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Abstract

KEYWORDS: IEEE802.11be; WiFi7; Multi-Link Operation; MLO Scheduler;

Legacy Devices; ns-3; Channel Occupancy

Multi-Link Operation (MLO) in WiFi 7 promises to improve throughput and reduce

latency for MLDs (multi-link devices). However, the performance of upcoming WiFi

networks where the MLDs (Multi-Link Devices) and legacy SLDs (Single Link Devices)

will coexist, is largely unexplored. In this work, we explore such coexistence networks;

our initial studies indicate that MLDs achieve disproportionately high throughput as

compared to SLDs under traditional DCF-based access. This work is thus primarily

directed towards achieving proportional fair throughput allocation to all devices by

maximizing a weighted log utility objective function. We leverage the adaptability

offered by MLO scheduler in WiFi 7 to meet our objective. Our approach involves

designing an MLO scheduler that distributes MLD traffic across multiple links to ensure

fairness. We propose two ways in which the MLO scheduler can determine traffic

splitting parameters: in one, the access point computes and advertises the parameters to

stations, and in the other, each station computes its own parameters using a feedback-

based distributed algorithm. We introduce channel occupancy metric as feedback for the

distributed algorithm. We implemented both approaches in ns-3 and contributed features

to ns-3 3.44 version to measure channel occupancy. Through simulations in ns-3, we

show that both MLO scheduling approaches can achieve an acceptable level of fairness.
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Chapter 1

Introduction

1.1 Introduction

To meet the increasing demands of high throughput and low latency for emerging

applications like AR/VR, etc., IEEE introduced the 802.11be (WiFi7) standard with

MLO (Multi-Link Operation) as one of the prominent features to meet these objectives.

With MLO, MLDs (Multi-Link Devices) can transmit or receive at the same time on

multiple links, either on the same band or on different bands. If the transmission or

reception on a link is independent of the other links, it is called STR (Simultaneous

Transmit Receive); if dependent on the other links it is NSTR (Non Simultaneous

Transmit Receive) mode. In the case of NSTR mode, the transmission on the different

links needs to be synchronized whereas in case of STR, the transmissions need not be

synchronized. STR mode is more common due to its simplicity of operation and is

illustrated in Fig. 1.1 for L = 2 links. In this work, we consider only STR-mode of

MLO in MLDs.

Figure 1.1: Packet transmissions on two links with STR mode.

MLO operation can significantly enhance the performance of MLDs in terms of meeting

throughput and/or latency targets [5, 2].



With MLDs in WiFi 7 (and beyond) networks, their coexistence with legacy Single

Link Devices (SLDs) is studied in [25]. WiFi networks are backward compatible by

design, that presents a trade-off. While it allows legacy devices to operate, it can hinder

achieving optimal performance in coexistence. Fig. 1.2 shows a deployment where

SLDs and MLDs co-exist on two links on 2.4 GHz and 5 GHz frequency bands. Nodes

labeled A, B are SLDs operating on a single link in 2.4 GHz, 5GHz frequency band

respectively, whereas node labeled C is a MLD operating on two links in 2.5 GHz &

5GHz bands.

Figure 1.2: Co-existing Network of WiFi 7 MLDs (Multi Link Devices) and legacy
SLDs (Single Link Devices).

1.2 Fairness in Co-existing SLD-MLD Networks

The 802.11 DCF procedure aims at providing access fairness over a single link [16].

When SLDs coexist with MLDs, the same DCF procedure at both SLDs and MLDs will

lead to throughput fairness over a single link. However, as the MLDs operate on multiple

links, they will get an equal access on each of the links. Thus, MLDs obtain a much

higher share of aggregate network throughput compared to SLDs. This is also shown

through ns-3 simulations in chapter 3 where it is observed that MLDs on L = 2 links

can grab twice or more throughput compared to SLDs.

1.3 Overview of Our Work

In this work, we propose solutions to allocate aggregate network throughput in propor-

tional fairness to all devices in a WiFi network with co-existing SLDs and MLDs. A
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brief summary of our work and an overview of rest of the chapters is as follows:

1. In chapter 2, we provide background and list related works on NUM, proportional
fairness, MLO schedulers etc.

2. In chapter 3, we establish through simulations in ns-3 that MLDs obtain higher
throughput than SLDs in a co-existing WiFi network. The simulation results are
used as benchmark against which the proposed solutions are evaluated later.

3. In chapter 4, we use Network Utility Maximization (NUM) framework to model
proportional fair throughput allocation problem in a WiFi network with co-existing
SLDs and MLDs. We use this model in next chapters to back two practical
solutions.

4. In chapter 5, we propose Centralized MLO approach to solve the problem in
practice using the NUM model from chapter 4 and a MLO scheduling algorithm.

5. In chapter 6, we propose Decentralized MLO approach that uses a distributed
primal control algorithm [22] based on the NUM model from chapter 4.

6. Finally in chapter 7, we mention our contribution to open-source ns-3 simulation
platform and showcase its usefulness in designing channel occupancy-aware MLO
schedulers [13, 12].

All of our studies are validated through simulations in ns-3 and our simulation code

is open-source, publicly available at [9, 10].
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Chapter 2

Background And Related Work

Fairness is an important consideration in network operations with the coexistence of

different types of devices. Multiple definitions of fair sharing of network resources are

well-known, such as access fairness (equal number of channel access per node) [16, 3],

(air)time fairness (equal successful transmission duration per node) [11, 7], or throughput

fairness (equal per-user throughput) [16, 24]. All metrics are equivalent in DCF access

when the nodes transmit at the same rate. In this work, we consider throughput fairness

only.

2.1 MLO Scheduler

MLO scheduler is a new feature in WiFi 7 standard for multi-link devices and its

functionality is to route packets to links. In MLDs, MAC layer is bifurcated into an upper

MAC(UMAC) and a lower MAC(LMAC) layers. UMAC has a single queue to buffer

incoming packets and LMAC has multiple packet buffer queues, one corresponding

to each link. MLO scheduler routes packets to links by dequeuing a packet from the

UMAC queue and then enqueuing it to a LMAC queue corresponding to a desired link.

Figure 2.1 shows how a MLO scheduler route packets from a single UMAC queue to

two LMAC queues on a MLD with two links.

In literature, there are multiple proposals [13, 12] for scheduling algorithms such as

a greedy scheduler that schedules a head-of-line (HOL) packet from UMAC to the first

link that wins CSMA/CA contention. There are other scheduling algorithms that observe

link congestion on each link and then allocates packets to links in some ratio based on

historical link congestion. In this work, we will design MLO scheduling algorithms to

achieve proportional fairness in WiFi networks.



Figure 2.1: MLD Network stack: MLO Scheduler distributes packets from the UMAC
packet queue to LMAC packet queues.

2.2 Related Work

[22, 23] are books that describe Network Utility Maximization (NUM) framework

to model fair resource allocation problems using abstract concepts like nodes, links

to represent a generic network. They also describe different notions of fairness like

proportional fairness, max-min fairness etc and their corresponding utility functions to

use in NUM formulation. We have used NUM framework to model proportional fair

resource allocation in a special case of WiFi 7 network with co-existing MLD and legacy

(SLD) nodes. The books [22, 23] describe how to formulate resource allocation problem

analytically but they do not offer how to implement a fair resource allocation policy in

practical settings like a WiFi network, since it is impossible to cover large variety of

networks deployed in practice. In this work, we present two practical approaches [5,6]

backed by NUM model to implement proportional fair throughput allocation in WiFi 7

networks, for which we use a new feature called MLO scheduler introduced in WiFi 7.

With MLO, the MAC scheduler must decide how to allocate (application-layer)

packets to the links. Prior works [12, 21] have mostly assumed Greedy Scheduler as

the default, whereby any HOL (Head-of-Line) packet will be transmitted on whichever

link first wins the contention. In general, there are multiple other MLO scheduling

schemes such as SLCI, MLSA, MCAA [13], MCAB [12], LFTA [8], MH-RSAC [20]

that represent the traffic allocation policy. More advanced MLO scheduling policies

make use of link-state feedback (i.e. current and recent link-specific information), such

5



as historical link-congestion, so as to either improve throughput drop ratio or reduce

latency. In contrast, we use MLO scheduler for an entirely different purpose of allocating

aggregate network throughput in proportional fairness to all nodes. Further, none of

these papers consider the co-existence of SLDs and MLDs.

All of the MLO scheduler proposals in [13, 12, 8, 20] were evaluated under different

independent simulators. We contributed to the popular open-source ns-3 simulation

platform to measure channel occupancy and evaluated our approaches through ns-3.

Shen et al.[21] studied the impact on latency of a random splitting scheduler compared

to a greedy scheduler in ns-3. We have used couple of techniques from this paper, such

as Random-splitting MLO scheduler and tid-to-link mapping workaround to simulate

a MLO scheduler, but our objective and rest of the procedures are entirely different

from them. They searched for an optimal split ratio by comparing simulation results

over a parameter space with an objective to obtain minimum latency, whereas we find

an optimal split ratio to achieve proportional fairness by solving a convex optimization

problem formulated using NUM.

Another mechanism to achieve fairness in heterogeneous networks [15, 7, 16, 24,

17, 14, 1] is to optimize DCF-parameters such as contention window parameters for

different node types. However, we preferred to use MLO scheduler in this work instead

of optimizing contention window parameters because usually hardware vendors do not

support tweaking contention window parameters dynamically in devices. On the other

hand, MLO scheduler is a new feature in WiFi 7 and we are optimistic that it will be

customizable in new WiFi 7 devices.

6



Chapter 3

Motivation Experiment

3.1 Introduction

In this chapter, we present simulation results from WiFi 7 networks with co-existing

MLDs and legacy devices (SLDs). We vary the number of SLDs and MLDs on two links

of the network and observe throughput obtained by SLDs and MLDs. These results will

act as benchmark for evaluating improvement in later chapters.

3.2 Motivation

With the introduction of WiFi 7 standard, it is inevitable that all legacy devices will be

replaced by the new standard eventually. But this transition to the new standard will

take at least a few years, and legacy and WiFi 7 standard devices will co-exist during the

transition. Our motive is to study the impact of introducing WiFi 7 MLD on legacy SLD

in a co-existing WiFi network. We conduct simulations in ns-3 that supports MLO since

version v3.42 for this study.

3.3 Setup

We conduct a few initial benchmarking simulations based on the per-STA throughput

of both SLDs and MLDs in a coexistence scenario. We evaluate the throughput for a

saturated BE network with uplink-only traffic. We compute the per-STA throughput

through simulations in ns-3. We assume STR mode for MLDs with L = 2 links. Further,

a greedy scheduler [21] is used, which transmits the packet(s) on the link that wins the

channel access first. The other simulation parameters are given in Table 3.1.

We keep the simulation parameters simple and symmetric for all devices to keep

analysis simple and focused on the inherent difference between MLD and SLD, i.e. num-



Table 3.1: Simulation parameters

Parameter Value Parameter Value
Radius 0.1m Payload Size 1000 B
Link 1 2.4 GHz Guard Interval 800 ns
Link 2 5 GHz MCS 11
MSDU Aggrega-
tion

Disabled
MPDU Aggrega-
tion

Disabled

Bandwidth
40MHz on
each link

Simulation Dura-
tion

10-35 sec

ber of links on which they operate. We use following notation to describe a simulation

scenario:

Table 3.2: Notation for simulation configurations.

Parameter Description
nSld1 Number of SLDs on Link 1
nSld2 Number of SLDs on Link 2
nMld Number of MLDs. MLDs operate on both links 1 and 2.

3.4 Simulation Results

In the following graphs shown in figures 3.1-3.4 for different simulation configurations,

we plot a metric called Throughput-Ratio on each link. The metric Throughput-Ratio is

defined as:

Throughput-Ratio =
Average MLD total throughput on both links

Average SLD throughput on a single link
(3.1)

Since the simulation parameters are symmetrical for devices, we obtain almost equal

throughput in each of the three categories of device, i.e. MLDs, SLDs on link 1 and

SLDs on link 2. We took average of throughputs in each category to compute the metric

Throughput-Ratio (3.1).

Going forward, we label the benchmarking results obtained in this chapter as ‘Default’

in graphs. The simulation configuration for each figure is mentioned in their captions

using the notation introduced previously in table 3.2.
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Figure 3.1: Simulation Configuration: nSld1 = nMld, nSld2 = 0
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Figure 3.2: Simulation Configuration: nMld = nSld2 = nSld1 - 2
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Figure 3.3: Simulation Configuration: nMld = nSld2 = 1
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Figure 3.4: Simulation Configuration: nSld1 = nSld2 = nMld

3.5 Analysis

We observe in figures 3.1-3.4 that MLDs obtain 2-3x times the throughput than SLDs

in majority of cases. Further, the difference in Throughput-Ratio depends on network

configuration, i.e. number of MLDs and SLDs on each link.

3.6 Conclusion

We establish through simulations that MLDs obtain higher throughput than SLDs in

a co-existing WiFi network. We presented different simulation scenarios along with a

concise notation to denote them, which will be reused in later chapters. The current

simulation results will act as benchmark against which the proposed solutions will be

evaluated later.
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Chapter 4

Problem Formulation

4.1 Introduction

In chapter 3, we showed that MLDs obtain higher throughput compared to SLDs when

they co-exist in a WiFi 7 network. In this chapter, we intend to control the gap between

throughputs of MLDs and SLDs, and for that we formulate the problem as maximization

of an objective function. We view a link’s capacity as a resource, and we allocate

that resource (throughput) to each device using Network Utility Maximization (NUM)

framework. Then we compare the throughput ratio obtained from maximizing the

objective function versus the default behavior of greedy MLO scheduler.

4.2 Network Utility Maximization (NUM) Problem

4.2.1 Objective Function

We intend to allocate throughput to MLDs and SLDs such that MLD-to-SLD throughput

ratio (3.1) is γ : 1 . In case when γ equals 1, throughput is allocated equally to both

MLDs and SLDs. γ can be greater than or equal to 1 but less than the value obtained

through greedy scheduler.

The optimization problem specified in equation (4.1) is the objective function and

symbols used in the equation are defined in table 4.1.

max
Thϕ,l

i

n∑
i=1

(
wi ∗ log(ThΦ

i )
)

(4.1)

ThΦ
i =

η∑
l=1

ThΦ,l
i if Φ = MLD



with the following constraints:

n∑
i=1

ThΦ,l
i ≤ Satl ∀ l

ThΦ,l
i ≥ 0 ∀Φ, l, i

wi = 1 if Φ = SLD

wi = γ if Φ = MLD

Table 4.1: List of Symbols.

Symbol Description
ThΦ,l

i throughput of a device i on link l. Device type is Φ.
ThΦ

i total throughput of a device i on all links. Device type is Φ.
wi weight assigned to device i.
Φ Device type, either MLD or SLD.

Satl saturation throughput achievable on link l.
l Link
η No. of links
n Total No. of devices. Only STAs are included, AP is excluded.
γ A positive constant ≥ 1.

4.2.2 Interpretation of Objective Function as NUM Problem

Network utility maximization (NUM) framework is a mathematical model of the problem

of fairly allocating resources among users[23]. In the context of our problem, we consider

a link’s capacity, i.e. Satl, as a resource that is to be allocated among MLDs and SLDs

of the network fairly. Thϕ,l
i is the throughput allocated to node i on link l and Thϕ

i is the

total throughput allocated to node i on all links. In NUM framework, each user has an

associated utility function to quantify utility of resources allocated to it, where a utility

function is a mathematical function that maps resource allocation to a real number. We

used weighted log utility function (wi log) in equation (4.1) as utility function of node

i, the reason for this choice is described shortly. Hence, the objective function can be

interpreted as maximizing the aggregate network utility, i.e. sum of utility of each node

of the network, under the constraints that aggregate throughput on any link is within the

link’s capacity.

There are different notions of fairness and weighted log utility provides proportional

fairness[23]. Log function has a property of diminishing marginal utility, i.e. the
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additional utility obtained by assigning more resources to a node keeps diminishing as

shown in figure 4.1. So, in order to maximize aggregate network utility, the throughput

allocations Thϕ
i has to be fair.
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Figure 4.1: Diminishing Marginal Utility of Log function.

An important aspect of the objective function in equation (4.1) is that it is Pareto

efficient because it does not waste link capacity, even if it leads to much higher throughput

ratio than γ : 1. For example, if there are no SLDs on link 2 then the objective function

(4.1) allocates entire capacity of link 2 to MLD in order to maximize the network utility,

it does not matter how high the throughput ratio becomes. For this same example of

no SLD on link 2, some other objective function could choose to not allocate the entire

capacity of link 2 to MLD just for the sake of maintaining the throughput ratio to γ : 1,

but then that other objective function would be wasting capacity and would not be called

as Pareto efficient because it would be possible to increase MLD’s throughput using the

leftover link capacity without the need to take it from any SLD’ share of throughput.

Moreover, the optimization problem (4.1) is a convex optimization problem and can

be solved with convex solvers like CVXPY [6] efficiently.

4.3 Comparison of Proportional Fair and Default Behav-

ior

We solve equation (4.1) using a convex solver like CVXPY [6] for different simulation

scenarios in motivation experiments listed in chapter 3. Going forward, we label the

13



solutions to equation (4.1) as proportional fair (Prop-Fair) in graphs. In the following

graphs shown in figures 4.2-4.6 for different simulation configurations, we compare the

proportional fair throughput allocation with the default greedy scheduler. The simulation

configuration for each figure is mentioned in their captions using the notation introduced

previously in chapter 3. γ is the weight assigned to MLDs in equation (4.1) whereas

weight assigned to SLDs is 1. γ is also set equal to 1 for most scenarios except in

figure 4.5 where it is set to 2.
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Figure 4.2: Simulation Configuration: nSld1 = nMld, nSld2 = 0
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Figure 4.3: Simulation Configuration: nMld = nSld2 = nSld1 - 2
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Figure 4.4: Simulation Configuration: nMld = nSld2 = 1
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Figure 4.5: Simulation Configuration: γ = 2, nSld1 = nMld, nSld2 = 0
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Figure 4.6: Simulation Configuration: nSld1 = nSld2 = nMld

4.3.1 Analysis

The graphs show that it is possible to meet the objective of obtaining throughput ratio

of γ : 1 by adjusting throughput allocation except in figure 4.4. In 4.4, link 1 is highly

congested compared to link 2, therefore MLD obtains much higher throughput from link

2 compared to SLDs on link 1. So, "Prop-Fair" in 4.4a shows that we cannot reduce

throughput ratio to 1:1, but we can reduce that ratio somewhat.

4.4 Conclusion

In this chapter, we proposed an analytical method to compute proportional fair throughput

allocation by solving a convex optimization problem in equation (4.1). In the next

two chapters, we will build on the analytical method and propose two implementable

approaches to achieve proportional fair throughput allocation in practice.
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Chapter 5

Centralized Solution

5.1 Introduction

In this chapter, we propose to utilize MLO scheduler to achieve proportional fair through-

put allocation. First, we present a MLO scheduling algorithm, called Random-Splitting,

that achieves proportional fairness given that the algorithm is provided the desired

throughput allocations, i.e. Thϕ,l
i defined in table 4.1, as input. Then, we propose our

first practically implementable approach called Centralized MLO approach that utilizes

Random-Splitting MLO scheduling algorithm. We evaluate Centralized MLO approach

through simulations in ns-3 and present the results in the end.

5.2 MLO Scheduler

MLO scheduler is described in section 2.1. In literature, there are multiple proposals [13,

12] for scheduling algorithms, such as a greedy scheduler that schedules a head-of-line

(HOL) packet from UMAC to the first link that wins CSMA/CA contention, algorithms

that observe link congestion on each link and then allocate packets to links in some ratio

based on historical link congestion. However, our objective to use MLO scheduler is

different from those proposals because they want to reduce packet latencies whereas we

want to achieve proportionally fair throughput. We plan to use MLO scheduler such

that a MLO scheduler schedules a number of packets on each link required to reach

a pre-determined throughput value , i.e. Thϕ,l
i , approximately. In the next section we

propose a MLO scheduling algorithm to achieve our objective of proportional fairness.
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Figure 5.1: MLO Scheduler Design: Dequeue packets from UMAC’s packet buffer
and enqueue them to LMAC 1 and LMAC 2 at rates THϕ,1

i and THϕ,2
i

respectively.

5.3 Random-Splitting MLO Scheduling Algorithm

Given that a MLD has a saturated load and assuming that a MLD somehow knows its

desired throughput allocation on all links, we design a MLO scheduling algorithm to

achieve the desired throughput allocation. An example of the algorithm’s objective is

shown in figure 5.1 for a MLD with two links.

Algorithm 1 Random-Splitting MLO Scheduling Algorithm
Description: Given Thϕ,l

i for each link l on MLD i, this MLO scheduling algorithm
running on MLD i achieves desired throughput allocation Thϕ,l

i on each link l.

Require: Thϕ,l
i = Throughput allocation on each link l of MLD i.

Rate-limit incoming saturated load from UMAC to
∑η

l=1 Th
Φ,l
i .

Let X be a discrete random variable with range SX = {1, 2 . . . , η}

Define PMF PX [X = x] =
Thϕ,x

i∑η
l=1 ThΦ,l

i

for each packet p ∈ rate-limited load do

l = Randomly choose a link l using PMF PX

Schedule packet p on link l

end for

First, the MLO scheduler rate-limits the incoming saturated load to a value equal
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Figure 5.2: Centralized MLO: Access point calculates and distributes throughput alloca-
tion to MLDs.

to the total outgoing throughput on all links, i.e. Thϕ
i =

∑η
l=1 Th

Φ,l
i . Then, it uses a

technique called Random-Splitting, proposed in [21], to split the rate-limited load among

all links in a desired split-ratio (5.1).

Split-Ratioi = ThΦ,1
i : ThΦ,2

i : ... : ThΦ,η
i (5.1)

The algorithm uses a discrete random variance X which is used to choose a link

from 1 to η for each incoming packet. The probability to choose a link x is directly

proportional to the desired throughput Thϕ,x
i on that link. The algorithm is specified in

Algorithm 1.

5.4 Centralized MLO Approach

Now we tackle the question of how each MLD obtains its throughput allocation Thϕ,l
i

. We propose that access point(AP) constructs the convex optimization problem in

equation (4.1) and solves it using a convex solver and sends the solution to MLDs as

shown in figure 5.2. Since the access point is aware of all devices and their mode

of operation, whether single-link or multi-link, so the access point has the required

information to construct the convex optimization problem. Since we have limited the

scope of our problem to a simplified network setting with saturated uplink load, identical
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MCS without packet aggregation etc as described in chapter 3, the access point can

determine saturated load Satl using analytical model for DCF-mechanism proposed in

[4].

We highlight the point that we do not touch SLDs and let them function as it is

because only MLDs need to limit their throughput, not the SLDs. MLDs sacrifice some

share of aggregate throughput which gets equally distributed among SLDs because

CSMA/CA gives fair opportunities to transmit.

5.5 Simulation in ns-3

We evaluated Central MLO approach for all simulation scenarios mentioned in chapter

3 through simulations in ns-3. In this section, we mention how we simulated a MLO

scheduler in ns-3 and then present the simulation results.

5.5.1 Simulating MLO Scheduler in ns-3

We need to replace the default MLO scheduler with a custom implementation of random-

splitting MLO scheduler proposed in algorithm 1, but ns-3 does not provide such a

provision. So, we used a workaround mentioned in [21] to simulate our custom MLO

scheduler. The workaround is to setup tid-to-link mapping during MLO setup such that

tid ‘0’ packets are sent on the first link and tid ‘3’ packets on the second. After the MLO

setup, we generate packets at the application layer with the two types of tid, ‘0’ and ‘3’,

in a proportion called split-ratio defined in equation (5.1). This workaround enables us

to implement a custom MLO scheduler by controlling both the rate of traffic generation

and the split-ratio at the application layer.

5.5.2 Simulating Centralized MLO Approach in ns-3

Random-splitting MLO scheduling algorithm requires throughput allocation Thϕ,l
i , so

first we solve the convex optimization problem in equation (4.1) using CVXPY convex

solver library[6] in Python to obtain throughput allocated to each node on each link

(Thϕ,l
i ). We calculate the saturated throughput (Satl), that’s required in the constraints
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of equation (4.1), using Bianchi’s analytical model [4]. Bianchi’s analytical model is

applicable here because the simulation parameters in Table 3.1 are chosen such that

the simulation results can be compared with the analytical ones. After obtaining the

throughput allocations from convex solver, we use them in ns-3 simulation. In the

simulation, we let SLDs generate uplink traffic at a saturated load of 35 Mbps but we

control the uplink traffic generated at MLDs according to the workaround explained

previously in 5.5.1. Let’s say a MLD is allocated throughputs r1 and r2 on the two links,

then the MLD generates traffic at r1 + r2 and its split-ratio is r1 : r2 in the workaround.

We run the simulation for 10 seconds and measure the average throughput obtained by

each device type by counting the number of packets received at server.

5.5.3 Simulation Results

In the following graphs shown in figures 5.3-5.7 for different simulation configurations,

we compare throughput-ratio obtained using centralized MLO approach, labeled as

Central-MLO in graphs, with proportional fair ratio. The simulation configuration for

each figure is mentioned in their captions using the notation introduced previously in

chapter 3.
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Figure 5.3: Simulation Configuration: nSld1 = nMld, nSld2 = 0
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Figure 5.4: Simulation Configuration: nMld = nSld2 = nSld1 - 2
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Figure 5.5: Simulation Configuration: nMld = nSld2 = 1
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Figure 5.6: Simulation Configuration: γ = 2, nSld1 = nMld, nSld2 = 0
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Figure 5.7: Simulation Configuration: nSld1 = nSld2 = nMld

5.5.4 Analysis

We observe that centralized MLO approach almost resembles proportional fair through-

put allocation in all simulation scenarios. Some minor deviations can be attributed

to randomness introduced in random-splitting MLO scheduling algorithm, and other

sources of randomness in ns-3 like packet generation etc.

5.6 Conclusion

The simulation results show that centralized MLO approach meets our objective of

proportional fairness very well. In the next chapter, we propose another approach

which reuses two ideas described in this chapter: Random-splitting MLO scheduling

algorithm 5.3 and simulating MLO scheduler in ns-3 5.5.1.
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Chapter 6

Decentralized Solution

6.1 Introduction

So far, the solution to achieve proportional fairness is reduced to determining throughput

at each link for all devices. In the previous Centralized MLO approach, we determined

throughputs by solving a constrained convex optimization problem at the AP and then

send the solution from AP to each MLD. But this approach has an overhead for AP which

takes an extra responsibility of controlling throughput allocation of the network. In the

new Decentralized MLO approach, we use distributed primal control algorithm described

in [22]. Using this distributed algorithm, a device can determine fair throughput values

on its links on its own by sensing congestion on the links, and hence it eliminates the

need of any centralized controller to control throughput allocation. Next, we provide a

brief description of distributed primal control algorithm and then tell how we applied it

to a co-existing WiFi network. We propose a novel metric called Channel Occupancy

that is useful in applying the distributed algorithm in a WiFi network.

6.2 Distributed Primal Control Algorithm

In Eq. (4.1), we solved an optimization problem with constraints. Here, we start with

converting Eq. (4.1) to an equivalent unconstrained optimization problem as shown in

the following equation:

max
ThΦ,l

i

n∑
i=1

(
wi ∗ log(ThΦ

i )
)
−

η∑
l=1

P (
n∑

i=1

ThΦ,l
i ) (6.1)

by appending the constraints to the objective function as
∑η

l=1 P (
∑n

i=1 Th
Φ,l
i ). The

function P in these equations can be interpreted as the price or penalty of using a link as

it associates a price to carry the total throughput
∑n

i=1 Th
Φ,l
i through a link l. Ideally,

the penalty function P should approach infinity as
∑n

i=1 Th
Φ,l
i approach the saturated



load satl on link l, and P should be zero elsewhere for Eq. (4.1) and Eq. (6.1) to

be equivalent. But such an ideal penalty function P is not differentiable and hence

impractical for our purpose, so we will approximate the ideal penalty function with a

smooth and steep polynomial function in equation (6.2).

P (
n∑

i=1

ThΦ,l
i ) = µ ∗ (max(0 ,

n∑
i=1

ThΦ,l
i − 0.8 ∗ Satl))2 (6.2)

where Satl is aggregate throughput on link l at saturation, and µ is a constant to adjust

steepness of the penalty function. We choose this penalty function because it increases

steeply when col approaches satl, and is differentiable everywhere which is required to

compute gradient in equation (6.3) as we describe it next.

Next, we take gradient of Eq. (6.1) with respect to ThΦ,l
i and use that gradient value

in gradient ascent algorithm to derive the following equation:

˙
ThΦ,l

i = S ∗

(
wi

ThΦ
i

− P ′(
n∑

i=1

ThΦ,l
i )

)
(6.3)

where ˙
ThΦ,l

i is the derivative of ThΦ,l
i with respect to time.

Eq. (6.3) can be interpreted as a control system where throughput ThΦ,l
i on a link

increases when the device’s throughput ThΦ
i is low and the link is less congested, i.e.∑n

i=1 Th
Φ,l
i is low as well. However, as the link becomes congested and the device’s

throughput increases, the rate of increase of throughput ThΦ,l
i decreases and eventually

stabilizes at an equilibrium. [22] mentions that equilibrium point of Eq. (6.3) is globally

asymptotic stable and it is also the optimal solution of our objective function in Eq. (6.1)

if we choose a convex penalty function P ,say a polynomial like in eq (6.2), and set the

step-size S equal to Thϕ,l
i .

Each device updates its throughput allocation with time as per Eq. (6.3), i.e., at

discrete time-intervals a device i computes the delta by which it should update its

throughput using the expression on the right-hand side of the equation. We need to

apply Eq. (6.3) to update throughput at discrete time-steps, say every 0.5 second, which

requires an estimate of total throughput
∑n

i=1 Th
Φ,l
i flowing through a link l in the latest

time-window. The total throughput
∑n

i=1 Th
Φ,l
i can also be interpreted as a measure

of link congestion. [22] mentions some approaches to estimate it in the internet, such
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as introducing a new field in a packet header to record throughput as a packet passes

through links, or assume a lost packet is a signal that a link is congested. Instead of

using these estimation approaches, we propose a novel metric called Channel Occupancy

which is suitable to estimate link congestion on WiFi networks and is easily measurable

at PHY layer as a by-product of DCF mechanism.

6.3 Channel Occupancy - A Proxy Metric for Link Con-

gestion

We define a novel metric called Channel Occupancy as a proxy to estimate congestion

on link, i.e.
∑n

i=1 Th
Φ,l
i in Eq. (6.3). Channel Occupancy is defined as fraction of time

a link is observed to be busy in a time-window and we propose to calculate it at PHY

layer during DCF as follows:

co =
Time-Window Duration − Idle Duration

Time-window Duration
(6.4)

During DCF, a PHY layer senses its channel and transitions through multiple states such

as IDLE, RX, TX etc.

Figure 6.1: A few state-transitions during CSMA/CA protocol.

We measure the time-duration for which a PHY is in IDLE state and use it to compute

Channel Occupancy co during a time-window using Eq. (6.4). We assume the PHY goes

in a sleep state for negligible time and the channel is assumed to be busy when a PHY

is in sleep state. This assumption seems valid when each device has a saturated load

and therefore a PHY always has a frame to transmit. Eq. (6.3) changes to the following
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Figure 6.2: In Decentralized MLO, each MLD senses channel occupancy to calculate its
throughput allocation.

equation when we replace
∑n

i=1 Th
Φ,l
i with Channel Occupancy:

˙
ThΦ,l

i = S ∗
(

wi

ThΦ
i

− P ′(col)

)
(6.5)

where col is Channel Occupancy on link l, and Satl in P now represents saturated

channel occupancy instead of saturated throughput on link l.

In the next section, we describe how distributed primal control algorithm and channel

occupancy are applied together in Decentralized MLO approach.

6.4 Decentralized MLO Approach

The primary difference in the decentralized approach compared to the centralized ap-

proach is that each device calculates its throughput using a local feedback controller

instead of receiving it from a central controller. Each device’s local feedback controller

continuously measures channel occupancy on its links and uses equation (6.5) to adjust

its throughput. Hence, it eliminates the need for AP to assume an extra responsibility of

controlling throughput allocation on the network.

The local feedback controller mentioned above is a combination of functionalities at

the PHY layer and MLO scheduler. Figure 6.2 shows how Channel Occupancy col is
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measured on each link during a time-window and then provided as feedback to the MLO

scheduler. The MLO scheduler applies Eq. (6.5) to update throughput on each link upon

receiving Channel Occupancy at the end of the time-window.

Algorithm 2 Local Feedback Controller Algorithm on Device i
Description: Device i adjusts its throughput allocation Thϕ,l

i using channel occupancy
col

while true do

for each link l do

col =Calculate channel occupancy on link l using PHY state-transition

measurements.

∆ThΦ,l
i = S ∗

(
wi

ThΦ
i
− P ′(col)

)
end for

for each link l do

ThΦ,l
i += ∆ThΦ,l

i

end for

Sleep for time t, say t = 0.5 seconds

end while

In algorithm 2, we calculate the updates ∆ThΦ,l
i using PHY state-transition measure-

ments from the latest time-window in the first for loop. The point to note is that the

updates are calculated using throughput values from the previous time-window according

to gradient ascent algorithm, and hence the throughputs are not updated until all updates

are calculated. We repeat this process every ’t‘ time-interval, say 0.5 seconds.

Once the throughputs are calculated according to algorithm 2, the calculated through-

put values are provided to Random-splitting MLO scheduler algorithm 1, same as in

Centralized MLO approach, which adjusts the throughput on each link accordingly.

Hence, Decentralized MLO approach differs from Centralized MLO approach only in

the way a device obtains its throughput allocation.

6.5 Simulation in ns-3

We evaluated Decentralized MLO approach for all simulation scenarios mentioned in

chapter 3 through simulations in ns-3. In this section, we mention how we simulated the
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local feedback controller algorithm 2 in ns-3 and then present the simulation results.

6.5.1 Simulating Decentralized MLO in ns-3

In these simulations, we start with generating load at a low rate of 1 Mbps on each node

and use the same simulation parameters from Table 3.1. We simulate local feedback

controllers, each one functioning in isolation on a node, that measure channel occupancy

and update their node’s throughput periodically according to equation (6.5). We describe

how we measure channel occupancy in ns-3 in chapter 7. In the equation, parameter

S is set to Thϕ,l
i and parameter µ to 1

Satl
for all simulation scenarios. While the value

for parameter S is suggested in [22], we determined the value for parameter µ through

trial-and-error in simulations. The feedback controller measures channel occupancy

from a node’s viewpoint using an analytically validated and reusable helper class that we

contributed to ns-3, its details are in next chapter 7. The feedback controllers also use

the same workaround mentioned previously in section 5.5.1 to split traffic between links

on MLDs. We run the simulation for 35 seconds and measure the average throughput in

the last 10 seconds of the simulation.

6.5.2 Simulation Results

In the following graphs shown in figures 6.3-6.7 for different simulation configurations,

we compare throughput-ratio obtained using Decentralized MLO approach, labeled as

Distrib-MLO in graphs, with proportional fair ratio. The simulation configuration for

each figure is mentioned in their captions using the notation introduced previously in

chapter 3.
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Figure 6.3: Simulation Configuration: nSld1 = nMld, nSld2 = 0
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Figure 6.4: Simulation Configuration: nMld = nSld2 = nSld1 - 2
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Figure 6.5: Simulation Configuration: nMld = nSld2 = 1
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Figure 6.6: Simulation Configuration: γ = 2, nSld1 = nMld, nSld2 = 0
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Figure 6.7: Simulation Configuration: nSld1 = nSld2 = nMld

6.5.3 Analysis

Decentralized MLO approach is close to proportional fair throughput-ratio in majority

of the simulations, however Decentralized MLO stays higher from the proportional

fair ratio when there are less than 4 SLDs on a link. We observed that Decentralized

MLO does not penalize MLDs enough when there are a few STAs on a link because the

link’s channel occupancy remains below saturation for substantial amount of time. With

the increase in STAs, the channel occupancy reaches saturation more frequently, and

consequently, MLDs are penalized sufficiently and a fair throughput ratio is achieved.

Hence, Decentralized MLO provides throughput-ratio sufficiently close to propor-

tional fair value except when when there are only a few nodes on a link.
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6.5.4 Convergence of Throughput Allocation

In this section, we evaluate the convergence of algorithm 2 through simulation results.

Note that the algorithm is derived from equation (6.5) which has an asymptotic stable

equilibrium point, i.e. the throughput should stop changing and converge to a value

eventually with time.
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Figure 6.8: Convergence of throughput allocated to a SLD and a MLD on link 1 and 2
by Decentralized MLO in ns-3 simulation.

Fig. 6.8 shows an example of how the algorithm converges to proportional fair

throughput allocation for a SLD and a MLD. We have plotted trace of throughput and

channel occupancy obtained from a simulation scenario with five SLDs on link 1, no SLD

on link 2, and five MLDs in figure 6.3. We show graphs for one of the SLDs and one of

the MLDs on two links to illustrate the convergence of the decentralized algorithm. In the

figure, each node increases its throughput initially until channel occupancy approaches

saturation. The rate of increase in throughput for MLD on link 1 is slower than SLD

because MLD’s combined throughput on both links, i.e. Thϕ
i in Eq (6.5), is higher

than SLD. When channel occupancy is near saturation, we observe a see-saw pattern in

throughput because nodes keep on making small adjustments to their throughput due

to variations in channel occupancy feedback. Eventually, throughput converges near

the optimal fair value. For all figures in 6.3-6.7, we measure the converged throughput

by counting the number of packets received at the server in the last ten seconds of

the simulation, assuming the throughput converges by the time we start counting in

simulation.

We observed the impact of parameters ‘S’ and ‘µ’ on the convergence while tweaking
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them in simulations. These two parameters require tweaking to converge throughput

near the optimal fair value: a step size ‘S’ in equation (6.5) affects whether the algorithm

will converge or not, and steepness of penalty ‘µ’ in equation (6.2) controls whether

the converged value is fair or not. The rate of convergence is very slow if the step size

is low, and on the other hand, if step size is high, then the see-saw pattern amplifies

into oscillations, and the algorithm does not converge. Similarly, if µ is low then the

penalty is not prohibitive enough and throughput overshoots fair value, and if it is high

then the penalty is too prohibitive causing a noteworthy reduction in aggregate network

throughput.

We also experimented with a barrier function P shown in figure 6.9a, but the through-

put didn’t converge as shown for an example in figure 6.9b.
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Figure 6.9: Throughput does not converge with a barrier function P (col) =
max(0, 1/(col − 0.95satl)

We observed that ∆ThΦ,l
i were too high with the barrier function and it prevented

throughput from converging. Hence, we replaced the barrier function with a smooth but

steep enough penalty function in equation (6.2) and plotted in figure 6.10.
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Figure 6.10: An example of a convering throughput when we replaced the barrier func-
tion with a smooth penalty function from equation (6.2)

6.6 Conclusion

In this chapter, we proposed and evaluated Decentralized MLO approach through simu-

lations in ns-3, and found that it performs well except for scenarios where there are a few

nodes on a link. We also studied some parameters, such as step size ‘S’, steepness ‘µ’,

choice of penalty function ‘P ’, that affect convergence of the decentralized algorithm 2.
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Chapter 7

Channel Occupancy Helper In ns-3

7.1 Introduction

In the previous chapter 6, we defined Channel Occupancy metric 6.3 and used it in

ns-3 simulations 6.5.1. In this chapter, we describe how we implemented a new helper

class in ns-3 named as WifiCoTraceHelper to measure Channel Occupancy in ns-3. We

show how we validated our implementation by comparing its results with an analytical

model of DCF [4]. Then, we illustrate the broader usefulness of WifiCoTraceHelper in

design and simulation of intelligent congestion-aware MLO schedulers through a few

illustrative examples.

7.2 WifiCoTraceHelper Implementation in ns-3

Channel Occupancy is the fraction of time a link is sensed busy by a device over a

time-window; within ns-3, it is measured as fraction for which the channel state is not

sensed idle at PHY layer of a WiFi device, i.e.

CO =
Time-Window Duration − Idle Duration

Time-Window Duration
(7.1)

Fig. 7.1 shows the overall working of our implementation of WifiCoTraceHelper, a

helper class that measures Channel Occupancy, in ns-3. WifiPhy is an existing abstract

class in ns-3, representing physical layer functions of WiFi devices and has a state

machine that transitions between the states listed in Table 7.1 during a simulation [18].

On each state transition, WifiPhyStateHelper notifies the duration of time the WifiPhy

resided in a state to listeners as shown in Fig. 7.1. We implemented WifiCoTraceHelper

class that can measure all the state durations such as TX, RX, CCA_BUSY on all links

of a WiFi device in ns-3.
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Figure 7.1: Interaction of WifiCoTraceHelper with other components in ns-3. The blue
colored blocks highlight the components that enable the measurement of CO
in ns-3.

WifiCoTraceHelper listens to these notifications and accumulates state duration in a

map. It computes state durations from a node’s viewpoint. While one node transmits

data, the others receive it. Hence, the helper will receive TX notifications from the

transmitting node but RX from the receiving nodes for same time interval. A single

WifiCoTraceHelper instance can receive notifications from multiple nodes, and it will

segregate them by nodes and links. The implementation is publicly accessible here[19] 1.

Table 7.1: WifiPhy States

States
IDLE
CCA_BUSY
RX
TX
SLEEP
SWITCHING
OFF

To measure state durations, we create an instance of WifiCoTraceHelper and pass a de-

vice as an argument to its Enablemethod. During a simulation, the helper instance accu-

mulates the state durations which can be obtained from GetDeviceRecords method.

The state durations are returned as a map of states-to-durations in a DeviceRecord

class for each device. To calculate CO using the map of state durations, we sum all state

durations in the map to calculate reference duration, get duration of IDLE state from the

1This implementation is available in ns-3 from v3.44 onward.
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map and apply the formula in Eq. 7.1.

The helper has three other useful features: Start, Stop and Reset methods.

Start and Stop methods allow us to specify a time interval in simulation during which

state duration should be measured2. Reset method discards all durations recorded till

the instant it is called, and the helper will start recording durations afresh after it. This is

useful in scenarios where a MLO scheduler requires link congestion in an immediate

time-window instead of from the beginning of simulation; the MLO scheduler can thus

get statistics and use it to reset the helper at periodic time instants.

7.2.1 Example Code Snippets

Using code snippets from an example program in [9], we demonstrate computation of

Channel Occupancy using WifiCoTraceHelper in ns-3. We simulate a WiFi network

with two nodes, an access point (AP) and a station (STA) with an uplink flow. We create

an instance of WifiCoTraceHelper to measure state durations between 1 to 5 seconds

during the simulation run:

Time start {Seconds(1.0)};

Time stop {Seconds(5.0)};

WifiCoTraceHelper wifiCoTraceHelper(start, stop);

WifiCoTraceHelper measures state durations for the entire simulation period if it is

instantiated using the default constructor instead. Next, we enable tracing of state

durations on both nodes using Enable method:

wifiCoTraceHelper.Enable(apNode);

wifiCoTraceHelper.Enable(staNode);

WifiCoTraceHelper accumulates state durations during the simulation run and we

print the accumulated statistics for all nodes and links after the simulation is over using

PrintStatistics method. Following is a snippet of the printed output for AP and STA on a

link:

---- COT for AP:0#Link0 ---

Showing duration by states:

IDLE: +2.54s (63.42%)

2By default, the helper class keeps measuring the state duration data from start till the simulation ends.
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CCA_BUSY: +74.02ms (1.85%)

TX: +83.06ms (2.08%)

RX: +1.31s (32.65%)

---- COT for STA0:0#Link0 ---

Showing duration by states:

IDLE: +2.54s (63.42%)

CCA_BUSY: +25.38ms (0.63%)

TX: +1.39s (34.66%)

RX: +51.34ms (1.28%)

Note in the snippet above that even though we measured state durations on both nodes

for the same time interval, their statistics are not identical. STA spent the majority of

time (34.66%) in TX, while AP spent the majority (32.66%) in RX, which is reasonable

as the application flow is in uplink direction. In addition, both nodes stayed in idle state

for same duration (63.42%).

Next we compute channel occupancy on a link as defined in equation (7.1). We

obtain state durations of all nodes and links using GetDeviceRecords method and filter

the state duration for AP on link 0 as follows:

auto& records=wifiCoTraceHelper.GetDeviceRecords();

size_t apNodeId = 0;

auto apDeviceRecord = std::find_if(records.begin(),records.end(),[

apNodeId](auto& x) {

return x.m_nodeId == apNodeId;

});

size_t link = 0;

auto linkDurations = apDeviceRecord->m_linkStateDurations.find(link);

We get idle state’s duration, sum all state durations to calculate total duration, and

apply equation (7.1) as follows:

auto& stats = linkDurations->second;

double idle = 0;

double total = 0;

for (auto& entry : stats)

{

if (entry.first == WifiPhyState::IDLE)

{

idle = entry.second.GetDouble();
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}

total += entry.second.GetDouble();

}

double channelOccupancy = (total - idle) / total;

Listing 7.1: Measure Channel Occupancy

The program terminates after printing channel occupancy’s value as 0.3658 for this

simulation scenario.

7.3 Analytical Validation

We used Markov chain model proposed by Bianchi in [4] to model the probabilities

of channel access, successful transmission, etc; we use version in [15] that limits the

number retries to 1 after reaching the maximum number of backoff stages.

As the Channel Occupancy will depend on the durations for which the channel is

busy, it can be computed as:

co =
Ps ∗ (T P

data + Tdata + T P
Ack + TAck) + Pc ∗ (T P

data + Tdata)

Pe ∗ Te + Ps ∗ Ts + Pc ∗ Tc

(7.2)

Table 7.2: List of Symbols.

Symbol Description
T P
data PHY preamble duration of data packet
T P
Ack PHY preamble duration of ack packet

Tdata Transmission duration of data packet
TAck Transmission duration of acknowledgement packet
Te Duration of empty slot = 9µs
Ts Duration of successful Tx
Tc Duration of unsuccessful Tx due to collision
Pe Probability of empty slot
Ps Probability of successful Tx
Pc Probability of collision

Eq. 7.2 takes into account the fraction of time for which the channel was busy.

Ps ∗ (T P
data + Tdata + T P

Ack + TAck) will be the time for which the channel was busy due

to the successful data transmission. It will involve the durations for PHY Preamble, the

data which is the payload of the PHY layer involving MAC headers, and the Ack along
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with its PHY preamble. Pc ∗ (T P
data + Tdata) will be the time for which the channel was

busy due to unsuccessful data transmission. Due to the unsuccessful attempt, this will

involve only the transmission duration of the PHY Preamble and the data, not the Ack.

The denominator represents the average duration over the different events involving idle

time (Pe ∗ Te), successful transmission time (Ps ∗ Ts) and collision time (Pc ∗ Tc).

Next, we compare the CO measurements obtained from ns-3 simulation with the

ones obtained from the above analytical model.

7.3.1 CO Measurements

Here we show the channel occupancy values obtained under saturated traffic conditions.

Parameters for both analytical model and simulation are shown in Table 7.3.

Table 7.3: Simulation parameters

Parameter Value
Payload Size 1000 Bytes
Channel Width 40MHz
Guard Interval 800 ns
MSDU Aggregation Disabled
MPDU Aggregation Disabled

Fig. 7.2 shows the channel occupancy obtained analytically and from ns-3 sim-

ulations for different numbers of users for MCS 3 and 11. The channel occupancy

measurement from simulations very well matches with analytical models (with < 4%

deviation). Note that even though the load is saturated, the channel occupancy is only

about 0.5 for MCS 11. As aggregation is not considered, the overhead of idle and backoff

states kick in leading to just ∼ 0.5 channel occupancy.
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Figure 7.2: Channel Occupancy obtained analytically for different numbers of users with
MCS 3 and 11.
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The channel occupancy increases slightly with the increase in the number of users.

Note that the CO increases with a decrease in MCS as the transmissions take longer on

lower MCS.

One limitation of our implementation of CO is that it assumes that channel state is

either IDLE or BUSY. In principle, nodes may also enter OFF, SLEEPING, SWITCHING

states; however, we empirically observed that under saturated traffic, neither the access

point nor the STAs went onto these states3.

7.4 Other Channel Occupancy-Aware MLO Schedulers

With MLO, the MAC scheduler must decide how to allocate (application-layer) packets

to the links. Prior works have mostly assumed Greedy Scheduler as the default, whereby

any HOL (Head-of-Line) packet will be transmitted on whichever link first wins the

contention. In general, there are multiple other MLO scheduling schemes such as SLCI,

MLSA, MCAA [13], MCAB [12], LFTA [8], MH-RSAC [20] that represent the traffic

allocation policy within the U-MAC layer. Notably, more advanced traffic allocation

policies make use of link-state feedback (i.e. current and recent link-specific information)

as input to the scheduling decisions. A common feedback parameter in [13, 12, 8, 20] is

Channel Occupancy of the different links.

The design of an efficient and intelligent MLO scheduler is fundamental to achieving

the benefits of MLO on WiFi7 networks. As such, given that MLD enabled devices

are only recently entering deployments, there exists the need for a significantly deeper

exploration of this topic via network performance evaluation. The popular open-source

simulation platform ns-3 (www.nsnam.org) provides a credible WiFi stack, inclusive of

MLO. While it presently lacks support for custom-built MLO schedulers, researchers

have been using workarounds in support of their objectives. For example, [21] used

tid-to-link mapping feature in WiFi7 to implement (random) traffic splitting scheduler,

the same approach we described in 5.5.1. In this section, we showcase code snippets for

two examples of how in-simulation measurement of metrics such as Channel Occupancy

is useful in simulating and evaluating other MLO scheduler designs.

3Nodes likely go into these states when it utilizes power save mode.
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7.4.1 Channel Occupancy-Aware Static MLO Scheduler

We show how to design an intelligent MLO scheduler that allocates traffic to links

based on congestion. Such an MLO scheduler will schedule traffic on a link that is less

occupied than other links. Prior work [13] proposes an MLO scheduler, namely SLCI

(Single Link Less Congested Interface), that measures channel occupancy in a time

window just before a flow arrival and schedules the flow on the least occupied link for

its entire lifetime.

We demonstrate an application of WifiCoTraceHelper by simulating SLCI scheduling

algorithm in a network with four uplink multi-link nodes (MLDs) and two links each.

In our simulation, four uplink flows start on the network, one on each node. SLCI

scheduling algorithm measures channel occupancies for a time-window of 0.5 seconds

before each flow starts and schedules the flow on the least occupied link through this

code snippet in the example program:

1 /* Start uplink flows at nodes every 2 seconds */

2 ...

3 WifiCoTraceHelper m_wificohelper;

4 m_wificohelper.Enable(sta);

5

6 for (size_t i = 1; i <= nWifi; i++)

7 {

8 Simulator::Schedule(Seconds(i * 2.0 - 0.5),

9 &WifiCoTraceHelper::Reset,

10 std::ref(m_wificohelper));

11 Simulator::Schedule(Seconds(i * 2.0),

12 &StartFlow,

13 std::ref(m_wificohelper),

14 ...

Listing 7.2: Reset Method

As shown in line 8 of the code snippet 7.2 above, we call Reset method 0.5 seconds

before starting a flow so that we measure channel occupancy in an immediate time-

window preceding flow arrival. We measure channel occupancies as shown in the code

snippet 7.1 on both links of a node and compare them to select the least congested link

as follows:

auto nodeId = sta->GetId();
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auto co_link0 = ComputeChannelOccupancy(coHelper, nodeId, 0 /* linkId

*/);

auto co_link1 = ComputeChannelOccupancy(coHelper, nodeId, 1 /* linkId

*/);

auto selectedLinkId = (co_link0 < co_link1 ? 0 : 1);

Listing 7.3: SLCI’s Link Selection

SLCI schedules an entire flow on the selected link and we simulate it in ns-3 using

random splitting algorithm[21]. In this algorithm, we configure tid-to-link mapping

during MLO setup such that tid ’0’ packets are sent over link ’0’ and tid ’3’ packets over

link ’1’.

std::string mapping = "0 0;1,2,3,4,5,6,7 1";

wifiDevice->GetMac()->GetEhtConfiguration()->SetAttribute("

TidToLinkMappingNegSupport", EnumValue(

WifiTidToLinkMappingNegSupport::ANY_LINK_SET));

wifiDevice->GetMac()->GetEhtConfiguration()->SetAttribute("

TidToLinkMappingUl", StringValue(mapping));

wifiDevice->GetMac()->GetEhtConfiguration()->SetAttribute("

TidToLinkMappingDl", StringValue(mapping));

Listing 7.4: MLO Tid-to-Link Mapping

Then we generate a flow by configuring PacketSocketClient application such that it

generates tid ‘0’ and tid ‘3’ packets in a proportion called ‘split-ratio’ 4. Tid ‘0’ packets

will be sent on link 0 and tid ‘3’ on link 1 according to our tid-to-link mapping shown in

code snippet 7.4. For SLCI, the split-ratio is either 1:0 or 0:1 because all packets of a

flow are sent on either link ‘0’ or link ‘1’ respectively as follows:

/* Find probability of generating tid-3 packets to achieve split-

ratio of either 1:0 or 0:1 */

double p_tid3 = (link == 0 ? 0.0 : 1.0);

auto client = CreateObject<PacketSocketClient>();

/* Tid 0 & 3 are AC_BE. */

auto tid0 = UintegerValue(0),

tid3 = UintegerValue(3);

client->SetAttribute("Priority", tid0);

client->SetAttribute("OptionalTid", tid3);

client->SetAttribute("OptionalTidPr",

4The feature to generate packets from two different tid is taken from [21]
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Figure 7.3: SLCI - Variation in channel occupancies of both links as new flows start at 2,
4, 6 and 8 seconds.

DoubleValue(p_tid3));

Listing 7.5: SLCI Split-Ratio

We simulated SLCI in ns-3 and Figure 7.3 shows variation in channel occupancies

on the links during simulation. We can observe in the figure that channel occupancy on a

link increases in steps as new flows are scheduled on it. SLCI schedules a new flow on a

less occupied link as evident at time instants 4, 6 and 8 seconds in the figure. It chose

link 1 at time-instants 4 and 6 seconds and link 2 at 8 seconds. The open-source program

is publicly available at this Gitlab repository [9].

7.4.2 Channel Occupancy-Aware Dynamic MLO Scheduler

In the previous example, the allocation was static, i.e., once a flow is allocated to a link,

it stays there for the lifetime of the flow. Further, the split of traffic was binary. We

now show an example of how we can utilize WifiCoTraceHelper to obtain channel occu-

pancy in a periodic fashion and update the scheduling decision dynamically. In a prior

work, Multi-Link Congestion-aware Load balancing (MCAB) [12] is a dynamic MLO

scheduling algorithm that, unlike SLCI, readjusts a non-binary split-ratio periodically.

For simulating MCAB, we compute the split-ratio from channel occupancies as follows:

void MCAB_Scheduler(...) {

...

auto nodeId = sta->GetId();

auto co_link0 = ComputeChannelOccupancy(coHelper, nodeId, 0 /* LinkId

*/);

auto co_link1 = ComputeChannelOccupancy(coHelper, nodeId, 1 /* LinkId

*/);
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Figure 7.4: MCAB - Variation in channel occupancies of both links as new flows start at
2, 4, 6 and 8 seconds.

/* split-ratio = co_link1:co_link0 */

double p_tid3 = co_link0/(co_link0 + co_link1);

...

Listing 7.6: MCAB Split-Ratio

Like the previous simulation scenario for SLCI, we create four uplink multi-link

nodes (MLDs) and two links each. Four uplink flows start on the network, one on each

node. In our simulation example [9], MCAB measures channel occupancies in the latest

time-window and adjusts split-ratio periodically every 0.25 seconds as follows:

void MCAB_Scheduler(WifiCoTraceHelper& coHelper, Ptr<Node> sta, Ptr<

PacketSocketClient> client)

{

...

client->SetAttribute("OptionalTidPr",

DoubleValue(p_tid3));

coHelper.Reset();

Time periodicity{Seconds(0.25)};

Simulator::Schedule(periodicity,

&MCAB_Scheduler, std::ref(coHelper), sta, client);

}

Listing 7.7: MCAB’s Periodicity

We replace SLCI with MCAB in the previous simulation example and compare their

channel occupancy curves in Fig. 7.3 and Fig. 7.4. The two channel occupancy curves

in Fig. 7.4 are close to each other for the entire simulation which shows that MCAB

splits traffic almost evenly on the two links. In comparison, SLCI has wide gaps between

the two curves in Fig. 7.3. MCAB has a seesaw pattern in curves while SLCI has smooth
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horizontal curves because MCAB readjusts split-ratio every 0.25 seconds, but SLCI does

not.

7.5 Conclusion

We implemented WifiCoTraceHelper class to measure Channel Occupancy in ns-3

and validated it against Bianchi’s analytical model of DCF [4]. We used WifiCoTraceHelper

not only in our simulations of Decentralized MLO approach in chapter 6, but also show-

cased its broader applicability by simulating other MLO scheduler designs proposed in

prior works [13, 12].
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Chapter 8

Conclusion

In this work, both Centralized MLO and Decentralized MLO approaches are evaluated

through simulations in simple, symmetrical scenarios. So we conclude with suggest-

ing some possible enhancements to this work required for application in a real-world

scenario.

8.1 Future Work

In Decentralized MLO approach, we found parameters, such as steepness µ in the penalty

function, through manual trial-and-error in simulations. In extension of this work, we

can come up with an automated way to find the steepness parameter for any simulation

scenario.

In this work, the simulation parameters on all nodes are set to same values to simplify

analysis and to focus on the inherent difference between multi-link and single-link

operations. In future, we can simulate on more realistic scenarios such as nodes with

different MCS, packet aggregation etc. We anticipate some challenges in extending

current approaches to such simulation scenarios. One challenge could be determination of

saturated throughput or saturated channel occupancy (satl) on a link with heterogeneous

nodes. To mitigate this challenge, we suggest two approaches. One approach is to

determine the maximum achievable throughput in a heterogeneous network through

some control algorithm on AP on-the-fly or compute a rough estimate beforehand.

Second approach could be fair allocation of airtime (or channel occupancy) instead

of throughput. The benefit of modeling distribution of channel occupancy instead of

throughput is that we know the maximum channel occupancy is 1.0 ideally or 0.9

pragmatically, so we do not need any analytical model to compute the saturated channel

occupancy in a realistic scenario.



Approach Advantage Disadvantage

Centralized
MLO

It is very close to proportional fairness in
all simulation scenarios. It is simple and
should be easy to implement in practice
because it does not have any parameters
to tweak.

AP should assume extra responsi-
bility to control throughput alloca-
tion of the network.

Decentralized
MLO

It is close to proportional fairness in ma-
jority of simulation scenarios. Each node
can determine its throughput allocation
by sniffing Channel Occupancy and ap-
plying gradient ascent algorithm, so AP
does not assume extra responsibility of
throughput allocation.

Throughput ratio is higher than
proportional fair value by a small
amount when number of nodes on
a link are less than four. It is harder
to implement due to requirement
of fine-tuning the penalty function.

Table 8.1: Comparison of Centralized MLO and Decentralized MLO approaches

8.2 Summary

The simulation results show that compared to the default benchmark, the case when the

simulation is run with greedy MLO scheduler, both Centralized MLO and Decentralized

MLO approaches improve fairness and are close to optimal proportional fairness obtained

via NUM problem formulation. Centralized MLO approach, in particular, is always close

to the optimal fairness ratio with a deviation of 9.2% in the worst case. Decentralized

MLO approach is very close to the proportional fairness in almost all scenarios, except

when there are only a few SLDs and MLDs on a link. This deviation in Decentralized

MLO approach is because MLDs converge to a higher throughput than its fair share

when it is competing with only a few nodes for channel occupancy on a link. In summary,

both approaches improve fairness substantially compared to the default benchmark and

Centralized MLO comes closest to proportional fairness.

We find Centralized MLO approach to be the easiest to implement in simulation

and we believe that it should be the easiest to implement in practice as well. Though

Decentralized MLO has the advantage that it does not require central coordination, we

discovered its unique challenges of tweaking parameters in the penalty function. The

fine-tuning of parameters to obtain good results will only get harder in practice compared

to simulations. In summary, it is efficient to solve the convex optimization problem for

Centralized MLO, and Centralized MLO is not complicated by the necessity to tweak

parameters like in Decentralized MLO.

47



The relative advantages and disadvantages of Centralized MLO and Decentralized

MLO approaches are summarized in table 8.1.
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