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Abstract—Deploying WiFi in production-critical manufactur-
ing systems is challenging due to uncontrolled interference and
unpredictable latencies. Existing redundancy solutions either
require separate broadcast domains or lack scheduling flexibility
due to fixed hardware implementations (WiFi 7 MLO).

This paper presents the Layer 2.5 Multi-connectivity Protocol
(L25MCP), an application-transparent protocol that enables fine-
grained, per-packet combinations of load balancing, duplication,
and splitting within a single Layer 2 broadcast domain. L25MCP
utilizes a compatible ARP extension (L25ARP) to map a single
IP address to multiple physical MAC addresses.

Real-world evaluation in a WiFi 7 testbed shows that
application-specific MC schemes implemented with L25MCP can
reduce the residual probability of consecutive deadline misses by
a factor of 212 compared with off-the-shelf MLO schemes. We
also show that selective packet duplication reduces application
latency by preventing channel congestion.

Index Terms—Multi connectivity, wireless reliability, real-
world implementation

I. INTRODUCTION

Smart production systems increasingly incorporate mobile
devices [1], such as Automated Guided Vehicles (AGVs),
whose operation depends on wireless communication. While
wire-attached devices operate on a rather stable transmission
medium, communication disruptions are inherently more se-
vere for mobile nodes and can result in costly production
interruptions. Consequently, a high level of communication
reliability is a prerequisite for the deployment of wireless
technologies in production-critical industrial systems.

WiFi is an attractive wireless communication technology
increasingly used in industrial settings. Its widespread adop-
tion in consumer and enterprise markets has produced low-cost
hardware, a mature device ecosystem, and easy integration
with standard Ethernet/IP infrastructures. However, WiFi was
not designed with reliability in mind: operating in unlicensed
ISM bands makes it vulnerable to uncontrolled interference,
and its shared-medium and contention-based channel access
can cause collisions, retransmissions, and unpredictable la-
tency. Despite its inability to provide hard real-time guar-
antees, WiFi is often used for soft real-time and best-effort
industrial applications [2].

Several techniques that use multiple WiFi links concurrently
have been proposed to transparently improve reliability for
applications (see Tab. I). At the protocol level, the Parallel Re-
dundancy Protocol (PRP) [3], which was designed to provide

TABLE I: Characteristics of L25MCP in comparison to PRP
and MLO

L25MCP PRP MLO
Application transparency ✓ ✓ ✓
Compatible with existing network in-
frastructure

✓ ✗ (✓)

Spatial diversity ✓ ✓ ✗
Flexible Multi-Connectivity schemes
(also adaptive)

✓ ✗ (✓)

Per-packet Multi-Connectivity (MC) ✓ ✗ (✓)

redundancy for wired Ethernet networks, and FRER1, which
targets the Time Sensitive Networking (TSN) domain, were
adapted for use with WiFi [5], [6]. Both protocols duplicate
all traffic and send it to separate broadcast domains. While
this provides spatial diversity, it requires the operator to set
up redundant network infrastructures (see Fig. 1). Also, in
congested WiFi networks, redundancy schemes that duplicate
traffic unconditionally add extra load and thus further degrade
performance.

At the network-infrastructure level, the IEEE 802.11 stan-
dard introduces Multi Link Operation (MLO) with WiFi 7 [7].
In contrast to PRP and FRER, MLO does not duplicate traffic
but balances it across multiple links to increase throughput
and reduce latency. To benefit from MLO, an operator must
upgrade the entire network to WiFi 7, which requires up-
front costs and complicates integration of existing production
machines. In principle, WiFi 7 allows per-packet steering by
assigning a set of links to each of the eight user-definable WiFi
traffic classes [7], [8]. However, in practice, product vendors
may choose whether to expose this mapping as a configurable
option or to use a proprietary scheduler. Unlike PRP/FRER,
MLO offers load balancing without spatial diversity: At one
point in time, MLO devices are connected only to a single AP,
whereas with PRP, a station connects to two different APs (see
Fig. 1).

Besides these practical implementations, prior academic
research has explored flexible methods to leverage multiple
links [9], [10], [11], [12], [13]. Suer et al. [14] provide
a taxonomy for designing Multi-Connectivity (MC) schemes
that improve different non-functional properties (reliability,

1for FRER: IEEE 802.1CB-2017 Frame Replication and Elimination for
Reliability [4]
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Fig. 1: Comparison of L25MCP’s topology with Multi Link Operation (MLO) and PRP. MLO is limited by connecting to
only one Access Point (AP) at a time. PRP requires two separate L2 broadcast domains. Green denotes the devices that need
to be altered for the respective protocol.

latency, throughput, . . . ). They identify three categories of
schemes that can be applied individually or in combination:
Load Balancing (LB), Packet Duplication (PD), and Packet
Splitting (PS). Building on this taxonomy, they explored adap-
tive techniques that reconfigure the redundancy scheme based
on channel metrics [12], [13]. Still, the effectiveness of such
adaptive schemes in real-world testbeds remains understudied.

The missing element for exploring flexible MC schemes is a
protocol and a practical implementation that can be deployed
and evaluated on a real-world testbed. None of PRP, FRER,
or MLO is flexible enough to realize mixed MC schemes or to
switch dynamically between schemes. For example, in a high-
contention scenario, we would like to disable duplication for
low-priority traffic and switch to load-balancing. Also, for a
real-world testbed, nodes have to exchange MC information
and inform each other about their capabilities.

To this end, we present the Layer 2.5 Multi-connectivity
Protocol (see L25MCP in Tab. I). Similar to PRP and MLO,
the L25MCP provides an application-transparent solution for
MC. In contrast to PRP, L25MCP does not require a fully
redundant network infrastructure as it operates in a single
ISO/OSI layer 2 (L2) broadcast domain (see Fig. 1). L25MCP
devices can connect to different APs at the same time to
get spatial diversity and L25MCP is not limited to a single
MC scheme. It can be used to realize LB, PD, and PS and
combinations thereof. Also, the L25MCP nodes find each other
with an extension of L2 address resolution.

In particular, we claim the following contributions:

1) The L25MCP as a generic protocol for MC within a
networking broadcast domain.

2) An application-transparent L25MCP implementation in
Linux user-space that eases exploration of novel MC
schemes.

3) A real-world evaluation of fine-grained MC schemes for
two example scenarios with L25MCP.

L25MCP

L25MCP

Host

L25MCP

Host

SC

Host

IP

TCP/UDP

L2

L2.5

L4

L3

L1 Ethernet

WiFi Ethernet

WiFi

L2 Broadcast

Domain

Fig. 2: Overview of L25MCP; L25MCP-capable hosts main-
tain one or more connections in the same L2 network. The
protocol does not interfere with single-connectivity hosts. It
maps multiple L2 devices to one IP layer.

II. L25MCP

L25MCP is a protocol for MC in Local Area Networks
(LANs) with a single L2 broadcast domain. It sits between
the WiFi/Ethernet and the IP layer (see Fig. 2 right) and is
designed to be compatible with existing network infrastructure.
This includes the ability for an L25MCP-capable host to
participate with multiple L2 links in a single broadcast domain.

L25MCP is not limited to a single MC scheme; it supports
the three basic MC operations (i.e., LB, PD, PS) on the
L2 payload, individually or in combination. Towards the IP
protocols on the ISO/OSI layer 3 (L3), L25MCP appears as
a normal L2 protocol. To benefit from L25MCP, we only
require that two or more L2 paths exist between two hosts.
As exemplified in Fig. 1, it is sufficient for the wireless
host to have multiple network interfaces while its peer can
be connected via a single Ethernet link. Also, L25MCP is
backwards compatible and L25MCP nodes can communicate
with regular single-connectivity hosts (see Fig. 2).

A. L25ARP: L2 address resolution for L25MCP

In the network, L25MCP hosts must recognize each other
to upgrade their communication to MC. Also, we have to
exchange information, like MAC addresses, about the MC
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Fig. 3: L25MCP Protocol Diagrams (blue for added fields,
flags of the type field in darker blue)

setup. For this, we present L25ARP, a compatible extension
to the ARP protocol.

With multiple links in one L2 network, we face the prob-
lem that existing protocols for address resolution (Address
Resolution Protocol (ARP) and Neighbour Discovery Protocol
(NDP)) resolve a single IP address to a single MAC address.
Other redundancy protocols, like PRP, avoid this problem by
requiring us to set up separate L2 broadcast domains, which
allows them to use the same MAC address on both interfaces.
While this is compatible with standard address resolution, it
complicates the network infrastructure. With L25ARP, one L3
maps to multiple MAC addresses for a host with multiple
interfaces.

We adapt ARP by extending its messages as shown in
Fig. 3c. Because IPv6’s NDP works similarly, the same
solution applies to NDP. Whenever a L25MCP host issues or
responds to an ARP query, it sends the regular ARP message
carrying its IPv4 address and appends the MAC addresses
of all its network interfaces (≥1) that reside in the same L2
domain. Additionally, we encapsulate the L25ARP packet as
an L25MCP packet (see Sec. II-B). Since ARP messages are
small and infrequent, L25MCP duplicates them across all con-
nected interfaces (PD). Hence, multi-link hosts receive their
own broadcast messages; L25MCP detects these duplicates
based on the sender address and drops them. Single-linked
L25MCP hosts also send L25ARP packets but include only
their single MAC in the extended part to identify themselves as
L25MCP-capable. After an L25ARP exchange, two L25MCP
hosts know (a) that the other side is an L25MCP node and (b)
all MAC addresses of the peer.

B. L25MCP Protocol Data

If we want to apply the different MC schemes in a fine-
grained manner, we have to add additional information in
each packet to allow the receiver to reverse the applied MC
transformation. For PD, the receiver must be able to drop
duplicate packets if he receives more than one copy. For PS,

the different packet segments have to be reassembled into a
single packet. For LB, no additional information is required
in principle but L3 could benefit from in-order delivery.

L25MCP can either use the header or trailer mode to
transport this MC information (see Fig. 3a and Fig. 3b).
In the header mode, we insert a 6-byte header between L2
and L3 (similar to the Redundancy Tag (R-Tag) of FRER).
And in trailer mode, we append the information after the L3
packet ends (as done by PRP). Both methods have benefits
and shortcomings: While the header systematically encloses
the L3 payload and avoids every chance to confuse L2.5
packets with normal L2 packets, it breaks compatibility with
WiFi Quality of Service (QoS). This is because WiFi APs
are unaware of L25MCP and therefore are unable to read the
Differentiated Services Code Point (DSCP) from the IP header,
which determines the WiFi QoS traffic class. The trailer mode
avoids this drawback but provokes an uncommon packet where
the IP payload does not align with the frame length. In our
experiments, we experienced that some APs cut off the trailer
when bridging between WiFi and Ethernet.

Hence, L25MCP supports both modes and hosts communi-
cate via the T flag in the L25ARP packet whether they use
the trailer mode and whether their peer should expect a trailer.
In header mode, we replace the original IP header with the
L25MCP header and save the original Ethertype. In trailer
mode, we set 16-bit fixed suffix to perform heuristic in-band
identification of L25MCP packets. However, as both ends of
the communication learned in the L25ARP exchange if they
should expect L25MCP packets with a trailer, collisions can
be avoided.

We cover the basic MC schemes and their combination by
adding three fields to each packet: type (1 byte), sequence
number (2 bytes), and order number (1 byte). The sequence
number is a host global counter that is incremented on
each packet sent. The order number is per packet. The type
describes the applied MC transformation and how to reverse
it, the upper 4 bits are reserved for future use and currently
default to zero. The lower four bits have the following orthog-
onal functions:
D field This two-bit field indicates the number of additional

duplicates that were sent. The receiver should perform
deduplication and the duplicates are identified by the
sequence number.

F flag If set, the packet was split and this packet is only a
fragment. The receiver has to reassemble the packet, for
which he has to use the order number to arrange the
fragments. The last fragment is identified by having the
most-significant bit in the order number set. So, a packet
can be split into 128 fragments.

O flag If set, the receiver should make an effort to deliver
packets in-order to L3 according to the sequence number.
This can improve performance of higher layers that
expect their packets to usually arrive in order.

With these four orthogonal flags, we can express different
kinds of MC operations at the protocol level. For example,
when we receive a packet from a host with three interfaces
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Fig. 4: Implementation of L25MCP in Linux using the XDP
Packet Mill (XPM) [15]. IP packets from the network stack
travel through a Virtual Ethernet (VETH) tunnel into the
L25MCP layer, which applies an MC scheme for transmission
with multiple physical network interfaces.

with D=1,O=1, we know that the other side created two
duplicates (and probably performs load balancing) and that
we should reorder the received packets before we give it to
L3.

III. L25MCP PROTOTYPE FOR LINUX

We implement L25MCP for Linux; the prototype trans-
parently intercepts application traffic and encapsulates it in
our protocol. We build on the XDP Packet Mill (XPM) [15],
a framework for transparent packet interception that uses
VETH tunnels and eXpress Data Path (XDP), both novel
Linux interfaces for high-performance networking. Using this
prototype, we evaluate L25MCP on a real-world wireless
testbed in Sec. IV.

As shown in Fig. 4, XPM connects to the application side
via a VETH tunnel. This lets the application use the regular
socket(2) interface while the Linux IP stack processes
the data as usual, placing the Ethernet frame into the VETH
interface. On the hardware side, XPM connects to the kernel’s
NIC driver via the XDP interface, providing access to the
Network Interface Card (NIC) without traversing the Linux
IP stack. XPM runs as a user-space process, intercepting L2
packets from both sides and it offers operations to drop, slice,
or duplicate individual packets.

For L25MCP, we translate Single Connectivity (SC) traffic
from the VETH tunnel into MC traffic for transmission on
the physical interfaces, and vice versa. With XPM’s packet
operations, we implement the L25MCP protocol and variations
of LB, PD, and PS.

Special consideration has to be taken into account for the
L25ARP protocol. To keep the implementation as simple as
possible, we rely on Linux’ ARP cache and extend it by
an L25ARP cache that is stored in the XPM. When the
application wants to communicate to an IP address (see Fig. 5)
for which Linux’ ARP cache has no entry, the kernel will send
an ARP request over the VETH device. L25MCP receives this
request and sends out N L25ARP requests, which contain the
MACs of all physical interfaces, to every connected physical
device (PD) and waits for answers.

At the receiving end of a L25ARP packet (request or
response), we store the received information in the L25ARP
cache and interface with the kernel’s ARP cache. Core of this
mapping are virtual index MAC addresses (Mv1,Mv2, . . .) that
are used to reference a peer-specific slot in the L25ARP cache.

VETH (Mv) L25MCP Network

(Mv → Mbc) IP1?

(Mp1→Mbc) IP1? + ext.

(Mp2→Mbc) IP1? + ext.

(Mp8→Mp1) IP1! + ext.

(Mp9→Mp2) IP1! + ext.

(Mv1 → Mv) IP1!

Kernel ARP Cache L25ARP Cache

IP Index MAC Index MAC Physical MACs

IP1 Mv1 Mv1 Mp8

Mp9

IP2 Mv2 Mv2 . . .

Fig. 5: Sequence diagram of L25ARP for our L25MCP proto-
type. For an ARP request received from the VETH tunnel, we
send out N L25ARP requests and receive up to N L25ARP
replies from the network (Mp8,Mp9). To store this mapping,
we create a virtual index MAC (Mv1) that we use as an index
to the L25ARP cache and that we return to the kernel’s ARP
implementation. The table contains the ARP tables after this
L25ARP exchange.

Since we also communicate this index MAC in ARP replies
to the Linux kernel, subsequent packets from the VETH can
be directly mapped to a peer slot. Fig. 5 shows the exchange
of ARP and L25ARP messages between two nodes with two
physical interfaces each (Mp1,Mp2 and Mp8,Mp9) .

Implementation Details: XDP was originally designed
for Ethernet, but a generic mode enables it for any network
device in Linux. When the XPM pushes a frame onto a WiFi
device via an XDP socket, the kernel’s 802.11 layer does not
set the WiFi QoS user priority. We solve this with an Extended
Berkeley Packet Filter (eBPF) program that modifies the result
of the cfg80211_classify8021d() kernel function.

By building on XPM, L25MCP is available as a user-space
program, which simplifies integration of adaptive, user-defined
MC schemes compared to a kernel implementation. Users can
also easily include scenario-specific metrics, such as location
data, in the decision-making of an MC scheme.

IV. EVALUATION

We evaluate our L25MCP prototype in a real-world testbed
consisting of two APs and ten stations, each equipped with
two WiFi 7 modules. Using WiFi 7 hardware allows us to
compare L25MCP directly with MLO on the same radios. Our
main questions are whether L25MCP’s fine-grained, flexible
application of different MC schemes provides measurable



benefits, and whether L25MCP, although being a software
implementation, can outperform hardware-based MLO.

A. Evaluation Setup

Our testbed consists of ten client nodes (Dell QCS1250;
Intel Core i3 14100) with two Intel BE200 WiFi 7 modules
each and a wired server node. We set up all nodes using
NixOS 25.11. This provides us with a reproducible software
setup. The network is formed by two UniFi U7 Pro APs and
a switch. MLO can be enabled or disabled on these APs and
we can configure the WiFi bands to be used by MLO. This
allows us to configure topologies for MLO and L25MCP as
shown in Fig. 1.

As a benchmark, we generate periodic traffic with con-
figurable cycle times, packet lengths, and DSCP value. The
traffic is directed from the WiFi nodes to the server and the
kernel uses the DSCP value to set the WiFi traffic class.
The nodes have Precision Time Protocol (PTP)-synchronized
clocks, which the test application uses to measure one-way
latency.

We conducted the experiments in the basement of our
university’s computer science building, where only a few WiFi
broadcasts were detectable. To minimize external interference,
we selected unused channels in the 5 and 6GHz bands. We
ran each experiment configuration for 120 s and repeated it
100 times.

B. Case Study 1: Firm Real-Time Scenario

First, we want to look at a firm [16, p. 2] real-time
communication problem: The clients send packets to the server
that must arrive within 3ms. If a packet misses this deadline
its utility is zero. Reordering is tolerated. This mimics an
application that can tolerate up to n consecutive deadline
misses before degrading in service quality.

For this experiment, we configure our testbed with three
traffic streams: (1) the critical stream sends 200B every 5ms,
and (2) two background data streams (1,000B packet length;
1ms cycle). To get the best results with standard WiFi, we
send the critical traffic using WiFi’s voice access category and
the background traffic using the background access category.
All ten nodes generate these three traffic streams, but we use
only one AP because having multiple APs would unfairly
benefit L25MCP.

We conduct this experiment for SC (5GHz and 6GHz),
MLO, and L25MCP (see Fig. 6). For L25MCP, we connect
both links to the same channels that are used by MLO in the
5GHz and 6GHz bands. While we rely on the MLO imple-
mentations of UniFi and Intel, we implement an application-
tailored MC scheme with L25MCP for this scenario: For the
critical traffic, we perform per-packet Round-robin (RR) LB:
Consecutive packets are sent over two different links/channels,
reducing the likelihood of losing consecutive packets and help
prevent head-of-line blocking by background streams. Each
background stream is pinned to a single link.

In Fig. 6, we analyze the number of consecutive deadline
misses of the critical traffic stream. The plot shows the
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Fig. 6: Probability of reaching the 3ms deadline with one of
n consecutive packets in case study 1.

cumulative distribution for n consecutive packets that had to
be sent until one packet met the 3ms deadline. The y-axis uses
a logarithmic scaling of 1−p, where p denotes the probability
of failure. In the high-reliability regime, the improvement of
the residual failure probability is of most importance.

The SC communication in the 6GHz band performs the
worst. In general, WiFi in the 5GHz and 6GHz bands has
similar characteristics (unlike the 2.4GHz band); however,
they are not perfectly symmetric, so SC performs differently
in these two bands.

With MLO, the residual probability of failure is slightly bet-
ter than with 5GHz SC. For example, in 99.22% of all cases,
at least the fourth packet arrives within the deadline, while
5GHz-SC achieves 98.22%. The residual error is reduced by
a factor of 2.27.

We analyzed the MLO scheduling of the Intel BE200
module using WiFi monitor mode and tcpdump on the AP.
To our surprise, we could not observe any LB by MLO in the
first ∼9 s of an experiment; all streams were transmitted via
the 5GHz channel. Only after this warm-up period, we could
see that packets were balanced between the 5GHz and 6GHz
channels. The balancing happened after a random number of
packets, which we believe to stem from greedily using the
earliest TX opportunity (TXOP) on one of the two links. As
the initial 9 s delay might be an implementation weakness, we
excluded the first 10 s of data from the analysis.

Even though MLO distributes the overall WiFi load on
two channels, the residual probability of consecutive packet
loss improves considerably less when we compare it with
the results of L25MCP. For four consecutive packets, the
residual loss with L25MCP shrinks by more than two orders
of magnitude in comparison to MLO (factor 211.55). This
shows that the tailored per-packet RR with L25MCP is better
suited for this specific scenario than MLO with earliest TXOP.
Hence, we conclude that L25MCP’s flexibility for applying
application-specific MC schemes proves useful. Also, the
experiment demonstrates that our software-based L25MCP
prototype can provide competitive performance.
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C. Case Study 2: Selective Packet Duplication

For the second experiment, we want to demonstrate that
L25MCP can utilize multiple and spatially-diversified network
links and provide PRP-like redundancy. For this, we mimic an
application whose productivity scales directly with the relia-
bility of communication and implement different PD schemes
with L25MCP. All clients connect both of their radios to two
different 6GHz channels of two different APs as shown in
Fig. 2.

Again, we have a latency-critical traffic stream (5ms cycle;
200B packet length) that competes with two best-effort traffic
streams (1ms cycle; 1,000B packet length) for airtime. As in
the first experiment, we utilize WiFi QoS.

For the critical stream, we compare two PD schemes that
improve reliability: (1) With static PD, we duplicate all traffic
and send it to both links, which mimics the behavior of the
PRP. (2) With selective PD, we only duplicate the critical
network stream, the best-effort streams are load balanced on a
per-stream basis to individual links. Also, we compare to a SC
baseline that sends all streams via one link. In this experiment,
we scale the number of clients from one to ten.

Fig. 7 presents the one-way latencies of the second case
study, separated by stream type. For a single Client, both PD
approaches perform similar to SC, as the wireless channels
are far from saturation.

With five clients, both PD schemes provide a small advan-
tage over SC. The 75th percentile of the SC baseline reduces
from 2.58ms to 1.7ms when static PD is used and to 1.44ms
with selective PD.

With ten clients, the selective PD approach clearly outper-
forms static PD. It reaches the 75th percentile at 4.91ms while
selective PD and SC achieve 442.14ms and 1.01 s respectively.

Selective PD claims only half of the channel load for
background streams when compared to static PD. This has
a beneficial impact on the critical stream when there is high
channel load.

The latencies of the background streams are slightly better
for both PD variants in comparison with SC. With selective
PD, this is caused by the reduced overall load on both

channels. Static PD gains this advantage by duplication (first
of two packets wins) at the cost of negatively impacting the
latency-critical stream.

This experiment demonstrates that L25MCP can combine
different MC scheme types. We selectively apply PD for
critical traffic, which is crucial in order to avoid overloaded
channels.

We demonstrated the flexibility and adaptability of L25MCP
with two case studies. Still, our application-specific MC
schemes do not yet fully exploit the protocol’s flexibility as we
do not dynamically adapt to unknown application streams or
network conditions. Hence, we envision integrating Machine
Learning (ML) with L25MCP to dynamically adapt the applied
MC scheme on a per-packet basis.

V. RELATED WORK

Enhancing wireless communication using multiple ra-
dios has already been investigated when Universal Mobile
Telecommunications System (UMTS) was the predominant
technology for cellular communication. Dimou et al. [17]
propose scheduling strategies for LB and PD using channel
metrics as feedback. They discuss a Generic link layer that
connects one IP stack to multiple L2 devices. Targeting
different Radio Access Technologys (RATs), namely UMTS
and WiFi, they operate in separate L2 networks. L25MCP
allows one host to operate with two links in one WiFi network.

Roman et al. [9] contribute an adaptive algorithm that
combines different MC scheduling strategies for use with
multiple WiFi links. For integrating their approach into the
network stack, they assume a layer 2.5 on top of multiple
WiFi devices without specifying it in detail. L25MCP fills
exactly this gap. The same is true for further works on
adaptive MC scheduling schemes [12], [13]. For example
CIAS [13] provides an algorithm which the authors implement
in the application. It uses WiFi’s Modulation and Coding
Scheme (MCS) as an ISO/OSI layer 1 (L1) input metric.
With L25MCP, CIAS can be implemented transparently for
the application, in user-space.

The redundancy protocols PRP [3] and FRER [4] have been
adopted for the use with WiFi [5], [6]. As discussed in Sec. I,
these protocols do not provide other MC schemes than PD and
require a redundant network.

Cena et al. [18], [19] improve PRP over WiFi by pre-
venting unnecessary duplicates. They cancel the transmission
of a packet if the duplicate has been acknowledged already.
When the duplicate is successfully discarded, this approach
is effectively a first TXOP LB scheduling, as used by MLO.
As with MLO, their approach requires implementation in the
WiFi module. Also, it is not compatible with WiFi’s block
acknowledgments. L25MCP is implemented in software and
hence independent from closed-source WiFi modules. Also, it
works with any recent version of WiFi.

The 802.11 standard introduces MLO in WiFi 7 [7]. MLO
provides LB scheduling on the hardware level. Fang et al. [6]
propose the integration of FRER with MLO for wireless TSN,
which requires a TSN-capable Ethernet network.



For WiFi 8, multiple features that rely on multi-AP coordi-
nation have been proposed [20], [21]. One approach provides a
different integration of MLO with FRER [22] to realize spatial
diversity and PD without relying on a redundant infrastructure.
Duplicated frames are forwarded by all APs to a primary AP,
who sends the de-duplicated traffic to the target host. Similar to
the QoS access categories, they propose per frame redundancy
categories.

A WiFi-integrated solution avoids changes on Ethernet
hosts, but it relies on being implemented by hardware vendors.
For low-cost equipment, this is questionable as such a feature
would not be required by the majority of customers. By
contrast, the implementation of L25MCP in software makes
the protocol hardware agnostic and allows the integration of
custom MC scheduling schemes. L25MCP realizes spatial
diversity for any (and even mixed) versions of WiFi, at the
cost of duplicated traffic on the Ethernet segment of the L2
domain. However, we consider wired bandwidth to be cheap.

VI. CONCLUSION

We presented L25MCP, an application-transparent Layer
2.5 Multi-connectivity Protocol designed to enhance wireless
reliability within a single Layer 2 broadcast domain. By de-
coupling multi-connectivity scheduling from underlying hard-
ware constraints, L25MCP provides a flexible framework that
supports fine-grained, per-packet execution of load balancing,
packet duplication, and packet splitting. To resolve multi-
interface address mappings, we introduced L25ARP, which
seamlessly translates a single IP address to multiple MACs.

Our real-world evaluation in a WiFi 7 testbed confirms that
L25MCP translates this structural flexibility into actual perfor-
mance gains. For firm real-time applications, an application-
tailored load-balancing scheme reduces the residual failure
probability of consecutive deadline misses by a factor of
212 compared to WiFi 7 MLO. Furthermore, we demonstrate
that selective packet duplication can effectively mitigate chan-
nel congestion in multi-client scenarios. With our user-space
L25MCP prototype, we demonstrate that software-defined
multi-connectivity can surpass rigid, hardware-bound solutions
and it provides a foundation for more MC experiments.
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