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Abstract—Since its first release in the late 1990s, Wi-Fi has
been updated to keep up with evolving user needs. Recently,
Wi-Fi and other radio access technologies have been pushed to
their edge when serving Augmented Reality (AR) applications.
AR applications require high throughput, low latency, and high
reliability to ensure a high-quality user experience. The 802.11be
amendment — which will be marketed as Wi-Fi 7 — introduces
several features that aim to enhance its capabilities to support
challenging applications like AR. One of the main features
introduced in this amendment is Multi-Link Operation (MLO)
which allows nodes to transmit and receive over multiple links
concurrently. When using MLO, traffic is distributed among
links using an implementation-specific traffic-to-link allocation
policy. This paper aims to evaluate the performance of MLO,
using different policies, in serving AR applications compared
to Single-Link (SL). Experimental simulations using an event-
based Wi-Fi simulator have been conducted. Our results show the
general superiority of MLO when serving AR applications. MLO
achieves lower latency and serves a higher number of AR users
compared to SL with the same frequency resources. In addition,
increasing the number of links can improve the performance of
MLO. Regarding traffic-to-link allocation policies, we found that
policies can be more susceptible to channel blocking, resulting in
possible performance degradation.

Index Terms—Wi-Fi 7, IEEE 802.11be, MLO, Multi-link, AR

I. INTRODUCTION

The IEEE 802.11 standard has been improving by amending
new versions to catch up on increasing user requirements.
Recently, Wi-Fi and other radio access technologies have been
pushed to their limit again when it comes to Extended Reality
(XR) applications which is an umbrella term that refers to:
Virtual Reality (VR), AR, and Mixed Reality (MR) []1]].

Task Group be (TGbe), who is working on the 802.11be
amendment, has been developing new features with the pri-
mary goal to enhance Wi-Fi with the capabilities to achieve
Extremely High Throughput (EHT) to support high-reliability
and low-latency applications — like AR. The 11be amendment
introduces MLO, which gives Access Points (APs) and Sta-
tions (STAs) the capability to simultaneously transfer data
belonging to the same traffic flow through multiple radio
interfaces [2]. Wi-Fi devices using MLO are expected to
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achieve higher peak throughput, lower latency, and higher
reliability [3]]. When using MLO, traffic flows at the transmitter
will be distributed to different links using a predefined traffic-
to-link allocation policy, which plays an essential role in the
performance of MLO [4]. Therefore, evaluating the perfor-
mance of MLO using different policies is desired.

Since the introduction of MLO in Wi-Fi standards, studies
have investigated its effect on Wi-Fi performance. Multiple
traffic-to-link allocation policies have been evaluated in [4] and
[5]. One of the evaluated policies from these works allocates
all incoming flows to the less congested link. Another one
balanced the load uniformly between multiple links. The last
policy implemented in these works allocates traffic according
to the congestion level of the links. The authors argued that
the performance of MLO mainly depends on the traffic-to-
link allocation policy implemented. The results showed that
congestion-aware policies were more flexible in adapting to
the state of the network. They also concluded that allocating
traffic to the least congested link, instead of proportionally
distributing it among links, has less traffic exposure and
simplifies the procedure complexity of the policy.

Lopez-Raventos et al. [6] compared the performance of
dynamic and non-dynamic traffic-to-link allocation policies
that depend on the congestion of channels. In the non-dynamic
policies, the load is adjusted according to the congestion level
and channel occupancy of channels at the receiving nodes.
The congestion level is calculated only upon a data flow
arrival. On the other hand, the dynamic policy updates the
load adjustment periodically and upon a data flow arrival.
Two policies mentioned in [4]], [5], and [6] are used in this
paper. Namely, the policies balancing the load among links
uniformly and according to the link congestion level. However,
we calculate the congestion level using a moving average and
introduce two new policies, a dynamic and a non-dynamic one.

The effect of increasing the number of aggregated links on
latency is investigated in [7]. According to the study, using
three links instead of one decreased the 90" percentile latency
by 93%. However, the authors noted that using five links
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Fig. 1: Illustration of AR traffic flows.

instead of three reduced the 90" percentile latency by only
50%. A similar investigation of different link configuration
effects on MLO is studied in this paper, but we also use
different policies and impose AR traffic requirements.

This paper evaluates MLO performance, supporting AR,
with different link configurations and policies. To the best
of our knowledge, this paper is novel regarding evaluating
MLO with AR traffic. The contributions of this paper can be
summarized as follows:

o We evaluate and compare Wi-Fi performance using SL
and MLO, with different policies, when serving AR
traffic.

o We study the effects of different link configurations on the
delay values while imposing the AR traffic requirements.

o We estimate how well Wi-Fi can serve AR applications
by investigating the maximum number of AR STAs that
can be supported.

o We show and explain the vulnerability of some policies
to channel blocking.

The remainder of this paper is organized as follows: Sec-
tion |II] describes the main aspects of AR applications and
MLO, descriptions of traffic-to-link allocation policies are
presented in Section Section describes simulation
setup, evaluation methodology, and results. Discussion of those
results may be found in Section [V] Lastly, Section [V]] gives
conclusion remarks.

II. BACKGROUND
A. AR Applications

Descriptive traffic models for AR applications are needed
to investigate and simulate scenarios. In this paper, AR traffic
models described in the 3GPP technical report for XR ap-
plications [8]] are used as base models. The report describes
different models for AR, which vary in complexity. According
to the 3GPP XR traffic models, AR traffic flows can be
modeled as a combination of a Down-Link (DL) video stream,
an Up-Link (UL) video stream, and an UL pose/data stream,
as illustrated in Fig. [I] The traffic streams implemented in
this paper, using 3GPP XR traffic models [8]] as bases, are
described as follows:

1) Video stream model: This model describes the DL and
UL video stream. Traffic in this model is periodic, and
the packet size is modeled as a Truncated Gaussian
Distribution. The network jitter is also modeled as a
Truncated Gaussian Distribution in the DL video stream.
While in the UL video stream, network jitter is not

Packet success rate

Parameter Value

Frame rate 60 f/s

Data rate DL:10 Mb/s UL:3.3 Mb/s
Periodicity 16.667 ms

PDB DL:10 ms UL:30 ms

99 %

Packet size model

Mean DL:21 KB UL:7KB

STD 10.5% of Mean

Max. 150 % of Mean

Min. 50% of Mean
Jitter model (DL only)

Mean 0Oms

STD 2ms

Max. 4 ms

Min. —4ms

TABLE I: DL/UL video stream parameters.

Parameter Value
Packet size 100B
Periodicity 4 ms
PDB 10ms
Packet success rate 99 %

TABLE II: UL pose/control stream parameters.

considered since the network distance is short. The
parameter values of this model are shown in Table
The data rates used in our simulations for this model
were reduced to achieve higher granularity in the results.
When the simulations were performed using higher
data rates, as in [8]], many resulting Key Performance
Indicator (KPI) values for different policies were similar,
which made the evaluation comparison among policies
difficult. Decreasing the data rates made the performance
differences among policies clearer.

2) UL pose/control data stream model: This model
describes the traffic for pose data needed to update the
positioning and orientation of the AR user and any other
control data. Traffic from this model has a constant
packet size and a fixed periodicity. The parameter values
for this model can be seen in Table [}

These models have two primary required limits. First, the
Packet Delay Boundary (PDB), which is the maximum delay
allowed for application packets to be received successfully.
The packet delay is an application layer delay value measured
from when the packet arrives at the AP or STA to when its
destination successfully receives it. The second limit is the
packet success rate, which is the percentage of packets arriving
within the PDB. The required packet success rate is 99% for
all three data streams.

B. Multi-Link Operation

The idea of MLO, as introduced in the 802.11be amend-
ment, is to use multiple radio interfaces to transmit and
receive data concurrently. These radio interfaces can operate
simultaneously on the 2.4, 5, and 6 GHz bands [3] [9]].

Since MLO uses multiple separate links to transmit and
receive, adjustments have been suggested to control the chan-



nel access mechanisms for these links. Many transmission
modes has been suggested by TGbe. This paper considers
the asynchronous transmission mode since it achieves the best
MLO performance [10]]. The asynchronous transmission mode
enables nodes to transmit and receive packets over multiple
interfaces simultaneously.

The concept of Multi-Link Device (MLD) is also introduced
in the 11be amendment. An MLD is a device with multiple
Physical (PHY) interfaces sharing the same interface to the
Logical Link Control (LLC) layer. In other words, MLD is a
device that implements MLO.

To implement MLO, 11be divided the Medium Access Con-
trol (MAC) layer into two sublayers [11]]: A Lower MAC that
is unique for each interface and supports link-specific opera-
tions like channel access, link adaptation, and sounding. The
second sublayer is called the Upper MAC and is shared among
interfaces. It supports operations like Aggregated MAC Ser-
vice Data Unit (AMSDU) aggregation/de-aggregation, packet
numbering, and fragmentation/defragmentation. In the Upper
MAC, the distribution of MAC Protocol Data Units (MPDUs)
among links is conducted according to the applied traffic-
to-link allocation policy, which is implementation-specific. A
description of such a policy along with implemented policies
definitions are presented in the next section.

III. TRAFFIC-TO-LINK ALLOCATION POLICIES

The traffic-to-link mapping takes place in the Upper MAC
using a traffic-to-link allocation policy. When data to be trans-
mitted arrives at a MAC buffer, it is containerized in MPDUs,
and MLD transmitters are notified to start their independent
channel access processes. Depending on the policy used, the
Upper MAC layer allocates a specific number of MPDUs from
the buffer to be transmitted by each link.

Policies presented in this paper are divided into Informed
and Uninformed policies. The Uniformed policies are straight-
forward and independent of the real-time system state. They
consist of the Greedy and Uniform-Load policies. In contrast,
the Informed policies are dynamic and consider system infor-
mation when distributing traffic among links. The Informed
policies in this paper are the Congestion-Aware and Condition-
Aware policies. The implemented policies are defined as
follows:

1) Greedy Policy: This policy allocates the maximum
allowed number of MPDUs from the MAC buffer to
the first link that wins access to the medium.

2) Uniform-Load Policy: This policy distributes the MP-
DUs present in the MAC buffer uniformly among radio
links. Assume that MLO uses ¢ links and n MPDUs are
pending in the MAC buffer. An AMPDU consisting of
[n/i] MPDUs is aggregated and allocated for each link.

3) Congestion-Aware Policy: This policy aims to balance
the traffic load by utilizing estimated congestion levels
for each link. The congestion level on a link can be
described using a channel busy-time metric, which is
the fraction of a particular period that a channel is busy
[12]. This particular period is called the Update Period.

In our simulations, the estimated congestion level de-
pends on the transmission duration for all received
packets on a link during the update period. During an
update period, each link on each node accumulates the
transmission duration of all received packets, including
packets that do not belong to the node.

The estimated congestion level, measured as Link busy-
time, is then updated using a moving average. A window
containing the ten previous congestion level values is
used for the moving average. The choice of update
period and moving average window values was decided
experimentally. First, the theoretical congestion level
is calculated on each link in a test setup. Then, the
estimated congestion levels produced by this policy are
checked. The chosen values of 0.5s and 10 samples
for the update period and the moving average window,
respectively, give a close enough estimation for the
congestion level.

The policy distributes a ratio of packets from the buffer
to a link according to the following equation:

. Link free time
Packet ratio = ———
Total free time

Total free time is the sum of Link free time values from
all links. The free time on each link is calculated as
shown below:

Link free time = Update period — Link busy time

4) Condition-Aware Policy: Since there can be links with

high congestion but can transmit data with higher data
rates, a policy that considers the transmission data
rate could be beneficial. This policy is similar to the
Congestion-aware policy but also considers the effect of
the subsequent transmission data rate for each link.
To calculate the ratio of packets for each link, the
Information bits per period parameter is introduced.
This parameter corresponds to the estimated number
of information bits a link can transmit in a congestion
update period (0.5 s as in the Congestion-aware policy).
The information bits per period for each link is calcu-
lated as follows:

Information bits per period = Link free time - Data rate

The Data rate is calculated, for each link, using the
link bandwidth and the decided Modulation and Coding
Scheme (MCS) value of the subsequent transmission.
The MCS value is decided according to the link adap-
tation algorithm used, namely the Minstrel adaptation.
The ratio of packets allocated for each link is then found
as below:

Information bits per period

Packets ratio = - - ; -
Total information bits per period

Where the Total information bits per period is the sum
of Information bits per period from all links.
All the aforementioned policies are implemented in our Wi-Fi
simulator and used in each simulation setup throughout the



Parameter Value
Max. AMPDU length 5.484 ms
Max. number of MPDUs in an AMPDU | 64 MPDUs
MCS selection algorithm Minstrel
Transmit power 20dBm
MPDU payload size 1500B

Wireless channel model TGn model D [13]]
Carrier frequencies

SL 5.5GHz
MLO 52, 5.5, 6.1, and
6.5 GHz
Link bandwidth(s)
SL 80 and 160 MHz
MLO 2x40, 4x20, and
2x80 MHz

TABLE III: System Parameters.

paper. Simulation details and results are presented in the next
section.

IV. SIMULATIONS

Details regarding the simulation scenario, Wi-Fi simulator,
evaluation methodology, and obtained results are discussed in
this section.

A. Methodology

In this paper, we consider a single-cell scenario that consists
of one AP in the center and several STAs that spawn at random
positions with a maximum distance of 10 m to the AP, as
shown in Fig. 2] A proprietary, well-established, event-based
Wi-Fi system simulator was used to implement the designed
scenario and run simulations. The simulator has been used in
research for many years and is in continuous development. In
our simulations, all STAs are activated within the first second
of the simulation and remain active throughout the simulation
time of 50 seconds. For each configuration simulations with
different seeds are performed to ensure statistical relevance.
System parameters used in this scenario are presented in
Table
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Fig. 2: The AP and STAs deployment in the single-cell
scenario.

The main KPI we are interested in evaluating is the maxi-
mum number of STAs that Wi-Fi can support, considering the

AR traffic requirements. Therefore, we log the delay values
for each STA and data stream in each simulation.

After gathering all data belonging to a data stream and
an STA, an evaluation of whether the system fulfilled the
application requirements is conducted. Let the number of STAs
in the simulation setup be m. For each data stream, the 99
percentile delay values for each STA are calculated, given
that the Packet Success Rate requirement for all data streams
is 99%, as mentioned above. Then, the STA with the worst
99™ percentile delay value in each data stream is identified
and compared with the corresponding delay limitations. If the
worst 99" percentile delay value in each data stream is less
than or equal to the corresponding delay limit, one can deduce
that the system can successfully support at least m STAs in
the simulated setup.

An illustration of such evaluation is shown in Fig [3] which
contains the Complementary Cumulative Distribution Function
(CCDF) delay plots for the three data streams when simulating
with 6 STAs. Note that, the CCDF should be less than 0.01 —
which corresponds to the 99" percentile — for all delay values
higher than the delay limit. Thus, one can infer from this
illustration that the Wi-Fi system can support 6 STAs using
SL or any MLO policies. Furthermore, note from the figure
that the DL stream generates worst-case delays that are closer
to the limit than those of the two UL streams. As a result,
in our simulations, it is sufficient to consider only the data
corresponding to the DL stream while checking the KPI of
the number of STAs that can be supported.

B. Results

In Fig 4] we show results from simulating with different
numbers of STAs and the corresponding worst 99" percentile
delay values for each data stream. The total bandwidth is
chosen to be 80 MHz, that is, 80 MHz for SL, and 2x40 for
MLO. In the plot corresponding to the DL video delay, we
can see that all policies support a maximum of 6 STAs except
the Greedy policy which can support 7 STAs. As discussed
earlier, note that the delay values are higher for the DL video
stream than those in UL streams with the same number of
STAs, thus making it the dominant figure. As a result, even
though the UL streams can support 7 STAs (the UL video
stream with Greedy policy can support even 8§ STAs), we do
not consider the system successful as the DL stream violates
the delay limit.

Simulating with other link configurations, namely using
4%20 and 2x80 MHz, resulted in similar behavior where the
DL stream violates its corresponding AR traffic requirements
and is the limiting factor regarding the maximum number
of supported STAs. Therefore, we choose not to show these
figures to avoid redundancy.

Fig [5| shows an overview of the worst 99" percentile delay
values, belonging to the DL video stream, when supporting
6 STAs with various link configurations and policies. This
figure shows that with a link configuration of 2x40MHz,
the Uniform, Congestion, and Condition policies have higher
delay values than SL, with the Greedy policy having the lowest
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Fig. 3: Resulted CCDF plots of delay values for each AR data stream when simulating with 6 STAs, using SL and different

MLO policies.

‘—-—SL 80 MHz ——Greedy 2x40 MHz ——Uniform 2x40 MHz —— Congestion 2x40 MHz —— Condition 2x40 MHz

Delay limit ‘

6 7 8
Number of STA

ot

‘ ) 30 /A
< u % B s w
> 210 5" 19 % 2
c:E/ E 2 S =
+ —_ +
Zz S Z 50
23 22 2
T sl ST 5 5
o ° 5 o9
O = \G.) O =
== g S = £
> 3 3} -8
2 5 ~A ==
A2 2%, > &
‘ ‘ 3

ot

6 7 8 5 6 7 8
Number of STA Number of STA

Fig. 4: Worst 99" delay values for each AR data stream with different policies plotted against the number of STAs. Link

bandwidth for SL is 80 MHz and 2x40 MHz for MLO.

delay value. Increasing the number of links using the same
bandwidth, namely using 4 links with 20 MHz each, yields
lower delay values for MLO in general. A similar effect can
result when increasing the bandwidth to 160 MHz. We can
conclude from this figure that the Greedy policy achieves the
lowest delay values among other policies and with different
link configurations.
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Fig. 5: The worst 99" DL delay values when simulating with
6 STAs, using SL and different MLO policies.

Fig |6| shows the main evaluation KPI values for SL and

MLO. From this figure, we notice that when simulating with
a 2x40 MHz link configuration, Greedy policy has the best
performance with 7 STAs that can be supported. In compar-
ison, using SL or MLO with the other policies can support
a maximum of 6 STAs, with the same frequency resources.
Increasing the number of links to four gives MLO, using
any policy, a gain of around 17% compared to SL. When
simulating with a total of 160 MHz bandwidth, a maximum
of 10 STAs can be supported using Greedy and Condition
policies, 9 STAs with the Uniform and Congestion policies,
while SL can support only 8 STAs.

V. DISCUSSION

Considering the results shown in Fig [6 we surprisingly
notice that the informed policies are performing either worse
or as good as the uninformed Greedy policy. We can also see,
from Fig [3] and Fig [} that the worst 99% delay values in all
streams are the lowest when using the Greedy policy. This
behavior is counter-intuitive since the informed policies are
supposed to perform better considering their ability to adjust
dynamically to the status of channels, while the Greedy policy
acts statically.

Frame and packet distribution analyses were conducted for
each policy to investigate the degradation in the informed
policies’ performance. We found that they, plus the Uniform
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Fig. 6: The maximum number of AR STAs that can be
supported by each policy and link configuration.

policy, have a similar behavior regarding channel access. The
implementation strategy used for these policies assumes that
all links will get access to the channel in a reasonable time
and transmit their allocated AMPDUs. In other words, these
policies require simultaneous access to all links to perform
as we expect. Therefore, we call these policies Simultaneous-
Access Policies (SAPs).

The problem with such an implementation strategy is that
there is no guarantee of getting access due to the contention-
based channel access in Wi-Fi. We have observed that in some
cases, it can happen that one of the links does not get access
to the medium in a reasonable time. Then, the packets that
were supposed to be transmitted on that link will remain
in the buffer. When block acknowledgments are received at
other links, the policy restarts, and the remaining packets
will be distributed among links again. The same behavior
can be repeated with a non-zero probability until one or two
packets remain in the buffer, which can be transmitted in
the same AMPDU. This behavior can be present and result
in acceptable delay values. However, when the environment
gets more congested, e.g. by adding STAs, the probability of
collisions and channel blocking becomes higher.

Consequently, packets have delay values over the required
limits due to higher queuing delays, leading to performance
degradation. In the case of using the Greedy policy, only one
channel access is needed to transmit the application frame
using one AMPDU. Therefore, this policy does not suffer from
unreliable channel access to the same extent.

We conclude from the analysis of SAPs that these policies
can make transmissions more vulnerable to channel blocking.
However, MLO using a wisely-chosen policy can serve more
AR STAs than SL, as shown in Fig @ MLO can achieve lower
delay values and is less affected by incrementing the number
of supported STAs due to parallel access and transmission.

VI. CONCLUSIONS

From the results obtained, we conclude that MLO can
achieve lower latency than SL when serving AR. Therefore,
using the same frequency resources, MLO serves more AR
STAs. However, we can conclude that informed policies do

not always perform better than uninformed ones and that
Greedy policy performs as good, or even better than, informed
policies. We also found that the implementation choice of the
SAPs caused an issue due to unreliable channel access and
degraded their performance when simulating with AR. In-
creasing the number of links by two, using the same frequency
resources, achieved lower latency values and can yield a higher
number of supported STAs.

For future work, it might be interesting to study different
channel access techniques to alleviate the vulnerability of
SAPs to channel blocking.
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