ = 1.636 ms on TN2), which
indicates limited link-level delay variability. Figure 13c,d isolate protocol-specific jitter
on TN1 and TN2, respectively. On both links, MPQUIC exhibits lower average jitter than
MPTCP (µ = 2.106 ms vs. µ = 3.773 ms on TN1 and µ = 2.114 ms vs. µ = 5.335 ms on
TN2), although its distributions remain somewhat broader. Overall, this pairing combines a
clear throughput dominance of MPTCP with the lowest link-level jitter among the considered
configurations, while still preserving comparatively low protocol-specific jitter for MPQUIC.

(a) (b)

(c) (d)

Figure 13. MPTCP and MPQUIC throughput and jitter distributions in asymmetric eMBB scenario un-
der the CUBIC-BBR CC. Specifically: (a) throughput distributions on TN1 and TN2; (b) aggregate jit-
ter distributions on TN1 and TN2; (c) protocol-specific jitter distributions on TN1; (d) protocol-specific
jitter distributions on TN2.

In Figure 14a, the CUBIC-CUBIC pairing again favors MPTCP on both terrestrial
backhaul links, although the throughput gap is less extreme than in the previous case on
TN1. MPTCP operates around µ = 304.04 Mbps on TN1 and µ = 264.79 Mbps on TN2,
while MPQUIC reaches µ = 193.73 Mbps on TN1 and drops to µ = 122.37 Mbps on TN2,
indicating a stronger imbalance on the second backhaul link. Figure 14b reports the protocol
independent jitter comparison and shows that TN2 is shifted to higher values and exhibits
a broader spread than TN1, with means of µ = 3.500 ms and µ = 2.667 ms, respectively.
Figure 14c,d reveal a clear protocol-level differentiation: on TN1, MPQUIC already exhibits
higher and more dispersed jitter than MPTCP (µ = 5.734 ms versus µ = 3.959 ms), and the
difference becomes more pronounced on TN2, where MPQUIC reaches µ = 8.874 ms while
MPTCP remains centered around µ = 5.058 ms. Hence, under the CUBIC-CUBIC pairing,
MPTCP retains a throughput advantage, while MPQUIC experiences noticeably larger
timing variability, especially on the second terrestrial link.
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(a) (b)

(c) (d)

Figure 14. MPTCP and MPQUIC throughput and jitter distributions in asymmetric eMBB sce-
nario under the CUBIC-CUBIC CC. Specifically: (a) throughput distributions on TN1 and TN2;
(b) aggregate jitter distributions on TN1 and TN2; (c) protocol-specific jitter distributions on TN1;
(d) protocol-specific jitter distributions on TN2.

In Figure 15a, the throughput distributions for the Reno-BBR pairing show a consis-
tent advantage of MPTCP over MPQUIC on both terrestrial backhaul links. In particular,
MPTCP achieves mean rates of µ = 323.27 Mbps on TN1 and µ = 259.40 Mbps on
TN2, while MPQUIC remains substantially lower with µ = 172.94 Mbps on TN1 and
µ = 128.09 Mbps on TN2. This indicates a stable cross-protocol imbalance in favor of the
TCP-based stack, with both links showing a similar ordering. Figure 15b compares proto-
col independent jitter across TN1 and TN2 and shows largely overlapping distributions,
with TN2 only slightly shifted to higher values (µ = 1.594 ms versus µ = 1.492 ms on TN1).
Figure 15c,d isolate protocol-specific jitter on TN1 and TN2, respectively. On both links,
MPQUIC remains centered at lower jitter values (µ = 2.055 ms on TN1 and µ = 2.056 ms
on TN2), whereas MPTCP operates at higher jitter levels (µ = 3.678 ms on TN1 and
µ = 5.104 ms on TN2) with a more compact core distribution. Therefore, under Reno-BBR,
MPTCP dominates throughput on both links, while MPQUIC preserves lower average jitter
despite a somewhat broader dispersion.

In Figure 16a, the throughput distributions for the Reno-CUBIC pairing show a more
link-dependent cross-protocol balance. On TN1, MPTCP and MPQUIC operate in rela-
tively close throughput regions, with MPTCP attaining µ = 274.48 Mbps and MPQUIC
µ = 221.89 Mbps. On TN2, however, the separation becomes much stronger: MPTCP re-
mains high at µ = 275.53 Mbps, whereas MPQUIC drops to µ = 111.99 Mbps, indicating a
marked reduction of QUIC throughput on the second terrestrial backhaul link. Figure 16b
reports protocol-independent jitter at the link level and shows that TN2 is shifted toward
higher values and broader variability, with µ = 3.782 ms compared with µ = 3.023 ms on
TN1. Figure 16c,d separate protocol-specific jitter on TN1 and TN2, respectively. On TN1,
MPQUIC already exhibits higher and more dispersed jitter than MPTCP (µ = 8.224 ms
versus µ = 4.258 ms), and this difference becomes much more pronounced on TN2, where
MPQUIC reaches µ = 11.251 ms while MPTCP remains centered around µ = 5.258 ms.
Hence, Reno-CUBIC combines a moderate throughput imbalance on TN1 with a severe
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degradation of MPQUIC on TN2, and it also induces the largest protocol-level jitter penalty
for MPQUIC among the considered asymmetric-link configurations.

(a) (b)

(c) (d)

Figure 15. MPTCP and MPQUIC throughput and jitter distributions in asymmetric eMBB scenario
under the Reno-BBR CC. Specifically: (a) throughput distributions on TN1 and TN2; (b) aggregate
jitter distributions on TN1 and TN2; (c) protocol-specific jitter distributions on TN1; (d) protocol-
specific jitter distributions on TN2.

(a) (b)

(c) (d)

Figure 16. MPTCP and MPQUIC throughput and jitter distributions in asymmetric eMBB scenario
under the Reno-CUBIC CC. Specifically: (a) throughput distributions on TN1 and TN2; (b) aggregate
jitter distributions on TN1 and TN2; (c) protocol-specific jitter distributions on TN1; (d) protocol-
specific jitter distributions on TN2.
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Beyond the per-pairing distributions, Tables 11 and 12 summarize the fairness and mean
jitter trends observed across the considered CC combinations in the asymmetric setting.

Table 11. Jain’s fairness index between MPTCP and MPQUIC in asymmetric eMBB scenario computed
from the mean throughput values reported in panels (a) of the figures from Figures 11–16.

MPTCP/MPQUIC CC TN1 TN2 Total

BBR-BBR 0.9148 0.9310 0.9220
BBR-CUBIC 0.9924 0.9669 0.9834
CUBIC-BBR 0.8949 0.8970 0.8959
CUBIC-CUBIC 0.9532 0.8808 0.9246
Reno-BBR 0.9159 0.8970 0.9078
Reno-CUBIC 0.9889 0.8488 0.9436

Table 12. Summary of the mean jitter values extracted from Figures 11–16 for the asymmetric dual-
link backhaul eMBB scenario. Boldface highlights the CC pairings providing the most favorable
fairness performance.

MPTCP/MPQUIC CC TN1 TN2 TN1 TN1 TN2 TN2
MPTCP MPQUIC MPTCP MPQUIC

BBR-BBR 1.511 1.614 3.647 2.074 4.999 2.083
BBR-CUBIC 2.717 3.547 4.173 6.910 5.725 7.634
CUBIC-BBR 1.490 1.636 3.773 2.106 5.335 2.114
CUBIC-CUBIC 2.667 3.500 3.959 5.734 5.058 8.874
Reno-BBR 1.492 1.594 3.678 2.055 5.104 2.056
Reno-CUBIC 3.023 3.782 4.258 8.224 5.258 11.251

The fairness results in Table 11 show a clearer trend than in the symmetric scenario.
In this case, BBR-CUBIC emerges as the single best CC pairing from the fairness standpoint,
since it achieves the highest Jain’s index on both terrestrial backhaul links as well as the
highest aggregate fairness. Therefore, unlike the symmetric case, where two pairings could
be highlighted depending on whether fairness was evaluated per-link or over the aggregate
throughput, here the same configuration dominates under both criteria. If a secondary
reference is to be identified, Reno-CUBIC provides the second-highest aggregate fairness
and remains very close to BBR-CUBIC on TN1. However, its much lower fairness on TN2
prevents it from being regarded as equally effective from a per-link fairness perspective.

From a jitter-oriented perspective, Table 12 indicates that the most favorable CC
pairings in the asymmetric dual-link backhaul scenario are Reno-BBR and BBR-BBR. In par-
ticular, Reno-BBR provides the lowest mean jitter across TN1 and TN2, both at link level and
at protocol-specific level, while BBR-BBR exhibits very similar performance and confirms
the same overall trend. By contrast, pairings such as BBR-CUBIC and Reno-CUBIC in-
duce substantially larger jitter dispersion, especially for MPQUIC, whereas CUBIC-CUBIC
also leads to higher protocol-level jitter on the more penalized backhaul link. For this
reason, the following mMTC-inspired analysis focuses on Reno-BBR and BBR-BBR, as the
two configurations that emerge as the most representative jitter-efficient solutions in the
asymmetric scenario.

Tables 13 and 14 further confirm that maximum throughput and fairness do not
necessarily coincide. In fact, the highest overall throughput is obtained only slightly by
CUBIC-CUBIC, whereas Table 11 identifies BBR-CUBIC as the clearest fairness-optimal
solution on both links and on the aggregate throughput. Thus, in the asymmetric eMBB case,
the throughput-maximizing pairing is again different from the fairness-maximizing one.
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Table 13. Summary of MPTCP throughput statistics for the asymmetric eMBB scenario.

Path CC Min Max µ σ

TN1

BBR-BBR 252.66 392.77 323.98 23.77
BBR-CUBIC 23.24 346.22 226.90 58.94
CUBIC-BBR 278.88 418.46 333.25 35.07

CUBIC-CUBIC 188.31 443.43 304.04 44.28
Reno-BBR 215.22 395.99 323.27 30.52

Reno-CUBIC 186.57 414.21 274.48 31.40

TN2

BBR-BBR 135.94 297.45 246.49 33.41
BBR-CUBIC 0.00 311.92 157.86 74.43
CUBIC-BBR 161.91 297.13 259.36 31.53

CUBIC-CUBIC 116.31 390.48 264.79 56.26
Reno-BBR 210.04 324.19 259.40 20.69

Reno-CUBIC 144.86 339.59 275.53 35.67

Table 14. Summary of MPQUIC throughput statistics for the asymmetric eMBB scenario.

Path CC Min Max µ σ

TN1

BBR-BBR 43.96 239.03 172.48 25.39
BBR-CUBIC 41.22 489.31 270.33 63.37
CUBIC-BBR 52.66 225.97 163.17 36.00

CUBIC-CUBIC 48.12 313.92 193.73 46.62
Reno-BBR 39.25 269.48 172.94 30.33

Reno-CUBIC 51.08 311.84 221.89 36.28

TN2

BBR-BBR 50.84 255.08 140.97 35.08
BBR-CUBIC 49.26 432.22 229.52 76.46
CUBIC-BBR 52.71 227.29 128.09 32.16

CUBIC-CUBIC 3.16 276.46 122.37 56.51
Reno-BBR 53.48 180.28 128.09 21.52

Reno-CUBIC 48.63 251.73 111.99 36.03

Table 15 confirms that packet-loss behavior in the asymmetric eMBB scenario is broadly
consistent with the throughput trends observed in the corresponding figures and summary
tables. In particular, pairings that strongly favor one protocol over the other in throughput
terms also tend to exhibit more pronounced loss asymmetries, especially on the MPTCP
side. From this perspective, BBR-BBR, CUBIC-BBR, and Reno-BBR remain comparatively
well behaved, with relatively limited loss values, whereas configurations such as BBR-
CUBIC, CUBIC-CUBIC, and especially Reno-CUBIC show a substantially less favorable loss
profile. This does not invalidate the fairness-oriented role of BBR-CUBIC, which remains
the most favorable configuration from the fairness standpoint in the asymmetric scenario,
but it indicates that such fairness gains are achieved at the price of a less favorable loss
behavior. By contrast, Reno-BBR and BBR-BBR, already highlighted in the jitter analysis as
the most representative jitter-efficient solutions, also preserve a more contained packet-loss
profile and can therefore be regarded as stronger overall compromises when robustness
and delay stability are prioritized over fairness alone.

4.4. Asymmetric Dual-Backhaul: mMTC-Inspired Scenario

The asymmetric setting is then evaluated under the mMTC-inspired traffic regime,
where 12,000 UEs generate low-rate traffic at 0.1 Mbps per device, again evenly partitioned
between MPTCP-enabled and MPQUIC-enabled sources. In this case, the analysis captures
the combined effect of backhaul heterogeneity and dense low-rate traffic on transport
coexistence, with particular attention to jitter behavior and throughput sharing across the
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two protocol families. Across the two selected CC pairings, the asymmetric mMTC-inspired
setting confirms that the second terrestrial backhaul link is the most penalized operating
point, where protocol-level differences become more pronounced under dense low-rate
traffic and heterogeneous path conditions.

Table 15. Summary of packet loss statistics for the asymmetric eMBB scenario.

Path CC Min Max µ σ

MPTCP

BBR-BBR 0.000 0.000 0.000 0.000
BBR-CUBIC 0.000 2.008 1.019 0.354
CUBIC-BBR 0.000 0.411 0.186 0.091

CUBIC-CUBIC 0.000 1.916 1.282 0.603
Reno-BBR 0.000 0.053 0.016 0.011

Reno-CUBIC 0.000 3.033 1.522 0.635

MPQUIC

BBR-BBR 0.000 0.000 0.000 0.000
BBR-CUBIC 0.000 0.000 0.000 0.000
CUBIC-BBR 0.000 0.046 0.010 0.009

CUBIC-CUBIC 0.000 0.027 0.004 0.009
Reno-BBR 0.000 0.000 0.000 0.000

Reno-CUBIC 0.000 0.020 0.003 0.003

Under the BBR-BBR pairing (Figure 17), the asymmetric mMTC-inspired setting re-
veals a marked link-dependent cross-protocol allocation. As shown in Figure 17a, on TN1,
MPTCP and MPQUIC operate in relatively close throughput regions, with MPQUIC slightly
higher (µ = 276.72 Mbps) than MPTCP (µ = 257.26 Mbps). On TN2, by contrast, the separa-
tion becomes much stronger: MPTCP remains at a high operating region (µ = 251.47 Mbps),
whereas MPQUIC drops to a much lower throughput level (µ = 85.97 Mbps). This in-
dicates that, under heavy contention, the QUIC-based stack is still able to exploit TN1
effectively, but loses most of its contribution on TN2, while MPTCP retains a more stable
use of both backhaul links. Figure 17b reports the protocol independent jitter compar-
ison between TN1 and TN2 and shows largely overlapping distributions, with only a
slight increase on TN2 (µ = 2.354 ms versus µ = 2.246 ms on TN1), suggesting compa-
rable link-level delay variability. Figure 17c,d isolate protocol-specific jitter on TN1 and
TN2, respectively. On TN1, MPQUIC exhibits a slightly higher mean jitter than MPTCP
(µ = 5.364 ms versus µ = 4.211 ms) together with a much broader and heavier-tailed
distribution. On TN2, the average jitter values remain relatively close (µ = 5.004 ms for
MPQUIC and µ = 5.643 ms for MPTCP), but MPQUIC again shows much larger dispersion
and pronounced outliers. Overall, the BBR-BBR pairing in the massive asymmetric scenario
combines a moderate throughput split on TN1 with a sharp degradation of MPQUIC
on TN2, while the protocol-level jitter remains substantially less stable for MPQUIC on
both links.

The Reno-BBR pairing (Figure 18) yields a similar but slightly more balanced behavior
on TN1. As shown in Figure 18a, MPQUIC attains a marginally higher mean throughput
than MPTCP on TN1 (µ = 298.89 Mbps versus µ = 280.95 Mbps), while in TN2 the cross-
protocol separation becomes pronounced, with MPTCP operating around µ = 190.68 Mbps
and MPQUIC dropping to µ = 83.24 Mbps. Hence, under Reno-BBR, the less favorable
backhaul path is mainly exploited by MPTCP, while MPQUIC remains concentrated on
TN1 and contributes much less on TN2. Figure 18b reports the protocol independent jitter
comparison and again shows closely overlapping low-jitter distributions on the two links,
with TN2 slightly shifted upward (µ = 2.123 ms versus µ = 1.893 ms on TN1). Figure 18c,d
separate protocol-specific jitter on TN1 and TN2. On both links, MPQUIC attains slightly
lower average jitter than MPTCP (µ = 3.861 ms vs. µ = 4.026 ms on TN1, and µ = 4.140 ms
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vs. µ = 5.564 ms on TN2). Nevertheless, it is again characterized by much broader, heavy-
tailed distributions, whereas MPTCP remains tightly concentrated around its operating
region. Therefore, the Reno-BBR pairing preserves very low link-level jitter and a relatively
balanced use of TN1. However, it still leads to a marked reduction of MPQUIC throughput
on TN2 and significantly less stable protocol-level jitter for the QUIC-based stack.

(a) (b)

(c) (d)

Figure 17. MPTCP and MPQUIC throughput and jitter distributions in asymmetric mMTC-
inspired scenario under the BBR-BBR CC. Specifically: (a) throughput distributions on TN1 and TN2;
(b) aggregate jitter distributions on TN1 and TN2; (c) protocol-specific jitter distributions on TN1;
(d) protocol-specific jitter distributions on TN2.

(a) (b)

(c) (d)

Figure 18. MPTCP and MPQUIC throughput and jitter distributions in asymmetric mMTC-
inspired scenario under the Reno-BBR CC. Specifically: (a) throughput distributions on TN1 and
TN2; (b) aggregate jitter distributions on TN1 and TN2; (c) protocol-specific jitter distributions on
TN1; (d) protocol-specific jitter distributions on TN2.
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Table 16 summarizes the mean jitter values observed for the two CC pairings consid-
ered in the asymmetric mMTC-inspired scenario.

Table 16. Summary of the mean jitter values for the asymmetric mMTC-inspired scenario.

MPTCP/MPQUIC CC TN1 TN2 TN1 TN1 TN2 TN2
MPTCP MPQUIC MPTCP MPQUIC

BBR-BBR 2.246 2.354 4.211 5.364 5.643 5.004
Reno-BBR 1.893 2.123 4.026 3.861 5.564 4.140

Therefore, the joint comparison of Figures 17 and 18, and Table 16 highlights a clear
trade-off between throughput efficiency and jitter performance in the asymmetric mMTC-
inspired scenario. From a throughput perspective, BBR-BBR is slightly more favorable,
since it enables a stronger overall exploitation of the two terrestrial backhaul links, mainly
due to the higher MPTCP operating region, especially on TN2. From a jitter-oriented
perspective, however, Reno-BBR represents the better solution, as it provides lower and
more stable jitter both at link level and at protocol-specific level on TN1 and TN2. Hence,
also in the asymmetric mMTC-inspired setting, the pairing that maximizes throughput is
not necessarily the one that minimizes delay variability. BBR-BBR is therefore preferable
when throughput is the main objective, whereas Reno-BBR is the most suitable option
when lower and more stable jitter is the primary design target.

Tables 17 and 18 show that BBR-BBR is slightly more favorable from the throughput
perspective in the asymmetric mMTC-inspired regime, mainly due to the stronger MPTCP
operating region, especially on TN2. Nevertheless, the same subsection indicates Reno-BBR
as the more suitable solution when the target shifts toward stability. Hence, the pairing
that maximizes throughput is not the one that emerges as the most balanced overall choice.

Table 17. Summary of MPTCP throughput statistics for the asymmetric mMTC-inspired scenario.

Path CC Min Max µ σ

TN1 BBR-BBR 126.42 478.35 257.26 61.49
Reno-BBR 151.54 500.84 280.95 48.44

TN2 BBR-BBR 87.28 355.03 296.72 47.99
Reno-BBR 100.83 353.26 298.89 41.33

Table 18. Summary of MPQUIC throughput statistics for the asymmetric mMTC-inspired scenario.

Path CC Min Max µ σ

TN1 BBR-BBR 3.18 377.68 215.47 87.32
Reno-BBR 3.18 326.69 190.08 67.03

TN2 BBR-BBR 13.70 217.50 85.97 40.47
Reno-BBR 13.30 189.69 83.24 31.66

Table 19 provides an additional perspective on the trade-off already highlighted in the
asymmetric mMTC-inspired scenario. The packet-loss results show that Reno-BBR yields
lower average loss than BBR-BBR on both protocol stacks, most notably on the MPQUIC
side, where the reduction is clearly visible. This is coherent with the previous jitter-oriented
analysis, which had already identified Reno-BBR as the most suitable solution when lower
and more stable delay is the primary design target. On the other hand, BBR-BBR had
been found slightly more favorable from the throughput perspective, mainly because of its
stronger MPTCP exploitation of the two backhaul links, especially TN2. Therefore, Table 19
reinforces the same interpretation rather than changing it: BBR-BBR remains the preferable
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option when throughput efficiency is the main objective, whereas Reno-BBR becomes the
more balanced solution when the design focus also includes loss containment in addition
to jitter stability. In this sense, the packet-loss statistics further strengthen Reno-BBR as the
safer operating point from a robustness perspective, while BBR-BBR remains attractive as a
throughput-oriented choice.

Table 19. Summary of packet loss statistics for the asymmetric mMTC-inspired scenario.

Path CC Min Max µ σ

MPTCP BBR-BBR 0.000 1.478 0.186 0.151
Reno-BBR 0.000 1.676 0.150 0.187

MPQUIC BBR-BBR 0.000 4.677 2.482 2.011
Reno-BBR 0.000 3.586 1.658 1.537

4.5. Mixed Scenario

Finally, a mixed scenario is considered to provide an additional validation point for the
trends observed in the previous analyses. This case combines the asymmetric dual-backhaul
setting with heterogeneous traffic sources, so as to assess whether the behaviors identified
under more structured conditions remain visible when different transport demands coexist
over the same backhaul environment. More specifically, the mixed scenario includes,
for each protocol stack, 3 high-capacity UEs and 3000 low-capacity UEs, thereby generating
a composite load profile composed of a limited number of high-rate users and a much larger
population of low-rate devices. This final experiment is carried out considering the BBR-
BBR and Reno-BBR pairings, since these configurations emerged in the previous analysis
as the most representative jitter-efficient solutions in the asymmetric setting. Across the
two selected pairings, the mixed scenario confirms the same qualitative pattern already
observed in the asymmetric analyses: MPTCP retains the higher throughput contribution on
both backhaul links, whereas MPQUIC generally operates at lower average protocol-level
jitter, with TN2 remaining the more penalized path.

Under the BBR-BBR pairing (Figure 19), MPTCP retains a clear throughput advantage
over MPQUIC on both terrestrial backhaul links also in the mixed scenario. As shown
in Figure 19a, on TN1, MPTCP reaches µ = 318.24 Mbps, whereas MPQUIC operates
at µ = 240.00 Mbps. On TN2, both protocol stacks experience a throughput reduction,
but the same ordering is preserved, with MPTCP at µ = 176.28 Mbps and MPQUIC at
µ = 146.81 Mbps. Therefore, even under more composite operating conditions, the BBR-
BBR pairing still enables the TCP-based stack to exploit both backhaul links more effectively,
while MPQUIC remains at lower throughput regions. Figure 19b reports the protocol-
independent jitter comparison between the two backhaul links. The two distributions
remain concentrated at low values, but TN2 is visibly shifted toward higher jitter and
exhibits a broader spread than TN1, with µ = 1.821 ms versus µ = 1.524 ms. Figure 19c,d
isolate protocol-specific jitter on TN1 and TN2, respectively. On TN1, MPQUIC remains
centered at significantly lower jitter values than MPTCP, with µ = 2.020 ms compared with
µ = 4.211 ms for the TCP-based stack. A similar separation is observed on TN2, where
MPQUIC reaches µ = 2.493 ms while MPTCP is shifted to a higher operating region with
µ = 5.012 ms. Hence, although MPTCP preserves a clear throughput advantage on both
links, MPQUIC continues to provide lower average protocol-level jitter, while the more
penalized TN2 path increases the jitter of both stacks with respect to TN1.
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(a) (b)

(c) (d)

Figure 19. MPTCP and MPQUIC throughput and jitter distributions in mixed scenario under
the BBR-BBR CC. Specifically: (a) throughput distributions on TN1 and TN2; (b) aggregate jitter
distributions on TN1 and TN2; (c) protocol-specific jitter distributions on TN1; (d) protocol-specific
jitter distributions on TN2.

In Figure 20a, the Reno-BBR pairing preserves the same qualitative behavior observed
for BBR-BBR, namely a consistent throughput advantage of MPTCP over MPQUIC on both
terrestrial backhaul links. On TN1, MPTCP reaches µ = 313.81 Mbps, whereas MPQUIC
operates at µ = 256.02 Mbps. On TN2, the separation remains evident, with MPTCP at
µ = 178.62 Mbps and MPQUIC dropping to µ = 129.75 Mbps. Therefore, also in the mixed
scenario, the TCP-based stack continues to exploit both backhaul links more effectively,
while the QUIC-based stack remains more penalized on the second link. Figure 20b reports
the protocol-independent jitter comparison between the two backhaul links. As in the
BBR-BBR case, the two distributions remain concentrated at low values, but TN2 is again
slightly shifted toward higher jitter and exhibits a somewhat broader spread than TN1,
with µ = 1.858 ms versus µ = 1.682 ms. Figure 20c,d isolate protocol-specific jitter on
TN1 and TN2, respectively. On TN1, MPQUIC remains centered at lower average jitter
values than MPTCP, with µ = 2.258 ms compared with µ = 4.501 ms for the TCP-based
stack. A similar separation is observed on TN2, where MPQUIC reaches µ = 2.576 ms
while MPTCP is shifted to a higher operating region with µ = 5.326 ms. Hence, even
under Reno-BBR, MPQUIC preserves lower average protocol-level jitter, whereas MPTCP
remains associated with higher jitter values but also with the dominant throughput contri-
bution on both backhaul links. Compared with BBR-BBR, however, Reno-BBR produces
slightly higher jitter values at both link and protocol level, without providing a clear
throughput benefit.
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Figure 20. MPTCP and MPQUIC throughput and jitter distributions in mixed scenario under
the Reno-BBR CC. Specifically: (a) throughput distributions on TN1 and TN2; (b) aggregate jitter
distributions on TN1 and TN2; (c) protocol-specific jitter distributions on TN1; (d) protocol-specific
jitter distributions on TN2.

Table 20 summarizes the mean jitter values observed for the two CC pairings consid-
ered in the mixed scenario.

Table 20. Summary of the mean jitter values extracted from Figures 19 and 20 for the mixed scenario.

MPTCP/MPQUIC CC TN1 TN2 TN1 TN1 TN2 TN2
MPTCP MPQUIC MPTCP MPQUIC

BBR-BBR 1.524 1.821 4.211 2.020 5.012 2.493
Reno-BBR 1.682 1.858 4.501 2.258 5.326 2.576

From the comparison between Figures 19 and 20, and Table 20, BBR-BBR emerges as
the most favorable configuration for the mixed scenario. The two combinations provide
a very similar throughput ordering between MPTCP and MPQUIC, with only marginal
differences in the mean throughput values on TN1 and TN2. However, BBR-BBR achieves
systematically lower link-level jitter and lower protocol-specific jitter on both backhaul
links, especially on TN2, which remains the more critical path in the asymmetric setting.
These simulations therefore further confirm the robustness of the BBR-BBR pairing as the
most suitable reference configuration for the concluding mixed scenario, although the
improvement over Reno-BBR remains marginal. In particular, BBR-BBR combines stable
throughput separation with the lowest overall delay variability among the two consid-
ered options.

Tables 21 and 22 show a very similar throughput ordering for the two tested pair-
ings, with BBR-BBR remaining slightly ahead overall. In this final scenario, unlike the
previous eMBB cases, no alternative configuration overturns that ranking from the overall-
comparison standpoint, so BBR-BBR remains the most convincing reference solution. There-
fore, here the pairing with the best throughput behavior also remains the preferred over-
all option.
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Table 21. Summary of MPTCP throughput statistics for the mixed scenario.

Path CC Min Max µ σ

TN1 BBR-BBR 216.84 432.57 318.24 36.33
Reno-BBR 223.91 446.18 313.81 40.70

TN2 BBR-BBR 134.26 327.94 240.08 49.81
Reno-BBR 148.73 334.61 256.02 42.23

Table 22. Summary of MPQUIC throughput statistics for the mixed scenario.

Path CC Min Max µ σ

TN1 BBR-BBR 38.42 257.63 176.28 29.37
Reno-BBR 41.17 262.84 178.62 33.25

TN2 BBR-BBR 11.36 296.42 146.81 49.73
Reno-BBR 14.28 271.53 129.75 39.51

Table 23 confirms and further strengthens the conclusion already drawn for the mixed
scenario. Among the two considered pairings, BBR-BBR achieves lower packet loss than
Reno-BBR for both MPTCP and MPQUIC, with a particularly visible reduction in the
MPTCP case. This result is fully consistent with the mixed-scenario discussion, where
BBR-BBR had already emerged as the most favorable overall configuration because it
combines very similar throughput ordering with systematically lower jitter. The packet-loss
statistics now show that this advantage is not limited to delay stability, but also extends
to reliability. Therefore, in the mixed scenario, BBR-BBR should not only be regarded
as a good compromise, but rather as the most convincing overall choice among the two
tested pairings, since it combines competitive throughput, the lowest jitter, and the lowest
packet-loss profile. By contrast, Reno-BBR does not provide a sufficiently clear throughput
gain to compensate for its higher jitter and higher loss levels.

Table 23. Summary of packet loss statistics for the mixed scenario.

Path CC Min Max µ σ

MPTCP BBR-BBR 0.000 0.072 0.028 0.020
Reno-BBR 0.000 0.594 0.214 0.197

MPQUIC BBR-BBR 0.000 0.351 0.188 0.128
Reno-BBR 0.000 0.603 0.296 0.225

5. Conclusions
This paper investigated the impact of CC choices on multipath transport over a dual-

link terrestrial backhaul, considering a 5G IAB scenario in which MPTCP-enabled and
MPQUIC-enabled UEs concurrently share two terrestrial backhaul paths toward the core
network. Within a Mininet-based experimental framework, all feasible cross-combinations
of BBR, CUBIC, and Reno across the MPTCP and MPQUIC stacks were evaluated in order
to assess how CC dynamics affect throughput sharing, fairness, jitter, and packet loss under
shared backhaul conditions.

The obtained results show that the selected CC pairing has a decisive impact on cross-
protocol coexistence. In most configurations, MPTCP achieves higher throughput than
MPQUIC on both backhaul links, confirming a general advantage of the TCP-based stack in
terms of effective path exploitation. However, the extent of this advantage strongly depends
on the adopted pairing. From a fairness perspective, the symmetric dual-link scenario
highlights BBR-CUBIC as the best option in terms of aggregate throughput balance between
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MPTCP and MPQUIC, whereas CUBIC-CUBIC provides the most balanced per-link fairness
across the two terrestrial backhaul paths. In the asymmetric scenario, BBR-CUBIC emerges
as the most favorable configuration also from the fairness standpoint, since it achieves the
highest Jain’s fairness index on both links and on the aggregate throughput.

The jitter analysis further shows that throughput balance and delay stability do not
necessarily coincide. In the symmetric scenario, the most favorable jitter-oriented solutions
are Reno-BBR and CUBIC-BBR, whereas in the asymmetric scenario the best jitter-oriented
pairings are Reno-BBR and BBR-BBR. This confirms that a configuration that improves
fairness or throughput balance may still induce substantially larger protocol-level jitter,
especially for MPQUIC, whose distributions are often broader and more heavy-tailed
than those of MPTCP. The analyses under mMTC-inspired and mixed traffic conditions
confirm the same fundamental trade-off under more demanding operating regimes. As the
number of active low-rate users increases, the cross-protocol imbalance becomes more
evident, and the two transport stacks tend to specialize over different backhaul links
rather than jointly exploiting both paths in a balanced way. In the asymmetric mMTC-
inspired case, BBR-BBR remains slightly more favorable from a throughput perspective,
whereas Reno-BBR provides the best overall jitter behavior. In the final mixed scenario,
BBR-BBR confirms itself as the most robust configuration among the considered options,
since it preserves stable throughput ordering between MPTCP and MPQUIC while also
maintaining the lowest overall delay variability. The packet-loss analysis reinforces the
same overall interpretation: the pairings that are most favorable in throughput or fairness
terms are not always the ones minimizing loss, whereas configurations such as CUBIC-BBR,
Reno-BBR, and, in the mixed scenario, BBR-BBR emerge as the most balanced compromises
when throughput, delay stability, and reliability are considered jointly.

Overall, the study demonstrates that CC selection is a first-order design dimension
for MPTCP/MPQUIC-based multi-connectivity over terrestrial multi-link backhauls. No
single pairing simultaneously optimizes throughput sharing, fairness, and jitter stability.
Instead, the results show that transport-level control choices act as practical distributed
resource-allocation mechanisms, directly influencing efficiency, fairness, stability, and scal-
ability in heterogeneous multi-link infrastructures. Consequently, protocol evaluation in
these environments must explicitly account for the trade-offs among throughput, fairness,
and delay variability. Future work will extend the analysis to additional CC variants and
tunings, broader traffic mixes, and larger-scale or hardware-based experimental platforms,
in order to further characterize the design space of multipath transport over heterogeneous
terrestrial backhaul systems and to support more informed transport-layer design choices
in multi-link 5G and beyond networks.
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