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Abstract

Dense deployment of wireless local area networks (WLANs) will support the pro-

lific data traffic in future wireless networks beyond fifth generation (B5G), either as

small cells for cellular data offloading or last-miles for high throughput broadband

connectivity. Key technical challenges in dense deployment of WLAN access points

(APs) include interference and contention from large numbers of concurrent spec-

trum sharing nodes, spatial reuse and coexistence of new radio access technologies

(RATs), as well as legacy systems in the same bands, which could potentially degrade

performance.

This thesis focuses on improving performance of high density WLAN in the pres-

ence of interference and contention among densely distributed mobile stations (STAs)

and APs. Interference in high density wireless networks is inevitable and inherently

depends on the distribution of users among the available APs. To that effect, mul-

tiuser (MU) based AP association is proposed to associate groups of users to maximize

sum-rate to an AP, as opposed to several single-user (SU) frameworks in existence.

The MU-AP association problem is solved using a proposed graph-theoretic polyno-

mial time algorithm and a proposed dual ascent method. The proposed polynomial

time algorithm requires channel knowledge to perform MU-AP association. To avert
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constant a priori channel information, an alternative framework is proposed to effi-

ciently perform association based on spatial statistics of a network.

Due to the limited number of orthogonal channels in unlicensed spectrum, high

density WLAN could suffer from inefficient spatial reuse. Addressing this radio re-

sources shortfall, new approaches are proposed to optimize the network parameters

that determine spatial reuse, i.e., separation of multiple concurrent transmissions in

space. The optimized network parameters of interest are the physical carrier sensing

(PCS) and the energy detection (ED) thresholds. PCS threshold is used by Wireless

Fidelity (WiFi) WLAN nodes to detect WiFi-like signals from active transmissions

while ED thresholds are used to detect non-WiFi preambles. The proposed frame-

works address efficient selection of the PCS and ED thresholds that are network-

specific and improve spatial average throughput.

To jointly address the user-AP association and PCS threshold selection problem,

a rate-maximizing framework is proposed. A user-AP association solution is first

obtained. PCS threshold selection is then optimized based on the achieved user-AP

association. The proposed AP association frameworks aim to maximize performance

while taking interference into account. By combining the proposed PCS and ED

thresholds selection schemes, interference is further reduced through efficient sepa-

ration of multiple concurrent transmissions of high density WLAN deployments in

unlicensed spectrum. Densification, inevitable in future WLANs in improving per-

formance in the presence of large numbers of contending nodes, is critical to deliv-

ering the required service level in next generation wireless networks. Analysis of the

tradeoffs between densification and overall throughput is provided to determine node

densities that achieve maximum rate.
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Chapter 1

Introduction

Future wireless networks infrastructure will be deployed to provide coverage and ac-

cess to a large number and/or high density of mobile devices. These devices include

but not limited to wearables, home appliances, connected autonomous vehicles, in-

dustrial/manufacturing machines (under Industry 4.0 or smart manufacturing), smart

traffic lights, devices for monitoring, analyzing, and treatment of medical conditions

and everything Internet of Things (IoTs). With the enormous potential of wireless

networking, the number of global connected devices is projected to reach 12.3 bil-

lion by 2022, which is 1.5 mobile devices per capita worldwide [3]. This implies that

the wireless communication infrastructure including cellular network and networks

in the unlicensed spectrum will undergo tremendous expansion and access protocol

improvement is required to meet the growing connectivity demand.

It is expected that future wireless networks will provide high reliability, coverage

(both indoor and outdoor) and support at least a data rate of 100 Gbps. To meet these

requirements, next generation wireless networking and communication will employ

enablers such as massive Multiple Input Multiple Output (MIMO), energy harvesting,
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cognitive radios, as well as a full duplex and millimeter-wave (mmWave) physical

layer (PHY). Implementation of these technology enablers in wireless networking in

unlicensed spectrum is paramount to the provision of high data rate to support high

density of mobile stations or users. This is needed because 59% of all mobile data

traffic will be offloaded to wireless local area networks (WLANs) or Wireless Fidelity

(Wi-Fi) and femtocells on a monthly basis. More precisely, by 2022, 51% of all

Internet Protocol (IP) traffic will be Wi-Fi, 29% wired and 20% mobile [3]. This

forecast necessitates improvements in wireless networking protocols and radio access

technologies (RATs) such as the IEEE 802.11 Wi-Fi protocol operating in unlicensed

spectrum.

1.1 Motivation

The unlicensed spectrum consists of frequency bands that are reserved globally and

does not require any form of license for operations; it is often referred to as the

Industrial, Scientific and Medical (ISM) bands. Although, the potential applications

of these bands are enormous, two of the major challenges are interference and fair

coexistence among different radio technologies. Since its inception in 1997, WLANs

under the IEEE 802.11 standard (a.k.a Wi-Fi) are often deployed in the 2.4 GHz and 5

GHz ISM bands. With the predicted role of Wi-Fi as one of the major enablers of 5G

services, spectrum shortfall (between 500 MHz and 1 GHz in some regions) [4] might

disrupt or limit its potential as the core of wireless connectivity that provides high

data rate for several applications. Hence, new paradigms are needed to improve the

efficiency of the limited available spectrum (spectral efficiency) to achieve performance

gains despite growing network density. This will equally assure Wi-Fi growth and its
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associated global economic benefit of $3.47 trillion [5].

Wireless networking in unlicensed spectrum will be an integral part of the future

wireless communication infrastructure for fifth generation (5G) and beyond 5G (B5G);

serving as small cells for cellular data offloading and providing high data rates to

mobile users. In other words, the emerging radio-neutral 5G will be largely supported

by the next generations of Wi-Fi standards IEEE 802.11ax [6] and IEEE 802.11ad/ay

[7]. Since majority of the mobile data traffic will be offloaded to IEEE 802.11 Wi-Fi

or WLAN, its future operation in the 60 GHz mmWave bands is in development to

support wireless Gigabits (WiGig) transmissions [7–9]. WLANs are ubiquitous today

due to high data rate connectivity at affordable cost, easy deployment and the close

proximity of access points (APs) to mobile stations (STAs).

Allowing 51% of future mobile IP traffic to traverse WLAN comes with some

technical challenges that need to be addressed in order to leverage its enormous

potential. First, is interference management, which deals with minimizing the effects

of interference from large numbers of concurrent mobile users or nodes sharing the

spectrum. Secondly, the issue of spatial reuse remains in WLAN due to the large

number of APs that are deployed on limited number of orthogonal channels, and with

the envisaged high density of future networks, this problem becomes more aggravated.

Additionally, separating multiple concurrent transmissions is challenging due to the

inherent multiple overlapped Basic Service Set (BSS)1 in dense WLANs. Third, is

the coexistence of IEEE 802.11 Wi-Fi RAT with other RATs and technologies that

occupy the unlicensed spectrum today. In terms of coexistence, the most challenging

part is the fair coexistence of 802.11 WLANs with cellular RATs such as the Long

1An AP with its associated STAs within a coverage area is referred to as the Basic Service Set
(BSS), which is analogous to a cell in cellular networks (Discussed later in Section 2.1.1).
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term evolution in unlicensed bands (LTE-U) or Licensed Assisted Access (LAA) and

its emerging variant known as 5G New Radio in unlicensed bands (5G NR-U).

1.1.1 Challenges and Drawbacks of Channel Access Protocol

The three aforementioned challenges (interference, spatial reuse and coexistence) are

rooted in the channel access protocols that govern fair spectrum sharing in WLANs.

Inevitably, providing high date rates leads to the deployment of high density APs to

support the explosive traffic from densely distributed STAs. Some of the consequences

of high density WLAN deployments under the existing channel and users coordination

protocols are expatiated as follows.

1.1.2 Spatial Reuse and Interference in High Density WLANs

On the spatial reuse, 802.11 protocol uses the Carrier Sense Multiple Access with

Collision Avoidance (CSMA/CA) to coordinate access to the channel and forbids

two or more nodes within the carrier sensing range (CSR) to transmit concurrently in

the same time slot. CSR represents the contention domain and only one node among

other nodes within the CSR can transmit in each time slot. CSMA/CA determines

the CSR based on the specified Physical Carrier Sensing (PCS) threshold Γ used by

the PHY to determine if channel is idle or busy [10]. CSMA/CA protocol requires

that each node checks the channel through the PCS process performed by the PHY,

and if the sensed signal power is above the PCS threshold, the PHY reports a busy

channel and the node defers transmission until the channel becomes available. This

PCS process is primarily used by the CSMA/CA protocol to prevent collisions by

permitting only one node in a CSR to transmit per time slot, which means only a
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subset of nodes in the network can transmit in each time slot.

Consequently, the PCS threshold determines the number of concurrent transmis-

sions per time slot permitted by the CSMA/CA protocol. Most implementations of

CSMA/CA protocol in commercial devices adopt a fixed PCS threshold, which is not

optimized for performance in large-scale wireless networks. This important network

parameter, especially for high density networks, must be carefully chosen to enhance

spatial reuse and performance through real-time adaptation based on measured net-

work parameters [11–14]. On one hand, a lower (or conservative) PCS threshold will

permit more concurrent transmissions, and that implies high interference. On the

other hand, a higher PCS threshold reduces spatial reuse and degrades aggregate

performance in the network. Therefore, the fundamental research questions (RQs)

are posed as follows:

RQ.1 How do we select the PCS threshold Γ to improve performance gains without

incurring excessive interference and jeopardizing spatial reuse?

RQ.2 How to design PCS threshold values taking into account the node density, trans-

mit power, path loss exponent and other network parameters that are usually

known a priori?

RQ.3 How do we optimize the PCS threshold Γ to achieve a balance in the trade off

between the hidden terminal problem and the exposed terminal problem?

More details on this issue of selecting PCS threshold and why it is important for future

high density WLANs, are discussed in Section 2.1.4. With high density of APs and

STAs transmitting concurrently in the downlink (DL) and uplink (UL), respectively,

high interference and contention are among the major issues. Increasing the number
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of concurrent transmitters per network area is tantamount to amplifying the interfer-

ence footprint in the network. Therefore, new interference avoidance techniques are

required to improve performance of future high density WLANs. Arguably, the level

of interference in a WLAN depends on the distribution of STAs (users) among APs

through association (AP selection) and the PCS threshold value that is being used

for spatial reuse. This leads to the following RQs:

RQ.4 What is the optimal user-AP association that guarantees the worst-case inter-

ference distribution or footprint in high density WLANs?

RQ.5 How to design a framework that jointly considers user-AP association and PCS

threshold selection?

1.1.3 Fair Coexistence in High Density WLANs

Let not forget that WiFi nodes need to share the spectrum with other wireless tech-

nologies such as Bluetooth, UWB etc as well as the emerging Long Term Evolution

small cells in unlicensed band (LTE-U) [15]. With the emergence of dense 802.11

networks, it is important to consider the coexistence of WiFi systems with other

wireless systems or technologies that use the same ISM band (2.4 GHz and 5 GHz)

and the mmWave bands for transmission. For improved performance of 802.11 net-

works, WiFi nodes must be able to coexist in any heterogeneous environment where

technologies like Bluetooth, Zig-Bee, and LTE-U exist [16,17].

The most important coexistence is with LTE-U small cells and its 5G NR-U

variant [18–20] that are being deployed at customer premises. Similarly, coexistence of

new 802.11 nodes (such as 802.11ac APs) with legacy nodes is very important. This is

because collision and transmission deferrals occur when the 20 MHz primary channel
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of a legacy AP is anywhere within the 80 or 160 GHz of an 802.11ac AP, and the clients

of 802.11ac APs and legacy AP transmit at the same time. Consequently, in addition

to developing new carrier sensing scheme for WiFi systems, new coexistence schemes

are needed for WiFi nodes to detect the presence of non-WiFi transmissions and make

smart decisions; defining a PCS threshold that enables WiFi nodes to optimally detect

the presence of non-WiFi transmissions is also of interest. Coexisting multiple RATs

in a WLAN increases the interference footprint in the network, thereby degrading the

overall performance due to increased interference.

Unlike WiFi (802.11) only WLANs, in a mixed RATs WLANs, WiFi nodes con-

tend with other WiFi and non-WiFi nodes for channel access. Take 5G NR-U and

WiGig Coexistence for example, due to the PHY layer discrepancy NR-U nodes are

not able to decode WiGig signals and vice versa [21–23]. In such coexisting WLANs,

during carrier sensing or PCS process, a WiFi node detects the presence of other

WiFi-like signals using signal detection and compares the detected signal power to

the PCS threshold to determine if the channel is idle or busy. On the contrary, since

802.11 (WiFi) nodes are unable to decode non-WiFi signals, a WiFi node uses energy

detection (ED) to detect the presence of active non-WiFi (e.g. 5G NR-U) transmis-

sions and compares the detected energy to a threshold known as the ED threshold to

determine a busy or idle channel. This mandatory protocol-level process is aimed at

reducing collision and ensuring fair channel access among nodes. Therefore

RQ.6 What are the optimal ED and PCS thresholds for fair coexistence and perfor-

mance maximization in coexisting wireless networks?.

Coexistence of multi-RATs in a WLAN causes the total node density to grow and

performance becomes intra-RAT and inter-RAT interference limited. In other words,
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increasing network density (densification) increases interference and contention, and

subsequently degrades aggregate performance. This tradeoff between performance

and network densification leads to the following RQs:

RQ.7 What are the optimal node densities to guarantee best performance in high den-

sity multi-RAT WLANs?

RQ.8 What is the trade-off between the maximum throughput per unit area and the

propagation characteristics?

1.2 Objectives and Thesis Contributions

Motivated by the future impacts of wireless networking in the unlicensed spectrum,

this thesis addresses the aforementioned questions. Fundamentally, the above research

questions RQ.1 , RQ.2 , RQ.3 , and RQ.6 are related and herein, the aim is to optimize

the PCS and the ED thresholds to maximize spatial average of performance in high

density WLANs. The objective is to provide frameworks that guide the PCS and ED

thresholds selection that are network specific (in terms of propagation characteristics,

node density, antenna configuration and transmit power). That is, adapting the

PCS and ED thresholds to other network parameters upon which overall network

performance depend on.

Questions RQ.4 and RQ.5 are posed to address the issue of inefficient AP selec-

tion in high density WLAN. Current strongest signal first (SSF) (a.k.a best receive

signal strength (RSS)) scheme used in existing WLAN systems has been shown to be

ineffective, and it might worsen performance in interference-dominated high density

WLANs. The aim of RQ.4 and RQ.5 is primarily to distribute STAs (users) among
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APs to tolerate the worst-case interference level in the network. The last set of ques-

tions, RQ.7 and RQ.8 will lead to answers that provide analytical framework for

designing coexisting WLANs. Basically, to address the tradeoff between densification

and performance, that is, to determine the maximum node density per network area

that guarantees best performance.

1.2.1 Thesis Contributions

Consequently, this research addresses scalable design of future high density WLANs

to improve performance in the presence of multiple concurrent transmissions and

large-number of nodes contending for the limited radio resource in unlicensed spec-

trum. In addressing the above research questions, the contributions of this thesis are

highlighted as follows:

1. On the user-AP association scheme, an efficient distributed framework to as-

sociate multi-user (MU) group to an AP is proposed in Chapter 3, as opposed

to the several schemes in literature that aimed at single-user (SU) association

with the AP. The MU-group-AP association problem is formulated as a loga-

rithmic throughput maximization problem, which is solved using a proposed

polynomial-time graph-based algorithm and a proposed Dual ascent method.

2. Since the proposed multiuser-AP association algorithm above requires channel

information and network measurement to solve the utility maximization prob-

lem, another framework is proposed to efficiently perform association based on

spatial statistics rather than on deterministic user-AP channels that require

constant updates or a priori channel information. To that effect, a scheme is

proposed to find a set of user-AP associations that maximizes FD mean rate
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utility, which represents a spatial average of performance. This is important

because spectral efficiency and overall network performance depend on the in-

terference distribution, and the interference distribution somewhat depends on

the spatial pattern at which users are distributed among AP.

3. In the above contributions, PCS threshold is fixed regardless of the node density,

transmit power and other network parameters. To address the PCS threshold

selection problem for WiFi-only WLANs and assuming node locations are re-

alizations of Poisson point process (PPP), closed-form expressions for selecting

optimal PCS threshold are proposed in Chapter 4. The PCS threshold value

that maximizes the spatial density of throughput (SDT) is determined. This

important network parameter determines the spatial reuse permitted by the

CSMA/CA protocol, which consequently determines the interference level. In

contrast to several existing methods that depend heavily on frequent channel

measurement, the proposed PCS threshold selection is based mainly on a-priori

knowledge of the network such as node density, path loss exponent and required

minimum SINR.

4. For WLAN coexistence, the above SDT-maximizing PCS threshold selection

problem is extended to multi-RATs coexistence WLAN. To address spatial

reuse in WLAN coexistence, both the PCS and ED thresholds are optimized.

This contribution in Chapter 5 captures the propagation characteristics of the

mmWave bands in optimizing the PCS/ED thresholds specific for multi-RAT

coexistence WLAN. Unlike existing studies on WLAN multi-RAT coexistence,

we propose an analysis of the optimal node density that guarantees minimum

tolerable interference in a WLAN coexistence. The proposed analysis shows
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that the degree of network densification depends on the minimum guaranteed

throughput in terms of SINR threshold.

5. Thus far, in existing literature, the AP association and the PCS threshold se-

lection problems are solved independently. Based on our knowledge of the

state-of-the-art research on WLAN, for the first time, a new framework is pro-

posed in Chapter 6 to jointly solve the user-AP association and PCS threshold

selection problems for future full duplex (FD) MIMO WLANs in the presence

of interference and self-interference of FD transmissions.

Considering the PHY characteristics of future WLAN systems equipped with FD

capability alongside MIMO at the STAs, the PHY layer model in this thesis consid-

ers FD and MIMO. Additionally, uplink seems to be the bottleneck in dense WLAN

mainly because large number of users contend for the limited radio resources. There-

fore, while the throughput objective is easily generalized to downlink, the performance

objective in thesis is centered on enhancing per-user throughput in uplink transmis-

sions.

1.3 Thesis Organization

In Chapter 2, general background on WLAN systems is provided; covering the ar-

chitecture and channel access protocol (CSMA/CA). Some of the limitations of the

existing user-AP association and the PCS threshold selection schemes are also dis-

cussed. In addition, stochastic geometry properties of the PPP used in this thesis

are presented. In Chapter 3, dual-ascent based and graph-theoretic multiuser-AP

association frameworks are proposed. The performance and significance of the pro-

posed schemes over the existing strongest signal first (SSF) scheme are discussed. In
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addition, the user-AP association problem is reformulated to maximize throughput

utility function for future full duplex (FD) WLANs. The framework is developed for

FD SISO and MIMO and seeks AP association set that maximizes spatial average of

performance. This framework differs from that of the graph-based and dual ascent

schemes as it does not require network information but uses the spatial statistics to

optimize user-AP association.

In Chapter 4, two frameworks are proposed for PCS threshold selection in SISO

and MIMO WLANs with their respective system model, problem formulations and

performance evaluation. Chapter 5 is dedicated to the proposed PCS/ED threshold

selection schemes for multi-RAT coexistence WLANs. Also, an analysis on the trade-

off between densification and performance is provided. To consider a joint solution for

the AP association and PCS threshold selection problems addressed in Chapters 3

and 4, respectively, a joint framework is proposed in Chapter 6. To conclude this

dissertation, Chapter 7 summarizes the contributions, highlights the main findings in

this research, and provides suggestions for future research directions.
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Chapter 2

Background

Background on the problems addressed in this thesis is provided in this chapter. It

contains related existing studies on the same subject. In Section 2.1, an overview of

the is presented; encompassing the WLAN architecture, WiFi protocols and IEEE

802.11 standards with focus on the physical and the data link layer. Section 2.2

discusses the evolution of WLAN and highlights the emerging standard promoting

dense WLANs and future applications of WLAN. In Section 2.3, the fundamentals of

stochastic geometry tools applied in this thesis are discussed.

2.1 Wireless Local Area Network

Since the inception of wireless communications in the unlicensed spectrum, specifi-

cally, the Industrial, Scientific and Medical (ISM) frequency band, wireless connectiv-

ity has been enhanced with high speed data rate compared to the traditional cellular

systems where packetized traffic is transmitted at lower speed. Wireless networks can

be categorized into three types based on their geographical coverage, which are Wire-

less Local Area Networks (WLANs), Wireless Personal Area Networks (WPANs) and
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Wireless Metropolitan Area Networks (WMANs) [24]. WLAN a.k.a wireless fidelity

(WiFi) provides local coverage in large indoor environments such as campus build-

ings, enterprise buildings, multi-tenant apartments, airports, stadium, and private

homes using 2.4 GHz and 5 GHz ISM bands, which are globally unlicensed.

As discussed later in this thesis, standards are being developed for future WLAN

to allow operation of WLANs in other spectrum such as the 60 GHz millimeter-wave

(mmWave), which will deliver gigabit data rates. Since the introduction of wire-

less connectivity to the ISM bands, standardization bodies such as the Institute of

Electrical and Electronics Engineers (IEEE) have developed standards for WLAN op-

erations. The IEEE 802.11 standard developed by IEEE has been the most adopted

standard for designing WLAN systems for interoperability. Consequently, the inves-

tigation in this thesis is focused mainly on the IEEE 802.11 WLAN systems.

2.1.1 IEEE 802.11 WLAN System Architecture

Interoperability among WLAN devices from different vendors is very important to

the entire functionality of WLANs. IEEE 802.11 standards are aimed at ensuring

interoperability by defining how WLAN devices such as access points (APs) and user

stations (STAs) communicate with one another. IEEE 802.11 standards are based on

the conventional layered architecture, the open system interconnection (OSI) model,

to specify the lower layers of the OSI model [1], namely, the Physical Layer (PHY)

and the Medium Access Control Layer (MAC) sublayer. More specifically, the IEEE

802.11 standard the MAC sublayer, MAC management protocols and services, and

three PHY layers [25], [26]. The MAC sublayer protects data, provides reliable data

delivery services and fair control access to the shared spectrum or wireless medium.
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Data protection is achieved in the 802.11 protocol through privacy services that en-

crypt the data sent over the wireless channel. The IEEE 802.11 MAC uses frame

exchange protocol at the MAC level to improve the reliability of data.

To control access to the shared channel, two access mechanisms are defined:

the Distributed Coordination Function (DCF) and the Point Coordination Function

(PCF). While the DCF access mechanism is distributed at the STAs, the PCF pro-

tocol is a centralized access mechanism, which is usually deployed at the APs. The

investigation in this thesis considers the DCF channel access mechanism, which uses

the Carrier Sense Multiple Access with Collision Avoidance (CSMA/CA) to control

access to the shared medium. Operation of the CSMA/CA protocol is explained in

Section 2.1.3. Figure 2.1 depicts the protocol architecture of IEEE 802.11. The PHY

is an interface between the MAC layer and the wireless channel, and mainly responsi-

ble for transmitting and receiving data frames over the wireless channel [25], [1], [24].

Figure 2.1: IEEE 802.11 Layered Protocol [1].

The PHY layer is consists of two sublayers known as the Physical Layer Conver-

gence Procedure (PLCP) and the Physical Medium Dependent (PMD). The PLCP

is used by the PHY to provide frame exchange between the MAC and PHY. The
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transmission of payload is achieved through the PMD sublayer by using signal car-

rier and spread spectrum modulation [1]. In addition, the PHY provides a carrier

sense indication to inform the MAC about the channel activity per time-slot [27], [1].

This carrier sense indication is an integral part of the CSMA/CA protocol and it is

performed by the PHY using the Physical Carrier Sensing (PCS) process, which is

the process whereby the PHY checks the activity of the channel and reports back to

the MAC. This process and how it impacts the performance of CSMA/CA protocol

is discussed in detail in Section 2.1.4.

Figure 2.2: An Infrastructure WLAN.

A typical WLAN can be implemented to support two main operating modes spec-

ified in the IEEE 802.11 standards, which are infrastructure and ad hoc (or inde-

pendent) modes. In infrastructure mode depicted in Figure 2.2, a WLAN is made

up of the stations (STAs) or user equipment (UEs), access points (APs), wireless

medium and the distribution system (DS). As shown in Figure 2.2, an AP with its

associated STAs within a coverage area is referred to as the Basic Service Set (BSS)

and a network with two or more connected BSSs is called the extended service set
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(ESS). In practical terms, an ESS belongs to a specific operator and each ESS has

a unique identifier known as the Service Set Identifier (SSID). Several APs in the

ESS are interconnected through the DS backbone to provide distribution services to

STAs. For instance, when an STA roams from one BSS to another, APs use the DS

to forward data from one AP to another for the roaming STA. Each BSS controls

access to the shared medium using the CSMA/CA with DCF.

Figure 2.3: An ad hoc (or independent) WLAN.

Figure 2.3 shows the independent mode, the nodes can communicate directly with

each other without the need for a central node (AP). For one node to communicate

with the other, the transmitting STA establishes an ad hoc link with the receiver node

before commencing transmission; STAs (or nodes) have direct links with one another

for the duration of a communication session. In independent node, there are multiple

failure points. Ad hoc mode has found applications in many areas today including

military tactic missions for temporary wireless communication, home networks and

other types of sensor networks. This thesis focuses on the infrastructure WLAN where

there are several APs and STAs to form a large or high density network. Next, the
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AP selection or association is discussed.

2.1.2 Access Point Association in WLAN

To provide coverage in an infrastructure WLAN, an operator often deploys several

APs that are interconnected for seamless service. In some cases such as multi-tenant

apartment buildings, several independently controlled APs are deployed by indepen-

dent owners on the available limited channels. Users arriving to the network need to

select an AP among several APs in order to gain access to the network. The procedure

to select or associate with an AP is highlighted as follows and depicted in Figure 2.4.

When a user (or STA) enters the network, its initial state is State 1, and while in this

state, the user attempts to discover APs in the network. Two management frames

are employed by the STA to discover APs, namely, Beacon frame and Probe request

frame [1].

Figure 2.4: Access Point Association Procedure [1].

APs within an ESS periodically broadcast the Beacon frame to allow STAs discover

available BSSs. Each AP appends specific information in the Beacon frame such as
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the network SSID, supported data rate, timestamp, PHY parameters, Beacon interval

and other Quality of Service (QoS) information. STAs continue to monitor or listen

on specific channels to capture Beacon frames to discover APs; this method is known

as Passive scanning. Alternatively, STAs could use the Probe request frame in a

process known as Active scanning to discover APs. Under this Active scanning, a

STA broadcasts Probe request frame and waits for an AP to respond with a Probe

response frame. The Probe response frame contains similar information conveyed

using Beacon frame under the Passive scanning. In terms of time to discover an AP,

the Active scanning is faster than the Passive scanning because depending on the

Beacon frame interval or loss rate, a STA could spend longer time in the channel in

anticipation of a Beacon frame.

Once an STA discovers an AP either through the Passive scanning or Active

scanning, it sends Authentication request frame to the AP and upon successful au-

thentication, the STA transits to State 2 as shown in Figure 2.4. Subsequent to the

authentication state, the STA sends Association request frame to the AP and the AP

responds with Association response frame. Once a STA is authenticated and associ-

ated in State 3, the STA has fully joined the network for access. During the frame

exchange procedure for AP association, APs often include information such as sup-

ported data rate, QoS, PHY and security settings that facilitate the STA’s seamless

connectivity. Upon authentication and association, STAs are allowed to contend for

transmission opportunity with other STAs associated with the same AP. In the next

section, this medium sharing/access procedure is discussed.
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2.1.3 IEEE 802.11 Channel Access Protocol

As with other generations of radio access technologies (RATs), WLAN is confronted

with spectrum (radio resource) scarcity. Due to the limited number of available or-

thogonal channels, especially in 2.4 GHz and 5 GHz ISM bands, several nodes contend

for transmission opportunity. Access to the channel is controlled by the CSMA/CA

with binary exponential backoff (BEB), which requires that a STA listen to the chan-

nel before commencing a transmission and if the channel is busy or occupied by

another transmissions, it defers its transmission. In other words, the CSMA/CA pro-

tocol is a type of “Listen-Before-Talk” (LBT) protocol. The process of checking if

the medium is busy or not, is the CSMA part of this access scheme, and it is co-

ordinated using the PCS mechanism of the PHY; the PCS mechanism is discussed

later in Section 2.1.4. Without the channel sensing process, a STA would commence

transmission and cause collision with ongoing transmission in the channel; this leads

to persistent retransmissions and increased Packet Error Rate (PER).

When packets become available in the buffer, the MAC informs the PHY to per-

form the PCS process. In event that the medium is sensed to be busy (detecting

the presence of an active transmission), the listening STA defers its transmission and

waits for a period determined by the BEB algorithm [1]. The BEB algorithm gener-

ates a random waiting time uniformly distributed in a range known as the contention

window (CW), and the CW varies from PHY to PHY. The listening STA defers its

transmission and begins transmission after the backoff time elapses [1], [25], [26]. To

implement the collision avoidance (CA) part of the CSMA/CA, the MAC layer uses

a time value known as the Network Allocation Vector (NAV) to inform a STA of the

time left until the channel becomes idle or available. During the busy channel, each
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frame in the channel carries the NAV value so that listen STAs become aware of the

time. NAV is a Virtual Carrier Sensing (VCS) technique and when it is enabled,

a STA avoids transmitting even though the PCS indicates that the channel is idle.

Combining the PCS with the NAV, unprecedented collision is avoided [26], [25], [1].

Under the CSMA/CA protocol, five timing intervals are very useful in the channel

sensing and backoff procedure. There timing intervals are Slot-time, Short interframe

Space (SIFS), Priority Interframe Space (PIFS), Distributed Interframe Space (DIFS)

and Extended Interframe Space (EIFS). While Slot-time and SIFS are the two basic

time intervals determined by the PHY (or PHY-dependent), PIFS, DIFS and EIFS are

determined from Slot-time and SIFS [1], [26]. Recall that the 802.11 MAC standard

specifies DCF and PCF as two medium access configuration in the MAC protocol.

The former is distributed at the STAs while the latter is a centrally controlled access

mechanism. While DCF guarantees equal access and best effort services, PCF is suit-

able for real-time application/services. Although DCF is a contention-based scheme

while PCF is contention-free, both methods can be combined to implement a hybrid

access method. With the hybrid mechanism, a contention-free period is followed by

a contention period; that is, DCF is used subsequent to PCF [28].

With PCF, there is a centralized AP coordinating access to the medium. Under

the PCF access mechanism, a STA begins to transmit when permission is granted

by the AP. When DCF is being used, access to the medium is coordinated using

the CSMA/CA. Throughout this thesis, the DCF mechanism (i.e. all STAs on the

WLAN are DCF-enabled) is considered mainly because of its distributed nature,

which gives STAs the liberty to autonomously make AP association decisions using

the CSMA/CA protocol. Under the DCF mechanism, a STA with packets to transmit
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sends request to the MAC layer. The MAC then checks if the channel is flagged idle

or busy by both PCS and VCS. If both schemes report an idle channel for a time

interval of DIFS (= 2× Slot-time + SIFS), the MAC proceeds with the transmission.

Figure 2.5 depicts this process. At the end of the previous transmission, the MAC

checks the channel status and waits for a DIFS and begins the next transmission if

the channel remains idle for a DIFS. The goal is to prevent collisions with ongoing

transmissions or with the acknowledgment (ACK) frame of the previous transmission.

Figure 2.5: DCF timing under CSMA/CA [1].

An ACK frame is used by the receiver to inform the transmitter of a successfully

or correctly received frame. If the ACK frame is not received, a collision or an error

is deemed to have occurred and the MAC checks with PCS and VCS to see if the

channel is idle for EIFS before commencing a new transmission. In the case of a col-

lision, a retry counter is initiated and depends on the length of the frame, it indicates

the number of times the frame may be retransmitted. If either the PCS or VCS flags

the medium as busy during the DIFS, using the BEB algorithm, the MAC chooses a

uniformly distributed backoff interval within a range known as the Contention Win-

dow (CW). For every attempted transmission that is deferred, the CW doubles until

the maximum CW (CWmax) is reached, and when a frame is successfully transmitted,

the CW is reset to the minimum CW (CWmin) for the next transmission. The values

of CWmax and CWmin are fixed in PHY but varies from PHY to PHY depending on

the supported 802.11 standard or generation [26], [1].
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2.1.4 Physical Carrier Sensing (PCS) in WLAN

For an effective CSMA/CA protocol or channel access control in 802.11 WLAN, the

PCS and the VCS processes are very important because they report channel status

to the MAC and inefficient report is detrimental to overall system performance. The

VCS is a supplemental scheme in 802.11 standard aiming to minimize the effect of the

hidden terminal problem [1]. Herein, the focus is on the PCS process as it forms an

integral part of this thesis. In other literature, the PCS process is referred to as the

Clear Channel Assessment (CCA) process but for easy readability, it is simply called

PCS. Since CSMA is a LBT protocol, when the MAC layer receives transmission

request from a node, it requests channel status from the PHY and in response, the

PHY provides CCA signal to MAC indicating an idle channel or a busy channel. This

mainly to indicate whether other nodes are using the channel or not [26], [1].

To determine channel status, the PHY interfaces with the wireless channel or air

medium and measures the signal power or energy in the channel. If the measured

signal or energy is above a threshold known as the PCS or CCA threshold, the PHY

flags the channel as busy and reports a busy channel back to the MAC. Otherwise, if

the measured signal or energy is below the PCS threshold, an idle channel is reported

back to the MAC. The PCS threshold is an important parameter in WLAN as it

determines the degree of spatial reuse and the number of concurrent transmitters in a

multi-AP or multi-BSS WLAN, and consequently, it impacts the overall performance.

To illustrate, Figure 2.6 depicts a scenario.

In the system scenario of Figure 2.6, the coverage area of an AP (or a BSS) is

depicted with a circle. All STAs within the same coverage area of a BSS, compete to

access the channel on which the AP is deployed. The major drawback of such a shared
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Figure 2.6: Physical carrier sensing under CSMA/CA protocol.

medium is that whenever an STA is transmitting, other STAs defer their transmissions

and wait for the STA occupying the channel to finish its transmission. STAs sense the

channel using the PCS mechanism at the PHY because the CSMA/CA requires that

each node senses the channel before commencing transmission. During this channel

assessment period, the PCS threshold is used to determine if the channel is busy or

idle. If the signal energy sensed during the PCS is above the PCS threshold, the

PHY informs the MAC that the channel is busy. Consequently, the node performing

the PCS defers its transmission until the channel becomes idle; the channel is idle

when the energy sensed on the channel is below the PCS threshold. The deferment

of transmissions due to a busy channel could severely impair performance in dense

WLAN environments.

To buttress this assertion, let us consider the impact of PCS on AP1 in Figure 2.6.
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Assuming the PCS threshold in BSS1 to be Γ1, the solid circle becomes the carrier

sensing range of AP1 and its associated STAs, which cover STA3 and STA5 that

are associated with AP2 and AP3 respectively. Consequently, in compliance with

CSMA/CA procedures, AP1 will always defer its transmission whenever STA3 in BSS2

or STA5 in BSS3 is transmitting or occupies the channel, assuming that the three APs

are deployed on the same channel for spatial reuse. On the other hand, setting the

PCS threshold to Γ2 in BSS1 alleviates this problem, and thus AP1 assumes the

signals coming from STA3 and STA5 as tolerable interferences rather than deferring

its transmission.

With Γ2 as the PCS threshold value, the carrier sensing range (CSR) shrinks as

depicted with the dashed circle covering BSS1, hence, AP1, STA3 and STA5 can trans-

mit simultaneously in their respective BSS, thereby increasing the number of spatially

separated concurrent transmissions. For dense deployments, APs are deployed much

more closely than the conventional 100 m spatial reuse distance between co-channel

APs. As illustrated with Figure 2.6, AP1 will defer its transmission when STA3 is

transmitting if they are both operating on the same channel and the PCS threshold

of AP1 covers STA3. Otherwise, AP1 ignores and treats the signal coming from STA3

as interference.

2.1.5 Physical Carrier Sensing in Coexisting Networks

The above discussion covers the PCS process in a WLAN where only WiFi RAT

exists. The coexistence of WiFi APs with other non-WiFi or WiFi-like signals present

new challenges. There are other wireless technologies existing and operating in the

ISM unlicensed band. The ability of Wi-Fi nodes to peacefully coexist with these
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technologies, would enhance throughput of dense WLAN (DWLAN). A more recent

wireless technology that is harnessing the ISM band is the long term evolution in

the unlicensed band (LTE-U) around 5 GHz. The goal of the LTE-U is to offload

high cellular traffic to the inactive unlicensed band [15], [29], [30]. Rate diversity and

fairness, random losses and TCP performance and traffic asymmetry are other factors

degrading performance in large Wi-Fi networks [31]. The ongoing 3rd Generation

Partnership Project (3GPP) New Radio (NR) access technology standardization for

fifth generation (5G) [18], [20] is expected to support variants of unlicensed bands [19],

[32], analogous to the 4G Long Term Evolution (LTE) in unlicensed band (LTE-U).

LTE-U systems that coexist with incumbent Wi-Fi systems in the 5 GHz band.

In the same vein, the 5G NR in unlicensed band (NR-U) will coexist with the wireless

gigabit (WiGig) Wi-Fi (or IEEE 802.11ad/ay) in the 60 GHz band [8], [33]. When

WiFi nodes coexist with other RATs such as the 5G NR-U, WiFi nodes are mandated

to detect both ongoing WiFi and non-WiFi transmissions. Due to PHY layer differ-

ences, WiGig nodes are unable to decode NR-U signals, and vice versa. Therefore,

WiGig nodes use coherent signal detection to detect active WiFi transmission and

use energy detection (ED) to detect the presence of an NR-U transmission. A WiGig

node detects other WiGig transmissions by comparing the signal level in the channel

to a PCS threshold ΓWG, and detects NR-U transmissions by comparing the energy

level in the channel to an ED threshold ΓedWG. If either the signal power or energy is

above ΓWG or ΓedWG, the CSMA/CA protocol reports a busy channel.
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2.2 Evolution of 802.11 WLAN and the Future WLAN

The first ratified standard (IEEE 802.11) released in 1999 [1] contains specifications

for the operations of a Wi-Fi network and this standard has passed through some

amendments as summarized in Table 1 in [34], which compares the features of the

different 802.11 generations. The standard has been modified from generation to

generation in order to achieve gigabit data rates, with the most recent ratified stan-

dard being IEEE 802.11ac, which promises at least 500 Mbps on a 80 MHz channel

with 8 spatial streams. IEEE 802.11ac inherited certain features from 802.11n, which

include static/dynamic channel bonding and multiple simultaneous data streams us-

ing multi-user multiple-input multiple-output (MU-MIMO). These new features are

mainly PHY layer specifications. However, some changes at the MAC are proposed to

ensure that the MAC is compatible with the enhanced PHY. IEEE 802.11ac retains

the beamforming capability of 802.11n but extends channelization to a wider channel

width [34].

The standard that motivates this research is still ongoing under the High Efficiency

WLAN Study Group (HEW SG) and it is scheduled for ratification in 2019. The

IEEE 802.11ax standard is aimed at improving spectrum efficiency to enhance the

network throughput per area in DWLAN [15], [6]. There are other standards in the

IEEE 802.11 series, IEEE 802.11ah [35] is another one, which is mainly proposed

to allow 802.11ah-enabled nodes to operate in the 1 GHz band as opposed to the

conventional 2.4 GHz and 5 GHz bands. IEEE 802.11ah is being developed mainly

for IoT devices. The two main specifications in all of these standards are the MAC

protocol and the PHY layer. Other functionalities for 802.11 networks are specified

in different standards such as security enhancement in 802.11i and quality of service
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(QoS) in 802.11e [1]. Other future WLAN systems include IEEE 802.11ad (WiGi)

that will operate in the higher frequencies (up to 60 GHz), also known as millimeter

wave (mmWae) 60 GHz band to deliver multi-Gb/s data rates. This emerging wireless

technology will introduce WiFi tri-band (2.4 GHz, 5 GHz and 60 GHz) products to

consumers [36]. Therefore, for B5G, one technique to increase capacity in 5G is the

use of small cells, and most femtocells will have WiFi-like ranges [37], [38]. Ultra-

densification, mmWave and massive MIMO are the three main 5G technologies [37].

2.2.1 IEEE 802.11ax: High Density WLAN Deployments

Ongoing standardization of IEEE 802.11ax for DWLAN has been initiated by the

IEEE High Efficiency WLAN Study Group (HEWSG) with the goal of improving

per-node throughput of DWLAN in the presence of sources of interference. The

ongoing activities to standardize 802.11ax for emerging applications motivates this

research. Approaches of the IEEE 802.11ax Task Group to enhance node throughput

in DWLAN are congestion control, interference and frame conflicts mitigation. IEEE

802.11ax APs and devices are expected to hit the market in 2019 and 802.11ax is

expected to deliver upto 10 Gbps [6], [15]. Reducing the size of control frames (min-

imizing overhead) and increasing the data frame size aim to resolve the congestion

problem in DWLAN by preventing nodes from occupying the channel for a longer

period of time. The hidden terminal problem is responsible for frame conflicts in

hidden STAs, and frame conflicts can be reduced by modifying the channel access

scheme and overlapped BSS (OBSS) management [6], [15]. Interference mitigation in

DWLAN is possible through PCS and other interference cancellation schemes.
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2.3 Stochastic Geometry Preliminaries

Stochastic geometry is an area of mathematical statistics that provides tools and

models for studying and analyzing random spatial patterns. Stochastic geometry tools

are suitable in modeling spatial average of performance in wireless communications

[28], [39]. This section provides the mathematical preliminaries of the main stochastic

geometry principles applied in this thesis. The geographical locations of nodes in

wireless networks can be modeled as realizations of a point process. There are different

types of point processes, which include Binomial Point Process (BPP), Poisson Point

Process (PPP), Poisson Cluster Process (PCP) etc., but in this thesis the PPP is

adopted; readers interested in a detailed description are referred to [40]. Generally,

a point process on Rd is a random variable which takes values from the set of simple

and finite sequences X; finite number of points in any bounded subset of Rd [40], [28].

2.3.1 Poisson Point Process (PPP)

PPP is the most studied point process, and because of its ease of analysis, it is used in

several studies (e.g. [41], [39], [42], [43], [44], ) related to wireless communications. Let

Φ represent a stationary PPP of density λ, the number of points in any set B ⊂ Rd is

a Poisson random variable with mean λ|B| and the number of points in disjoint sets

are independent random variables [40]. Hence [28]

P (Φ (B) = k) = exp (−λ|B|) (λ|B|)k
k!

, (2.1)

where exp (−λ|B|) is the void probability. Herein, homogeneous PPPs are employed

and are formally defined as [45]
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Definition 2.1. The Poisson point process Φ of intensity measure Λ is defined by

means of its finite-dimensional distributions:

P
{

Φ (A1) = n1, · · · ,Φ (Ak) = nk

}
=

k∏
i=1

(
eΛ (Ai)

Λ (Ai)
ni

ni!

)
, (2.2)

for all bounded k = 1, 2, · · · and mutually disjoint sets Ai for i = 1, · · · , k. If Λ (x) =

λdx is a multiple of Lebesgue measure (volume) in Rd, then Φ is a homogeneous PPP

with density λ (or parameter). The key properties of PPP that are of interest in this

thesis are [28]:

1. Given two PPPs Φ1 and Φ2 with densities (or intensities) λ1 and λ2, respectively,

the superposition of Φ1 and Φ2 results in a new PPP Φ1,2 with density λ1,2 = λ1+

λ2. This property is important in wireless networks, where the AP locations and

STA locations are characterized as independent PPPs Φa and Φs, respectively,

the superposition property can be used to describe the total density of the whole

network. This is for homogeneous PPP and realizations of node locations are

based on independent homogeneous PPPs for receivers and transmitters.

2. The Thinning Process deals with the selection of a point from a set of points

in Φ with probability p independently of the other points, and the probability

1 − p of not selecting the point. Consequently, the two resultant PPPs (one

for those points selected and the other for the points not selected from Φ) have

density pλ and (1− p)λ. This property is quite useful in modeling the MAC

layer activities, specifically, the channel access process. By modeling the node

locations as realizations of PPP Φ, the set of active nodes Φ̃ ⊂ Φ permitted by

the access protocol such as CSMA/CA or ALOHA can be modeled using the
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thinning property. For instance, if all the nodes form a PPP Φ with density λ

and each node transmit with probability p, the transmitting nodes form another

PPP Φactive with density λactive = pλ while the nodes that are quiet in that

time-slot form a PPP with density λsilent = (1− p)λ.

3. The third property is related to the simulation of a PPP. For simulation, the

BPP is used conditioned on the fact that the number of points of Φ in a compact

set B ⊂ Rd, the set of points Φ ∩B form a BPP.

2.3.2 Useful Theorems on PPP Model

Throughout this thesis, it is assumed that node locations are realizations of homoge-

neous PPP characterized by a single density parameter λ. Herein, the performance

evaluation based on the PPP model is a statistical average over the points of the

PPP. This average can be average sum of a throughput function, interference or any

other performance metric related to wireless communication. For example, if active

or concurrently transmitting nodes permitted by CSMA/CA protocol form a PPP

Φactive with density λactive, the total interference at a typical receiver can be written

as
∑

x∈Φactive

R−α, where R represents the distance between the receiver and a potential

interference source, and α is the path loss exponent. The average interference at the

receiver from all points in Φactive can be evaluated using [45], [40], [28]

Theorem 2.1. Campbell’s Theorem: Let f (x) : Rd → [0,∞] be a measurable func-

tion. Then

E

(∑
x∈Φ

f (x)

)
=

∫
R

f (x) Λ(dx) (2.3)

Proof. See [28, Appendix A.1.2] .
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Consequently, assuming node locations in the network follow realizations of sta-

tionary PPP with density and applying Campbell’s Theorem, the mean interference

in the network can be evaluated as follows

E

( ∑
x∈Φactive

R−α

)
= λactive

∫
Rd
R−α dR, (2.4)

which implies that the mean interference depends heavily on the density or intensity of

the concurrent transmitters, and two stationary node distributions with equal density

would generate equal average interference, and the variance is also measurable as [28]:

var

[ ∑
x∈Φactive

R−α

]
= λactive

∫
Rd

(
R−α

)2
dR. (2.5)

The Probability Generating Functional (PGFL) of a PPP can defined as [28]

Definition 2.2. Let v (x) : Rd → (a, b] be measurable, the PGFL of the point process

Φ is

G [v] = E
∏
x∈Φ

v (x) (2.6)

specifically, if Φ is a PPP,

G [v] = exp

(
−
∫
Rd

(1− v (x)) Λ (dx)

)
, (2.7)

and the Laplace transform G (s) of the
∑
x∈Φ

f (x) can be evaluated from the PGFL

as [28]

E

[
exp

(
−s
∑
x∈Φ

f (x)

)]
= E

[∏
x∈Φ

exp (−sf (x))

]
= G [exp (−sf (x))] . (2.8)
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Another useful characterization of the PPP is the Palm Distribution [45], [28], [40],

which arises when the point process is conditioned to have a point at x ∈ Rd. In other

words, the point process has a particular point x that is being excluded from the set

(i.e., not being counted). This property is very useful in evaluating mean interference

without including the transmission from the desired point x or desired signal. This

implies that, only signals from interference sources will be counted while the point

transmitting the desired signal is excluded from the interference set. Therefore, the

reduced Palm distribution equals the distribution of the original PPP according to

Theorem 2.2. Slivnyak Mecke Theorem: For a PPP,

P!o ≡ P, (2.9)

and for a stationary PPP Φ, with Slivnyak’s theorem,

E

[∑
x∈Φ

f (x,Φ \ {x})
]

= λ

∫
Rd

Ef (x,Φ) dx. (2.10)

2.3.3 Matérn Hard-core Process

A hard-core point process is a point process that forbids two or more points to lie

closer together than a minimum distance R [40]. Such point process is useful in

modeling the behavior of the CSMA/CA protocol [39] and the channel contention

process discussed earlier in Sections 2.1.3 and 2.1.4. The hard-core point process of

interest in this thesis, is the Matérn hard-core process [39], [40], which is employed

later in subsequent chapters in modeling the CSMA/CA contention process.

Consider a homogeneous Poisson process Φu representing users in a WLAN with

density λu. Assign to each point u, a mark m (u) that is uniformly distributed over
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(0,1). Under Matérn hard-core process, the dependent thinning retains the point

u ∈ Φu with mark m (u) if no other point within a ball B (u,R) has a mark lower

than m (u). Mathematically, this process is defined as follows

Φ̃u = {u ∈ Φu : m(u) < m(ũ)∀ũ ∈ Φu ∪ B (u,R) \ {u}}. (2.11)

The intensity, λ̃u of this resultant point process Φ̃u is written as

λ̃u = pλu, (2.12)

where p is the Palm probability of retaining a typical point u and is given by

p =

∫ 1

0

r(t) dt =
1− exp (−λuc)

λuc
, (2.13)

where r(t) = exp (−λuct) denote the retaining probability of a point with mark t [40]

and for a 2-D point process, c = πR2.

The Matérn hard-core process has been applied to model the mean interference in

wireless networks [46]. Herein, it is used in modeling the behavior of the contention

process under CSMA/CA protocol. Two or more nodes within the carrier sensing

range (CSR)R contend with one another and only one node wins the contention since

CSMA/CA forbids two or more nodes within CSR R from transmitting concurrently.

In this context, the mark m(u) represents the back off time of each STA and only an

STA with the lowest back off time is allowed to transmit in the next time slot when

the channel becomes idle.
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Chapter 3

Decentralized User-AP Association

3.1 Introduction

A new AP association framework is proposed in this chapter for future uplink (UL)

multiuser (MU)-MIMO (MU-MIMO) WLANs. As opposed to the existing frame-

works of associating single user (SU) to the best serving AP, a MU-AP association

is studied in this chapter, primarily to associate group of users with an AP offering

the maximum sum rate bound. This is important for future WLANs where MU up-

link transmissions or beamforming will be employed to improve throughput of the

multiple access channel (MACh). This problem is formulated as a logarithmic utility

maximization problem, which takes into account, the sum rate bound of a multiuser

group and the MAC protocol effects.

As opposed to the traditional RSS-based scheme, the idea of decoupled user associ-

ation (DUA) where different APs serve a user in UL and DL transmissions to improve

the system performance was investigated for full-duplex (FD) networks in [41]. With

DUA, aggregate throughput could be improved if the AP with the best DL chan-

nel serves a user and the user has the liberty to choose an AP with the best UL
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channel for its UL transmissions. Posing the user-AP association problem as a clas-

sical assignment problem, a distributed auction algorithm is used in [47] to jointly

solve the AP selection and relaying problem, which yields an optimal client-relay-AP

association. Also, in [48], to maximize user utility for UL MU-MIMO WLANs an

auction-based AP selection and STA scheduling framework is proposed. The issues

of user association and spectrum allocation in heterogeneous networks are coupled

in [49] where the joint problem is solved as two sub-problems to maximize sum-rate.

The auction-based AP association control algorithms [47], [48], [50] could potentially

suffer from lack of fairness.

In addressing the issue of fairness to STAs, formulating the user-AP association as

a utility maximization is able to account for fairness [51], [52], [53], [54], [55]. In [51],

the issue of proportional fairness in achievable rates of users is addressed by solving the

user-AP association problem in multi-rate WLANs. The proposed best performance

first (BPF) algorithm therein achieves proportionally fair performance for single-

input single-output (SISO) links. The authors in [52] solve the user-AP association

in massive MIMO wireless networks as a utility maximization problem. Therein, it

is assumed that user rates are deterministic under certain channel conditions.

Similarly for massive MIMO systems, a joint user-AP association and power allo-

cation problem is formulated in [55]. From a game theoretic perspective, the user-AP

association problem is addressed to improve fairness [53]. When a set of dense WLANs

share the same upstream provider, some level of collaboration among the APs could

facilitate a proportional-fair user-AP association [54]. However, such AP-to-AP col-

laboration is not feasible for scenarios such as multi-tenant networks [56], where APs

do not belong to the same service provider.
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Improving the proportional fairness among STAs through efficient AP selection

framework could mitigate starvation, and even the cell-edge users (STAs with low

SINR or farther way from the AP) could receive some level of service. On the other

hand, efficient use of the large number of deployed APs seems to be a priority in

some cases, especially for load balancing [57, 58]. Efficient use of the APs is often

achieved through load balancing where the goal is to avoid overloading some APs while

having others be lightly loaded or idle; the objective of load balancing is feasible by

optimizing the AP association [57,58]. An example of a load balancing algorithm via

AP association is the greedy algorithm [57], which allows a user to selfishly associate

with an AP with low load upon entering the network and to remain with the same

AP for its entire time in the network.

As opposed to the greedy algorithm that restricts STAs from switching AP upon

association, the best response algorithm [57] allows users to switch their AP multiple

times and select the least loaded AP. Jointly considering proportional fairness and load

balancing in heterogeneous networks, a utility maximization problem is formulated

in [59] where using a biasing factor, users associate with lightly loaded small cells as

opposed associating with the heavily-loaded macrocells. To minimize AP utilization

in millimeter-wave (mmWave) networks, user-AP association problem is formulated

with constraints on the demanded user data rate [58].

Although, proportional fairness and load balancing via AP association optimiza-

tion are important, retransmission resulting from collision and high packet error rate

(PER) will be dominance in high density WLANs. Excessive collision is due to high

contention among densely distributed STAs sharing the limited orthogonal channels,

and the high PER occurs when receivers are unable to decode packets at low SINR
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(or high interference). Therefore, neglecting the effect of interference and contention

is detrimental to overall system performance of dense WLANs. Decentralizing the

user-AP association improves the DL throughput in the presence of multi-AP inter-

ference [60], by using pilot signals or preambles to measure inter-BSS interference at

the target (or candidate) APs and select the AP that offers the best DL SINR. The

ultimate goal of [61] is to minimize the effects of inter-WLAN interference through

cooperation between networks using location and channel information from the APs.

As demonstrated experimentally in [62], considering interference level could facilitate

load balancing at the APs.

The major challenge in dense wireless networks is not necessarily related to load

balancing because there is usually a large number of APs to handle heavy traffic and

ensure coverage to all users. Using AP load measured in terms of AP utilization [57]

- [58], [62] as the AP selection decision metric, could result in STAs associating

with AP with other deleterious effects such as high interference and high contention.

Therefore, considering interference and contention as factors in performing user-AP

association is crucial in enhancing the performance of high density WLANs. Moreso,

with the advent of multi-antenna STAs with UL multiuser transmission capability,

the multiuser interference pattern is different from that of SISO or SIMO channels

considered in most existing frameworks for WLANs. Arguably, user-AP association

to suppress multiuser interference resulting from a large number of concurrent trans-

missions is desirable to improve performance in MU-MIMO WLANs. Thus far, little

attention has been given to multi-antenna AP selection in MU-MIMO WLANs except

for the specific scenarios [48], [50] where perfect successive interference cancellation

exists.
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With future nodes equipped with full duplex (FD) capability, there are new chal-

lenges. Recent studies (e.g. [47] , [51], [52], [57], [59], [63]) investigate the user-AP

association problem for half duplex (HD) WLAN. For general HD communication,

a special case of achieving proportional fairness via AP association appears in [51],

where the authors study proportional fairness in multi-rate WLANs using AP asso-

ciation based on distributed auction algorithms optimize client-relay-AP association.

Two association algorithms are proposed in [57] with performance bounds. In [59],

the User-AP Association problem is addressed for heterogeneous cellular networks

with the primary objective of load balancing. User-AP association is optimized for

load balancing and fairness in millimeter-wave (mmWave) wireless networks in [58].

The association control and relaying problems are jointly addressed in [47].

In FD, the interference experienced by a pair of primary (AP) and secondary

(STA) transmitters depends on AP-STA associations in the network. In FD WLANs,

the strongest signal first (SSF) or legacy scheme might not be efficient because it

considers only the RSS in the uplink when selecting an AP. Existing schemes for

WLAN only take channel condition at one receiver end into account when associating

an STA to an AP. For these association schemes to work in FD CSMA/CA networks,

both the primary (downlink) and the secondary (downlink) transmitters would at

least experience equal levels of interference, which might not be the case for wireless

channels. The MAC layer throughput in FD-enabled WLAN under imperfect collision

detection (CD) is analyzed in [64], to demonstrate the performance of a proposed

CSMA with imperfect CD over the conventional CSMA/CA protocol in FD WLAN.

The most relevant existing study can be found in [41] where the authors aim to

maximize the mean rate utility of FD networks by optimizing the user association.
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They focus primarily on cellular networks where base stations (BSs) are distributed

according to Poisson Point Processes (PPPs) in the in-band FD mode.

In this chapter, boldface uppercase letters represent matrices, for instance, matrix

H represents the channel matrix between a user and an AP. Column vectors are

denoted as boldface lowercase letter such as x representing the transmitted symbol

vector. The expected value of any random variable will be denoted as E [·]. While

the Frobenius norm of a matrix is denoted as ‖·‖2
F , the superscripts (·)H and [·]T

represent the Hermitian conjugate transpose and the transpose, respectively. The

chapter is organized as follows: The UL MU-MIMO system model is presented in

Section 3.2.2 while the user-AP association problem is formulated in Section 3.3

alongside with two solution techniques. In Section 3.4, we present the performance

evaluation of the proposed MU-AP association algorithm. In Section 3.5, another

framework is introduced for AP association in full duplex WLANs with system model,

proposed method and performance evaluation presented in Sections 3.6, 3.7 and 3.8,

respectively. Section 3.9 concludes this entire chapter.

3.2 Decentralized Multiuser-AP Association

3.2.1 Graph Theory Preliminaries

User-AP association problem is a type of assignment problem whereby users (or STAs)

are assigned to the best serving AP based on certain criteria such as received SINR,

AP load, RSS etc. Assignment in general can be generalized as graph matching

problem, specifically, the Maximum Weighted Bipartite Matching [65], and solved in

Polynomial time using Graph theoretic algorithms. In more general terms, bipartite

graph matching deals with the process of assigning a set of jobs to a set of workers;
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in this context, a set of STAs is to be assigned to a set of APs with the goal of

maximizing an objective function.

A bipartite graph G = {V, U, E} consists of two sets of nodes V and U and a set

of edges E connecting each node in V to each node in U . Each edge connecting a

node i ∈ V to a node j ∈ U is associated with an edge cost or weight wij. The edge

weights of all outgoing edges can be represented as a matrix wij ∈ W. To perform

matching or assignment of nodes in V to nodes in U , the graph is partitioned into

left and right vertices, and then an algorithm is used to solve the graph matching

problem. One renown algorithm that yields optimal matching or assignment is the

Hungarian or Kuhn-Munkre algorithm (KMA) [65], [66]. The operation of the KMA

is discussed later in Chapter 3 where it is applied in solving the User-AP association

problem as a graph matching or assignment problem.

3.2.2 System and Network Models

Consider a multi-cell WLAN with N STAs transmitting to M APs in multiple access

channel (MACh) as depicted in Figure 3.1. Let index i for STAi belong to i =

1, · · · , N and let APj be indexed as j = 1, · · · ,M . An AP and its associated STAs

form a basic service set (BSS), analogous to cells in cellular networks. Consequently,

we will use APj and BSSj interchangeably to refer to a BSS consisting of STAs

being served by APj. For simplicity, STAs in Figure 3.1 are single-antenna users

transmitting concurrently in MACh to an AP equipped with K receiving antennas.

This model of UL multiuser transmission is consistent with the future support for UL

beamforming in 802.11ax [67], [68], [69].

Let k = 1, · · · , K index each receive antenna at the AP and there are Nj users in
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Figure 3.1: Uplink MACh MU-MIMO model with K antennas AP.

BSSj (or within the transmission range of APj). Since in most cases, Nj ≥ K, only

N̂j ≤ K ≤ Nj STAs could beamform concurrently to APj as depicted in Figure 3.1.

Therefore, given N single-antenna STAs in the network, let ϑ be the index of each

MU group, which consists of N̂j STAs, i.e., ϑ = 1, · · · , N
N̂j

. If each STA in MU-group

ϑ is denoted as i = 1, · · · , N̂j, hik ∼ CN (0, 1) represents the narrowband channel

complex coefficient between the ith STAi and the kth receive antenna element of APj.

Each hik of each transmit-receive antenna pair is the (i, k) th entry of the channel

matrix Hϑ ∈ CK×N̂j between a MU-group ϑ (N̂j STAs) and APj.

Assuming the channel Hϑ = [h1,h2, · · · ,hN̂j ] is a quasi-stationary MIMO channel

known at the receiver, whose ith column hi = [h1i, h2i, · · ·hKi]T denotes the channel

vector from ith STA to the K antennas at the receiver AP. Suppressing subscripts,

the received signal vector at AP is:

y = Hϑxϑ + n (3.1)

where xϑ ∈ CN̂j×1 = [x1, · · · , xN̂j ] is the uplink transmitted signal vector from the

STAs intended for APj, n ∼ CN (0, σ2
nIK) represents the K × 1 noise vector at APj

whose entries are n1 · · ·nK zero mean white Gaussian noise with variance σ2
n. The
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transmitted symbols contained in xϑ can be recovered using linear zero-forcing (ZF)

or minimum mean squared error (MMSE) detectors. Under ZF detection, the weight

matrix Wϑ designed using the Moore-Penrose pseudoinverse is

Wϑ = H†ϑ =
(
HH
ϑ Hϑ

)−1
HH
ϑ (3.2)

consequently, the post-detection signal is

x̂ = Wϑy =
(
HH
ϑ Hϑ

)−1
HH
ϑ (Hϑxϑ + n) . (3.3)

The post-detection signal-to-noise ratio (SNR) of the ith STA at APj is given

by [70]

γi =
E [|xi|2]

E [|ni|2]
=

E [|xi|2][
(HH

ϑ Hϑ)
−1
]
ii
σ2
n

=
γo[

(HH
ϑ Hϑ)

−1
]
ii

, i = 1, · · · , N̂j (3.4)

where γo =
E[|xi|2]
σ2
n

and [·]ii represents the element in the ith row and ith column. The

bit rate of the channel for the ith concurrent transmission becomes

Ri = BW log2 (1 + γi) , i = 1, · · · , N̂j (3.5)

where BW is channel bandwidth. Herein, we consider only ZF detection and note

that the availability of global channel side information (CSI) required to measure

SNR in (3.4) by APs in the UL whether via channel sounding, transmission of pilot

signals, preambles or explicit compressed feedback [71] is more practically obtainable

at APs than at STAs in the DL. Therefore, considering UL transmissions, we assume
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the availability of CSI at the APs.

3.2.3 MAC Layer Saturation Throughput

Next, we determine the user throughputs to capture both the effects of the channel

characteristics defined in (3.4) and the MAC layer protocol when the network is

in a saturation state. Here, saturation state means that all users have packets in

their buffers and are contending for an opportunity to transmit in their respective

BSS. IEEE 802.11 WLAN uses the CSMA/CA protocol to govern channel access and

prevent collisions using binary exponential backoff. Using the DCF access mechanism,

the CSMA/CA protocol requires that each node sense the channel for a period of time

known as the DCF interframe space (DIFS) and backoff (or defer transmission) if the

channel is idle for an interval of DIFS. If the DIFS elapsed and the channel remains

idle, the node in backoff mode could commence transmission. During the backoff

procedure, each node randomly chooses a backoff counter (an integer value) between

0 and CWmin − 1, where CWmin denote the minimum contention window (CW) size.

While in the backoff mode, a node decrements its backoff counter each time the

channel is detected to be idle for one slot-time and this counter is frozen whenever

the shared channel is occupied by other nodes. A node is eligible to transmit its

payload when its backoff counter reaches zero, i.e., expires. After transmission of its

payload, the node waits for a period of time known as the short interframe space

(SIFS), to receive an acknowledgment frame (ACK) from the receiver AP. If no ACK

frame is received at the end of SIFS period, a collision is deemed to have occurred. In

the event of a collision or failed transmission, the CW is doubled and a new backoff

counter is chosen to reinitiate the backoff procedure; this process repeats until a
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frame is successfully transmitted. A frame is retransmitted provided that neither the

maximum retry limit and the maximum value CWmax of CW have been reached.

The above MAC layer contention process is modeled in [27] (Bianchi Model) as

a Discrete Time Markov Chain (DTMC) to determine the saturation throughput

in a network with saturated traffic. Similar to [70], [72] we adopt this model to

define the saturation throughput utility function that captures the impact of the MAC

layer protocol on simultaneous transmissions from multiple STAs in a MU-MIMO

environment. Subsequent to AP association, there are Nj (< N) STAs in BSS j of

each APj. Under the saturation throughput assumption, for each time-slot, there are

Nj-contending STAs (each with packets to send) in BSS j and an AP can support

N̂j ≤ K MU transmissions. A collision or failed transmission occurs if there are more

than N̂j simultaneous transmissions in a BSS. User STAi among Nj STAs transmits

with probability

τ =
2
(
1− pR+1

)
W (1− 2LpR+1) +Wp

[∑L−1
i=0 (2p)i

]
+ (1− pR+1)

, (3.6)

where W = CWmin, R is the retry (retransmission) limit, L = log2

[
(CWmax+1)
(CWmin+1)

]
is the

maximum number of times CW can be doubled and p is the probability that STAi

retransmits its previous frame (due to collision) defined

p = 1−
N̂j−1∑
n=0

(
Nj − 1

n

)
τn (1− τ)Nj−1−n︸ ︷︷ ︸

p̄

, (3.7)

where p̄ represents the probability that N̂j STAs transmit frames concurrently among
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Nj contending STAs in BSSj. The probability of having N̂j
1 simultaneous transmis-

sions is

P tr
N̂j

=

(
Nj

N̂j

)
τ N̂j (1− τ)Nj−N̂j . (3.8)

Assuming each STA transmits a fixed frame size of F and given the channel rate

of an STAi in (3.5), the transmission time (or data time) of each frame from STAi is

Ti =
Fi (bits)

Ri (bits/s)
, (3.9)

where the PHY rate Ri depends on their received SINR given by (3.4). If ACK frame

takes time Tack to transmit, the total channel occupancy time of STAi

T tri = SIFS + Tack + DIFS + Ti, i = 1, · · · , N̂j (3.10)

here, perfect MAC layer synchronization among the users is assumed and STAs start

transmissions at the same time. That is, the SIFS and DIFS of the users are synchro-

nized and the receiver AP broadcasts a block of ACK frames to the N̂j users in the

downlink. This assumption is valid because all transmitting clients in a given time

slot are expected to end their transmissions simultaneously when time slot elapses.

In the event of a collision due to more than N̂j simultaneous transmissions, the time

duration T ci exhausted by STAi as a result of collision is defined as

T ci = T̂ack + DIFS + Ti, i = 1, · · · , N̂j (3.11)

1Throughout this chapter, it is assumed that each AP selects N̂j ≤ K users for multiuser trans-
missions using the modified Incremental User Selection Algorithm [73, Alg. I-B] discussed later, and
an STA knows the other N̂j − 1 STAs in its MU group.
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where T̂ack is the ACK frame time-out, which represents the time spent by each

concurrent user in anticipation of an ACK frame from the AP. If no ACK frame is

received at the end of T̂ack, a collision is deemed to have occurred.

Consequently, the expected time to successfully transmit all the frames or channel

occupancy time of N̂j users can be expressed as:

E
[
Ts|N̂j

]
=

P tr
0|Nj · η + P tr

N̂j |Nj
·
N̂j∑
i=1

T tri + P tr
N̂j |Nj

·
N̄j∑

i=N̂j+1

T ci

 · ξϑj, (3.12)

where P tr
0|Nj = (1− τ)Nj from (3.8), η is the backoff time, ξϑj is the binary indicator

random variable

ξϑj =

 1, if group ϑ associates with APj

0, otherwise.
(3.13)

The expected MU-MIMO throughput of N̂j STAs in BSS j per slot-time is

Rϑ =
E [Pl]

E
[
Ts|N̂j

] =

∑N̂j
i=1 i · Fi · P tr

N̂j(
P tr

0|Nj · η + P tr
N̂j |Nj

·∑N̂j
i=1 T

tr
i + P tr

N̂j |Nj
·∑N̄j

i=N̂j+1
T ci

)ξϑj, (3.14)

where E [Pl] is the average payload size from N̂j concurrently transmitting STAs. The

above saturation throughput model in (3.14) assumes that the transmission time of

each STA depends on its respective channel rate captured in Eqn. (3.9) and individual

payload size.
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3.3 Proposed MU-AP Association Framework

In dense or large-scale WLANs, it is quite bandwidth intensive to obtain network-

wide information when assigning users to APs, especially in multi-antenna systems

where the amount of the CSI is large. Also, using network-wide information is com-

putationally expensive and sometimes impractical to obtain. An STA has lower need

for network information of farther away interference sources. In contrast, only nearby

interference sources (usually within few tens of meters) could potentially affect a

receiver’s sensitivity level. Thus, the proposed framework consists of three parts:

first is network clustering that divides the network into neighborhood and local con-

tention or interference domains. The second part is the multiuser grouping. The final

part involves solving the MU-AP association in each cluster to maximize logarithmic

throughput utility per cluster; a cluster in this case consists of several APs to serve

STAs in their cluster. This model assumes AP-to-AP coordination to share network

information needed to perform clustering and user grouping.

3.3.1 Network Clustering

Since nearby concurrent interfering transmitters are stronger than the interference

received from farther nodes, only interference from a “cluster” or “neighborhood” is

taken into account in estimating a typical STA’s SINR defined by (3.4). We employ

the fast local clustering (FLOC) proposed in [74], which is a distributed message-

passing and self-healing clustering algorithm. FLOC requires the election of cluster

head (CH) and the identification of in-band and out-band APs. An in-band AP is

required to be a unit distance from the CH while out-band APs can be u units of

distance from the CH. In this context, a neighborhood consists of several APs that
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are a CSR away from the CH. Partitioning the APs into clusters implies that a typical

STA only considers interference from other STAs within its cluster while interference

from other clusters is negligible or close to noise level.
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Figure 3.2: An example of FLOC clustering with CSR defining the in-band and out-
band regions in PPP Wireless LANs with M = 32 APs and N = 400
STAs.

APs are randomly chosen to be CHs and the in-band distance is defined as 2×CSR

while the out-band distance is set to 3×CSR. In WLAN, the CSR depends on the PCS

threshold, which determines the degree of spatial reuse and interference level from

concurrent transmitters [10]. For instance, if the PCS threshold is −70dBm, using

power loss law path-loss exponent α, the CSR is approximately 115 meters. With

this configuration, an in-band AP and out-band AP are 115-meters and 230 meters

from the CH, respectively. APs located in the in-band of cluster c join the cluster

while APs in the out-band of cluster c and not in the in-band of any other cluster also

join cluster c. Using the CSR as the clustering metric helps us to capture the regions
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where strong interference is expected since the PCS threshold represents the receiver

sensitivity in WLANs. Figure 3.2 depicts an example of a clustered WLAN where

there are M = 32 APs and N = 400 STAs. Using AP1 as the CH, APs within the

in-band region (dotted circle) will join the cluster while APs (e.g. AP21 and AP2)

located within the out-band region (solid circle) will join AP1’s cluster if they are not

within the in-band of another CH.

3.3.2 Cluster-based Multiuser Grouping

Here, the focus is neither on the efficiency of user selection algorithm nor to propose

a new user selection algorithm but on the performance of MU group-AP association.

This section mainly describes the algorithm being used in grouping the users prior

to performing association of each MU group to an AP. Several multiuser selection

algorithms exist in the literature to group users based on users’ orthogonality or sum

rate bound given full CSI at the transmitter or at the receiver. Subsequent to the

network clustering in Section 3.3.1, users are grouped into their respective MU groups

based on a minimum-mean-squared-error (MMSE) criterion adopted from [73] and

extended to MACh. Let Nc = {1, 2, · · · , Nc} , Nc = |Nc| be the set of indices of

STAs and Ac = {1, 2, · · · ,Mc} |Mc = |Mc| be the set of indices of APs within a

cluster c. Each APj ∈ Ac independently performs the grouping of the Nc users using

Algorithm 1.

Given that in a dense WLAN, the number of STAs Nc in a typical cluster c is

greater than the number of receive antennas, K, at the APs, users are grouped into

groups of size K; that is, each MU group size N̂j ≤ K and at the end of the multiuser

grouping, each cluster c has Nc/K MU groups per AP prior to association. Therefore,
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Algorithm 1: Cluster-based User Grouping Algorithm

Input: Hjc, η = Nc
Ex , Nc = {1, 2, · · · , Nc}, Nj = ∅

Output: N groups
c {Set of K-users groups in cluster c}

while Nc 6= ∅ do
Compute A = η−1IK
Select first user n = arg max

i∈Nc
‖hi‖2

Add selected user to Nj: Nj ∪ n
Remove selected user: Nc = Nc \ n
Compute Gn = hnA
Select next K − 1 STAs:
for ñ = 1 : K − 1 do

Update A← A−
(
1 + Gnh

H
n

)−1
GH
n Gn

Compute Gi = hiA ∀i ∈ Nc
Select next user: n = arg max

i∈Nc

(
1 + Gih

H
i

)−1 ‖Gi‖2

Nj = Nj ∪ n, Nc = Nc \ n
N groups
c ← Nj

the channels of Nc users seen by APj in cluster c is denoted as Hjc ∈ CK×Nc =

[h1,h2, · · · ,hNc ] where the hi = [hi1, hi2, · · · , hiK ] , i = 1, · · · , Nc. For an APj to

group the users in its cluster according to the available CSI Hjc, the Incremental

User Selection algorithm ( [73, Alg. I-B]) is being adopted for application in UL users

grouping. This algorithm is described as follows and summarized in Algorithm 1.

Using matrix inversion lemma [73] for a positive definite matrix, at the start of the

algorithm, we compute A = η−1IK where η = Nc
Ex , the first user is selected such that

n = arg max
i∈Nc

‖hi‖2 and by computing Gn = hnA, the next K − 1 users are selected

and added to group Nj. Once the first K-users are grouped from Hjc, the process

of selecting K-users repeats until the user set Nc is empty and no more users to be

grouped. At the end of the user grouping algorithm, APj has a set Nj of groups and

each group consists of at most K users. If we let N̂j ≤ K represents the number of
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users per group, the saturation throughput of a MU group through APj is therefore

given by Equation (3.14). Algorithm 1 is independently executed and distributed at

each AP, and each AP appends its MU groups Nj to N groups
c , which is broadcasted

to other AP members in cluster c.

3.3.3 Multiuser Throughput Utility

The expected throughput expression in Eqn. (3.14) captures the throughput of each

multiuser group per time slot. Herein, the primary objective is to find the MU

group-AP association set that maximizes the overall throughput utility per cluster

(Clusters are formed using the algorithm discussed in Section 3.3.1) using neighbor-

to-neighbor (or AP to AP) local information rather than exploiting the global CSI,

which could degrade spectral efficiency. Therefore, the clustering algorithm divides

the entire network into set C of clusters and each cluster c = 1, · · · , |C| consists of

Mc(< M) APs. Let U (Rc) denote the sum throughput utility in a typical cluster

c, using proportional fairness [75], which has been widely used in existing studies

(e.g [51], [52], [55]). The expected saturation throughput utility in cluster c per

slot-time is

U (Rc) =
Mc∑
j=1

|N groupsc |∑
ϑ=1

Υδ (Rϑ) , (3.15)

where Rϑ is the saturation throughput defined in Eqn. (3.14) for a particular MU

group ϑ, δ|0 ≤ δ ≤ 1 is the parameter that determines the degree of fairness among
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all MU groups. In particular,

Υδ (Rϑ) =


logRϑ·, δ = 1

(Rϑ)1−δ

1−δ , δ 6= 1|δ ≥ 0

(3.16)

which implies that δ = 1 if all multiuser groups achieve equal throughput (100% fair-

ness), and δ 6= 1 for any discrepancy in fairness, i.e., δ 6= 1. Without loss of generality,

we consider only the case when δ = 1, which achieves proportional fairness. There-

fore, the sum logarithmic throughput objective under consideration can be written

as

U (RC) =

|C|∑
c=1

U (Rc) =

|C|∑
c=1

Mc∑
j=1

|N groupsc |∑
ϑ=1

logRϑ. (3.17)

3.3.4 MU group-AP Association Problem Formulation

Subsequent to the clustering in Section 3.3.1, each AP is a member of a cluster c

and each cluster consists of Mc APs. The objective is to assign each MU group ϑ

to an AP such that the aggregate throughput utility in each cluster is maximized,

and each group can only associate with one AP. Since network nodes are partitioned

into local contention and interference domains (clusters), maximizing throughput

utility in each cluster is tantamount to maximizing global throughput utility. In

other words, the MU group-AP association problem is solved per cluster to simplify

the AP selection process whereby each group considers only nearby APs as candidate

APs, and therefore, no need for acquisition of global CSI through all the APs. Overall,

the goal is to find an optimal set of AP associations that maximizes network-wide

aggregate multiuser throughput utility and the problem is formulated mathematically
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as:

maximize U (RC) (3.18a)

subject to
Mc∑
j=1

ξϑj = 1, ∀ϑ ∈ N groups
c (3.18b)

ξϑj ∈ {0, 1}, ϑ ∈ N groups
c , (3.18c)

Mc∑
j=1

ξϑj · Rϑ ≥ R̂ ∀ϑ ∈ N groups
c , (3.18d)

where constraint (3.18b) ensures that each MU group associates with exactly one

AP in one cluster and in (3.18c) ξϑj ∈ {0, 1} = 1 if group ϑ is associated with APj

and zero otherwise, while (3.18d) represents a quality of service (QoS) constraint to

guarantee a minimum rate R̂ for multiuser transmissions. In the next two subsections,

a solution to this optimization problem is sought for, using two approaches based on

a graph theory method and the dual ascent method [76], [77] for solving constrained

optimization problems.

3.3.5 Graph Theory-based Solution

The solution to problem (3.18) in Section 3.3.6 is realizable by posing the original

problem as a maximum weighted graph matching problem. Based on the clustering

algorithm in Section 3.3.1, problem (3.18) decomposes into C = |C| subproblems and

each subproblem can be solved using a graph algorithm. Figure 3.3 represents each

subproblem as a bipartite graph, where each cluster (subproblem) consists of Mc APs

and Ng = |N groups
c | MU groups, and each group has an outgoing edge to each AP.

From Eqn. (6.44), the weight of an edge connecting MU-group ϑ to an AP j is defined



3.3. PROPOSED MU-AP ASSOCIATION FRAMEWORK 55

as:

wϑj = Υδ (Rϑ) = logRϑ {(ϑ, j) |i = 1, 2, · · · , Ng; j = 1, 2, · · · ,Mc}, (3.19)

using graph theory notations, each cluster in Figure 3.3 is a subgraph denoted as

Gc = (N groups
c ,Ac, Ec) with N groups

c = {1, 2, · · · , Ng}, Ac = {1, 2, · · · ,Mc} and Ec ⊆

N groups
c ×Ac is the set of edge weights wϑj of the outgoing edge from each MU group

to each AP.

... ......

...

Cluster 1 Cluster 2 Cluster  C

...1 2 K ...1 2 K ...1 2 K

Ng1 2

...

1 2 Mc

...1 2 K ...1 2 K ...1 2 K

Ng1 2

...

1 2 Mc

...1 2 K ...1 2 K ...1 2 K

Ng1 2

...

1 2 Mc

...1 2 K MU Groups APs

Figure 3.3: Graphical model of the original problem (3.18), showing C clusters to
decompose the problem into C subproblems.

Objectively, obtain optimal matching in each cluster using local CSI (CSI of nodes

within the cluster) is expected to yield optimal matching across the network. Decom-

posing the original problem into subproblems or subgraphs, reduces the cost (in terms

of spectral efficiency) of obtaining the network-wide CSI. In each subgraph, each group

ϑ ∈ N groups
c can be matched to exactly one AP such that the throughput (3.18a) is

maximized. Maximizing the throughput objective can be achieved using maximum-

weighted graph matching technique such as the KMA defined earlier in Section 3.2.1.

For optimal matching in cluster c,Mc ⊆ Ec connects each vertex in N groups
c ∪Ac such
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that each AP in Ac is an endpoint of at least one edge. In a distributed manner, each

STA solves the graph problem Gc and selects an AP based on the following policy:

ξ∗ϑj =


1, j∗ = arg max

j

{
wϑj : j ∈ Ac,Rϑ ≥ R̂

}
0, ∀j ∈ Ac \ {j∗}

, (3.20)

where selecting j∗ must satisfy the QoS constraint (3.18d) and improve the multiuser

throughput utility of group ϑ. Consequently, satisfying the condition in (3.20) renders

problem (3.18) as a combinatorial search for j∗ for each ϑ ∈ N groups
c , which is achieved

using Algorithm 2. Algorithm 2 is based on a modified classical KMA algorithm for

solving bipartite graph matching, which has other applications [78], [79], [80].

Algorithm 2: Distributed Graph AP Selection Algorithm (DGAA)

Input: N groups
c , Ac, Ec

Output: Optimal match Mc.
Edge weights estimate at APs:
Let ωj represent the 1× |N groups

c | vector of edge weight at APj

for κ time-slots do
for each MU-group ϑ ∈ N groups

j do
Compute edge weight wϑj using (3.19)
ωj ← wϑj

APj broadcast ωj to STAs in cluster c using beacon signal
Distributed AP Selection at the STAs:
Receive ωj from each AP j ∈ Ac {APs within cluster c}
Construct Ng ×Mc weight matrix Ec
Construct Graph Gc = (N groups

c ,Ac, Ec);
Obtain Mc: solve Graph Gc using KMA Routine [63, Alg. 2], [78], [79], [80];
Select AP j∗ from Mc using policy in (3.20) and keep group membership ϑ at
AP j∗.
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Distributed Graph AP Selection Algorithm (DGAA)

Algorithm 2 is based on the KMA, which provides an optimal solution to assignment

problems in polynomial time [78], [79], [80]. The problem in (3.18) is equivalent

to a maximum weighted bipartite graph matching problem of finding the set of edge

weights that maximizes the objective or conforms with (3.20) for all STAs. Subsequent

to multiuser grouping, each AP computes the weight matrix wϑj for each group ϑ ∈

N groups
c . To better capture the effect of interference (or interference pattern) in the

edge weight computation, the computation can be performed by taking a statistical

average over a specified number, κ, of time-slots.

Using the regular beacon signal, each AP j broadcasts the weight vector ωj to the

STAs in their respective cluster c. Upon the receipt of ωj from each AP, each STA

regardless of its group membership, constructs a graph Gc = (N groups
c ,Ac, Ec) and the

graph problem using the KMA routine to obtain an optimal association j∗ according

to the AP association policy in (3.20) and a typical STA retains its group membership

at AP j∗. We remark that the APs do not require global CSI but only the CSI of

STAs within their respective cluster. This reduces the computational complexity of

the channel measurements and graph matching procedure.

Remark 3.1. Updated CSI or Dynamics: Algorithm 2 can be implemented to

handle changes in the network due to user mobility, updated CSI and/or arrival of

new users. To handle such dynamics, APs can perform measurement periodically

or per time-slot and update ωj for STAs to construct a new graph G
′
c and solve the

updated graph problem obtain to new set of associations, which can be achieved using

a dynamic (or incremental) version of the KMA [65], [81]. In this case, the existing

user-AP associations are not affected, only the users with updated CSI or new entrants
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require new associations and group membership.

Complexity of Algorithm 2

At each STA, the optimal matching is achievable with polynomial complexity O
(
N3
g

)
with Ng = |N groups

c | the number of MU groups in each cluster. Efficient implementa-

tion of the KMA can be achieved using proper data structures and the computational

complexity can be reduced to O (Ng) with the use of slack variables [82], [83], and [65].

User-AP association is a type of combinatorial problem for which KMA achieves op-

timal matching [82], [83], and [65]. Hence, Algorithm 2 achieves local optimum as

it does not take into account the global network information but solves subproblem

of the user-AP association problem in a distributed manner, which is preferable to a

centralized approach that has global knowledge.

3.3.6 Dual Ascent Approach

In this section, we seek another distributed approach to solving the MU-group-AP

association problem. The solution to the Linear programming (LP) problem in (3.18)

is realizable by solving its dual using dual decomposition techniques [76], [77] which

is suitable for solving LP problem by formulating the dual of the problem. By de-

composing the optimization problem in (3.18) into c subproblems (cluster-by-cluster)

and substituting Eqn. (3.14) in (3.21a), the zero-one integrality constraint in (3.18c)

is relaxed and the problem becomes convex as thus
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max
0≤ξϑj≤1

Mc∑
j=1

Ng∑
ϑ=1

logRϑ, (3.21a)

subject to
Mc∑
j=1

ξϑj = 1 ∀ϑ ∈ N groups
c (3.21b)

Mc∑
ϑ=1

ξϑj · Rϑ ≥ R̂ ∀ϑ ∈ N groups
c , (3.21c)

where Ng = |N groups
c | and the decomposition also allows the solution to be obtain-

able in a distributed manner at the STAs. Introducing the dual variables µj and

βϑ corresponding to the user-AP association constraint (3.21b) and the minimum

rate constraint (3.18d), respectively, the Lagrangian function of problem (3.21) is

expressed as follows:

L (ξ,µ,β) =
Mc∑
j=1

Ng∑
ϑ=1

logRϑ −
(

Mc∑
j=1

µjξϑj − µj
)
−
(

Mc∑
ϑ=1

ξϑjRϑβϑ − R̂βϑ
)
, (3.22)

where µ = {µj}, β = {βϑ} and ξ = {ξϑj}. This implies that the dual problem

(3.21) is optimized over all APs in each cluster, and its corresponding Lagrange dual

function

D (µ,β) = max
ξ
L (ξ,µ,β) . (3.23)

Consequently, due to the convexity of the original problem (3.21), solving its dual

is equivalent to solving problem (3.21). Therefore, the corresponding dual problem is
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minimize D (µ,β) (3.24a)

subject to µ1 ≥ 0 (3.24b)

µ2 ≥ 0, (3.24c)

this dual problem is convex since D (µ,β) is a linear function of µ and β. Since the

goal is to obtain a distributed AP association solution, we assume that each STA

in each MU group, through the APs in their respective cluster, could obtain all the

required knowledge to solve (3.24).

Algorithm 3: Dual Ascent Algorithm (DAA)

Input: Rϑ ∀ϑ ∈ N groups
c

Output: AP Association ξ∗ϑj.
Distributed AP Selection at the STAs:
Initialize µ = {µj} and β = {βϑ}
do
Compute ξ∗ϑj using (3.26)
Update µj and βϑ using (3.28) and (3.29), respectively.
z ← z + 1
until ξ∗ϑj converges, ξ∗ ← ξ∗ϑj
Select AP j∗ using policy in (3.27) Keep group membership ϑ at AP j∗

To obtain a solution to this problem, the AP association policy can be found by

setting5ξ L (ξ,µ,β) = 0 to satisfy Karush-Kuhn-Tucker (KKT) conditions [76], [77],

which leads to:
Mc∑
j=1

Ng∑
ϑ=1

1

ξϑj ln 10
−

Mc∑
j=1

µj −
Mc∑
j=1

Rϑβϑ = 0, (3.25)

where considering a simple case of one MU-group ϑ and one AP j, the optimal decision
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variable

ξ∗ϑj =
ln 10

µj +Rϑβϑ
, (3.26)

and since the utility function in (3.21a) is concave in ξϑj, ξ
∗
ϑj achieves the maximum

utility given the optimal multipliers µ∗j and β∗ϑ. Since, the AP association problem is

equivalent to minimizing L (ξ,µ,β), a MU-group ϑ will select an APj based on the

following AP association policy:

j∗ = arg min
j

{
ln 10

µj +Rϑβϑ

}
. (3.27)

which implies that MU group ϑ associates with APj if j = j∗. Hence, Algorithm 3

will be executed at each STA to obtain the best serving AP in terms of the solution to

problem (3.24) that yields optimal ξ∗ϑj, and each STA keeps membership with group

ϑ at AP j∗. With Algorithm 3, the problem is iteratively solved by updating the

Lagrangian multipliers µj and βϑ using subgradient method [77], [84] as thus:

µz+1
j =

[
µzj − ϕzµj

(
Mc∑
j=1

ξ∗ϑj − 1

)]+

, (3.28)

and

βz+1
ϑ =

[
βzϑ − ϕzβϑ

(
Mc∑
j=1

ξ∗ϑjRϑ − R̂
)]+

, (3.29)

where [·]+ = max{·, 0}, z is the iteration index while ϕzµj and ϕzβϑ [84] are the positive

step-size for µj and βϑ, respectively.
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3.4 Performance Evaluation

3.4.1 Simulation Setup

To evaluate the performance of the proposed algorithms in Section 3.3, we conduct

a WLAN simulation based on the distribution coordination function (DCF) MAC

protocol. In the simulation, a WLAN with saturated traffic, that is, all STAs have

packet to send at each time-slot and the MAC-level saturation throughput is com-

pletely based on the Bianchi model in Section 3.2.3. The simulated system consists

of N single antenna STAs and M APs each with K receive antennas, randomly

distributed in a network area of 800 × 800-m. Since, we only consider the uplink

saturation throughput of MU-MIMO, the number of APs M = 50 throughout the

simulation while N number of STAs is varied to model different network densities.

Table 3.1: Key Simulation parameters

PHY Parameters MAC Parameters
Network area 800m × 800m MAC Payload 802.11ac AMPDU
Channel Bandwidth 40 MHz SIFS 10µs

OFDM FFT Size 64 ACK time, T̂ack 64 µs
Guard Interval 800 ns DIFS SIFS + 2 × Slot-time
SNR thresholds γo 0 dB and 15 dB Slot-time 20 µs
PCS threshold -70 dBm Packet arrival rate 1/Slot-time
OFDM FFT Size 64 CWmax and CWmin 1024 and 32

Backoff time 10 µs

For the PHY layer setup, the number of antennas at the APs are equipped with

K = [2, 4, 8, 16] receive antennas throughout the simulation. The channel frequency

considered for the simulated 802.11 WLAN is the 5-GHz channel, which has 10 non-

overlapping 40-MHz channels and in each cluster, APs are deployed on each 40-MHz

bandwidth. The parameter for the clustering in Section 3.3.1 is the PCS threshold
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value of −70 dBm and carrier sensing range is determined by the path loss exponent

α = 3.4. The noise floor of the WLAN environment is assumed to be −100 dBm/Hz,

the STAs transmit power is 15.85mW (12dBm) while the symbol energy Ex is normal-

ized to 1. The main PHY layer parameters are based on the 802.11ac OFDM PHY

standard and summarized in Table 3.1.

For channel access, a modified DCF MAC protocol is implemented where con-

tention takes place among the groups rather than individual STAs. This implemen-

tation assumes some level of synchronization or coordination among STAs who are

members of the same multiuser group. Once, a group wins the contention, all members

(STAs) of the MU-group transmit concurrently in the uplink; in this implementation,

we assume that one STA in a group contends on-behalf of its group. This group-based

carrier sensing eliminates the chaotic channel access contention that could occur in

high density WLANs where each STA has to contend for transmission opportunity.

Other key MAC layer parameters are defined in Table 3.1, specifically, the Slot-time,

SIFS, DIFS and ACK time T̂ack are defined as 20µs, 10µs, SIFS + 2×Slot-time and

64µs respectively. Under the saturation condition, each STA always has a packet to

transmit and it is assumed that each STA generates an 802.11ac AMPDU packet size

of each STA which is fixed as Fi = 11454 bytes.

In the next section, we compare the performances of the Graph-based algorithm

(DGAA) in Section 3.3.5 and the Dual-Ascent algorithm (DAA) in Section 3.3.6 to

a baseline strongest signal first (SSF) method use in existing WLAN systems. For

the SSF scheme, each STA independently selects an AP that offers the best received

signal strength and joins the appropriate MU group at the selected AP. The chan-

nel contention under the SSF scheme is the same as the group-based DCF described
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earlier. The Dual-Ascent algorithm is intended to serve as an optimal benchmark

for the graph-based solution. The performance metric is the proportionally-fair ag-

gregate saturation throughput. In addition, similar to [52], [55], the geometric mean

throughput is also measured mainly because there is a relationship between the geo-

metric mean and the logarithmic utility defined in Eqn. (3.16); indicating load balance

around throughput utility. Simulation results are averaged over 106 channel realiza-

tions of the network.

3.4.2 Simulation Results

Figure 3.4 compares the achievable total saturation throughput for various network

densities (or number of STAs in the network) and numbers of antennas K at the

APs with SNR threshold γo = 15 dB. Throughput utility indicates a proportionally

fair performance of the entire network. The proposed graph-based algorithm outper-

forms the existing SSF scheme for any given network size in terms of N STAs. As

the number of contending nodes increases, the graph-based algorithm performance

improves while additional gains are achievable by increasing the number of antennas

at the APs. An interesting observation in Figure 3.4 is that, increasing the num-

ber of K, antennas at the APs yields more DoF, which improves the performance of

the proposed algorithms and the existing SSF approach, causing the performance of

SSF scheme to asymptotically approach the proposed graph-based and dual ascent

algorithms as N increases (more obvious at N = 600).

Fig. 3.5 depicts the saturation throughput utility versus the average number of

multiuser groups per network size. With more MU groups in the network, the sum

throughput utility increases. The geometric mean of the throughput utility is shown



3.4. PERFORMANCE EVALUATION 65

100 200 300 400 500 600
10

1

10
2

10
3

Graph-based

Dual Ascent

SSF Scheme

Figure 3.4: Sum throughput utility versus number of contending STAs (Network size)
for various K antennas at the APs and SNR γo = 15 dB.

in Figure 3.6, which indicates the achievable proportionally-fair performance with

respect to load at the APs. For SNR γo = 15 dB, while increasing the number of AP

antennas yields 26.6% gain on average, increasing the number of STAs (network size)

consequently decreases the mean utility achieved, which is an indication of the impact

of offered load and saturation at the APs on throughput utility. Under such saturation

condition, the proposed graph-based and dual ascent algorithms yield performance

gains at a large network size of N = 600. In both Figures 3.4 and 3.5, the dual

ascent algorithm establishes the optimality of the graph-based algorithm as the two

algorithms achieve nearly identical performance.

For N = 100, 200 and 300, Fig. 3.7 shows the sum throughput utility for different

number of antennas at the APs. At γo = 0 dB, the Graph-based method yield
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Figure 3.5: Sum throughput utility versus total multiuser groups in the network for
various K antennas at the APs and SNR γo = 15 dB.
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Figure 3.6: Geometric Mean of throughput utility versus number of contending STAs
(Network size) for various K antennas at the APs and SNR γo = 15 dB
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Figure 3.7: Sum throughput utility versus number of AP antennas for various N
contending STAs, SNRs γo = 0 dB and γo = 15 dB.
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improved throughput utility over the SSF scheme and the DoF of K antenna enhances

the performance for any network size. Thus far, the frame size is assumed to be fixed

for each STA and all MU groups. Fig. 3.8 shows the throughput performance for

different average frame size Fi. Except for a small fraction of discrepancy at low frame

size of 100-bytes, the performance of the Dual ascent asymptotically approaches the

Graph-based method. While increasing the average transmitted frame size Fi, the

proposed framework outperforms the existing baseline SSF scheme.

100 200 300 400 500 600

10
1

10
2

10
3

500

280

300

Graph-based

Dual Ascent

SSF Scheme

Figure 3.9: Centralized Case: Sum throughput utility versus number of contending
STAs (Network size) for various numbers of antennas, K antennas at the
APs and SNR γo = 15 dB.

In essence, regardless of the frame size transmitted by the STAs, optimally match-

ing MU group to each AP improves performance. In a centralized case where AP

association decision is based on global information, similar to an earlier work in [63],
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is shown in Fig. 3.9, the graph-based scheme significantly outperforms the dual as-

cent method and the SSF scheme; the graph-based algorithm is known to achieve

an optimal combinatorial problem solution. For large numbers of contending STAs,

complexity becomes the bottleneck for the graph-based scheme. With increasing node

density as in Fig. 3.9, performance of the Dual Ascent method approaches that of the

graph-based method.

Remark 3.1. The performance of the dual ascent method in Algorithm 3 asymptot-

ically approaches that of the graph-based solution in Algorithm 2 because solving the

AP association problem in a distributed manner, reduces the solution search space, as

opposed to a centralized approach where the algorithms have global knowledge of the

network. In the centralized case, the graph algorithm will outperform the dual ascent

method with some increase in complexity.

3.5 AP Association in Future Full duplex-WLANs

The proposed multiuser-AP association algorithm discussed above requires channel

information and network measurement to solve the utility maximization problem.

To this effect, another framework is proposed in this section to efficiently perform

association based on spatial statistics rather than on deterministic user-AP channels

that require constant updates or a-priori channel information. The aim of the next

sections is to find a set of user-AP associations that maximizes the aggregate FD

rate and the mean rate utility. This is important because spectral efficiency and

overall network performance depend on the interference distribution, and interference

distribution somewhat depends on the spatial pattern at which users are distributed

among AP. The analysis of throughput gain when FD is performed in dense WLAN
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with an optimized user-AP association and assuming that self-interference (SI) is

reduced close to the noise level. Although, SI is ignored in this model, it is considered

later in the FD model in Chapter 6.

3.6 FD WLAN System Model

3.6.1 Full-Duplex Communication Mode

In wireless LANs, full-duplex nodes operate in two modes, the bidirectional trans-

mission mode and the cut-through transmission mode [85], [86]. When full-duplex

nodes operate in the bidirectional transmission mode, a pair of AP-STA could con-

currently transmit to each other while the cut-through transmission mode allows an

access point (AP) to transmit to two stations (STAs) at the same time. Herein, we

will assume that the full-duplex wireless LAN allows only bidirectional transmission

mode, as shown in Figure 3.10, where STA yi and AP xi transmit concurrently to each

other while AP xi and STA yi receivers experience interference from AP xj and STA

yj respectively. This interference model in bidirectional transmission mode assumes

that the self-interference (SI) can be reduced to the level of the noise floor [41] - we

only consider out-of-cell interference as discussed later in Section 3.6.3.

3.6.2 Network Model

We assume a multi-cell WLAN where each AP in each cell or BSS serves its associated

STAs, one at a time and only out-of-cell interference is taken into consideration.

Subsequently, as shown in Figure 3.10, we will assume that each AP initiates full-

duplex communication and is the primary transmitter while the STA being served

is the secondary transmitter. Using the same assumption about transmitter/receiver
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Figure 3.10: Bi-directional Full-duplex mode.

locations in [85], [86], [87], we assume that STAs and APs are distributed randomly

according to a Poisson bipolar model. Specifically, the locations of the APs follow

a homogeneous Poisson point process (PPP) Φa = {x1, x2, · · · , x|Φa|} ⊂ R2 with

density λa and likewise, the locations of the STAs follow a homogeneous PPP Φs =

{y1, y2, · · · , y|Φs|} ⊂ R2 with density λs. While the density of APs λa is fixed, the user

density λs is quasi -static and users could dynamically enter and exit the network. For

a pair of FD transmissions in a typical BSS, the path loss in both directions can be

modeled as:

` (x, y) = ‖x− y‖−α, (3.30)

where α is the path loss exponent, ‖x − y‖ denotes the Euclidean distance between

the primary transmitter at point x and the receiver at point y.
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3.6.3 Interference and Contention Model

At any point in time, the interference distribution on the network depends on the

number of concurrent transmitters permitted by the CSMA/CA protocol following

a contention period. To model the behavior of CSMA/CA protocol and the set of

interference sources, the Matèrn hardcore point process (MHC PP) (a.k.a Matèrn

Type II point process) [39], [40], [85], [86], [87] is very useful. In the CSMA/CA

protocol, a prospective transmitter senses the channel within its carrier sensing range

(CSR) and proceeds with its transmission if there is no other active transmitter within

the CSR. For a typical primary transmitter xi, the number of active transmitters

within its CSR R is proportional to πR2. Therefore, only a subset of the parent PPP

Φa will be permitted by the CSMA/CA protocol to transmit concurrently. Let Φ̃a

denote the new PPP of primary transmitters permitted by the CSMA/CA protocol

on the network.

To obtain the new PPP Φ̃a, the MHC thinning process [40] is employed, which

works as follows. In Fig. 4.6, a desired transmitter xi forms a circle b (xi,R) with

radius R and contends with other transmitters within its CSR R. Let associate a

mark κ ∼ U [0, 1] to each primary transmitter (AP) in the contention range (CSR)

of xi, xi will be retained in Φ̃a if it has the lowest mark, i.e, κxi < κx̄i∀x̄i ∈ N̄xi .

In technical terms, this means that transmitter xi has the lowest CSMA backoff

counter among all the transmitters within its CSR. Φ̃a is the new PPP obtained from

thinning the parent PPP Φa and N̄xi ⊂ Φa is the set of transmitters in the contention

neighborhood of typical xi. Hence, density of the resultant CSMA MHC PP Φ̃a for
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the primary transmitters becomes:

λ̃a = pxiλa =
1− e−πR2λa

πR2
, (3.31)

where pxi is the Palm probability of retaining xi in Φ̃a [40], which is given as follows

pxi =

∫
κ

exp{−πR2λax̄i} dx̄i =
1− e−πR2λa

πR2λa
. (3.32)

Applying the same thinning process, the PPP of the concurrent secondary trans-

mitters Φ̃s has the following density:

λ̃s = pyiλs =
1− e−πR2λs

πR2λs
λs =

1− e−πR2λs

πR2
, (3.33)

where pyi is the probability of retaining yi in Φ̃s. Herein, we assume that the CSR

R is fixed globally on the network; this is the case in currently deployed WLAN

systems. The received signal-to-interference plus noise (SINR) at receiver yi from

primary transmitter xi is

SINRxi−yi =
hxiyi · Pt · ‖xi − yi‖−α

σ2 +
∑

xj∈Φ̃a,i 6=j
hxjxi · Pt · ‖xj − xi‖−α

, (3.34)

and the SINR at receiver xi from secondary transmitter yi is

SINRyi−xi =
hyixi · Pt · ‖yi − xi‖−α

σ2 +
∑

yj∈Φ̃s,i 6=j
hyjyi · Pt · ‖yj − yi‖−α

, (3.35)

where hxiyi is the Rayleigh channel fading coefficient between the transmitter xi and
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the receiver yi, which are set of i.i.d exponentially distributed random variables. Pt is

the transmit power, which is assumed to be fixed with no power control or allocation,

and σ2 is the additive noise power. In this SINR model, we assume that the self

interference (SI) is negligible or at least can be reduced close to the level of the noise

floor [41]; this assumption does not affect our proposed association algorithm.

3.6.4 Performance Metric

Throughput Gain

In a half-duplex (HD) CSMA network, the receiver yi could successfully decode the

transmission from the transmitter xi if the received SINRxi−yi exceeds a threshold

γxi−yi . This is known as the probability of successful transmission, P (SINRxi−yi > γxi−yi).

Hence, the spatial network throughput density becomes

ΥHD = λ̃a · P (SINRxi−yi > γxi−yi) , (3.36)

where P (SINRxi−yi > γxi−yi) is derived as follows (See proof in Appendix A.1):

P

 hxiyiPt‖xi − yi‖−α

σ2 +
∑

xj∈Φ̃a,i 6=j
hxjxi · Pt · ‖xj − xi‖−α

> γxi−yi

 =

exp
(
−γxi−yiσ2‖xi − yi‖αP−1

t

)
exp

(
λ̃−1
a

∫
R2

ln

(
1 + γxi−yi

( ‖xi − yi‖
‖xj − xi‖

)α))
. (3.37)

For the full-duplex CSMA network, assuming the primary transmitters and the

secondary transmitters have the same backoff counter, the density of FD transmission
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pairs is the joint density of active primary transmitters λ̃a and the density of active

secondary transmitters λ̃s, which is given as

λFD =
2− e−πR2λa − e−πR2λs

πR2
, (3.38)

from (3.37) and (3.38), the spatial network throughput of FD CSMA is

ΥFD = λFD · P (SINRxi−yi > γxi−yi , SINRyi−xi > γyi−xi) . (3.39)

In most cases, the AP receiver (uplink) and the STA receiver (downlink) experi-

ence different magnitude of interference power. Therefore, the probability of success-

ful transmission on the primary link (downlink) is independent of the probability of

successful transmission on the secondary link (uplink). Hence, the joint probability

P (SINRxi−yi > γxi−yi , SINRyi−xi > γyi−xi) for FD transmission can be written as:

P (SINRxi−yi > γxi−yi , SINRyi−xi > γyi−xi) =

exp

(
γxi−yi + γyi−xi

2
σ2‖xi − yi‖αPt + ‖yi − xi‖αPt

)
×
[
exp

(
λ̃−1
a

∫
R2

ln

(
1 + γxi−yi

( ‖xi − yi‖
‖xj − xi‖

)α))
exp

(
λ̃−1
s

∫
R2

ln

(
1 + γyi−xi

(‖yi − xi‖
‖yj − yi‖

)α))]
. (3.40)

Mean Full-Duplex Rate

Given the minimum SINR γ required to achieve a target rate, the achievable rate of

a full-duplex transmission between STA at location yi and the AP at location xi is
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defined as:

rxiyi = P (SINRxi−yi > γxi−yi) · ln (1 + γxi−yi) + P (SINRyi−xi > γyi−xi) · ln (1 + γyi−xi) .

(3.41)

For proportional fairness among the nodes (i.e. proportionally fair user-AP associ-

ation), using the mean rate utility model of [41], [88] the mean rate utility of a FD

transmission is defined in terms of (3.41) as:

r̄ = E [ln [rxiyi ]] (nats/sec/Hz) (3.42)

given the basic supported rate at SINR thresholds γxi−yi and γyi−xi ; for instance,

see [51, Table II] for basic rates at different SINR thresholds.

3.7 Proposed User-AP Association Scheme

In this section, we address the user-AP association problem. Finding an optimal

set K∗ of user-AP associations is NP-hard and it is combinatorial in nature. Our

objective is to find K∗ that maximizes (3.41) for each FD link. From (3.41), it is

apparent that any set of associations that maximizes the sum rate (sum of Eqn.3.41

over all possible FD links) will also maximize the mean rate utility (3.42). Therefore,

to obtain a network-wide solution, we resort to finding an optimal user association

indicator that maximizes the aggregate rate.
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3.7.1 Problem Formulation

In a FD WLAN, if STA yi associates with AP xi, the rate of the FD link between AP

xi and STA yi is given in Eqn. (3.41). Hence, given a set K of all feasible user-AP

associations on the network and a subset F ⊆ 2K of feasible solutions, our objective

is formulated as the following optimization problem:

maximize
∑
xi∈Φa

∑
yi∈Φs

rxiyi · kxiyi , (3.43a)

subject to K∗ ∈ F , (3.43b)∑
xi∈Φa

kxiyi = 1 (3.43c)

kxiyi ∈ {0, 1}, (3.43d)

where kxiyi ∈ K∗ is the binary variable defined as

kxiyi =

 1, if STA yi associates with APxi

0, otherwise.
(3.44)

3.7.2 Proposed User-AP Association Algorithm

To find a suboptimal solution to problem (6.40), we can relax constraint kxiyi ∈ {0, 1}

in (6.40c) from a binary value to take on values between 0 and 1. By quantizing this

association variable, the Lagrangian dual decomposition technique [49], [59], can be

applied to solve problem (3.43). Consequently, the Lagrangian dual problem can be
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written as follows:

maximize
∑
xi∈Φa

∑
yi∈Φs

rxiyi · kxiyi − πyi

(∑
xi∈Φa

kxiyi − 1

)
(3.45a)

subject to kxiyi ∈ [0, 1] ∀yi ∈ Φs (3.45b)

where πyi is the Lagrange multiplier associated with the association constraint (6.40b).

Then, the optimal user association indicator can be written as:

k∗xiyi =


1, if xi = arg max

xi

(
rxiyi − πyi

∑
xi∈Φa

kxiyi − πyi
)

0, otherwise.

(3.46)

Algorithm 4: User-AP Association for SISO Full-duplex

Initialization
Set t = 1 {number of iteration}
initialize πyi
Set tmax {stopping criterion}

do
if (πyi is optimal ) then

Get optimal association variable k∗xiyi according to (3.46)

else
Update πyi using (3.47)
t← t+ 1

while tmax > t;
end

The optimal value of πyi is realizable with the use of subgradient method [49] since

the Lagrangian function of the dual problem is non-differentiable. Given a dynamic
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step size φ(t), the optimal Lagrangian multiplier can be obtained as follows:

πt+1
yi

=

[
πtyi − φ(t)

(∑
xi∈Φa

kt+1
xiyi
− 1

)]+

, (3.47)

the step size φ(t) is updated at each iteration and the proposed iterative algorithm

for user-AP association is summarized in Algorithm 4.

3.7.3 Analysis of Full-Duplex Rate under Conventional Scheme

In this section, we determine the throughput of Algorithm 4 analytically. First, a

statistical distribution of the user-AP associations is formulated in 3.7.3. Then, using

this distribution, an approximated throughput gain is computed in Section 3.7.3.

User-AP Association Distribution

Let each user-AP pair at distance ‖yi−xi‖ represents a pair of user-AP association on

the network. From Algorithm 4, all user-AP association pairs, in K∗ on the network

can be described using a probability distribution according to Proposition 3.1.

Proposition 3.1. Choose one of the STAs and one of the APs each with equal proba-

bility. The distance ‖yi−xi‖ between STA yi and its associated AP xi has a probability

distribution given by the following Matern hardcore (MHC) empty space distribution:

f (‖yi − xi‖) = 2πλas‖yi − xi‖ exp (−πλa‖yi − xi‖) , (3.48)

where λas is the density of the user-AP association distribution.

Proof. Provided in Appendix A.2.
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Throughput Gain

Therefore, for an STA at point yi associated with an AP at point xi, the average

rate of its FD transmission is approximated by integrating the rate in (3.41) over the

user-AP association distribution on the network as follows:

r̂ =

∫ 2π

θ=0

∫ ∞
‖yi−xi‖=0

f (‖yi − xi‖)
2π

r d‖yi − xi‖dθ, (3.49)

which is simply a volume integral and the aggregate rate is approximately the product

of r̂ and the cardinality of the user-association PPP |Φas| i.e, r̂× |Φas|.

3.8 Numerical Results: SISO Full Duplex

3.8.1 System Parameters

For performance analysis, a network simulation and analysis was performed under

different network densities λn. To model AP and STA locations on the WLAN, unique

PPPs are generated to represent user and AP locations with densities λs and λa on a

2D network with an area of 200×200 m2. The SINR thresholds γyi−xi and γxi−yi for

the uplink and the downlink are chosen for specific rates in WLAN (see [51, Table

II]) and are assumed to be the same γ for both UL and DL. The transmit power Pt

of the APs and the STAs are 100mW (20 dBm) and 32mW (15 dBm) respectively,

and the noise power is σ2 = −95 dBm. The path-loss exponent α = 3.4, which is

the ITU path-loss exponent for rush-hour propagation. To compute the mean rate

utility in Eqn.(3.42), the basic rate ro is set to 2. The carrier sensing range (CSR)

R depends on the PCS threshold and for a PCS threshold of −70dBm, the CSR is

approximately 80m. Consequently, to compute the mean interference in the Monte
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Carlo simulation, the number of concurrently active APs and STAs are determined

by Eqns. (3.31) and (3.33) respectively.

3.8.2 Validation and Discussion

Figure 3.11 shows the mean rate utility at different SINR thresholds. Here, the same

SINR threshold γ is assumed for the bidirectional link. The mean rate utility for

half-duplex (HD) cases in the downlink and uplink are plotted. Clearly, Full-duplex

(FD) could double the mean rate utility but an additional gain is possible with the

proposed user-AP associations framework. In the case of Legacy Association (or SSF),

STAs select the closest AP without considering the interference level at the selected

AP. At low SINR, for instance, -10 dB, performance gain is insignificant but at high

SINR regime, the proposed Algorithm 1 offers performance gains over the SSF or

legacy association.

Figure 3.12 shows the performance gains as the network density increases. By

increasing the network density, both the densities of APs and STAs are increased.

Although there is a decline in the mean rate utility as the network density increases,

it is likely due to the increasing interference level as the densities of users and APs

increase. Looking at network density λn = 0.5, FD doubles the rate and the proposed

Algorithm 1 outperforms the conventional nearest AP or legacy association scheme.

While increasing the network density, the simulated Algorithm 1 achieves rate close

to the analytical rate and outperforms the legacy association. Figure 3.13 shows the

sum rate against number of STAs. For 85 STAs and with the proposed framework,

the sum rate increases from 15 nats/sec/Hz to 40 nats/sec/Hz when each STA selects

the AP that satisfies the minimum SINR threshold rather than selecting nearest AP
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Figure 3.11: Mean rate utility versus SINR threshold, network density λn = 0.2,
path-loss α = 3.4.

based on signal strength. In the next section, this formulation is extended to FD

WLANs with MIMO capability.

3.9 Chapter Summary

An efficient distributed framework to associate multi-user (MU) group to an AP is

proposed as opposed to the current single-user AP association. The MU-group-AP

association problem is formulated as a logarithmic throughput maximization problem,

which is solved at each STA using a proposed polynomial-time graph-based algorithm

and Dual ascent method. Simulation results validate the performance of the proposed

algorithms over the legacy scheme and provide important conclusions on the MU

uplink association in saturated WLAN. With more antennas at the APs, more STAs
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Figure 3.12: Mean rate utility vs network density, SINR γ = 25dB, path-loss α = 3.4.

are grouped into each group, taking advantage of the antennas degrees of freedom.

On the other hand, increasing the number of contending STAs, increases the load at

the APs and consequently, average proportionally-fair throughput utility decreases,

which is an indication of the impact of saturation on the overall performance.

In addition, A new user-AP association framework is proposed for additional per-

formance gains in Full duplex wireless LANs using spatial statistics. For SISO FD

systems it is shown that the spatial rate and the aggregate rate of a FD wireless LAN

(FD-WLAN) can be improved by effectively distributing STAs among APs. Efficient

user-AP association yields pairs of FD links, which improves the overall FD rate and

the mean rate utility on the network. The density of future WLANs will require op-

timal distribution of users among APs such that interference level is minimal in the

network; and if FD radio technology will be considered in future WLAN system, this
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Figure 3.13: Sum rate versus number of STAs, SINR γ = 25dB, path-loss α = 3.4.

evaluation shows that FD has the potential to double WLAN rate and associating

STAs with APs satisfying SINR constraint, could yield additional throughput gains

over the legacy nearest AP scheme.
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Chapter 4

PCS Threshold Selection Frameworks

4.1 Introduction

As discussed in Chapter 2 under Section 2.1.4, the PCS process is an integral part

of the WLAN protocol because it determines the effectiveness of the CSMA/CA

and the degree of spatial reuse in the network. Thus far, in Chapters 3, a fixed

or global PCS threshold is assumed. In this chapter, the problem of PCS threshold

selection highlighted in Section 2.1.4 is addressed with the goal of optimizing the PCS

threshold to maximize performance of high density WLANs. This chapter begins by

first discussing the problem with the current system of selecting PCS threshold value

to perform PCS process at the PHY and how it impacts spatial reuse and performance.

Two different frameworks are proposed in this chapter, the first framework addresses

the PCS threshold problem in WLANs with Single-Input-Single-Output (SISO) nodes,

and the second framework optimizes PCS threshold for MIMO WLAN systems, taking

into account the hidden terminal and the exposed terminal problem. In both cases,

the overall objective is to maximize the spatial average of performance.

In current systems, the PCS threshold is static and often vendor dependent, and
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is not adaptive to network topologies, fading characteristics, path-loss and other con-

ditions of the wireless network environment. Due to the inevitable increase in net-

work density, wireless networks are becoming increasingly interference-limited, and

the ineffectiveness of this static PC threshold selection has long been a subject of

investigation [10] (see the references therein). The scale of today’s wireless LANs

requires adaptive selection of the PCS threshold for the specific network environment

where the nodes will operate. Recent approaches mostly assume uniform distribution

of nodes, uniform data rates, and single antenna [10]. The reality, however, is that a

PCS threshold depends on random node distribution, channel fading characteristics,

antenna configuration, path loss, and node density. In [89], it is shown that PCS

threshold adaptation enhances WLAN capacity.

As the density of today’s WLANs continue to grow, improving spatial reuse be-

comes more important. Recent research into improving the performance of large-scale

CSMA networks includes new CSMA-based protocol designs [90], [91], [92], dynamic

tuning of the PCS threshold [11–14] and optimization of the PCS threshold to max-

imize performance [2], [60], [44, 93]. An enhanced variant of the listen-before-talk

(LBT) or CSMA/CA protocol is proposed in [91] to facilitate efficient frequency reuse

and interference avoidance when licensed-assisted access (LAA) for LTE systems co-

exists with 802.11 networks in the unlicensed band. The enhanced LBT schemes

incorporate PCS threshold adaptation to avoid interference and increase channel ac-

cess opportunity. An adaptive channel access scheme is proposed in [92] that exploits

the information-theoretic capacity region of a multiple access channel. Exploiting the

capacity region to determine the channel access strategy of a node, appears similar

to an opportunistic CSMA [90], [94] where nodes with good channels are allowed to
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contest for channel access while neglecting to properly choose the PCS threshold,

which determines spatial reuse.

Under the 802.11ax working group, dynamic sensitivity control (DSC) [11–14] is

recommended as an alternative scheme to the conventional static PCS threshold. The

PCS threshold for DSC is implemented by setting a minimum (default sensitivity)

and a maximum permissible threshold, usually between −82 and −30 dBm [12], [13],

[95], [96] and the PCS threshold is chosen from this range based on transmission loss

rate [12], [97], achievable throughput [13], [96], collision rate [95] and the measured

received signal strength indicator (RSSI) between the target AP and its neighbor [96].

Since the performance of DSC over the PCS threshold varies from one topology and

node density to another [11], it is important to select the PCS threshold margin

for DSC based on specific network characteristics such as path loss, node density

and fading. The protective clear channel assessment (ProCCA) [98] and fine-grained

adaptation of carrier sensing threshold (FACT) [99] aim to improve spatial reuse by

setting the PCS threshold according to the network information contained in the PHY

header including measured interference.

Similar to [98], [99], using measured network information, [100] and [101] propose

a DSC for IEEE 802.11ax APs to dynamically adjust the PCS threshold of an AP

based on received signal strength (RSS) from its associated stations and interfering

APs. New schemes to configure the PCS threshold based on signal-to-interference-

and-noise ratio (SINR) in dense CSMA networks are proposed in [102]. To ensure

interference-free transmissions, a static approach to set a global PCS threshold and a

dynamic adjustment scheme based on the feedback of nearby transmissions, are pro-

posed. Using the properties of stochastic geometry [44], [103], [93], [104], [105], a PCS
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threshold selection rule (DSC scheme) that accounts for the randomness of user loca-

tions or node distribution and the channel access behavior, is investigated. Assuming

stations (STAs) and APs are distributed according to independent homogeneous Pois-

son point process (PPP) [44], [103], the PCS threshold can be configured for cell-edge

STAs by examining the information (link quality, average RSSI from neighbors) in

beacon frames [44] and provide performance analysis of the DSC scheme given a range

of PCS threshold values [103]. For a PPP network, the impact of the CSR on link

performance is analyzed in [93], [104] to obtain a bound on the CSR and that bound

is used to perform PCS threshold adjustment in a way similar to that of the DSC

approaches.

Likewise, [105] provides an analysis of the DSC scheme for Poisson-distributed net-

works where a default PCS threshold and fixed threshold to update the PCS threshold

are known a priori. Joint optimization of the PCS threshold and transmission rate

for single-input single-out (SISO) Poisson ad hoc networks appears in [106]. Similar

to [106], an analytical solution for optimal PCS threshold reveals the relationship be-

tween network capacity, PCS threshold and transmit power, and offers a technique to

derive the CSR as a function of node density, access probability and duration of each

channel state [107]. A host of proposed DSC schemes [12], [13], [95], [96], [97], [108] are

based on probing procedures where nodes select PCS threshold values from a range of

values depending on observed or measured network information. This measurement-

based scheme could degenerate spectral efficiency over time as the system needs to

keep track of changes in the network to update the PCS threshold. Also, improper

PCS threshold margin could jeopardize the advantages of DSC as a result of colli-

sions and disparity in the degree of fairness in accessing the channel [11]. Efficient
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implementation of DSC schemes requires an adequate range of threshold values, and

there is no consensus on a rule for their selection.

In summary, none of the previous approaches to uplink PCS exploits the multi-

antenna nature of current WLANs. Also, the DSC schemes, ProCCA and FACT [12–

14] require extensive channel measurement overhead. Adapting the PCS threshold

based on this measured network information is further complicated by the CSMA/CA

protocol, especially in high-density networks and may not guarantee optimality. The

enhanced CSMA protocols proposed and analyzed so far [90], [94], [92] require knowl-

edge of the optimal PCS threshold to guarantee optimal spatial reuse but do not

propose methods for PCS threshold optimization. Finally, the PCS threshold should

be optimized to prevent the hidden terminal and the exposed terminal problems in-

herent in the CSMA/CA protocol [10], [2], which are not addressed by the existing

schemes [12], [90,102]. Finally, optimizing the PCS threshold based on prior network

information is more practical in large-scale WLAN as it avoids costs associated with

persistent network monitoring.

In this chapter, the PCS threshold selection problem is addressed differently by

jointly considering density of nodes, antenna configuration, channel fading and path

loss. Herein, the performance metric of interest is the spatial density of throughput

(SDT), which is the average number of successful transmission per unit area [42], [43].

The objective herein is to maximize the SDT by optimizing the PCS threshold for an

arbitrary density of nodes, path loss exponent and antenna configuration for SISO and

MIMO WLANs. Under the MIMO WLANs, the channel gains of the multi-antenna

nodes are characterized by a one-ring scattering model [109].
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4.2 PCS Threshold Selection in Dense SISO WLAN

In this section, the PCS threshold selection problem is addressed for a SISO dense

WLAN. This important network parameter determines the spatial reuse permitted

by the CSMA/CA protocol, which consequently determines the interference level

and aggregate performance. A closed-form expression for PCS threshold selection

is derived for a network where node locations are characterized as PPPs and the

channel is Rayleigh fading. The PCS threshold optimization problem is first derived

as a throughput function maximization problem, which allows the derivation of the

PCS threshold as a function of node density and path loss exponent, parameters

that are usually known a priori. That is, the optimal PCS threshold is based on the

fundamental parameters of the network and does not require channel knowledge of

each link.

4.2.1 Network Model

A WLAN with random AP deployment is considered. This choice is motivated by

the fact that APs are not usually deployed in a regular grid due to physical and cost

constraints; such randomness of AP locations is more common in unplanned networks

e.g., the multi-tenant buildings, campus and enterprise networks. Therefore, let STA

and AP locations be modeled as realizations of Poisson point processes (PPPs) with

intensity λ. A PPP is suitable for modeling dense networks [44], [39], [43].

Both APs and STAs are distributed in the network in a random pattern according

to independent homogeneous PPPs Φm and Φn with intensities λm and λn, respec-

tively. To model AP and STA locations in the network, let Φm = {y1 . . . ym} denote

the set of AP locations and Φn = {x1 . . . xn} denote the set of STA locations where
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m = |Φm| and n = |Φn|. Each AP and its associated STAs form a BSS or cell of APj

centered at point yj ∀j ∈ Φm as illustrated in Fig. 4.1. It is assumed that STAs asso-

ciate with APs using the strong signal first (SSF) association [51]; that is, associate

with the AP that offers the strongest beacon signal or closest AP.

X
Z

Ir

x

y

Tx

Rx

Rtx

dxy

Figure 4.1: System and network model: interference, carrier sensing and transmission
ranges.

4.2.2 Channel Model

The received power Pdxy at APy located at point y from STAx located at point x is

Pdxy = P t.Gxyd
−α
xy . Assuming no power control, P t is the fixed transmit power, α

is the path loss exponent, dxy is the distance between point x and point y shown in

Figure 4.1 while Gxy is the channel gain for an AP-to-STA (or xy-links) links assumed

to be Rayleigh fading, i.e Gxy ∼ exp (P t). In the presence of interference, a packet is
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successfully received at APy from STAx at an acceptable error rate if:

SINRxy =
P tGxyd

−α
xy

No +
∑

k∈Φn\{x}
P td−αky Gky

≥ γ, (4.1)

where dky is the distance between the receiving AP and the interference source k,∑
k∈Φn\{x}

P td−αky Gky is the total interference power received by APy from transmitters

other than STAx, No is the background noise and γ is the SINR threshold. In a

WLAN, we can map γ to different bit rates depending on the standard being sup-

ported.

4.2.3 PCS Threshold Constraint

During PCS, a typical STAx decides to transmit or defer if Ic < Γ where Ic is the

total power sensed on the channel during PCS and Γ is the PCS threshold. The

CSR X is a spatial parameter, which determines the area where a node senses the

presence of an active transmission on the channel. In order for a node to detect

the presence of an active transmission, the CSR should ideally cover the potential

interference range Ir and the transmission range Rtx as illustrated in Figure 4.1.

Sensing the interference area and the transmission range during carrier sensing helps

nodes to avoid interference prior to transmission. Therefore, as mandated by the

CSMA protocol, STAx defers its transmission to APy, if the total power Ic sensed on

the channel exceeds the PCS threshold Γ. The relationship between Γ and X is that

any signal sensed within range X should not exceed Γ. We can determine Γ when X

is known, by estimating the received signal power at the edge of the CSR area (the

outermost disc in Fig. 4.1).
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4.2.4 Performance Metrics

In this section, we introduce two metrics. First, the probability that a typical node is

granted access to the network by the CSMA/CA protocol is derived and this proba-

bility is referred to as the Channel Access Probability (CAP), PCAP. The implication

of multiple users having high CAPs to use the channel is strong interference in the

network as many users will transmit concurrently and strong interference implies low

SINRs. To capture the effect of interference, another metric, the Spatial Density of

Throughput (SDT), 1 is introduced. The SDT measures the average number of users

per unit area that gain access to the medium and achieve target SINR [42].

Channel Access Probability

We derive the CAP of a typical user given that the set Φa with density λa is known a

priori. Let Ic = P t
x̄Gxx̄d

−α
xx̄ be the power sensed by STAx from its neighbor x̄ during

carrier sensing. The probability that STAx acquires the channel depends on whether

constraint Ic < Γ is satisfied according to the following proposition.

Proposition 4.1. Given a parent PPP Φn of STAs on the network and the channel

access constraint Ic < Γ, the channel access probability PCAP of a STA x depends

on the contention neighborhood of x :

N̄x = {x̄ ∈ Φn : Ic > Γ} (4.2)

where N̄x denotes the set of nodes whose signals could collide with STA x’s signal if

they transmit concurrently; that is, STA x̄ causing interference power of at least Γ

1Measures the average throughput of successful transmissions per time slot [42], [43].
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to node x’s transmission.

PCAP = 1− P
[
P t
x̄Gxx̄d

−α
xx̄ > Γ

]
(4.3)

P
[
Gxx̄ >

Γ

P t
x̄d
−α
xx̄

]
= Ex̄∈Φn

[
exp

(
− Γ

P t
x̄d
−α
xx̄

)]
= exp

(
−Ex̄∈Φn

[
− Γ

P t
x̄d
−α
xx̄

])
(4.4)

= exp

(
−λn

∫
R2

Γ

P t
x̄d
−α
xx̄

)
= exp

(
−λn ·

dα+1
xx̄

α + 1
· ΓP t

x̄

)
(4.5)

where Eqn. (4.4) is obtained using the independence of the Rayleigh fading chan-

nel gains Gxx̄ and applying Jensen’s inequality ((E [g(x)] ≥ g [E(x)])), Eqn. (4.5) is

obtained by using Campbell’s Theorem stated in Eqn. (2.4) under Theorem 2.3 and

applying the integral approximation in (Eqn. 2.01.1 in [110]). Figure 4.2 depicts the

CAP derived in (4.5). Increasing the density of users, the CAP decreases due to an

increase in contention and at high PCS threshold, the STAs becomes more sensitive

because the CSR shrinks and an STA’s CAP decreases.

Spatial Density of Throughput

As discussed later in Section 4.3, maximizing the CAP derived in Proposition 4.1

could technically increase the number of simultaneous transmissions. However, this

is detrimental to achieving higher throughput because the more users that gain ac-

cess to the channel transmit the stronger the interference. In other words, larger

CAP is preferred to increase spatial reuse but the trade-off is strong interference,

which prevents the receiver from successfully decoding the packets. To capture the

effects of larger CAP and interference, the SDT measures the number of successful
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Figure 4.2: Channel access probability given arbitrary PCS threshold values for dif-
ferent STA densities λn with path loss exponent α = 3.4.

transmissions as thus:

RSDT = λn · PCAP · E
[∑
x∈Φn

1SINRxy>γ

]
(4.6)

where, 1SINRxy>γ
= 1 indicates that STAx achieves SINRxy > γ at APy receiver, the

E [·] term is the well-known coverage probability [42] or technically, the probability

that a node achieves SINR above a threshold γ. This probability is:

E

[∑
x∈Φn

1SINRxy>γ

]
= P (SINRxy > γ) = P

P tGxyd
−α
xy > γ

No +
∑

k∈Φn\{x}

P td−αky Gky


EGky ,Φn

exp
(
−γNod

α
xy

)
· exp

−γNod
α
xy

∑
k∈Φn\{x}

d−αky Gky

 (4.7)
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= exp
(
−γNod

α
xy

)
· EΦn

 ∏
x∈Φn\{x}

1

1 + γ
(
dxy
dky

)α
 (4.8)

= exp
(
−γNod

α
xy

)
· exp

EΦn

− ∑
k∈Φn\{x}

ln

(
1 + γ

(
dxy
dky

)α) (4.9)

= exp
(
−γNod

α
xy

)
· exp

(
−λn ·

∫
R2

ln

(
1 + γ

(
dxy
dky

)α
ddky

))
(4.10)

exp
(
−γNod

α
xy

)
· exp

(
−λnΘ · ln

(
1 + Θ2

)
2γdαxyd

−α
ky + 2 arctan γdαxyd

−α
ky

)
, (4.11)

where Eqn. (4.7) follows from the independence of the Rayleigh fading channel gains

Gxy, Eqn. (4.8) is obtained from taking the expectation w.r.t channel gains Gky of the

interference links, (4.9) follows from applying Jensen’s inequality ((E [g(x)] ≥ g [E(x)]))

while (4.10) is obtained from using the property of PPP in Theorem 2.3 and (4.11)

follows from the integral transformation of [110, Eqn. 2.733.1]. Fig. 4.3 illustrates

Eqn. (4.11) for different network densities where it is observed that the coverage prob-

ability of a typical node decreases as the network density increases. This is due to

increasing interference that comes with increasing the number of network nodes. For

a fixed system bandwidth BW , the mean rate utility is

log
[
(BW · log2 (1 + γ)) · RSDT

]
, (4.12)

which is proportional to the RSDT metric as defined in Eq. (4.6).

4.3 Proposed PCS Threshold Optimization for SISO WLAN

In this section, we optimize the PCS threshold to maximize the SDT derived in

Eqn. (4.6) under Section 4.2.4 given the CAP derived in Eqn. (4.5) of Proposition (4.1)
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Figure 4.3: Coverage probability versus target SINR for given STA density λn, path
loss exponent α = 3.4 and noise floor No = −100 dBm.

for a given density of contending STAs λn. Since larger CAP implies more concurrent

transmissions and strong interference, SDT is being maximized to capture the effect of

strong interference due to larger CAP. This helps ensure that we can enhance spatial

reuse and at the same time contain the effect of interference. With the constraint

imposed by the PCS threshold, the problem is formulated as:

maximize RSDT (4.13a)

subject to Ic ≤ Γ x ∈ Φn. (4.13b)

For a given Lagrangian multiplier ψ, by obtaining the Lagrangian function L (Γ, ψ)

of (4.13), satisfying the Karush-Kuhn-Tucker (KKT) conditions [77] and solving

∇Γ,ψL (Γ, ψ) = 0, the PCS threshold that improves spatial re-use and achieves target
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SINR to guard against interference is obtained as:

exp

(
−λn ·

dα+1
xx̄

α + 1
· ΓP t

x̄

)
=

ψ · (α + 1)

λ2
nP (SINRxy > γ) dα+1

xx̄

α+1
· P t

x̄

(4.14)

λn ·
dα+1
xx̄

α + 1
· ΓP t

x̄ = log

 ψ · (α + 1)

λ2
nP (SINRxy > γ) dα+1

xx̄

α+1
· P t

x̄

 (4.15)

Γ∗ = log

 ψ · (α + 1)

λ2
nP (SINRxy > γ) dα+1

xx̄

α+1
· P t

x̄

 1

λn · d
α+1
xx̄

α+1
· P t

x̄

 , ψ > 0, (4.16)

given any small value of ψ and unit transmit power, P t
x̄ = 1 (4.16) can be written as:

Γ∗ =

W

[
0,−2πλnΓ (α)α · ψ

λnP(SINRxy>γ)

]
−2πλnΓ (α)α


1

α−1

,

where W [·] is the Lambert W function [111] and Γ (·) is the Gamma function.

4.4 Numerical Results: SISO WLANs

For performance analysis, simulation is performed for different network densities λn

and different target rates given by SINRs thresholds γ. The realizations of the PPPs

with intensity λn and λm model STAs and APs locations in the WLAN, respectively

while the transmit power P t
x̄ is normalized to unity. The path loss exponent α = 3.4,

which is ITU “rush-hour” propagation and No = −100 dBm. The result obtained

by setting the PCS threshold according to (4.16) is compared to the conventional

fixed PCS threshold and the Random PCS threshold selection. The results obtained

by setting the PCS threshold according to (4.16) is referred to as “Proposed” in the

simulation results. The SDT and the rate utility are averaged over 104 samples of
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the network. For the “Random Selection” method, the PCS thresholds are uniformly

distributed between −50 and −100 dBm while in the “Conventional” method, Γ is

set to -70 dBm.
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Figure 4.4: (a) SDT for various target SINR γ and node density λn given path loss
α = 3.4 (b) SDT versus target SINR given path loss α = 3.4 and λn = 0.7.

Fig. 4.4 (a) depicts the SDT under different target SINRs and node densities. For

basic rates at low SINRs, throughput increases with network densification. However,

when users require rates at high SINRs, increasing node density decreases the through-

put density. Technically, as network density increases, interference increases and it

becomes difficult to guarantee high SINRs to users. Performance can be enhanced by

tuning the PCS threshold Γ. In Fig. 4.4(b), the performance of the proposed PCS

selection in (4.16) over the conventional scheme yields a gain of 0.034 in SDT as ob-

served at 5 dB SINR. Fig. 4.5 depicts the mean rate utility in (4.12) at a high density
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Figure 4.5: Mean rate utility for (a) various target SINR γ given path loss α = 3.4
and λn = 0.7 (b) various node density λn given α = 3.4 and γ = 5dB.

of λn = 0.7. With increasing the target SINR in Fig. 4.5(a), the proposed method

yields significant gain in rate utility. Observing node density λn = 0.1 in Fig. 4.5(b),

a gain of 12.5% over the conventional scheme is apparent. As the node density in-

creases, the mean rate utility decreases. This is due to an increase in interference.

However, the proposed scheme still provides modest gains as node density increases.

4.5 PCS Threshold Selection in Dense MIMO WLAN

In Section 4.2, the PCS threshold selection problem is addressed under the assumption

that nodes are equipped with single antenna. In this section, the problem formulation

is extended to a MIMO case where nodes are equipped with multiple antennas. The

goal in this section is to examine the impact of multiple antennas on PCS threshold
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selection and the PCS process. Two inherent problems in CSMA/CA networks,

namely, the hidden terminal and the exposed terminal problems are also taken into

account. Similar to the SISO case in Section 4.2, the performance metric of interest

is the SDT, which measures the average number of successful transmission per unit

area [42], [43]. That is, the PCS threshold selection problem is formulated as a SDT

maximization problem. From the SDT maximization problem, the PCS threshold is

optimized for an arbitrary density of nodes assuming a path loss exponent, MIMO

capable nodes and channel gains that are characterized by a one-ring scattering model

[109]. Optimizing the PCS threshold based on prior network information is more

practical in large-scale WLAN as it avoids costs associated with persistent network

monitoring.

To consider the hidden and the exposed terminal problems, two constraints are

introduced into the optimization problem to account for their effects in PCS threshold

selection. This is important because the existence of hidden terminals results in

collisions at the receiver, causing persistent retransmissions while exposed terminals

could depress spectral reuse. The tradeoff is that high PCS threshold allows for the

existence of hidden nodes while low PCS threshold creates exposed nodes. Hence,

the fundamental question is how do we optimize the PCS threshold Γ to achieve a

balance in the trade off between the hidden terminal problem and the exposed terminal

problem? The impact of our proposed PCS threshold selection method is assessed by

comparing its performance to the legacy scheme and the DSC scheme in [112] applied

earlier in [103] for stochastic networks. In addition an analysis on the maximum

density of nodes that guarantees improved performance, is provided.

Throughout this section, the following notations are used. Boldface uppercase
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letters represent matrices. For instance, matrix H represents the channel matrix

between a user and an AP. Column vectors are denoted as boldface lowercase letters

such as x representing the transmitted symbols. The expected value of any random

variable will be denoted as E [·]. The Frobenius norm of a matrix is denoted as ‖·‖2.

Superscripts [·]H and [·]T represent Hermitian (conjugate transpose) and transpose,

respectively while tr (·) is the trace of a matrix.

4.5.1 Network Model and Assumptions

We consider a WLAN where STA and AP locations are modeled as independent

homogeneous PPPs with respective intensities, λn and λm. This choice is motivated

by the fact that PPPs are suitable for modeling dense networks [39] and STAs/APs

are not usually deployed in a regular grid due to physical constraints. Let N represent

the set representing the PPP of STAs and A represent the set of APs in the network.

Subsequently, we focus primarily on deriving the performance metric and the optimal

PCS threshold for uplink (UL) transmissions.

This is due to the fact that contention in the UL is usually more severe than that

of the downlink (DL), since in most WLANs, there are more user STAs than APs.

For example, in Internet of Things (IoT) applications, the UL may be the bottleneck

because large numbers of devices that sense the environment need to transmit their

information to a central AP. In this sensing scenario, much less information would

flow in the DL direction. Herein, based on Assumption 4.1, and we focus primarily

on optimizing the PCS threshold selection for the UL:

Assumption 4.1. While STAs are randomly located in the network, APs are well

planned and deployed in such a pattern that allows sufficient separation of multiple
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concurrent downlink transmissions in space. In other words, adequate CSR is achieved

for the DL through proper planning of AP deployment, which is achieved through

spacing of APs in the network.
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Figure 4.6: Uplink MIMO channel model.

4.5.2 MIMO Channel Model and Assumptions

Figure 4.6 depicts an uplink channel or multiple access channel (MAC) of an STA.

The STA is equipped with Ut transmit antennas while the AP receiver has a sector-

ized linear Kr-element antenna array. For a typical nth STA n = 1, · · · , |N | the Ut

transmitted signals are modeled as random variables x1, · · ·xUt and the signal vec-

tor is denoted as xn ∈ CUt×1 = [x1, x2, · · ·xUt ]T . The pre-processing received signal

y ∈ CKr×1 at the AP is:

y = Hnxn︸ ︷︷ ︸
desired signal

+
∑

κ∈K,κ6=n|K⊂N

Hκxκ︸ ︷︷ ︸
co-channel interference

+ no︸︷︷︸
effective noise

, (4.17)
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where Hn is the Kr × Ut UL channel coefficient matrix between STAn and the AP

whose entries are circularly symmetric complex Gaussian random variables with zero-

mean and unit variance. In (4.17), Hκ ∈ CKr×Ut represents the channel of concurrent

transmitting STA, κ, other than STA n whose signals are received at the AP as inter-

ference and no is the Kr × 1 independent and identically distributed (i.i.d) Gaussian

noise vector with zero-mean and variance σ2
no .

Therefore, in the presence of interference from other K STAs (concurrent trans-

mitters), the post-processing signal-to-interference-plus noise (SINR) of STAn at the

AP is written as follows:

SINRn =
E
[
|WnHnxn|2

]
E

∣∣∣∣∣ ∑
κ∈K,κ6=n|K⊂N

WnHκxκ + Wnno

∣∣∣∣∣
2
 =

∣∣WH
n ΘnRnWn

∣∣2∣∣∣∣∣ ∑
κ∈K,κ6=n|K⊂N

RHκxκ+no

∣∣∣∣∣
2 ,

(4.18)

where Rn = E
[
HnH

H
n

]
, Wn =

(
HH
n Hn

)−1
HH
n is the Ut × Kr receiver beamformer

matrix whose column vectors w1,w2, · · · ,wKr represent the block of linear filters

at the AP, given symbol energy Ex, for a signal angle of arrival θn, the zero mean

transmitted signal correlation matrix Θn = E
[
xnx

H
n

]
= ej2θnUtExIUt , and RHκx+no

is the correlation matrix of the interference-plus-noise at the AP expressed as:

RHκxκ+no =E
[(

WH
n Hκxκ + noWn

) (
WH

n Hκxκ + noWn

)H]
. (4.19)

By exploiting the fact that E
[
non

H
o

]
= σ2

noIKr and assuming that the transmitted
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signals are uncorrelated, we have:

RHκxκ+no =WH
n

(
HκΘκH

H
κ + E

[
non

H
o

])
Wn

=WH
n

(
RκΘκ + E

[
non

H
o

])
Wn, (4.20)

where Θκ = E
[
xκx

H
κ

]
= ej2θκUtExIUt , Rκ = E

[
HκH

H
κ

]
denotes the spatial correla-

tion of the interference channel Hκ at the receiver AP and E
[
non

H
o

]
= Krσ

2
noIKr . In

Assumption 4.2 To obtain an expression for the correlation matrices Rκ and Rn, we

employ

Assumption 4.2. To determine the spatial fading correlation of channels Hn and

Hκ, the one-ring scattering model (a geometry-based stochastic model) [109] is as-

sumed, where both the transmitter and the receiver have the same antenna element

spacing.

The correlation matrix Rκ of the channel Hκ can be described based on a geomet-

rical arrangement of the antenna elements at both the transmitter and the receiver.

Under Assumption 4.2, the one-ring model represents a Rayleigh-fading channel where

the single-bounce scatterers are located and dominant around the STA provided the

AP is elevated and not affected by local scattering. Let R denote the radius of the

scattering ring and θn denote the angle of arrival at the receiving AP. The angle of

the incoming signal is within the range [θn −∆, θn + ∆] where ∆ = arcsin
(
R
D

)
is

the angle spread of the scatterers. The interference channel correlation under the
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one-ring channel scattering model [109] is:

Rκ = E
[
HκH

H
κ

]
(4.21)

=
1

2π

∫ 2π

0

exp

{
−j 2π

ω

[
ψx

((
1− ∆2

4
+

∆2 cos 2θn
4

)
+ sin θn

)
+ψy

(
∆ sin θn + cos θn

)]}
dθn,

where ω is the wavelength of the signal, ψx and ψy are antenna element spacings

on the x-axis and the y-axis, respectively. For tractability, we further assume that

the transmitting and the receiving antenna elements are aligned on the y-axis, which

implies ψx = 0 in (4.21). Therefore,

Rκ =
1

2π

∫ 2π

0

exp

{
−j 2π

ω

[
ψy

(
∆ sin θn + cos θn

)]}
dθn︸ ︷︷ ︸

J0(·)

, (4.22)

where J0(·) is the Bessel function of the first kind of the zeroth order [110], [109]. The

value of θn depends on the antenna geometry; for details, readers are referred to [109].

Later in Section 4.5.4, Rκ is applied to derive the STP of a typical node, and it is

shown that the STP (and consequently, PCS threshold selection) in our framework

does not require channel sounding but only the knowledge of spatial geometry via θn.

4.5.3 CSMA/CA Contention Model and Channel Access Probability

In conventional slotted CSMA wireless networks, nodes are allowed to contend for

the shared medium by sensing the channel. The CSMA/CA protocol utilizes physical

carrier sensing (PCS) for channel contention. In PCS, a node with a packet in its
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buffer senses the channel within its carrier sensing range (CSR) and transmits in

a time slot if there are no other transmitting nodes within the CSR. A payload is

transmitted if the power sensed in the channel is below the PCS threshold Γ. For the

channel to be flagged as idle, the power sensed within the CSR must not exceed the

PCS threshold. In other words, the CSR represents a node’s contention domain or

neighborhood, and a node wins contention in its neighborhood if the power or energy

sensed in the channel is below the PCS threshold.

To model the PCS process of the CSMA/CA protocol, let Ñc denote the contention

neighborhood of STAn and let Dnñ represent the distance between STAn and any

other potential contending STAñ within the contention domain. STAn in Ñc will

transmit if it senses an idle channel for the duration of the contention period. If the

power is above the PCS threshold, it backs off by a random amount of time that is

uniformly distributed. It transmits in the next time-slot where (i) it has the lowest

backoff time in its neighborhood and (ii) the channel remains idle for the contention

period. Therefore, at each time slot, a given STAn contends with other STAs in its

neighborhood Ñc, given by

Ñc =

{
ñ ∈ N s.t.

(
‖Hnñ‖2 ·D−αnñ Θñ + E

[
‖no‖2]) ≥ Γ, n 6= ñ

}
, (4.23)

where the left-hand side of the inequality denotes the total power received by STAn

from a neighboring STAñ during carrier sensing, which is being checked against the

PCS threshold to determine an idle or busy channel. ‖Hnñ‖2 = tr
(
HnñH

H
nñ

)
rep-

resents the signal power received from a neighboring STA ñ during carrier sensing,

Dnñ is the spatial distance between STAn and its contending neighbor STAñ and

α is the path loss exponent. Using spatial information, STAn is in the contention
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neighborhood of STAñ, if STAñ is located within the CSR of STAn, i.e.,

Ñc =

{
ñ ∈ N s.t. Dnñ ≤ χ, n 6= ñ

}
, (4.24)

where χ denotes the CSR of STAn, which is determined based on the chosen PCS

threshold. The neighborhood (or contention domain) in (4.24) is next used to derive

the CAP of a node.

Channel Access Probability (CAP)

The density of concurrent transmitters permitted by the CSMA/CA protocol to trans-

mit simultaneously per time slot depends on each user’s CAP. The CAP or the prob-

ability that STAn transmits or accesses the channel following contention is obtained

according to

Lemma 4.1. STAn in neighborhood Ñc gains access to the channel with probability

Pcn = 1−

λn · Γ ( 1

α

)
·
(

Γ− |Urσ2IUr |2
|Θñ|

)− 1
α

· 1

α

 , (4.25)

where λn is the density of STAs defined previously in Section 4.5.1, Γ (·) is the Gamma

function, Ur denotes the number of receiving antenna at the STA performing the PCS

process, and |Θñ| =
∣∣ej2θñUtExIUt∣∣2. Eqn. (4.25) reveals that the CAP of a node de-

pends on the path loss exponent α between the sensing node and its neighbors, the

number of antennas used for sensing and the node density λn, which determines the

size of its contention neighborhood or domain.
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Proof. The proof follows similar steps of those of Eqns. (4.3)-(4.5). When a packet

arrives in STAn’s buffer, it senses the channel for any active transmission in its neigh-

borhood Ñc defined according to (4.23), representing the set of nodes whose signals

could collide with STA n’s signal if they transmit concurrently; that is, the channel

contains signal power above Γ. The CAP that STA n senses an idle channel is:

Pcn = 1− P
(
‖Hnñ‖2 ·D−αnñ Θñ + E

[
‖no‖2] > Γ

)
(4.26)

= 1− P

(
tr
(
HnñH

H
nñ

)
>

Γ− |Urσ2IUr |2
D−αnñ Θñ

)
(4.27)

= 1− ENn

[∏
ñ

exp

(
−Γ− |Urσ2IUr |2

D−αnñ Θñ

)]
(4.28)

= 1− exp

(
−ENn

[∑
ñ∈Nn

Γ− |Urσ2IUr |2
D−αnñ Θñ

])
(4.29)

= 1− λn
∫
R2

exp

(
−Γ− |Urσ2IUr |2

D−αnñ Θñ

)
d Dnñ (4.30)

= 1−

λn · Γ ( 1

α

)
·
(

Γ− |Urσ2IUr |2
Θñ

)− 1
α

· 1

α

 , (4.31)

where |Urσ2IUr |2 = E
[
‖no‖2], (4.28) follows from the fact that tr

(
HnñH

H
nñ

)
is a sum

of exponential random variable and has a Chi-Square distribution with 2Ur DoF,

(4.29) holds from Jensen’s inequality since is a convex function (4.30) is obtained

by Campbell’s theorem, E
(∑

x∈Φ f(x)
)

= λ
∫
R2 f(x)dx, defined in Theorem 2.3 and

(4.31) follows from applying [110, Eqn. 3.326.1] to prove Eqn. (4.25).

Figure 4.7(a) depicts the relationship between an arbitrary PCS threshold and the

CAP given by Lemma 4.1. The more conservative the PCS threshold, the smaller the

probability of a typical node winning the channel contention. At low PCS threshold,
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the CSR becomes larger and there are more nodes within the contention neighbor-

hood of a node. On the other hand, as the PCS threshold increases, the CSR of a

typical node decreases and its probability of winning the channel contention increases.

From Lemma 4.1, the impact of multiple antennas at the sensing node or intended

transmitter is apparent in Fig. 4.7(b). It turns out that equipping nodes with MIMO

capability could impact their channel access probabilities during the PCS process.

For a Ur = Ut = 8 MIMO configuration at a node, the power level sensed during the

PCS process could be very strong and prevent the node from transmitting if the power

sensed is above the PCS threshold. For efficient collision avoidance, using multiple

antennas to perform the PCS process enables the sensing node to accurately capture

the energy level in the channel from different multipath components.
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Figure 4.7: Channel access probability versus PCS thresholds (a) for various node
densities λn and Ut = Ur = 1 (b) for varying numbers of antennas at the
STAs and node density λn = 0.1.
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4.5.4 Successful Transmission Probability (STP)

Next, the Successful Transmission Probability (STP) is derived, which is the proba-

bility a node achieves SINR above a threshold γ. This is important because gaining

access to the channel does not guarantee a target SINR due to interference in large

networks, especially in cases where STAs have high CAP; high CAP may cause high

interference from densely distributed users, which causes erroneous decoding of trans-

mitted symbols at the receiver AP. Therefore

Lemma 4.2. STAn achieves target SINR γ at the receiver AP with probability

Pγn = E

[∑
n∈N

1SINRn>γ

]

= exp
(
−γ ‖Wn‖2

∣∣Krσ
2
noIKr

∣∣2)
· exp

−γ ∣∣∣∣∣WH
n

(∣∣ej2θκUtExIUt∣∣2 · λn · (ψy 2π

ω

)−1

e−ψy
2π
ω

)
Wn

∣∣∣∣∣
2
 , (4.32)

where ω is the wavelength of the channel carrier frequency and ψy is the antenna

spacing aligned on the y-axis at both the transmitter and the receiver.

Proof : see Appendix B.1.

The probability of successful transmission for a particular node depends on the

target rate in terms of the SINR threshold γ, the number of antennas at both the

transmitters and the receiver, and ultimately the density of nodes that are generat-

ing interference through concurrent transmissions. Evaluating the STP predicted in

Lemma 4.2, Figure 4.8 provides insight. As expected, increasing the node density
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Figure 4.8: Successful transmission probability for various node densities and SINR
thresholds given Kr = Kt = 8.

could significantly affect the receiver performance in terms of achieving the target

SINR. At very low target SINR, for instance, −25 dB, the probability of successful

transmission approaches 1 regardless of the node density. This is because targeting

such low SINR or rate implies that the interference level is not an issue. However,

increasing density increases the interference level due to the large number of concur-

rent transmitters. This demonstrates that it is imperative to find a tradeoff between

increasing node density and achieving high SINR (or rate); this tradeoff can be cap-

tured in finding the optimal PCS threshold that maximizes a throughput objective.

Since the PCS threshold determines the maximum number of concurrent transmitters

per time slot, interference is significantly reduced by optimizing the PCS threshold.
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4.5.5 Spatial Density of Throughput (SDT)

The CAP is the probability that a node gains access to the channel under the

CSMA/CA protocol following a contention period. On the other hand, STP (also

known as the coverage probability [42] or transmission success probability [90]) mea-

sures the probability that a node achieves the target SINR at which the receiver is

able to successfully decode the transmitted packets. Based on CAP and STP, we

define the key performance metric, the spatial density of throughput (SDT) [42], [43],

which quantifies the average number of users per unit area that gain access to the

medium and achieve the target SINR

The implication of multiple users having high CAPs to use the channel is strong

interference as many users will transmit concurrently and strong interference implies

low SINRs. To capture the effect of interference and the CAP, SDT is defined as:

RSDT = λn · Pcn · Pγn (4.33)

where Pcn is the probability that STAn gains access to the channel at a given time

slot through the PCS process, which is obtained in Lemma 4.1. Pγn is the probability

that an STA achieves SINR above a threshold γ, for the receiving AP to successfully

decode a packet and it is derived in Lemma 4.2. For a fixed system bandwidth B,

the mean rate R̄ is:

R̄ = (B · log2 (1 + γ)) · RSDT. (4.34)
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4.6 Proposed PCS Threshold Selection: MIMO WLAN

4.6.1 Problem Formulation

In this section, we optimize the PCS threshold to maximize the SDT defined in

Eqn. (4.33) and maximizing RSDT also maximizes the mean rate R̄ defined in (4.12).

As mentioned earlier, SDT is being maximized to capture the effect of strong inter-

ference due to larger CAP. This ensures that we can both enhance spatial reuse and

contain the effect of interference. This problem is formulated as follows:

maximize RSDT (4.35a)

subject to Ic ≤ Γ, (4.35b)

PI ≤ β, and (4.35c)

Γ > 0, ∀n ∈ N , (4.35d)

where constraint (4.35b) represents the PCS threshold constraint that the total power

Ic sensed by a node is below the PCS power threshold Γ. To minimize the effect of

inter-BSS interference, the interference power at the AP is constrained by (4.35c)

where β is the interference power threshold. That is, for the receiver to successfully

decode the packet, the interference power at the AP should not exceed β.

4.6.2 Optimal PCS Threshold for Spatial Reuse

Constraints (4.35b) and (4.35c) are fundamentally important in achieving spatial

reuse and high data rate in WLANs, as they are responsible for two phenomena

inherent in the CSMA/CA protocol. First, is the hidden terminal problem, which

occurs when the STAn senses no active transmission on the channel (i.e. Ic < Γ is
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satisfied) but the interference power received at the AP hinders or is too high (PI > β)

for successful packet reception. The second problem is the exposed terminal problem,

which results from STAn sensing a busy channel (Ic > Γ) but the interference power

at the receiver AP does not affect packet reception (PI < β). It is therefore possible

that STAn will defer its transmissions even though the receiver AP could successfully

decode its packets. Given the impacts of these events on the system throughput, the

goal is to find Γ such that constraints (4.35b) and (4.35c) are satisfied, and achieve

spatial reuse by mitigating the hidden terminal and the exposed terminal problems.
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Figure 4.9: Relationships among carrier sensing range χ, the interference range I and
the hidden terminal region [2].

The interference power PI in constraint (4.35c) can be expressed in terms of the

SINR requirement, SINRn ≥ γ as follows:

tr
(
WH

n Hnxn
)
≥ E

∣∣∣∣∣∣
∑

κ∈K,κ6=n|K⊂N

WnHκxκ

∣∣∣∣∣∣
2

︸ ︷︷ ︸
PI

γ + E
[
|Wnno|2

]
γ (4.36)

PI ≤ tr
(
WH

n Hnxn
)
γ−1 − E

[
|Wnno|2

]
. (4.37)
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Constraint (4.37) is derived from Eqn. (4.18) assuming that the SINR threshold γ

accounts for the minimum tolerable interference power. In other words, Eqn. (4.37)

establishes the minimum interference at which a node could decode packets success-

fully. Additionally, to guard against interference, PI can be expressed in terms of

the PCS threshold Γ as illustrated in Fig. 4.9. In this figure, STA 6 is located in

the hidden terminal region and has the potential to interfere with the transmission of

STA 3 at the AP. Since STA 6 is outside of the CSR χ of STA 3, STA 3 is completely

unaware of STA 6’s transmission and a collision is bound to occur. To prevent the

hidden terminal, the CSR χ should ideally cover the interference region I [2], i.e.,

I ≤ χ+D, (4.38)

and from this relationship, we can infer that in the worst case scenario PI = (χ+D)−α.

Consequently, (4.37) can be written as:

Γ ≤ tr
(
WH

n Hnxn
)
γ−1 − E

[
|Wnno|2

]
−D−α. (4.39)

By replacing (4.35c) with (4.39), (4.13) is equivalent to the following problem:

Lemma 4.3. The spatial density of throughput maximization problem in (4.13) is

maximize RSDT (4.40a)

subject to Ic ≤ Υ (4.40b)

Υ ≤ tr
(
WH

n Hnxn
)
γ−1 − E

[
|Wnno|2

]
−D−α. (4.40c)
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The solution to (4.40) depends on the selection of the PCS threshold to maximize the

throughput density. Here, the Karush-Kuhn-Tucker (KKT) conditions are sufficient

to find the optimal PCS threshold. We can obtain a solution to this problem by

formulating its Lagrange function

L (Υ, µ1, µ2) = λnPγn − λ2
nPγnΓ

(
1

α

)
1

α

(
Γ− E

[
|Wnno|2

]
Θñ

)− 1
α

+µ1 (Ic − Γ) + µ2

(
tr
(
WH

n Hnxn
)
γ−1 − E

[
|Wnno|2

]
−D−α − Γ

)
(4.41)

where µ1 and µ2 are Lagrange multipliers that penalize the violation of constraints

(4.40b) and (4.40c), respectively. Obtaining the optimal µ̂1 and µ̂2 from (4.41) by

satisfying KKT conditions [77], the optimal PCS threshold that maximizes the spatial

density of throughput is obtained as

Theorem 4.1. The optimal PCS threshold Γ̂ that maximizes the spatial density

throughput under the CSMA/CA protocol is

Γ̂ =


 µ̂2 − µ̂1

λ2
n

1
α

Γ
(

1
α

)
·
(

1
Θñ

)− 1
α


− 1−α

2α


+

, (4.42)

where [·]+ ≡ max{·, 0}.

Proof. Let µ̂1 and µ̂2 represent the optimal Lagrangian multiplier for constraints

(4.40b) and (4.40c), respectively, and by taking the derivative of the Lagrangian

function of (4.40) given in Equation (4.41) w.r.t Γ, we obtain the KKT conditions as
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follows:

∂L (Υ, µ1, µ2)

∂Γ
=0, µ̂1 ≥ 0, µ̂2 ≥ 0, (4.43)

µ̂1Γ̂− µ̂1Ic =0, (4.44)

µ2Γ− µ2tr
(
WH

n Hnxn
)
γ−1 − µ2D

−α + µ2

∣∣Urσ2IUr
∣∣2 =0, (4.45)

Γ̂ >0, (4.46)

and from (4.43), the following expression is obtained:

−Γ̂−
1−α
α Pγnλ2

n

1

α
Γ

(
1

α

)(
1

Θñ

)− 1
α

− µ̂1 − µ̂2 = 0, (4.47)

where it is assumed that noise is negligible during the PCS process. Since the selected

PCS threshold value should generate low enough interference such that each node

can achieve the desired data rate by satisfying the SINR threshold, setting Pγn = 1 in

(4.47), we have

µ̂2 = Γ̂−
1−α
α λ2

n

1

α
Γ

(
1

α

)(
1

Θñ

)− 1
α

+ µ̂1. (4.48)

By substituting (4.48) into (4.45), we have the necessary condition and the optimal

PCS threshold to maximize the spatial density of throughput is obtained as:

Υ̂ =


 µ̂2 − µ̂1

λ2
n

1
α

Γ
(

1
α

) (
1

Θñ

)− 1
α


− 1−α

2α


+

, (4.49)

where [·]+ = max{·, 0}, which proves Equation (4.42).
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From Equation (4.42), we can infer that the PCS threshold selection that improves

spatial reuse depends on network parameters, i.e., path loss, number of transmit

antennas at the STAs, the density of nodes. The Lagrange multipliers µ̂2 and µ̂1

can be obtained through line search such as the bisection method [77]. Algorithm 1

summarizes the steps in obtaining the optimal PCS threshold according to Theorem

1. Using subgradient update, sk represents the sequence of positive scalar step sizes

[49], [113] to update the Lagrangian multipliers µ1 and µ2 using Eqns. (4.50) and

(4.51), respectively

µk+1
1 =

[
µk1 + sk (Υ− Ic)

]+
, (4.50)

and

µk+1
2 =

[
µk2 + sk

(
Tr
(
WH

n Hnxn
)
γ−1 −Ψ−Υ

)]+
. (4.51)

Algorithm 5: Proposed PCS threshold selection

Input: α, λn, Θñ, γ
Output: PCS threshold Υ̂
Initialize µ1, µ2

k = 1 (Number of iterations.)
repeat

Calculate Υ̂ using (4.42)
Update µ̂1 using (4.50)
Update µ̂2 using (4.51)
k ← k + 1

until Υ̂ converges ;

Set Υ̂ as PCS threshold for contention.

4.6.3 Optimal Node Density and Throughput

Under the PCS threshold selection framework assumed in Theorem 4.1, the optimal

node density that can be supported to mitigate the effect of interference from a large
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number of concurrent transmitters can be derived from the mean rate given in (4.12)

per unit bandwidth. By substituting Equation (4.42) into (4.12), we have:

R̄ =λn · log

(
1 + γ

)
Pγn

1−

λnΓ

(
1

α

)(
Γ̂

Θñ

)− 1
α

1

α



=λn log

(
1 + γ

)
Pγn − λ2(1−α)

n Pγn log

(
1 + γ

) 1
α

Γ
(

1
α

) (
1

Θñ

)− 1
α

µ̂2 − µ̂1


1−α

2

, (4.52)

and to evaluate the optimal node density that can be supported with SINR threshold

γ, the mean rate can be optimized via:

max
λn
R̄. (4.53)

The optimal node density is immediate from

Lemma 4.4. The optimal node density λ̂n supported by the PCS threshold Υ̂ can

expressed as

λ̂n =


 1

α
Γ
(

1
α

)
·
(

1
Θñ

)− 1
α

µ̂2 − µ̂1


1−α

2

(2− 2α)


− 1−2α

2

. (4.54)

Proof: The proof is obtained by taking the derivative of (4.52) with respect to λn.

In (4.54), λ̂n represents the maximum number of users allowed in the network for the

chosen PCS threshold Υ̂ to be effective in achieving the optimal target rate, resulting

in
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Theorem 4.2. An upper bound mean rate per Hz using the optimal density λ̂n is

R̄
(
λ̂n

)
=

log (1 + γ)( 1
α
Γ( 1

α)·
(

1
Θñ

)− 1
α

µ̂2−µ̂1

) 1−α
2

(2− 2α)


1−2α

2

(4.55)

Proof: Substituting λ̂n obtained from Lemma 4.4, Pcn = 1 and Pγn = 1 in Equa-

tion (4.12), (4.55) is obtained. This implies that under optimal node density λ̂n, the

optimal mean rate is achievable when each node transmits with probability Pcn = 1

and achieves SINR above γ with probability Pγn = 1, which is the ideal case.

4.7 Numerical Results: MIMO WLAN Systems

4.7.1 Simulation Setup

We assume a 2-D dense WLAN in a 800m×800m plane with varying STA density

λn and AP density λm = 0.2 throughout the analysis, given different target SINR

thresholds γ. The realizations of the PPPs with intensities λn and λm model STAs

and APs locations, respectively while the symbol energy Ex is normalized to unity.

Unless otherwise stated, the path loss exponent α = 3.4, which represents the ITU

“rush-hour” propagation and σ2
no = −100

2
dBm. For the MIMO systems, the antenna

spacing ψy = 0.1 · ω, where the wavelength ω is obtained based on the 5 GHz band

for WLAN. For most of the simulations, the numbers of antennas at the APs are

Kr = Kt = {1, 2, 4, 8} while Ur = Ut = 2 for all STAs. Setting the PCS threshold

according to Theorem 4.1, the spatial density of throughput and the mean rate are
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determined according to Eqn. (4.6) and Eqn. (4.12), respectively. The analysis for

each node density λn is performed over 106 Monte Carlo realizations of the network

to measure the density of successful transmissions.

For channel access control under the CSMA/CA protocol, the distributed coor-

dinated function (DCF) is simulated for each of the PCS threshold schemes with a

time-slot of 20µs and other MAC parameters as defined in the 802.11 standard. To

determine which STAs are associated with a given AP, that is, belonging to the same

BSS, we assume the legacy strongest signal first (SSF) association where STAs asso-

ciate with their minimum distance AP. For performance benchmarking, the proposed

scheme is compared with the legacy fixed threshold and the DSC scheme. For the

legacy scheme, the PCS threshold is fixed and identical for all nodes; it is set to −82

dBm [112] while the PCS threshold selection for the DSC scheme is [103]:

Γ
′
= min (max (Γdsc,Γmin) ,Γmax) , (4.56)

where, given the RSSI and a constant margin ξ ,Γdsc = RSSI (dBm)−ξ (dB), Γmin and

Γmax are the minimum and the maximum PCS threshold values allowed, respectively.

The parameters for the DSC scheme are as follows: Γmin = −82dBm, Γmax = −30

dBm, and ξ = 20 dB. Basically, the goal is to assess the system performance in

terms of the SDT and the mean rate when the proposed PCS threshold framework

in Theorem 4.1 is used in defining the PCS threshold versus using the legacy global

fixed and the DSC scheme.
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Figure 4.10: PCS Threshold Γ (dBm) obtained from Eqn. (4.42) for various wireless
environments α as a function of node density λn.

4.7.2 Simulation Results and Performance Benchmarking

First, examining the effectiveness of the proposed PCS threshold selection expressed

in Theorem 4.1. In Fig. 4.10, for a given wireless environment, the proposed PCS

threshold selection scheme adapts the PCS threshold value to specific node density λn

and path loss exponent α. As expected, Eqn. (4.42) selects PCS threshold value based

on the type of path loss environment and node density. Observing node density λn =

0.3, the PCS threshold for line of sight (LOS), α = 2 is higher than that of non-line of

sight (NLOS). As expected, the sensing range or CSR needs to be shorter in LOS case

than the NLOS case. Also, as the node density increases, regardless of the wireless

environment, the PCS threshold needs to scale such that the contention domain or

CSR of each node is more conservative. More specifically, higher PCS threshold

permits more concurrent transmitters and implies strong interference. Low PCS

threshold implies fewer concurrent transmitters and less interference. The proposed



4.7. NUMERICAL RESULTS: MIMO WLAN SYSTEMS 124

PCS threshold selection scheme finds a balance between these two extreme cases by

scaling the PCS threshold based on the path loss environment and node density.
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Figure 4.11: (a) Spatial density of throughput versus node density for Kr = 8 and
Ut = 2 (b) Mean rate per node density at SINR γ = 5dB for Kr = 8 and
Ut = 2.

Given different node densities, the spatial density of throughput (SDT) is plotted

in Fig. 4.11(a) for SINR threshold γ = 5 dB and Kr = 8 receiving antennas at

the APs. At node density λn = 0.2, the proposed PCS threshold selection scheme

increases SDT by 80% over the existing legacy system and by 29% over the DSC

scheme; this gain is not surprising as the PCS threshold is chosen for a specific node

density rather than setting a globally fixed PCS threshold or performing an update

based on some channel measurements. It is apparent that selecting a PCS threshold

for each node density becomes more important as the network density increases.

Under the same circumstances of γ = 5 dB and Kr = 8, Fig. 4.11(b) depicts the

mean rate in nats/Hz/sec, which reveals the significant improved performance of
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Figure 4.12: Mean Rate per Node Density λn given target SINR, γ = −10 (dB) for
Kr = 8.

the proposed scheme. As the node density increases, the mean rate under the legacy

system and the DSC scheme decreases drastically while the proposed scheme achieves

a rate that declines only modestly with increasing node density. The latter is as a

result of taking the node density into account when selecting the PCS threshold.

For SINR threshold γ = −10 dB, Fig. 4.12 depicts the achievable mean rate of

the three schemes. The key observation in Fig. 4.12 is that, an improvement in per-

formance is obtainable under the proposed scheme even at high node density. For

various SINR thresholds, Fig. 4.13 depicts the mean rate of users achieving different

SINRs when node density λn = 0.8. When the PCS threshold is obtained using the

proposed scheme, a significant gain is achieved for each antenna setup Kr at the APs.

This performance gain over the Legacy and the DSC Schemes is due to the fact that

adapting the PCS threshold to specific node density could mitigate excessive inter-

ference from concurrent transmitters by allowing the appropriate number of nodes to
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Figure 4.13: Mean Rate per target SINR, γ for various number of receive antennas
Kr and given node density λn = 0.8.
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Figure 4.14: Comparing Mean Rate for Kr = 8 and λn = 0.8 to Optimal rate for
Kr = 8 and λ̂n .

transmit at each time slot. Fig. 4.14 compares the mean rate of the proposed PCS

threshold, the DSC and the Legacy schemes to the optimal rate defined in Theo-

rem 4.2. At low SINR, for instance, γ = −10 dB, the proposed scheme achieves rate

close to the optimal rate obtained at the optimal node density λ̂n from Lemma 4.4.

Although, at high SINR, the achievable rate of the proposed scheme slowly diverges
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away from the optimum value, it outperforms the DSC and the Legacy schemes.

4.8 Chapter Summary

In this chapter, the PCS threshold selection problem discussed in Section 2.1.4 is

addressed for SISO and MIMO WLANs. For SISO systems, a closed-form expression

is derived for selecting PCS threshold in CSMA/CA WLANs assuming Rayleigh fad-

ing channels and nodes that are distributed according to PPP. The proposed PCS

threshold selection method improves the spatial density of throughput over the con-

ventional global PCS threshold and over a random selection method. The proposed

framework selects PCS threshold for different target SINR (or rate) given network

parameters (path loss exponent and node density), which are global and obtainable

during network planning.

For MIMO WLAN environments, the PCS threshold is optimized to take several

network parameters such as node density, antenna configuration, path loss and target

rates into account. That is, a closed-form expression for selecting PCS threshold in

CSMA/CA MIMO-WLANs assuming nodes that are randomly distributed according

to PPP. The essence of optimizing the PCS threshold is that this important network

parameter scales with the node density and is selected for specific wireless network

environment; thereby improving overall system performance. For future WLANs, the

proposed scheme can be implemented in such a manner that allows nodes to capture

the path loss, supported rate, node density of their host wireless environment in order

to adjust the PCS threshold based on this information.
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Chapter 5

Spatial Reuse and Coexistence in

Unlicensed mmWave Bands

5.1 Introduction

In all the previous chapters, performance improvement is investigated for WLANs

with single radio access technology (RAT), specifically, 802.11 or WiFi protocol.

However, the future WLANs will continue to support multi-RATs. For instance,

the ongoing 3GPP New Radio (NR) access technology standardization for fifth gen-

eration (5G) [18], [20] is expected to support variants of unlicensed bands [19], [32],

analogous to the 4G Long Term Evolution (LTE) in unlicensed band (LTE-U); that

is, LTE-U systems that coexist with incumbent Wi-Fi systems in the 5 GHz band. In

the same vein, the 5G NR in unlicensed band (NR-U) will coexist with the wireless

gigabit (WiGig) Wi-Fi (or IEEE 802.11ad/ay) in the 60 GHz band [8], [33].

As discussed in Section 2.1.5, the PCS threshold selection problem could affect

wireless networks with multi-RATs. In Chapter 4, the PCS threshold selection prob-

lem for carrier sensing is addressed for wireless networks with single RAT (IEEE
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802.11 or Wi-Fi only). In this chapter, this problem is extended to a multi-RAT

wireless network where Wi-Fi WiGig coexists with the emerging 5G NR-U in the

millimeter-wave (mmWave) band. Networks deployed in the mmWave band could

achieve multi-gigabit data rates due to wide available spectrum [114]. To this point,

three issues are identified. First, the underlying parameter that determines spatial

reuse or efficient transmissions separation in space is assumed to be fixed. In addi-

tion, no insight exists on the relationship between the maximum throughput per unit

area and the mmWave propagation characteristics. Thirdly, increasing node density

in a multi-RAT network degrades the overall performance due to increased interfer-

ence. Therefore, we need to determine the optimal node density to guarantee best

performance in a multi-RAT mmWave network.

Beyond 5G (B5G), network densification is important to provide coverage to

densely distributed mobile users or stations (STAs) and increase the overall system

capacity supporting 1000-fold in user traffic demand [115]. This paradigm involves

deployment of a large number of access points (APs) or base stations (BSs) to meet

the prolific data traffic demand of users. Densification provides the advantage of

reducing load-factor if all users are evenly distributed among BSs and/or APs. It

reduces the path loss between user stations (STAs) or user equipments (UEs) and the

BSs/APs, thereby increasing both the desired and interference signal powers [115].

Hence, interference mitigation is important in providing the required capacity.

Additional spectrum can be exploited to increase system capacity in proportion

to increasing signal bandwidth. Using more spectrum requires the integration of

different radio access technologies (RATs) that will enable seamless connectivity and

mobility, delivering flexible architecture for B5G use cases and service requirements
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[116]. Future STAs or UEs will be equipped with multi-RAT capability that enable

seamless mobility from one RAT to the other. A typical deployment of a multi-RAT

network allows UEs to connect to multiple radios to benefit from different services.

Consider the network in Fig. 5.1 where UE1 and UE2 could transmit and receive using

two different radios, RAT1 and RAT2. Depending on the requested service each UE

could be served by RAT1 APs or RAT2 BSs.

RAT1

RAT2

RAT1

RAT2

RAT1
RAT2

UE1

UE2

Interference

APsBSs

12

21

Figure 5.1: A typical network deployment with multiple RATs.

Although a multi-RAT network exploits a wide range of carrier frequencies to im-

prove performance and overall user experience, interference and contention between

RATs using the same carrier frequency become severe. While contention level de-

pends on the medium access control (MAC) protocol being used, the density (or

number) of concurrent transmitters determines the interference level; both depend on

the total density of nodes in the network. With the expected high density of future

networks, high contention and interference may result from large numbers of con-

current spectrum-sharing nodes [22], [117]. Increasing node density arbitrarily could
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degrade performance due to high contention and interference. In essence, there is

a tradeoff between aggregate performance and network densification. This becomes

critical when multi-RATs coexist in a spectrum, because the overall performance is

impaired by high intra-system and inter-system interference, which jeopardize the

overall goal of densification.

To take advantage of spatial densification1 in providing high capacity and coverage,

the number of BSs and APs deployed per network area could be optimized to find

a good balance between interference and densification. In other words, we intend

to control network densification to maximize throughput performance. Examining

the scenario in Fig. 5.1, given the density of RAT1 APs, we could determine the

density of RAT2 BSs to coexist with RAT1 in the spectrum such that the minimum

tolerable interference exists in the network and performance is improved. Although

for simplicity we consider the case of two RAT coexisting in the unlicensed spectrum,

this analysis is easily applied to scenarios where there are more than two RATs sharing

the same spectrum.

As a special case of the scenario in Fig. 5.1, let us consider a coexistence network

with two RATs deployed in the 60 GHz millimeter-wave (mmWave) band where

RAT1 is the wireless gigabit (WiGig) Wi-Fi (or IEEE 802.11ad/ay) [8], [33] while

the RAT2 is the emerging 3rd Generation Partnership Project (3GPP) New Radio

(NR) access technology for fifth generation (5G) [18], [20]. The motivation to consider

NR-U and WiGig coexistence is that networks deployed in mmWave could achieve

multi-gigabit data rates due to widely available spectrum [114]. Existing studies on

WiFi/LTE-U coexistence [117], [118], [119] are not easily generalizable to mmWave

networks for two reasons. First, the mmWave propagation characteristics differ from

1Dense deployment of small cells [115].
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those of LTE-U/Wi-Fi in 5 GHz spectrum. Secondly, the spatial interference layout

in mmWave network differs from that of LTE-U/Wi-Fi due to the use of directional

transmissions [22].

To combat interference in a NR-U/WiGig coexisting network, the listen-before-

receive (LBR) spectrum sharing technique is proposed in [22]. With LBR, a receiver

defers or allows transmission based on its perceived interference. With LBR, receivers

could persistently defer transmissions in high density networks when large numbers

of nodes are concurrently active; it is rather a reactive than proactive interference

avoidance scheme. Proactively, optimizing the total node density in the network is

synonymous to minimizing the overall interference footprint in the system. Herein,

the spatial density of throughput (SDT) is the performance metric of interest 2. By

formulating a SDT maximization problem, we derive the optimal density of NR-U

nodes that should coexist with WiGig nodes to maximize aggregate SDT in high den-

sity WLANs. The key observation is that when the NR-U node density is optimized,

aggregate throughput improves and performance gain occurs even at high density of

incumbent WiGig nodes.

This chapter is organized as follows. The system model and assumptions are

discussed in Section 5.2. In Section 5.3, the channel access probability and the in-

terference model are presented while the performance metric of interest (SDT) is

discussed in Section 5.4. The proposed PCS and ED thresholds selection framework

is presented in Section 5.5 while in Section 5.6, a rate maximizing node density is

derived to unravel the optimal node density that guarantees best performance. The

numerical results are discussed in Section 5.7 and this chapter is concluded in Sec-

tion 5.8.

2Measures the average number of successful transmissions per unit area [117].
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5.2 Network and System Model

5.2.1 Node Spatial Locations

Without loss of generality, we consider the case of coexistence of two RATs. Con-

sider a WLAN with several 5G NR-U gNBs (a.k.a base stations (BSs)) and WiGig

access points (APs) in the 60 GHz unlicensed mmWave spectrum where directional

transmissions are used to mitigate propagation limitations. The locations of nodes

are modeled as realizations of homogeneous PPP because of the unplanned nature of

deployment in today’s WLANs where AP and BS locations are not optimized. The lo-

cations of 5G NR gNBs and WiGig APs follow realizations of two independent PPPs.

Let ΦNR represent the PPP of the 5G NR-U gNBs with density λNR while the PPP

of the WiGig APs is denoted as ΦWG with density λWG. Specifically, ΦNR = {yi}i
and ΦWG = {xj}j. Assuming the WiGig stations (STAs) and NR-U user equipments

(UEs) are located at the origin of an AP-STA and gNB-UE pair, respectively, we

simply refer to ΦWG as the PPP of AP-STA pairs while the PPP of gNB-UE pairs is

denoted as ΦNR.

5.2.2 System Model

Each gNB and WiGig AP uses M transmit antennas while the STAs and the UEs are

equipped with N receive antennas. Each gNB aligns its beam wyi ∈ CM×1 towards

a UE while the AP aligns its beam wxj ∈ CM×1 towards its associated STA. The

receiver beam vectors at the UE and STA are denoted as vyi ∈ CN×1 and vxj ∈ CN×1,
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respectively. The received power at the UE and STA located at the origin is [22]:

P rx
(o,yi)

= PyiGo,yi

(
c

4πfc

)2

· 1

‖yi‖α︸ ︷︷ ︸
`(o,yi)

, (5.1)

and

P rx
(o,xj)

= PxjGo,xj

(
c

4πfc

)2

· 1

‖xj‖α︸ ︷︷ ︸
`(o,xj)

(5.2)

respectively, where Pyi and Pxj represent the transmit power of the gNBs and the

APs, respectively, which are assumed fixed with no power control. and ` (·) denotes

the path loss between the transmitter-receiver pairs given that the UE is located at

the origin at distance ‖yi‖ from the gNB while the STA is located at the origin at

distance ‖xj‖ from the AP. α is the path loss exponent, fc = 60 GHz denotes the

carrier frequency and c is the speed of light. Go,yi is the beamforming gain for each

gNB-UE pair while Go,xj is the beamforming gain for the AP-STA pair, which are:

Go,yi =
∣∣vHyiHyiwyi

∣∣2 , and Go,xj =
∣∣∣vHxjHxjwxj

∣∣∣2 , (5.3)

and where Hyi and Hxj represent channels of the gNB-UE and AP-STA pairs, re-

spectively, modeled as [120], [22]:

Hyi =

√
MN` (o, yi)

−1
K∑
k=1

βke0

(
θk0
)
eHyi
(
θkyi
)

(5.4)

and

Hxj =

√
MN` (o, xj)

−1
K∑
k=1

βke0

(
θk0
)

eHxj

(
θkxj

)
(5.5)

given K resolvable paths, βk represents the complex gain of the kth path, θkyi and
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θkxj denote the angles of departure at the transmitters xi and yj, respectively, while

θk0 represents the angle of arrival at UE and STA. θkyi , θ
k
xj

and θk0 are assumed to

be realizations of uniformly distributed random variables between 0 and 2π. The

antenna array responses are [22], [120]:

eyi
(
θkyi
)

=



1

e−jπ sin θkyi

...

e−jπ(M−1) sin θkyi


, exj

(
θkxj

)
=



1

e
−jπ sin θkxj

...

e
−jπ(M−1) sin θkxj


, e0

(
θk0
)

=



1

e−jπ sin θk0

...

e−jπ(N−1) sin θk0


.

(5.6)

this model assumes linear antenna arrays as opposed to planar arrays because the

problem formulation considers a 2D network area.

5.3 Channel Access Probability and Interference

In WLANs, nodes must be able to detect the presence of an ongoing transmission and

back-off until the transmission is completed. Assume 5G NR-U nodes use the listen-

before-talk (LBT) protocol to detect ongoing NR-U and WiGig transmissions, while

WiGig nodes employ the carrier sense multiple access collision avoidance (CSMA/CA)

protocol. Both LBT and CSMA/CA require nodes to sense the channel through

physical carrier sensing (PCS) processes before transmitting and defer transmission

if the power or energy in the channel is above a threshold. The probability that a

node transmits after the PCS process is termed the channel access probability (CAP),

which is derived for WiGig APs and NR-U gNBs.
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5.3.1 Medium Access Control for WiGig Systems

WiFi (or 802.11) systems employ the CSMA/CA protocol to coordinate access to the

shared medium. Each node contends for a transmission opportunity by sensing the

channel to detect the presence of an active transmission through the PCS process and

if the power or energy sensed in the channel is below a threshold, the node commences

transmission. When WiFi nodes coexist with other RATs such as the 5G NR-U, WiFi

nodes are mandated to detect both ongoing WiFi and non-WiFi transmissions. Due

to PHY layer differences, WiGig nodes are unable to decode NR-U signals, and vice

versa. Therefore, WiGig nodes use signal detection to detect active WiFi transmission

and use energy detection (ED) to detect the presence of an NR-U transmission.

A WiGig node detects other WiGig transmissions by comparing the signal level in

the channel to a PCS threshold ΓWG, and detects NR-U transmissions by comparing

the energy level in the channel to an ED threshold ΓedWG. If either the signal power

or energy is above ΓWG or ΓedWG, the CSMA/CA protocol reports a busy channel.

Otherwise, an idle status is reported and the node could begin transmission. The

PCS process is performed within a contention domain or radius known as the carrier

sensing range (CSR) R, which is usually determined from the PCS threshold ΓWG,

and a node transmits if there is no other active transmitter within the CSR. In other

words, it is forbidden for two nodes to transmit simultaneously if one lies within the

CSR of the other.

To model this behavior of the CSMA/CA protocol, the Matèrn hardcore point

process (MHC PP) [40], [117] is very useful. A MHC PP of radius CSR associated with

the parent homogeneous PPP ΦWG is obtained through a non-independent thinning

of ΦWG [40]. When packet arrives at the buffer of AP xj ∈ ΦWG, to perform PCS, xj
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forms a circle B (xj,R) with radius R centered at xj. Assign a uniformly distributed

mark m ∈ [0, 1] to each AP xj within the CSR. An AP with the lowest mark m(xj) <

m(x̃j)∀x̃j ∈ ΦWG \ xj wins the contention. Technically, in terms of the back-off

procedure, xj wins the contention if it has the lowest back-off counter. Let Φ̃WG

denote the set of APs that won contention, which represents the Matèrn thinning of

the WiGig APs PPP ΦWG with intensity λ̃WG. The CAP of a typical WiGig AP is

Lemma 5.1. A WiGig AP wins contention in its contention domain and transmits

with probability:

pWG = P
{
xj ∈ Φ̃WG

∣∣m(xj) < m(x̃j)∀x̃j ∈ ΦWG \ xj
}
P
{
P rx

(yi,xj)
< ΓedWG

}
(5.7)

=
1− e−λWGΘ

λWGΘ
exp

−λNR1

2

√√√√√√π

 ΓedWG

Pyi

(
c

4πfc

)2


−1

erf

√√√√ ΓedWG

Pyi

(
c

4πfc

)2 ‖xj − yi‖


 ,

where the first term P{xj ∈ Φ̃WG|m(xj) < m(x̃j)∀x̃j ∈ ΦWG\xj} and the second term

P{P rx
(yi,xj)

< ΓedWG} represent the probabilities of not detecting any ongoing WiGig

transmission and NR-U transmission, respectively.

Proof. See Appendix C.1.

5.3.2 Medium Access Control for 5G NR-U Systems

Since discussion is ongoing within the 3GPP group (Rel-16) on NR operating in

unlicensed spectrum, similar to LTE-U in 5 GHz band, we assume that the 5G NR-U

uses the LBT protocol, which is currently used for unlicensed spectrum for LTE-U

channel access. This assumption is consistent with [33] where the LBT specifications
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for wireless equipment operating in the 60 GHz band are defined. LBT is a channel

access procedure that requires a transmitter to sense the channel and transmit only if

there is no ongoing transmission in the channel. Unlike WLAN where channel access

control is governed by the CSMA/CA protocol, the LBT for NR-U should be designed

for fair coexistence with WLANs.

With LBT for 5G NR-U, gNBs having packets to transmit are required to sense

the channel for any active transmission and proceed with the transmission if the NR-U

signal detected in the channel is below a detection threshold ΓNR. Similarly, gNBs use

ED to detect the presence of an ongoing WiGig transmissions (WiFi signals) above

an energy threshold ΓedNR. This simply implies that the CAP of a gNB depends on

the events that it does not detect any NR-U signal (another gNB) and WiGi signal

above the detection threshold ΓNR and ΓedNR, respectively. That is, the sensed NR-U

power P rx
(ỹi,yi)

is below ΓNR and the WiFi energy P rx
(xj ,yi)

is below ΓedNR. The CAP of a

typical gNB can be formulated in terms of signal and energy detection according to

Lemma 5.2. The CAP of a gNB under LBT protocol is:

pNR = P
{
P rx

(ỹi,yi)
< ΓNR, P

rx
(xj ,yi)

< ΓedNR;∀ỹi 6= yi ∈ ΦNR, xj ∈ ΦWG

}
(5.8)

pNR = exp

−λNR2

√√√√ π

ΓNR
/
Pỹi

(
c

4πfc

)2 erf

√ΓNR
/
Pỹi

(
c

4πfc

)2

‖ỹi − yi‖



(5.9)
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ΓedNR
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4πfc

)2 erf

√ΓedNR
/
Pxj
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c
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Proof. Similar to the Proof of Eq. (C.4) in Appendix C.1 for the case of WiGig access

probability.

5.3.3 Density of Active Nodes and Achievable SINRs

Given the CAPs of WiGig APs and NR-U gNBs in Section 5.3.1 and 5.3.2, respec-

tively, we can proceed to determine the density of active transmitters (both APs

and gNBs) in the entire network per time-slot. The interference level in the network

per time-slot depends greatly on the number concurrently transmitting nodes, that

is, the densities of simultaneously active gNBs and WiGig APs. According to the

derivation in Section 5.3.1, the PPP Φ̃WG of active APs yields the following density

of simultaneously transmitting APs:

λ̃WG = λWG · pWG (5.10)

and if Φ̃NR is the resultant PPP of active gNBs per time-slot, the corresponding

density is:

λ̃NR = λNR · pNR, (5.11)

where pWG represents the CAP of a WiGig AP according to Lemma 5.1 and pNR

represents channel access probability of the NR-U gNB obtained from Lemma 5.2.
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Technically, Φ̃WG ⊂ ΦWG is the set of concurrently transmitting APs permitted by

the CSMA/CA protocol across the network in a given time-slot. Consequently, the

signal-to-interference-plus noise of a typical AP xj at its associated STA is:

SINRWG =
P rx

(o,xj)

BWNo +
∑

x̂j∈Φ̃WG\xj
P rx

(x̂j ,xj)
+

∑
yi∈Φ̃NR

P rx
(yi,xj)

(5.12)

where P rx
(x̂j ,xj)

=
Px̂jGx̂j ,xj(

c
4πfc

)
2

‖x̂j−xj‖α and P rx
(yi,xj)

=
Pyi,Gyi,xj(

c
4πfc

)
2

‖yi−xj‖α are the interference

power received at xj from other transmitting APs and gNBs, respectively. BW is the

channel bandwdith and No is the noise power spectral density. Thus, the SINRWG

yields transmission rate:

RWG = BW · log2 (1 + SINRWG) . (5.13)

Similarly, Φ̃NR ⊂ ΦNR denotes the set of active gNBs permitted by the LBT protocol

and given the PPP Φ̃NR of active gNBs per time-slot. The SINR of a typical gNB is:

SINRNR =
P rx

(o,yi)

BWNo +
∑

ŷi∈Φ̃NR\yi
P rx

(ŷi,yi)
+

∑
xj∈Φ̃WG

P rx
(xj ,yi)

, (5.14)

where P rx
(ŷi,yi)

=
PŷiGŷi,yi(

c
4πfc

)
2

‖ŷi−yi‖α and P rx
(xj ,yi)

=
PxjGxj,yi(

c
4πfc

)
2

‖xj−yi‖α are the interference power

received at yi from other gNBs and APs, respectively, and the transmission rate is:

RNR = BW · log2 (1 + SINRNR) . (5.15)
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5.4 Performance Metric

The performance metric of interest is the spatial density of throughput (SDT) [117],

which measures the average number of users per unit area that gain access to the

medium and achieve a target SINR. The successful transmission probability (STP) is

first derived, then the SDT is defined in terms of the CAP and the STP.

5.4.1 Successful Transmission Probability (STP)

Gaining access to the channel based on high CAP does not guarantee a target SINR

due to interference in large networks, especially in cases where a large number of

nodes have high CAP. High CAP may cause high interference from large numbers

of concurrently transmitting nodes, which causes erroneous decoding of transmitted

symbols due to low SINRs. Therefore, the STP captures the tradeoff between high

CAP and SINR. More concurrent transmitters implies high interference and low SINR

while fewer concurrent transmitters improves the SINRs. For a given SINR threshold,

a transmission is successful with probability defined in

Lemma 5.3. A typical gNB and a WiGig AP independently achieves target SINR γ

with probability:

PNR = E

[ ∑
yi∈ΦNR

1SINRNR>γ

]
= exp (−γBWNo) (5.16)

· exp

− λ̃NR2

√√√√ π

γPŷiGŷi,yi

(
c

4πfc

)2 erf

√γPŷiGŷi,yi

(
c

4πfc

)2

 (5.17)
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· exp

− λ̃WG

2

√√√√ π

γPxjGyi,xj

(
c

4πfc

)2 erf

√γPxjGyi,xj

(
c

4πfc

)2



and

PWG = E

 ∑
xj∈ΦWG

1SINRWG>γ

 = exp (−γBWNo) (5.18)

· exp

− λ̃WG

2

√√√√ π

γPx̂jGx̂j ,xj

(
c

4πfc

)2 erf

√γPx̂jGx̂j ,xj

(
c

4πfc

)2

 (5.19)

· exp

− λ̃NR2

√√√√ π

γPxjGyi,xj

(
c

4πfc

)2 erf

√γPxjGyi,xj

(
c

4πfc

)2

 ,

The STP for a particular node (gNB or WiGig AP) depends on the target rate in

terms of the SINR threshold γ and ultimately the density of active nodes λ̃WG and

λ̃NR defined in Eqns. (5.11) and (5.10), respectively, that are generating interference

through concurrent transmissions.

Proof. See Appendix C.2.

5.4.2 Spatial Density of Throughput (SDT)

When multiple nodes have high CAP per time-slot to transmit, interference becomes

dominant and low SINRs are inevitable. Therefore, the measure of successful trans-

missions per unit area becomes important as it capture the effect of interference and

the CAP on the achievable SINR. Therefore, SDT for the NR-U gNBs and the WiGig
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APs is defined as:

SDTNR = λ̃NRPNRRNR and SDTWG = λ̃WGPWGRWG, (5.20)

and the aggregate SDT is

SDT = SDTNR + SDTWG (5.21)

where λ̃NR and λ̃WG are the densities of active NR-U gNBs and WiGig APs,respectively,

permitted by the channel access protocols to transmit simultaneously, PNR and PWG

from Lemma 4.2 are the probabilities of successful transmissions in the gNB and the

WiGig case respectively, while RNR and RWG are the respective channel rates defined

in Eqns (5.15) and (5.13), respectively.

5.5 PCS/ED Thresholds for Spatial Reuse

As discussed earlier, an important component of designing the LBT is the PCS thresh-

old, which is the level of sensitivity to detect the existence of ongoing transmissions.

While the PCS threshold for LBT by gNBs needs to be set appropriately to effec-

tively protect nearby WLAN transmissions, the energy detection threshold used by

WLAN system must be adequately define to detect gNB signals. Therefore, given the

performance quantities in Eqns. (5.20) and (5.21), the objective is to tune the PCS

threshold such that the aggregate throughput density is improved. That is, choosing

the PCS threshold values that maximize the aggregate throughput density.

The transmission probabilities of gNBs and APs depend on the PCS threshold and

energy detection threshold being used for LBT and CSMA/CA protocol, and in turn,
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they determine the densities of active gNBs and APs as given in Eqns. (5.11) and

(5.10), respectively. Therefore, the PCS/ED thresholds can be optimized to maximize

the aggregate throughout density. For any given density of gNBs and WiGig APs,

putting Eqns. (5.20) and (5.21) together, the aggregate throughput density in the

network is:

Υ = SDTNRRNR + SDTWGRWG (5.22)

this aggregate throughput density for the network assumes that the SINR threshold

γ sufficiently achieves the spectral efficiencies Rnr and Rwg. For simplicity, we assume

that the SINR threshold γ is identical for both WiGig nodes and gNBs; that is, the

target rate of WiGig nodes is similar to that of gNBs.

5.5.1 PCS/ED Threshold Values for NR-U Nodes

The spatial reuse in coexisting NR-U gNBs with WiGig APs can be improved by

appropriately defining the PCS threshold or energy detection (ED) threshold in the

case of WiGig APs detecting NR-U signals. Increasing the PCS threshold for LBT

leads to PCS that protects smaller area around the gNB. Similarly for WiGig APs

detecting gNB signals, high detection threshold is quite ineffective as it decreases the

sensitivity region of the AP. On the contrary, low threshold values allow nodes to

sense a wider area and thereby preventing more concurrent transmissions that have

potential to be successful at the receiver.

Considering the case of the NR-U gNBs, gNBs require a PCS threshold Γnr to

detect ongoing transmissions from other gNBs and an ED threshold Γednr to detect

WiFi signals during the LBT process; the ED threshold is used because the gNBs

are not able to decode WiFi signals. Therefore, to define Γnr and Γednr for gNBs to
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maximize the aggregate throughput density, the problem is formulated as

Υmax

(
Γnr,Γ

ed
nr

)
= max

Γnr,Γednr

Υ, (5.23)

and the solution to this optimization problem is immediate from Theorem 5.1 as fol-

lows:

Theorem 5.1. The PCS and ED thresholds Γnr and Γednr that maximize the throughput

density are:

Γnr =
6
√
πPỹi

(
c

4πfc

)2√
λnr

π 4√
π

(5.24)

and

Γednr =
6
√
πPxj

(
c

4πfc

)2√
λwg

π 4√
π

. (5.25)

Proof. Since the objective function in Eqn. (5.23) is differentiable, the solution to the

problem is feasible by taking the derivative of Eqn. (5.22) w.r.t Γnr and Γednr to satisfy

the necessary condition, i.e., ∂Υ
∂Γnr

= 0 and ∂Υ
∂Γednr

= 0, respectively. Therefore, by first
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establishing ∂Υ
∂Γnr

= 0, the following key algebraic steps establish Eqn. (5.24):

λnrPnrRnr exp

−λnr 1

2

√
πΞnrΓ

− 1
2

nr erf

√Γnr ‖ỹi − yi‖
Ξnr

 (5.26)

·

1

4
λnr
√
πΞnrΓ

− 3
2

nr erf

√Γnr ‖ỹi − yi‖
Ξnr

− λnr√πΞnrΓnr
2√
π

exp

(
−Γnr

‖ỹi − yi‖
Ξnr

) = 0

1

2
Γ−1
nr erf

(
Γ

1
2
nr

(‖ỹi − yi‖
Ξnr

) 1
2

)
=

2√
π

exp

(
−Γnr

‖ỹi − yi‖
Ξnr

)

Γ−1
nr λnrerf

(
Γ

1
2
nr

(‖ỹi − yi‖
Ξnr

) 1
2

)
=

4√
π

exp

(
−Γnr

‖ỹi − yi‖
Ξnr

)
(5.27)

λnr
2√
π

exp

(
−Γnr ‖ỹi − yi‖

Ξnr

)
=

4√
π

exp

(
−Γnr ‖ỹi − yi‖

Ξnr

)[
1− Γnr ‖ỹi − yi‖

Ξnr

]
(5.28)

where Ξnr = Pỹi

(
c

4πfc

)2

and Eqn. (5.28) is obtained by taking the derivative of both

sides of Eqn. (5.27) and using the fact that the ∂
∂z

erf (z) = 2√
π
e−z

2
[121]. Solving for

Γnr in Eqn. (5.28), the following equation is obtained

Γnr =
6
√
π

π

Pỹi

(
c

4πfc

)2

4√
π
‖ỹi − yi‖

. (5.29)

Eqn (5.29) provides PCS threshold values in complex domain, and as predicted

in Lemma 5.2, Eqn (5.29) requires the distances ‖ỹi − yi‖ between the sensing node

yi and all its neighbors ỹi, which depends on the directionality (in terms of the signal

angle θ of arrival) of the carrier sensing. For a 2-D random network, the distance

between two points in a sector θ can be characterized as a distribution. Let θ represent

the directionality of the sensed signal, the Euclidean distance between NR-U node yi
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and the nth contender ỹi, is characterized as [122, Corollary 3]

f (‖ỹi − yi‖) = exp(−λnrθ‖ỹi − yi‖2)
2 (λnrθ‖ỹi − yi‖2)

n

‖ỹi − yi‖β (n)
, (5.30)

where β(·) is the Gamma function. For a 2-D random network, θ = π
4
, and assuming

node yi contends with n = 1 node ỹi according to Lemma 5.2, ‖ỹi − yi‖ is Rayleigh

distributed with expected value E [‖ỹi − yi‖] = 1√
λnr

. Thus, Eqn. (5.29) is equivalent

to

Γnr =
6
√
πPỹi

(
c

4πfc

)2√
λnr

π 4√
π

, (5.31)

which proves Eqn. (5.24). This represents a spatial average over all the potential

contending nodes and reveals that the PCS threshold depends on the propagation

characteristics of mmWave signal, the density of nodes in the network, and a geometric

factor. The propagation profile in turns depend on the transmit power and the carrier

frequency; it is generalizable to other mmWave bands. By establishing ∂Υ
∂Γednr

= 0 and

following similar procedure, Eqn. (5.25) is obtained.

5.5.2 PCS/ED Threshold Values for WiGig Nodes

WiGig nodes require an appropriately defined PCS threshold Γwg to detect ongoing

WiFi signals and ED threshold Γedwg to detect non-WiFi signals such as NR-U signals.

If Γwg and Γedwg are properly designed, they could significantly improve spatial reuse

because efficient separation of multiple concurrent transmissions in space depends on

these two parameters. For WiGig signal and NR-U signal detection at the WiGig
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APs, problem (5.23) is reformulated as:

Υmax

(
Γwg,Γ

ed
wg

)
= max

Γwg ,Γedwg

Υ, (5.32)

from which the PCS threshold Γwg and the ED threshold Γedwg, respectively are ob-

tained from Theorem 5.2.

Theorem 5.2. For WiGig nodes, the PCS and ED thresholds Γwg and Γedwg that

maximize the throughput density are

Γwg = log

 lnλwg − (
√
λwg)

−α

Px̃j(
c

4πfc
)

2

2λwg
Px̃j(

c
4πfc

)
2

α

 · Px̃j
(

c
4πfc

)2

(√
λwg
)−α (5.33)

and

Γedwg =
6
√
πPyi

(
c

4πfc

)2√
λnr

π 4√
π

. (5.34)

Proof. The proof of Eqn. (5.33) follows from establishing the necessary condition for

problem (5.32) by setting the derivative of the objective function w.r.t Γwg to zero,
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i.e., ∂Υ
∂Γwg

= 0, leads to the following to solve for Γwg:

λwg exp

−Γwg
‖x̃j − xj‖α

Px̃j

(
c

4πfc

)2

 Px̃j

(
c

4πfc

)2

αΓwg
exp

−λwg exp

−Γwg
‖x̃j − xj‖α

Px̃j

(
c

4πfc

)2

 · Px̃j
(

c
4πfc

)2

αΓwg


= 1− exp

−λwg exp

−Γwg
‖x̃j − xj‖α

Px̃j

(
c

4πfc

)2

 · Px̃j
(

c
4πfc

)2

αΓwg

 (5.35)

ln

λwg exp

−Γwg
‖x̃j − xj‖α

Px̃j

(
c

4πfc

)2 − λwg exp

−Γwg
‖x̃j − xj‖α

Px̃j

(
c

4πfc

)2

 · Px̃j
(

c
4πfc

)2

αΓwg

 · Px̃j
(

c
4πfc

)2

αΓwg


= ln 1− ln

exp

−λwg exp

−Γwg
‖x̃j − xj‖α

Px̃j

(
c

4πfc

)2

 · Px̃j
(

c
4πfc

)2

αΓwg


 (5.36)

lnλwg −
‖x̃j − xj‖α

Px̃j

(
c

4πfc

)2 − λwg exp

−Γwg
‖x̃j − xj‖α

Px̃j

(
c

4πfc

)2

 · Px̃j
(

c
4πfc

)2

α

= λwg exp

−Γwg
‖x̃j − xj‖α

Px̃j

(
c

4πfc

)2

 · Px̃j
(

c
4πfc

)2

α
− ln

Px̃j
(

c
4πfc

)2

αΓwg

Γwg (5.37)

lnλwg −
‖x̃j − xj‖α

Px̃j

(
c

4πfc

)2 = 2λwg exp

−Γwg
‖x̃j − xj‖α

Px̃j

(
c

4πfc

)2

 · Px̃j
(

c
4πfc

)2

α
. (5.38)

Without loss of generality, Eqn. (5.38) is obtained from Eqn. (5.37) by normalizing

the term
Px̃j(

c
4πfc

)
2

αΓwg
to a unit value since it represents the ratio of the propagated

power to the PCS threshold scaled by the path loss exponent. Obtaining a closed-

form expression from Eqn. (5.38) and applying the distance law in Eqn. (5.30) to

determine ‖x̃j − xj‖, proves Eqn. (5.33) while the proof of Eqn. (5.34) is similar to

the proof of Eqn. (5.24).
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Figure 5.2: As predicted in Theorems 5.1 and 5.2 for various network densities λWG =
λNR: (a) PCS thresholds vs. node transmit power (b) ED thresholds vs.
node transmit power (c) ED and PCS thresholds vs. node density with
normalized transmit power of 1.

The optimal PCS and ED thresholds obtained from Theorems 5.1 and 5.2 de-

pend on the mmWave propagation characteristic, path loss exponent, node density,

transmit power and spatial information for 2-D wireless network. The dependency on

the node density is rooted in the behavior of the channel access protocols discussed

earlier in Sections 5.3, and the chances of a node winning contention depends on the

number of nodes in its contention domain. Fig. 5.2 illustrates the predictions from

Theorems 5.1 and 5.2 that PCS and ED thresholds should be adaptive to changes in

node density and transmit power. With lower node density, the PCS/ED thresholds

are less sensitive (conservative) and more sensitive at high node density.
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5.6 Optimal Node Density for Rate Maximization

Given the performance metric in Eqn. (5.22), the objective is to tune the density of

nodes in the network such that the aggregate throughput density is maximized. In

practical terms, we tend to answer the question of how dense should a network be to

guarantee the optimal performance in terms of throughput? This question is valid be-

cause as the density of nodes deployed in a network increases, the interference domain

of each node increases and such network would inevitably generate high interference

that deteriorates the overall performance.

5.6.1 Optimal NR-U Node Density

Here, the goal is to find the optimal density of NR-U nodes to coexist with WiGig

nodes such that the aggregate throughput density is maximized. This problem is

formulated as

max
λWG,λNR

Υ. (5.39)

From a design and performance constraint, there is a tradeoff between increasing

the density of nodes per network and throughput. Given the density λWG of WiGig

APs, the density of gNBs to coexist with WiGig APs such that aggregate throughput

density Υ is maximized, is obtained by

Theorem 5.3. The density of NR-U gNBs coexisting with WiGig APs in a mmWave

wireless network to maximize aggregate throughput is
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λ∗NR =

RWG

(
1− λWG

2

√
π

PŷiGŷi,yi(
c

4πfc
)

2
γ
erf

(
PŷiGŷi,yi

(
c

4πfc

)2

γ

))
RNR

2

√
π

PxjGyi,xj(
c

4πfc
)

2
γ
erf

(
PxjGyi,xj

(
c

4πfc

)2

γ

) (5.40)

Proof. Substitute PNR and PWG from Lemma 5.3 into (5.22), and replace λ̃WG and

λ̃NR with Eqns. (5.10) and (5.11),

Υ = (λWG · pWG)PWGRWG + (λNR · pNR)PNRRNR. (5.41)

Setting the derivative of Eqn. (5.41) with respect to the node density λNR to zero

and solving, Eqn. (5.40) is obtained.

From Eqn. (5.40), we can infer that if gNBs and WiGig APs transmit at equal

power and channel rates with equal channel gains and SINR threshold, λ∗NR = 1 −

λWG, which is an ideal case where the maximum normalized total node density is 1.

Assuming fixed λNR, the optimal WiGig node density λ∗WG follows similar steps.

5.6.2 Throughput Upper Bound

Thus far, results depend on protocols, which determine pWG and pNR. If ideal proto-

cols exist, we obtain

Theorem 5.4. The throughput density in coexisting 5G NR-U gNBs with WiGig APs
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in a Poisson mmWave wireless network is upper bounded by

Υmax (λWG, λ
∗
NR) =

1 +RWGλWG
1
2

√
π

( c
4πfc

)
2
γ

erf

((
c

4πfc

)2

γ

)
1
2

√
π

( c
4πfc

)
2
γ

erf

((
c

4πfc

)2

γ

) ∆. (5.42)

where ∆ = λWGPWG + PNR.

Proof. Assume all active nodes must have accessed the channel with probabilities

pNR = pWG = 1 in that time-slot. In (5.22), replace λ̃NR and λ̃WG with Eqns (5.11)

and (5.10), respectively, and set pNR = pWG = 1 and fix PNR and PWG, Eqn. (5.42)

is obtained, which implies that the above upper-bound throughput depends on the

target rate, density of the WiGig nodes and mmWave propagation characteristics .

5.7 Numerical Results

It is assumed that WiGig nodes are the incumbents while 5G NR-U nodes are being

deployed to coexist with the incumbents in 2-D space WLAN. All nodes operate at

fc = 60 GHz carrier frequency with channel bandwidth BW = 1 GHz, path loss

exponent α = 2, which is the LOS path loss model for 802.11ad [22]. Transmit

powers are normalized to 1 and noise No = −100 dBm while the PCS and the ED are

−70 dBm and −60 dBm, respectively, used in the simulation. We consider M = 64

transmit and N = 16 receive linear antennas array for a 2-D WLAN. The channel

matrix Hyi and Hxj are modeled based on Eqs. (5.4) and (5.5), respectively. The

beam vectors v and w in Eq. (5.3) are computed using channel inversion to obtain

the beamforming gains Go,yi and Go,xj . The transmitter’s beamwidths θkyi and θkxj are

randomly selected at each time-slot from a U ∼ [0, 360◦], while the receiver beamwidth
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θk0 = 60◦.

The performance of the proposed optimized PCS and ED thresholds in Theo-

rems 5.1 and 5.2 is compared to the conventional baseline fixed PCS and ED thresh-

olds. Consequently, in the performance benchmarking, the result obtained from The-

orems 5.1 and 5.2 is referred to as “Proposed Method” while that of the fixed PCS/ED

threshold is called “Conventional Fixed,” which emulates the current WLAN systems

in use. In simulating contention under the CSMA/CA and the LBT protocols, the

conventional fixed PCS and ED thresholds are defined as −70 dBm and −60 dBm,

respectively. The proposed method adapts the PCS and ED thresholds to node den-

sity and transmit power according to Theorems 5.1 and 5.2. Performance is measured

in terms of the SDT and the throughput per unit area defined in Eqns. (5.21) and

(5.22), respectively. Simulation results are averaged over 106 channel realizations of

the network.

Figure 5.3 illustrates a snapshot of the active gNBs and WiGig APs at a time-

slot in the simulation under the proposed PCS/ED threshold selection. The circled

nodes represent gNBs and APs that successfully acquire the channel in their con-

tention domain as established in Lemmas 5.1 and 5.2. Figure 5.3 shows that the

proposed PCS/ED threshold selection method forbids overlapped BSSs or cells under

both CSMA/CA and LBT protocols. The proposed scheme allows subset of nodes to

transmit concurrently per time-slot such that interference is minimized. Fig. 5.4 illus-

trates performance as predicted in Lemmas 5.1, 5.2 and 5.3, showing that as the node

densities λWG and λNR increase, interference and contention become dominant. This

degrades both the channel access probability (CAP) and the successful transmission

probability (STP). Hence, it is important to optimize PCS and ED thresholds with
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respect to known network parameters (node density, transmit power and path loss

exponent etc.), to maximize performance rather than arbitrarily fixing the thresholds.
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Figure 5.3: Snapshot of a 2-D network showing active WiGig APs and NR-U gNBs
at a given time-slot and λNR = λWG = 0.1 under the proposed PCS and
ED thresholds in Theorems 5.1 and 5.2.

Figures 5.5 and 5.6 further buttress the interaction between PCS/ED thresholds

and performance in WLAN at high node density λWG = λNR = 0.9. In Fig. 5.5, the

CAP is plotted against arbitrary PCS/ED thresholds. At highly sensitive PCS/ED

thresholds (−80 to −100 dBm), the WiGig nodes are more likely to encounter persis-

tent backoff (due to low CAP) while the NR-U nodes transmit with higher probability.

While WiGig APs are more likely to acquire the channel at less sensitive thresholds

(−70 to −55 dBm), both gNBs and APs have equal transmission opportunity at −75

dBm. Intuitively, nearly half of the combined density gNBs (λNR = 0.9) and APs

(λWG = 0.9) will transmit at −75 dBm. While this seems like an equilibrium point in
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Figure 5.4: (a) CAP versus PCS/ED thresholds for various NR-U node densities λNR
(b) CAP versus PCS/ED thresholds for various WiGig node densities
λWG (c) STP versus SINR threshold for various node densities.

terms of the CAP, allowing more nodes to transmit concurrently reduces the number

of successful transmissions in each time-slot. As evident from Fig. 5.6, interference

affects STP of nodes in high density networks. While increasing the number of receive

antennas from N = 4 to N = 64 could increase STP gains, high CAP yields more

concurrent transmissions, which implies high interference. Under such situation, it is

difficult to achieve better STP or the required SINR threshold γ for successful packets

decoding. Therefore, we argue that PCS and ED thresholds should be optimized to

maximize the interaction between CAP and STP; that is, the trade-off between high

CAP and achieving more successful transmission measured in terms of spatial density

of throughput (SDT).

Subsequent to the knowledge acquired from the analysis in Figures 5.5 and 5.6, the
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Figure 5.5: Channel access probability versus PCS thresholds for Coexistence, WiGig
only and NR-U only cases, λNR = λWG = 0.9.

-20 -15 -10 -5 0 5 10 15 20
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Figure 5.6: Successful transmissions probability versus SINR threshold γ for various
receive antenna array sizes N , M = 64, transmit beamwidths θkyi = θkxj =

60◦ and receiver beamwidths θk0 = 60◦ WiGig only and NR-U only cases,
λNR = λWG = 0.9.
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PCS and ED thresholds are optimized to account for the tradeoff between CAP and

STP, in terms of maximizing the throughput density function that depends on both

CAP and STP according to Eqn. (5.22). Figure 5.7 captures the SDT, measuring the

proportion of nodes that gained access to the channel (based on CAP) and achieve

target SINR (based on STP) at the same time. This is important because not all

active transmissions in Fig. (5.3) will be successful; some end up in collisions or are

subject to interference that degrades SINRs. At high density of 0.9 and beamwidths

of θkyi = θkxj = θk0 = 60◦, the Proposed Method achieves better performance when

compared to the Conventional scheme of fixed thresholds. For instance, at 0 dB

SINR, the SDT proportion increases from 0.66 under Conventional method to 0.73

under the Proposed method; an additional 7% successful transmissions, which is

several Gigabits of throughput in terms of actual transmission rates as shown later.

Figure 5.7: Successful transmissions probability versus SINR threshold γ for various
receive antenna array sizes N , M = 64, transmit beamwidths θkyi = θkxj =

60◦ and receiver beamwidths θk0 = 60◦ WiGig only and NR-U only cases,
λNR = λWG = 0.9.
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Conventional Fixed Proposed Method

Figure 5.8: Aggregate SDT of coexistence versus SINR threshold for optimized NR-
U node density λ∗NR and non-optimized (conventional) λNR with WiGig
densities λWG = 0.5 and λWG = 0.9.

Fig. 5.8 shows the performance with respect to the numbers of receive antennas

N = 4, 8, 16, 32 and 64 at the mobile users. Although, increasing the number of

receive antenna yields additional gain, throughput converges steadily at high SINR

10 dB and 0 dB to the point where additional receive antenna does not improve

the received SINR. At low target SINR γ = −20 dB, the throughput density in-

creases with increasing number of antennas, N at the receiver. The proposed method

yields an improved performance over the conventional scheme. Finally, Figure 5.9

depict performance in terms of throughput per unit area, representing the achievable

throughput of each successful transmission in Fig. 5.7 for various target SINR thresh-

olds. At 10 dB SINR in Fig. 5.9, with N = 32 antennas at the receiver, the proposed

method achieves 10.4% gain in throughput per area over the conventional scheme.

These performance gains are spatial averages taken over the entire network.
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Conventional Fixed Proposed Method

Figure 5.9: Throughput per unit area versus receive antenna size with transmit-
receive beamwidths θkyi = θkxj = 60◦ and θk0 = 120◦, and node density
λNR = λWG = 0.5, at SINR threshold γ = −20 dB, γ = −10 dB and 10
dB.

For a given density λWG, two cases of selecting the density of NR-U nodes are

considered. First, the “Proposed” case where λNR is defined as the optimized density

λ̃NR in Eq. (5.40) of Theorem 5.3. In the “Conventional” case, node density λNR

is not optimized. The “Proposed” and the “Conventional” throughput results are

based on simulations averaged over 106 realizations of the network, and compared

to the upper bound throughput derived in Theorem 5.4 for benchmarking. Given a

high density λWG = 0.9 of WiGig nodes, Fig. 5.10 compares the throughput obtained

from optimizing NR-U node density (Theorem 5.3) to the upper bound (Theorem 5.4)

and the Conventional scheme of no optimization. At −20 dB SINR, 37.1% gain is

observed with the proposed scheme over the conventional method, and the achievable

throughput of the proposed densification control asymptotically approaches the upper

bound. At high SINR of 10 dB, a gain of 35.2% (≈ 3 Gbps) is obtained when compared
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Figure 5.10: Throughput per unit area versus SINR threshold for WiGig node density
λWG = 0.9, optimized λ∗NR and non-optimized (conventional) λNR = 0.9.
M = 64×N = 16.

with the case of no optimization.

5.8 Chapter Summary

The future generations of WLANs will involve deployment of multi-RATs to provide

coverage to mobile devices that are capable of operating different access technolo-

gies. Although, 5G NR-U/WiGig coexistence will be useful for new applications

such as IoT, home/industrial automations and autonomous vehicles. The inability to

separate multiple concurrent NR-U and WiGig transmissions is detrimental to per-

formance. Since the PCS and ED thresholds determine the separation of concurrent

transmissions in space, closed-form expressions are proposed for selecting PCS and

ED threshold in 5G NR-U/WiGig coexistence to improve spatial reuse. This proposed

framework is generalizable to other carrier frequencies in the mmWave bands.
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In addition, a method is proposed to control node density in high density coexist-

ing network with the objective of maximizing performance. Although, densification

provides coverage, optimizing the maximum number of nodes in a coexisting network

improves performance. From the simulated scenario, an average performance gain

of 36% is achieved at high network density. It is observed that the density of 5G

NR-U nodes to coexist with WiGig nodes (incumbents) depends on the density of

the incumbents, the mmWave propagation, and the target rates for both NR-U and

WiGig nodes. Conclusively, high interference and contention from large number of

nodes reduce throughput, and not enough density reduces coverage and aggregate

throughput; the proposed optimization finds a good balance for performance gains.
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Chapter 6

Joint AP Association and PCS threshold

Selection

6.1 Introduction

Thus far, the AP association and the PCS threshold selected problems have been

formulated as being decoupled and solved independently in Chapters 3 and 4, respec-

tively. In this chapter, the PCS threshold selection and AP association are jointly

considered to further improve performance in high density WLANs. To the best of

our knowledge, and judging from the large literature on AP association and PCS

threshold selection problems discussed in Chapters 3 and 4, the AP association and

PCS threshold selection problems are jointly considered here for the first time, and

certainly for the case of full-duplex WLANs with self-interference (SI).

From the existing works discussed in Chapter 3, the closely related works on user-

AP association proposed frameworks for joint AP association and spectrum alloca-

tion [49,123], joint user-AP association and power allocation [55,124,125], user-AP as-

sociation and user scheduling [48,50], AP association and load balancing [59,126–128],
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and joint AP association and proportional fairness [51, 58]. From Chapter 4, [106]

proposes a joint optimization of PCS threshold and transmission rate for wireless Ad

Hoc networks. In dense WLANs, transmit power and PCS threshold could be jointly

controlled to enhance throughput and fairness [108]. Assuming dense SISO systems,

an algorithm is proposed in [13] to select an AP and adjust the PCS threshold. As

opposed to the existing schemes [10] and those discussed in Chapters 3 and 4 that

decouple the AP association and PCS threshold selection problem, a new framework

is proposed in this chapter to jointly consider AP association and PCS threshold

selection for future FD WLANs.

In this chapter, the following notation is used. Boldface uppercase letters repre-

sent matrices. For instance, matrix H represents the channel matrix between a user

and an AP. Column vectors are denoted as boldface lowercase letters such as x repre-

senting the transmitted symbols. The expected value of any random variable will be

denoted as E [·]. The Frobenius norm of a matrix is denoted as ‖·‖2. Superscripts [·]H

and [·]T represent Hermitian (conjugate transpose) and transpose, respectively while

tr (·) is the trace of a matrix. This chapter is organized as follows. The system model

under consideration is presented in Section 6.2. Section 6.3 discusses the CSMA/CA

protocol and interference model while the performance metric is formulated in Sec-

tion 6.4. The proposed joint AP association and PCS threshold selection framework

is introduced in Section 6.5 while an analysis of SSF association is presented in Sec-

tion 6.5.5. Section 6.6 contains numerical results and discussions while Section 6.7

concludes this chapter.
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6.2 System and Network Model

6.2.1 Network Model

We assume a multi-cell WLAN where the AP in each cell or BSS serves its associated

STAs, one at a time in the presence of self-interference and out-of-cell interference.

As shown in Figure 6.1, we will assume that each AP initiates FD communication

to serve the STA. Due to the unplanned nature of AP deployments in multi-tenant

WLANs, we will further assume that locations of APs and STAs follow independent

realizations of Poisson point process (PPP). Let Φa = {x1, x2, · · · , x|Φa|} ⊂ R2 denote

the distribution of APs with intensity λa. Similar to [85], [86], [87], where random

locations of nodes are modeled using PPP, the locations of the STAs follow a homoge-

neous PPP Φs = {y1, y2, · · · , y|Φs|} ⊂ R2 with density λs. Assuming bi-directional FD

communication mode (discussed later in Section 6.2.2) in a typical BSS, the received

power for a pair of FD transmissions in each direction is:

` (xi, yj) = P t · ‖xi − yj‖−α, i = 1, · · · , |Φa|, j = 1, · · · , |Φs| (6.1)

where P t is the fixed transmit power without power control, α is the path loss expo-

nent, and ‖xi − yj‖ denotes the Euclidean distance between the primary transmitter

at point x and the receiver at point y.

6.2.2 Full-Duplex Communication Mode

In wireless LANs, full-duplex nodes operate in two modes, bidirectional transmission

mode and cut-through transmission mode [85], [86]. When full-duplex nodes operate

in bidirectional transmission mode, an AP-STA pair is able to concurrently transmit
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Figure 6.1: Bi-directional FD mode.

to each other while the cut-through transmission mode allows an access point (AP)

to transmit to two stations (STAs) at the same time; one uplink and one downlink

transmission [86]. Herein, we will assume that the full-duplex wireless LAN allows

only bidirectional transmission mode, as shown in Figure 6.1, where STA yj|j =

1, · · · , |Φs| and AP xi|i = 1, · · · , |Φa| transmit concurrently to each other while AP

xi and STA yj receivers experience interference from STA yk|k = 1, · · · , |Φ̃s| and AP

xk|k = 1, · · · , |Φ̃a|, respectively, where Φ̃s and Φ̃a are the set of concurrently active

STAs and APs, which are defined later in Section 6.3. This interference model in

bidirectional transmission mode assumes the presence of SI and out-of-cell interference

as discussed later in Section 6.3.

6.2.3 FD-MIMO Channel Model

AP xi|i = 1, · · · , |Φa| and STA yj|j = 1, · · · , |Φs| are equipped with transceivers

having M transmit antennas and N receive antennas. From Fig. 4.6, let Hxiyj ∈

CM×N denote the channel of the path from AP xi to STA yj and Hyjxi ∈ CM×N
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denote the channel from STA yj to AP xi. We assume that both Hxiyj ∈ CM×N

and Hyjxi ∈ CM×N channels are Rayleigh fading with independent and identically

distributed (i.i.d) elements with zero mean and unit variance, i.e., CN (0, 1). With

imperfect self-interference (SI) cancellation in the system, the SI channel of STA yj

and AP xi are denoted as Hyjyj ∈ CM×N and Hxixi ∈ CM×N , respectively. These SI

channels are Rician with i.i.d elements with mean µ and standard deviation ψ2 [129],

that is, Hyjyj ∈ CM×N ∼ CN (µ, ψ2) and Hxixi ∈ CM×N ∼ CN (µ, ψ2). The K-factor

and the SI attenuation factor Ω [130], µ and ψ2 of the SI channels are, respectively,

[130], [131]:

µ ,

√
KΩ

K + 1
and ψ2 ,

√
Ω

K + 1
. (6.2)

The received signal at the desired STA yj is given as:

yyj = ` (xi, yj) ·Hxiyjsxi +
∑

xk∈Φ̃a,i 6=k

` (xk, yj) Hxkyjsxk︸ ︷︷ ︸
Io

+ ` (yj, yj) ·Hyiyisyi︸ ︷︷ ︸
SI

+nyi , (6.3)

where ` (x, y) is the signal strength of the desired channel defined in Equation (6.1),

sxi is the desired downlink transmitted symbol from AP xi to STA yi, Io is the

out-of-cell interference from other transmitting APs xk in set Φ̃a of concurrently

active transmitters, ` (yj, yj) represents the signal strength of the SI channel and nyi

is complex additive white Gaussian noise (AWGN) with zero mean and covariance,

σ2IN . The received signal at the desired AP xi is:

yxi = ` (yj, xi) ·Hyixisyi +
∑

yk∈Φ̃s,j 6=k

` (yk, xi) Hykxisyk︸ ︷︷ ︸
Io

+ ` (xi, xi) ·Hxixisxi︸ ︷︷ ︸
SI

+nxi , (6.4)
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where ` (yj, xi) is the signal strength from STA yi to AP xi, syi is the uplink trans-

mitted symbol from STA yi, Io is the out-of-cell interference from other transmitting

STAs yk in set Φ̃s of concurrently active transmitters, Hxixi ∈ CN×N is the SI channel

of AP xi and nxi ∼ CN (0, σ2IN) is receiver noise at the AP.

6.3 Interference and Contention Model under CSMA/CA Protocol

Under the carrier sense multiple access collision avoidance (CSMA/CA) protocol, each

node competes for a transmission opportunity by sensing the channel for an active

transmission. If no active transmission is detected during the physical carrier sensing

(PCS) process, the node performing the PCS is allowed to transmit if the energy

level detected on the channel is below a threshold Γ known as the PCS threshold.

The interference distribution on the network depends on the number of concurrent

transmitters permitted by the CSMA/CA protocol following a contention period. In

other words, a prospective transmitter senses the channel within its carrier sensing

range (CSR) R 1 and proceeds with its transmission if there is no other active trans-

mitter within the CSR; two nodes will transmit concurrently if they are not within

the same contention domain or CSR. To model this behavior of the CSMA/CA pro-

tocol to determine the set of concurrent transmitters 2, the Matèrn hardcore point

process (MHC PP) (a.k.a Matèrn Type II point process) [85], [86], [87], [39], [40] is

very useful.

Considering the definition of MHC PP provided in [39], [40], a MHC PP of radius

CSR (see Fig.4.6) associated with homogeneous PPP Φ is obtained through a non-

independent thinning of Φ. To perform the thinning process, let us assign a uniformly

1CSR is the contention domain of each node.
2This set determines the amount of interference seen by a desired receiver.
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distributed mark m ∼ U [0, 1] to each point x in Φ. Then point x will be selected

if it has the lowest mark among other points within the radius, i.e., mx < mx̄∀x̄ ∈

Φ \ x. The CSMA/CA permits node x to transmit if the node has the minimum

back-off time (or mark m) among other nodes in the contention region or domain

CSR and every other node within the contention domain will back-off while node

x completes its transmission. Although this model does not account for collisions,

the exponential back-off and other delay-induced aspects of CSMA/CA, gives an

accurate approximation of a node’s transmission probability [39]. In sections that

follow, we describe this MHC PP model of the CSMA/CA protocol for HD and FD

transmissions.

6.3.1 Half-Duplex (Uplink or Downlink) CSMA/CA

Let Φ̃s denotes the Matèrn thinning of the STAs PPP Φs and let λ̃s denote the

intensity of Φ̃s. In set terms, Φ̃s ⊂ Φ is the set of concurrently transmitting STAs

permitted by the CSMA/CA protocol. Using thinning process discussed above to

obtain Φ̃s and λ̃s, which defines the interference set in Eqn. (6.4), we refer to Fig. 6.1.

A desired transmitter yj forms a circle b (xi,R) with radiusR as shown in Fig. 6.1 and

contends with other transmitters within CSR R. Let us associate a mark m ∼ U [0, 1]

to each contending STA within R centered at yj. Transmitter yi will be retained in

Φ̃s if it has the lowest mark, i.e., myj < mȳj∀ȳj ∈ Φ̃
yj
R \yj. In other words, this means

that transmitter yj has the lowest CSMA backoff counter among all the transmitters

within its CSR. Φ̃s is the new PPP obtained from thinning the parent PPP Φs and

Φ̃
yj
R ⊂ Φa is the set of transmitters that lie within the contention neighborhood of yj.

Supposed there are two transmitters yj and ỹj within R, and the PCS threshold
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that determines the CSR R is given as Γ. Then yj and ỹj will transmit concurrently

if ` (yj, ỹj) ·
∥∥Hyj ỹj

∥∥2
< Γ and ` (ỹj, yj) ·

∥∥Hỹj ,yj

∥∥2
< Γ. This implies that the energy

detected by each node during the carrier sensing is below threshold Γ; i.e., yj and

ỹj are each far enough apart to have a successful transmission with their respective

receiver APs. Therefore, the Palm probability of retaining yi in Φ̃s [40], that is, the

transmission probability that yj having the lowest backoff time is permitted by the

CSMA/CA protocol and is given by

pyj =

∫ 1

0

P
{
yj ∈ Φ̃s

∣∣∣∣myj = t

}
dt =

1− exp (−λsΘs)

λsΘs

(6.5)

where P{yj ∈ Φ̃s|myj = t} represents the probability of retaining a mark t (or a backoff

time value) as the lowest among other marks, which in terms of signal detection

threshold during the PCS process, can be expressed as

P
{
yj ∈ Φ̃s

∣∣∣∣myj = t

}
= P

{
yj ∈ Φ̃s

∣∣∣∣myj < mȳj∀ȳj ∈ Φ̃
yj
R \ yj

}
(6.6)

= P
{
` (yj, ỹj) ·

∥∥Hyj ỹj

∥∥2
< Γ

}
(6.7)

= 1− exp

(
− Γ

` (yj, ỹj)

)
= 1− exp (−Γ ‖yj − ỹj‖α) , (6.8)

which follows using the exponential property of the Chi-Square distribution with 2N

degrees of freedom of
∥∥Hyj ỹj

∥∥2
= Tr

(
Hyj ỹjH

H
yj ỹj

)
, the channel power between yj and

a contender ỹj. Given volume b2 of a unit ball in R2, Θs = b2 ·R2 is a volume integral
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over polar coordinates and can be written as

Θs = 2π

∫
R+

1− P
{
yj ∈ Φ̃s

∣∣∣∣myj = t

}
· ‖yj − ỹj‖ d ‖yj − ỹj‖ (6.9)

= 2π

∫
R+

exp (−Γ ‖yj − ỹj‖α) · ‖yj − ỹj‖ d ‖yj − ỹj‖ . (6.10)

Without loss of generality, using [110, Eqn 2.33.16], Eqn. (6.10) is simplified to

Θs = π

√
π

Γ
erf
(√

Γ` (yj, ỹj)
)
. (6.11)

where erf (·) is the error function and ` (yj, ỹj) is defined in Eqn. (6.1) in terms of

path loss exponent α.

Hence, applying [40, Eqn. 5.55], the density of the resultant CSMA MHC PP Φ̃s

of the concurrently transmitting STAs permitted by the protocol becomes

λ̃s = pyjλs =
1− exp (−λsΘs)

Θs

. (6.12)

Therefore, by substituting Eqn. (6.11) into Eqn. (6.12), given a PCS threshold value

Γ and capturing the distance between a desired node yj and a potential interference

source ỹj, the density of active or concurrently transmitting STAs is expressed as

λ̃s =
1− exp

(
−λsπ

√
π
Γ
erf
(√

Γ` (yj, ỹj)
))

π
√

π
Γ
erf
(√

Γ` (yj, ỹj)
) . (6.13)

By applying the same thinning process, the PPP of the concurrent APs Φ̃a has the
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following density:

λ̃a = pxiλa =
1− exp (−λaΘa)

Θa

=
1− exp

(
−λaπ

√
π
Γ
erf
(√

Γ` (xi, x̃i)
))

π
√

π
Γ
erf
(√

Γ` (xi, x̃i)
) . (6.14)

Since the goal is to improve the spatial average of performance through user-AP

association distribution, the average path loss ` (yj, ỹj) and ` (xi, x̃i) in Eqns. (6.13)

and (6.14), respectively, can be computed using a distance probability distribution.

For STAs within the CSR R, the distance ‖yj − ỹj‖ between STA yj and its contend-

ing neighbor ỹj has a probability distribution characterized as

Lemma 6.1. The Euclidean distance ‖yj − ỹj‖ ≤ R between STA yj and the nearest

nth STA ỹj has a probability distribution given by:

f (‖yj − ỹj‖) =
(2λsπR2)

n

Rβ(n)
e−λsπR

2

(6.15)

Proof. Assume that STA yj is at the origin of a 2-D ball with radius R to point ỹj,

the rest of the proof follows from [122, Theorem 1].

If STA yj contends with n = 1 STA ỹj, the separation distance ‖yj − ỹj‖ is Rayleigh

distributed with expected value

E [‖yj − ỹj‖] =
1

λsπ
, (6.16)

and consequently,

` (yj, ỹj) =

(
1

λsπ

)−α
. (6.17)
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Similarly for the contending APs, the average path loss is

` (xi, x̃i) =

(
1

λaπ

)−α
. (6.18)

6.3.2 Full-Duplex (Bidirectional) CSMA/CA

In Section 6.3.1, the CSMA/CA model only considers winning contention for a single

node among other nodes within the CSR. For a FD transmission to occur, the two

nodes (in this case, one AP and one STA) must be permitted by the CSMA/CA

protocol in the same time-slot. That is, a successful FD transmission depends on the

probability of STA yj and AP xi being permitted concurrently by the CSMA/CA in

the same time-slot. It is also assumed that nodes could switch between HD and FD

transmissions depending on whether both nodes are granted transmission opportunity

at the same time or not; that is, they transmit in FD mode if they both have access

to the channel. Otherwise, either of the nodes operate in HD mode.

By the superposition principle [40], given the two independent PPPs Φs and Φa

of STAs and APs, respectively, for a FD setting in our network let ΦFD denote the

combined PPP of Φs and Φa. The combined PPP has intensity

λFD = λs + λa. (6.19)

Therefore, using the same thinning process in Section 6.3.1, the probability pFDxiyj of

retaining both nodes yj and xi in ΦFD can be determined. In protocol terms, this

probability pFDxiyj represents the probability of FD transmission involving AP xi and

STA yj been granted simultaneous access by the CSMA/CA protocol. Without loss of

generality, considering the independence of Φs and Φa, and their independent thinning
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processes

pFDxiyj =
1− exp

(
−λFDπ

√
π
Γ
erf
(√

Γ
(
λFDπ

)α))
λFDπ

√
π
Γ
erf
(√

Γ
(
λFDπ

)α) . (6.20)

For the FD CSMA network, when a typical AP and its STA jointly win the

contention period in the same time slot and activate the FD mode, the density of the

FD transmissions in the network is given as

Lemma 6.2. The density of concurrent FD transmissions in the network is

λ̃FD = pFDxiyj · λFD =
1− exp

(
−λFDπ

√
π
Γ

erf
(√

Γ
(
λFDπ

)α))
π
√

π
Γ

erf
(√

Γ
(
λFDπ

)α) . (6.21)

Proof. The density of FD transmission pairs is the joint density of active APs with

density λ̃a and the density of active STAs, λ̃s, in Eqs. (6.14) and (6.13), respectively.

Therefore, by multiplying the joint density λFD of the PPPs Φs and Φa by the

probability of FD transmissions in Eqn. (6.20), Eqn. (6.21) is obtained. This yields the

proportion λ̃FD of FD links permitted by CSMA/CA protocol for FD transmissions.

6.3.3 Signal-to-Interference Plus Noise (SINR) Model

The above CSMA/CA model is a spatial average over all the nodes (STAs or APs)

whose spatial distribution is defined by the homogeneous PPPs. Herein, we assume

that the PCS threshold Γ is fixed globally on the network; this is the case in currently

deployed WLAN systems. From defining the densities λ̃s (of PPP Φ̃s) and λ̃a (of PPP
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Φ̃a) of concurrently transmitting STAs and APs, respectively, the received signal-to-

interference plus noise (SINR) at receiver yi from primary transmitter xi is

SINRDL =
ξxiyj` (xi, yj) · |vHyjHxiyjsxiw

H
xi
|2

‖nyi‖2 + ` (yj, yj) · |vHyjHyiyisyiw
H
xi
|2︸ ︷︷ ︸

SI

+
∑

xk∈Φ̃a,i 6=k

` (xk, yj) |vHyjHxkyjsxkw
H
xi
|2

︸ ︷︷ ︸
out-of-cell interference

,

(6.22)

where vHyj is the receive combining vector at receiver yj and wH
xi

represents the transmit

beamforming vector at transmitter xi, ξxiyj is a binary variable, which indicates that

STA yj is associated with AP xi, i.e.,

ξxiyj =

 1, if STA yj associates with AP xi

0, otherwise.
(6.23)

The SINR at receiver xi from transmitter yj is

SINRUL =
ξxiyj` (yj, xi) · |vHxiHyj ,xisyjw

H
yj
|2

‖nxi‖2 + ` (xi, xi) · |vHxiHxixisxiw
H
yj
|2︸ ︷︷ ︸

SI

+
∑

yk∈Φ̃s,j 6=k

` (yk, xi) |vHxiHykxisykw
H
yj
|2

︸ ︷︷ ︸
out-of-cell interference

,

(6.24)

where vHxi is the receive combining vector at the receiver xi and wH
yj

represents the

transmit beamforming vector at the transmitter yj. These are the SINRs of HD

transmissions in both uplink and downlink. The distribution of the desired signal

powers |vHyjHxiyjsxiw
H
xi
|2 and |vHxiHyj ,xisyjw

H
yj
|2 in Eqs. (6.22) and (6.24), respectively,

are given by Chi-square distribution with 2M DoF. On the other hand, the SI powers

|vHyjHyiyisyiw
H
xi
|2 and |vHxiHxixisxiw

H
yj
|2 are characterized by a Gamma distribution
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with shape parameter κ and scale parameter ρ defined as [131, Lemma 1]:

f (x) =
xκ−1

Γ (κ) ρκ
e−

x
ρ , κ ,

(µ2 + ψ2)
2

Ξµ4 + 2µ2ψ2 + ψ4
, ρ ,

Ξµ4 + 2µ2ψ2 + ψ4

µ2 + ψ2
,

(6.25)

where

Ξ ,
4MN − (N + 1) (M + 1)

(N + 1) (M + 1)
. (6.26)

6.3.4 PCS Threshold Constraint

Consider the system model in Figure 6.1, the dotted circles represent the CSR, which

is a guard zone where it is forbidden for two transmitters to transmit concurrently.

The CSR determines spatial reuse and it is important to efficiently separate multiple

concurrent transmissions in space. From Eqn. (6.1), the CSR depends on the PCS

threshold with the following relationship

Γ = CSR−α, (6.27)

and desirably, the PCS threshold should be chosen to permit simultaneous spatially

separated transmissions while keeping UL SINR above a threshold, γ. Similar to [132],

assuming wireless links in Figure 6.1 are homogeneous with identical interference and

noise levels, The CSR can be enlarged to cover the entire potential interference range

IR (solid circle in Figure 6.1) as:

CSR ≥ ξxiyj‖xi − yj‖+ IR (6.28)

≥ ξxiyj‖xi − yj‖
(

1 + P tγ
1
α

)
(6.29)
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where IR is defined as a function of the transmission range ‖xi − yj‖ and SINR

threshold γ. Consequently, the constraint in Eqn. (6.27) can be written as

Γ ≤ ξxiyj‖xi − yj‖−α
1(

1 + P tγ
1
α

)α . (6.30)

6.4 Performance in High Density WLANs

One of the most important performance metrics in future high density WLAN will be

the density (or the number) of successful transmissions or spatial density of through-

put (SDT). The throughput density is an indicator that represents the network per-

formance per unit area, and is a function of the density of active nodes granted access

by the CSMA/CA protocol (discussed in Section 6.3) and the successful transmission

probability (STP). STP is the probability that a node achieves a target SINR, which

indicates successful signal reception at the receiver [90]. Having derived the densities

of active transmissions in both HD and FD cases in Section 6.3, this section introduces

the derivation of the STP in Section 6.4.1 followed by the formulation of the SDT

in Section 6.4.2. The SDT is a suitable performance metric because it captures the

magnitude of interference from simultaneously active transmitters and the number of

those transmitters with successful transmissions.

6.4.1 Successful Transmission Probability (STP)

A transmission is successful if the received SINR at the receiver is above a threshold

γ. Under the bidirectional FD mode in Section 3.6.1, the AP receiver in the uplink

(UL) and the STA receiver in the downlink (DL) experience different interference

power levels. This is expected because the number of interference points in the UL
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is not usually the same as in the DL, and channel reciprocity does not hold. That

is, the UL interference depends on the set Φ̃s while the DL interference depends on

the set Φ̃a of concurrently transmitting APs. Therefore, the probability of successful

transmission of the DL is independent of the probability of successful transmission of

the UL. For the UL signal received at the AP, we have

P (SINRUL ≥ γ) =

ξxiyj` (yj, xi) · |vHxiHyj ,xisyjw
H
yj
|2

‖nxi‖2 + ` (xi, xi) · |vHxiHxixisxiw
H
yj
|2 +

∑
yk∈Φ̃s,j 6=k

` (yk, xi) |vHxiHykxisykw
H
yj
|2
≥ γ,

(6.31)

while for the DL signal received at the STA

P (SINRDL ≥ γ) =

ξxiyj` (xi, yj) |vHyjHxiyjsxiw
H
xi
|2

‖nyi‖2 + ` (yj, yj) |vHyjHyiyisyiw
H
xi
|2 +

∑
xk∈Φ̃a,i 6=k

` (xk, yj) |vHyjHxkyjsxkw
H
xi
|2
≥ γ,

(6.32)

given the uniqueness of the interference pattern (due to the independent set of inter-

ference sources) and the SI in the UL and the DL, a FD transmission is successful

with probability PFD according to

Lemma 6.3. The successful transmission probability of a bidirectional FD transmis-

sion is
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PFD = P (SINRDL ≥ γ)P (SINRUL ≥ γ)

= exp

−2
γ ‖nxi‖2

ξxiyj` (yj, xi)
− 1

π

ln

1 +
γ
(

1
λ̃sπ

)−α
ξxiyj` (yj, xi)

− ln

1 +
γ
(

1
λ̃aπ

)−α
ξxiyj` (yj, xi)





exp

−2

(
1

λ̃sπ
+

1

λ̃aπ

)
+ 2


 γ

(
1
λ̃sπ

)1−α

ξxiyj` (yj, xi)


2

arctan

1
λ̃sπ(

γ
(

1
λ̃sπ

)1−α

ξxiyj `(yj ,xi)

)2

+

 γ
(

1
λ̃aπ

)1−α

ξxiyj` (yj, xi)


2

arctan

1
λ̃aπ(

γ
(

1
λ̃aπ

)1−α

ξxiyj `(yj ,xi)

)2



 . (6.33)

Proof. The proof follows similar steps as Eqns. (4.7)-(4.11). Since the UL and DL

channels are independent, the STP in the UL is also independent of the STP in the

DL. Therefore, we proceed by first proving the STP in Eqn. (6.31) for the case of

UL transmission. From Eqn. (6.31), let P t = 1, Ψxi,xi = |vHxiHxixisxiw
H
yj
|2, Ψyk,xi =

|vHxiHykxisykw
H
yj
|2, P (SINRUL ≥ γ) is written as:

|vHxiHyj ,xisyjw
H
yj |2 ≥

γ

ξxiyj` (yj , xi)

‖nxi‖2 + ` (xi, xi) · |vHxiHxixisxiw
H
yj |2 +

∑
yk∈Φ̃s,j 6=k

` (yk, xi) |vHxiHykxisykw
H
yj |2


(6.34)

exp

(
− γ ‖nxi‖2
ξxiyj` (yj , xi)

)
E
[
exp

(
− γ` (xi, xi)

ξxiyj` (yj , xi)
Ψxi,xi

)]
E

exp

− ∑
yk∈Φ̃s,j 6=k

γ` (yk, xi)

ξxiyj` (yj , xi)
Ψyk,xi


(6.35)
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exp

(
− γ ‖nxi‖2
ξxiyj` (yj , xi)

)
exp

(
− γ` (xi, xi)

ξxiyj` (yj , xi)
EΨxi,xi

)
exp

−EΦ̃s

 ∑
yk∈Φ̃n,j 6=k

γ` (yk, xi)

ξxiyj` (yj , xi)
EΨyk,xi


(6.36)

= exp

(
− γ ‖nxi‖2
ξxiyj` (yj , xi)

)
exp

(
− γ` (xi, xi)

ξxiyj` (yj , xi)
κρ

)
exp

−EΦ̃s

 ∏
yk∈Φ̃s,j 6=k

1

1 + γ`(yk,xi)
ξxiyj `(yj ,xi)


= exp

(
− γ ‖nxi‖2
ξxiyj` (yj , xi)

)
exp

(
− γ` (xi, xi)

ξxiyj` (yj , xi)
κρ

)
exp

−EΦ̃s

 ∑
yk∈Φ̃s,j 6=k

ln

(
1 +

γ` (yk, xi)

ξxiyj` (yj , xi)

)
= exp

(
− γ ‖nxi‖2
ξxiyj` (yj , xi)

)
exp

(
− γ` (xi, xi)

ξxiyj` (yj , xi)
κρ

)
exp

(
−λ̃s

∫
Rd

ln

(
1 +

γ‖yk − xi‖−α
ξxiyj` (yj , xi)

)
d‖yk − xi‖

)

= exp

(
− γ ‖nxi‖2
ξxiyj` (yj , xi)

)
exp

(
− γ` (xi, xi)

ξxiyj` (yj , xi)
κρ

)
exp

(
−λ̃s‖yk − xi‖ ln

(
1 +

γ‖yk − xi‖−α
ξxiyj` (yj , xi)

)

−2‖yk − xi‖+ 2

(
γ‖yk − xi‖1−α
ξxiyj` (yj , xi)

)2

arctan
‖yk − xi‖(

γ‖yk−xi‖1−α
ξxiyj `(yj ,xi)

)2

 ,

where (a) follows from the exponential property of the signal power |vHxiHyj ,xisyjw
H
yj
|2,

(b) holds by taking the expectation with respect to the SI channel Ψxi,xi and the in-

terference channel Ψyk,xi , (c)-(d) deal with taking the expectation of the interference

terms over the PPP Φ̃n of active transmitters, (e) is obtained by applying Camp-

bell’s theorem E
[∑

x∈Φ f (x)
]

= λ
∫
R2 f (x) dx [40] and (f) follows from the integral

transformation of [110, Eqn. 2.733.1]. The proof of the DL STP P (SINRDL ≥ γ)

follows the same procedures. By combining P (SINRUL ≥ γ) and P (SINRDL ≥ γ),

Eqn. (6.33) is obtained where it is assumed that the target SINR γ and noise are

identical for both UL and DL, causing the SI at both UL and DL to cancel out.
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6.4.2 Spatial Density of Throughput (SDT)

Spatial density of throughput (SDT) measures the average throughput performance

per unit area [117], [42]. In other words, it captures the tradeoff between channel

access probabilities (CAPs) pyj and pxi defined in Eqs. (6.5) and (6.14), respectively,

and STP. When more nodes have high CAP to transmit, interference increases and

the probability (or STP) of achieving SINR threshold γ decreases. On the other

hand, when fewer users transmit concurrently, interference is less of a concern and

that implies high SINR. To capture this tradeoff, the SDT for a HD transmission

mode in the DL, the throughput per unit area is

ΥDL
HD = λ̃a · log(1 + γ) · P (SINRDL ≥ γ) nats/sec/Hz, (6.37)

where λ̃a is the density of concurrently transmitting APs according to Equation (6.14),

P (SINRDL ≥ γ) is derived in Lemma 6.3. Similarly, for UL HD transmission, we have

ΥUL
HD = λ̃s · log(1 + γ) · P (SINRUL ≥ γ) nats/sec/Hz. (6.38)

Given the probability of successful transmission PFD of a FD transmission, the spatial

density of network throughput of the FD transmission can be written as

ΥFD = λ̃FD log(1 + γ)PFD nats/sec/Hz, (6.39)

where λFD is given in Eqn. (6.19).
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6.5 Joint User-AP Association and PCS Threshold Framework

In this section, we address the user-AP association problem with the objective of

maximizing the throughput per network area given in Eqn. (6.39) for FD networks.

The overall goal here is to find both an optimal association and a PCS threshold

Γ that maximizes the average throughput in the entire network. Generally, user-

AP association is a NP-hard combinatorial problem, herein, we seek a solution via

Lagrangian duality theory by relaxing the binary association variable. Once a solution

is realized for the user-AP association, the PCS threshold is then optimized. However,

the overall joint solution may not be optimal.

6.5.1 Joint User-AP Association and PCS Threshold Optimization (JAPO)

In a FD WLAN, if STA yj associates with AP xi, the mean throughput per unit area

of the FD transmissions is given by Eqn. (6.39). To improve average performance by

optimally selecting an AP, the optimization problem is formulated as follows:

maximize ΥFD, (6.40a)

subject to
∑
xi∈Φa

ξxiyj = 1. ∀yj ∈ Φn (6.40b)

ξxiyj ∈ {0, 1} (6.40c)

Γ ≤ ξxiyj‖xi − yj‖−α
1(

1 + P tγ
1
α

)α ∀yj ∈ Φa,∀xi ∈ Φn (6.40d)

The objective in Eqn. (6.40a) indicates that when an STA yj associates with AP

xi, the expected rate is ΥFD. The solution to this problem is realizable by finding

the optimal association ξ∗xiyj and optimal PCS threshold Γ that maximize the spatial
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density of FD throughput ΥFD. To obtain a solution that jointly assign STAs to the

APs and design the PCS threshold such that the average performance is maximized,

the original problem in (6.40) is decomposed into two coupled subproblems addressing

the user-AP association and the PCS threshold selection as

max
ξxiyj

λ̃FD log(1 + γ)PFD, (6.41a)

subject to
∑
xi∈Φa

ξxiyj = 1. ∀yj ∈ Φn (6.41b)

ξxiyj ∈ {0, 1} (6.41c)

Γ ≤ ξxiyj‖xi − yj‖−α
1(

1 + P tγ
1
α

)α ∀yj ∈ Φa,∀xi ∈ Φn (6.41d)

and

max
Γ

λ̃FD log(1 + γ)PFD, (6.42a)

subject to Γ ≤ ξxiyj‖xi − yj‖−α
1(

1 + P tγ
1
α

)α ∀yj ∈ Φa,∀xi ∈ Φn, (6.42b)

respectively. Subsequently, solutions to the above subproblems are sought for respec-

tively in the following subsections. The overall goal of decomposing the problem into

subproblems is to first obtain a solution for the optimal user-AP association under a

globally fixed PCS threshold Γ. Then, given the optimal association factor ξ∗xiyj , the

PCS threshold is optimized.
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6.5.2 User Association Problem

To find an optimal solution to problem (6.41), we can relax constraint ξxiyj ∈ {0, 1} in

(6.41c) from a binary value to take on continuous values between 0 and 1, primarily

due to the complexity of solving this type of combinatorial problem. Therefore, by

setting ‖xi − yj‖ = 1
λFDπ

based on Lemma 6.1, Problem (6.41) is reformulated as

max
0≤ξxiyj≤1

λ̃FD log(1 + γ)PFD, (6.43a)

subject to
∑
xi∈Φa

ξxiyj = 1. ∀yj ∈ Φn (6.43b)

Γ

(
1 + P tγ

1
α

λFDπ

)α

≤ ξxiyj ∀yj ∈ Φa,∀xi ∈ Φn, (6.43c)

and using Lagrangian dual technique [59], [49] a solution is feasible. The solution is

given by

Theorem 6.1. The optimal user-AP association policy that maximizes FD throughput

ΥFD is

ξ∗xiyj

= arg max
yj

λ̃FD log(1 + γ)PFD +

 ∑
xi∈Φa

ξxiyj − 1

 δ +

(
Γ

(
1 + P tγ

1
α

λFDπ

)α
− ξxiyj

)
η

 .

(6.44)

Proof. Let δ and η be the Lagrangian multipliers associated with constraints (6.43b)
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and (6.43c), respectively, the Lagrangian dual of problem (6.40) is

L
(
ξxiyj , δ, η

)
= λ̃FD log(1+γ)PFD+

(∑
xi∈Φa

ξxiyj − 1

)
δ+

(
Γ

(
1 + P tγ

1
α

λFDπ

)α

− ξxiyj

)
η,

(6.45)

and the dual objective becomes

g (δ, η) = max
ξxiyj

L
(
ξxiyj , δ, η

)
, (6.46)

which results to the dual optimization problem

minimize g (δ, η)

subject to δ, η ≥ 0. (6.47)

The user association is obtained by iterating the necessary conditions until the

rate utility (6.43a) stops improving. The optimal value of δ and η can be obtained

via subgradient method [49] since the Lagrangian function of the dual problem is

non-differentiable. Given a dynamic step size φ(k), the Lagrangian multipliers are

updated as:

δk+1 =

[
δk − φ(k)

(∑
xi∈Φa

δk+1 − 1

)]+

, (6.48)

and

ηk+1 =

[
ηk − φ(k)

(
Γ

(
1 + P kγ

1
α

λFDπ

)α

− ξxiyj

)]+

, (6.49)

the step size φ(k) is updated at each iteration.
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6.5.3 Optimal PCS Threshold Selection

With the AP association solution ξ∗xiyj obtained in (6.5.2), the next objective is to

solve the PCS threshold selection problem in (6.42). Since ξ∗xiyj is obtained, the PCS

threshold selection subproblem (6.42) is reformulated as

max
Γ

λ̃FD log(1 + γ)PFD, (6.50a)

subject to Γ ≤ ξ∗xiyj

(
1 + P tγ

1
α

λFDπ

)−α
∀yj ∈ Φa,∀xi ∈ Φn. (6.50b)

Let Υ(Γ) denote the objective function in (6.50a). Since the density of active FD

nodes λ̃FD obtained in Lemma 6.2 is an increasing function of Γ, we obtain the

first-order and the second-order partial derivatives of Υ(Γ) with respect to Γ:

∂Υ(Γ)

∂Γ
= −

Πe−πλFD
√
π/Γerf(ζ

√
Γ)
(
π2λFDerf(ζ

√
Γ)

2Γ2
√

π
Γ

− ζπλFDe
−ζ2Γ
√

π
Γ√

π
√

Γ

)
π
√

π
Γ
erf
(
ζ
√

Γ
)

−
ζΠe−ζ

2Γ
(

1− e−πλFD
√
π/Γerf(ζ

√
Γ)
)

√
ππ
√

Γ
√

π
Γ
erf
(
ζ
√

Γ
)2 +

Π
(

1− e−πλFD
√
π/Γerf(ζ

√
Γ)
)

2Γ2
(
π
Γ

)3/2
erf
(
ζ
√

Γ
) (6.51)

and

∂2Υ(Γ)

∂Γ2
= −2Π

 π

2Γ2
(
π
Γ

)3/2
erf
(
ζ
√

Γ
) − ζe−ζ

2Γ

√
π
√

Γ
√

π
Γ
erf
(
ζ
√

Γ
)2


e−πλFD

√
π/Γerf(ζ

√
Γ)

π2λFDerf
(
ζ
√

Γ
)

2Γ2
√

π
Γ

−
ζπλFDe

−ζ2Γ
√

π
Γ√

π
√

Γ
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+ Π

− ζπe−ζ
2Γ

√
πΓ5/2

(
π
Γ

)3/2
erf
(
ζ
√

Γ
)2 +

ζe−ζ
2Γ

2
√
πΓ3/2erf(ζ

√
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π
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+

3π2
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√
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(6.52)

respectively, where ζ = (λFDπ)α, Π = log(1 + γ)PFD.

Since the objective function Υ(Γ) is twice differentiable and ∂2Υ(Γ)
∂Γ2 is continuous in

Γ∗, the solution to the PCS threshold selection objective Υ(Γ) is numerically obtained

using the truncated Newton’s Method (also known as line search conjugate gradient

method) [133] with incremental Newton search direction [134], [135], which leads to

the search iteration policy:

Γ(k+1) = Γ(k) + εk
∂Υ(Γ)

∂Γ

/∥∥∥∥∂2Υ(Γ)

∂Γ2

∥∥∥∥︸ ︷︷ ︸
$

, (6.53)

where εk is the step length and $ is the Newton ascent search direction. The step

length is chosen through the well-known backtracking approach [134], [133]. To ter-

minate the Newton iteration at an approximate (or inexact) solution [133], we define



6.5. JOINT USER-AP ASSOCIATION AND PCS THRESHOLD
FRAMEWORK 188

the termination criterion

∥∥∥∥∂2Υ(Γk)

∂Γ2
k

$ +
∂Υ(Γk)

∂Γk

∥∥∥∥ ≤ νk

∥∥∥∥∂Υ(Γk)

∂Γk

∥∥∥∥ , (6.54)

where νk, 0 ≤ νk < 1 is the forcing sequence, which can be chosen to achieve “super-

linear” convergence rate as thus [133]:

νk = min

(
0.5,

√∥∥∥∥∂Υ(Γk)

∂Γk

∥∥∥∥
)
. (6.55)

Finally, since Γ is bounded by ξ∗xiyj

(
1+P tγ

1
α

λFDπ

)−α
according to constraint (6.50b), the

solution obtained from the above Newton iterative method is verified against con-

straint (6.50b). Therefore, the PCS threshold selection step is terminated when either

termination criterion in Eqn. (6.54) or the following necessary condition is satisfied:

Γk − ξ∗xiyj

(
1 + P tγ

1
α

λFDπ

)−α
= 0, (6.56)

which is introduced as an additional criterion without loss of generality, to ensure

that Γk satisfies the constraint. In general, a solution based on Newton’s method

may not necessarily converge.

6.5.4 Joint User-AP Association and PCS Threshold Selection Algorithm

The proposed algorithm to jointly solve user-AP association and PCS threshold se-

lection is presented in Algorithm 6. First the user-AP association problem is solved

iteratively to obtain ξ∗xiyj , and once ξ∗xiyj is determined, the PCS threshold Γ selection

problem is solved using the Newton iteration method in Eqn. (6.53).
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Remark 6.1. In wireless networks, user association with the APs takes place be-

fore PCS threshold selection. Performing the user-AP association first is to ensure

that users are distributed among best serving APs. Then, by further optimizing the

PCS threshold, interference from concurrent transmitters is reduced because the PCS

threshold determines the degree of spatial reuse and the number of concurrent trans-

mitters per time-slot.

Algorithm 6: Joint User-AP Association and PCS Threshold Optimization
(JAPO)

Initialize Γ, k = 0, φ (k), η, and δ
For fixed Γ, obtain association variable ξ∗xiyj :

repeat
Calculate ξ∗xiyj using (6.44)
Update δ (k + 1) using (6.48)
Update η (k + 1) using (6.49)
k ← k + 1

until ξ∗xiyj converges;
For a given ξ∗xiyj solve for Γ∗:
Set k = 0
Calculate $
repeat

Compute Eqn. (6.53)
Update Γk and k = k + 1

until (6.54) or (6.56) is satisfied ;

6.5.5 User-AP Association under Strongest Signal First (SSF)

Under the SSF association scheme currently used in WLAN [51] , the user selects the

AP that offers strongest received signal strength (RSS). Given the path loss model in

Eqn. (6.1), it is apparent that selecting an AP based on the SSF (or strongest RSS)

means that an STA selects the closest AP. Let each user-AP pair be at distance ‖yj−
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xi‖ (i.e., distance between one STA and one AP) in the network. From Lemma 6.1,

it is established that ‖yj − xi‖ has a probability distribution characterized as

f (‖yj − xi‖) =
2λFDπ‖yj − xi‖2

‖yj − xi‖
exp

(
−λFDπ‖yj − xi‖2

)
(6.57)

where λFD represents the density of FD points in the network, which is obtained

through superposition of the two independent node densities λs and λa in Eqn. (6.19).

Since under the SSF association scheme, an STA yj forms a FD pair with the closest

AP xi, Eqn. (6.57) is the distribution of SSF association in the network.

Consequently, for an STA at point yj associated with an AP at point xi according

to Lemma 6.1, the spatial average of the FD rate is immediate from

Theorem 6.2. Achievable spatial mean rate of FD links under SSF association is

Λssf
FD =

∫ ∞
‖yj−xi‖=0

ΥFD d‖yj − xi‖ = λ̃FD log (1 + γ)

∫ ∞
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γ ‖nxi‖2
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− 1

π
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 d‖yj − xi‖ (6.58)
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Proof. Setting ξxiyj = 1 and substituting Eqn. (6.33) from Lemma 6.3 in Eqn. (6.39)

and integrating the resultant mean rate utility function over the SSF association

distribution in Eqn. (6.57), Eqn. (6.58) is obtained.

Remark 6.2. Eqn. (6.58) is not solved in closed form, it is solved numerically with

` (yj, xi) = ‖yj − xi‖−α .

6.6 Numerical Analysis and Observations

6.6.1 System Setup and Parameters

For simulation purposes, we consider a 2D wireless network where AP and STA

locations are generated as realizations of independent PPPs denoted as λs and λa,

respectively. Simulation is performed for various STA densities λs while the density of

APs is fixed at λa = 0.3. The path loss exponent α = 3.4, and the noise variance σ2 =

−100 dBm throughout the simulation. For the fixed PCS threshold case, Γ = −70

dBm and the CSR is computed based on Γ. The transmit power Pt of APs and the

STAs is fixed as 100mW (20 dBm) and APs and STAs are equipped with M = 4 and

N = 2 antennas, respectively. The SINR threshold γ is assumed identical for both the

UL and the DL transmissions, and it is chosen for specific WLAN transmission rates

(see [51, Table II]). For the FD self-interference (SI) power, the shape parameter

κ and the scale parameter ρ are computed according to Eqn. (6.25) with mean µ

and variance ψ2 obtained from Eqn. (6.2) for Ricean K-factor K = 1 [129] and SI

attenuation factor Ω = −80 dB [131].
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Figure 6.2: Channel access probability, pyi versus (a) Node density λs for various PCS
threshold Γ and (b) PCS threshold Γ for various node density λs.

6.6.2 Validation, Performance Gains and Discussion

For each node density λs, the simulation results are averaged over 104 network real-

izations. To evaluate the performance of the proposed joint AP association and PCS

threshold selection algorithm (JAPO) in Algorithm 6, its performance is compared to

the strongest signal first (SSF) scheme, which is the default AP association scheme

in current WLAN systems [51] and analyzed in Theorem 6.2. The second scheme

considered is the case of optimizing the AP association according Theorem 6.1 with-

out PCS threshold optimization and it termed “FD Assoc. with fixed PCS threshold

(FD Assoc. w/fixed PCS).” The other scenario considered is the half-fuplex case of

the proposed JAPO algorithm. The performance metric of interest according to the

objective in Eqn. (6.40a), is the spatial average throughput measured in nats/sec/Hz.

Figures 6.2 and 6.3 plot the channel access probability (CAP) defined in Eqn. (6.20)
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Figure 6.3: Successful transmission probability (STP) versus (a) SINR values at node
density λs = 0.5 and λa = 0.3 (b) various node density λs = 0.9, SINR
γ = 0 dB and λa = 0.3.

and the successful transmission probability (STP) in Lemma 6.3, respectively. Fig-

ure 6.2(a) depicts the CAP versus node density, increasing node density decreases

CAP due to high contention among nodes in high density scenarios. As observed in

Fig. 6.2(b), with less sensitive PCS threshold Γ = −30 dBm, more FD transmissions

are likely to occupy the channel as opposed to a more conservative PCS threshold

Γ = −70 dBm, which reduces the number of concurrent FD transmitters per time slot.

A less sensitive PCS threshold value increases the number of concurrent transmission

and consequently, high interference is inevitable. This behavior of the channel access

protocol necessitates the need for efficient PCS threshold selection. Figs. 6.3(a) and

(b) depict the STP versus SINR and node density, respectively, for different numbers

of antennas. The STP is much lower at the high SINR of 20 dB compared with

the low SINR regime (e.g. −20 dB) due to high interference in large-scale networks.
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This is compensated for using multi-antenna transmissions. Similarly, at high node

density λ = 0.9, high SINR regime is difficult to achieve due to increased number of

concurrent transmissions generating high interference.
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Figure 6.4: Mean rate versus SINR threshold γ for node density λs = 0.9, λa = 0.3,
M = N = 2 and M = N = 2.

In the presence high interference in large-scale networks, Figure 6.4 shows the

performance gains at high STA density λs = 0.9 and fixed AP density λa = 0.3.

Observing Fig. 6.4 at SINR γ = 0 dB and M = N = 2, the proposed algorithm JAPO

doubles the mean rate (0.2 nats/sec/Hz) over the other scheme. The AP association

optimization with fixed PCS threshold offers performance gains over the existing

SSF scheme, and in all cases, the mean rate is improved with multiple antennas.

Fig. 6.5 shows the mean rate versus SINR for M = N = 8 and λs = 0.9. Under

the FD Association with PCS threshold, the mean rate improves at high SINR and

by jointly optimizing the AP association with PCS threshold, a further improvement

is achievable. This additional gain is possible by optimizing the PCS threshold to
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guarantee that multiple concurrent transmissions are well separated in space to reduce

the interference level in the network.
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Figure 6.5: Mean rate versus SINR thresholds for M = N = 8, node density λs = 0.9
and λa = 0.3.

As shown in Fig. 6.6, increasing to high node density λs = 0.9 is detrimental to

the overall system performance because interference and contention tend to be more

severe as node density increases. However, the proposed joint AP association and PCS

threshold framework offers improvement in performance for mid to high node density

over the case of optimizing only AP association and no AP association optimization.

Taking a node density λs = 0.9 for example, an additional gain of 0.25 nats/sec/Hz is

obtained over the AP association with fixed PCS threshold. Lastly, Fig. 6.7 compares

the case of association optimization and the joint association with PCS threshold

optimization for various numbers of antennas. Ultimately, with increasing numbers of

antennas from M = N = 1 to M = N = 8, the joint optimization framework furthers

improve performance over AP association optimization with fixed PCS threshold
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Figure 6.6: Mean rate versus node density λs for user association with fixed PCS
threshold and joint association and PCS threshold optimization given
SINR threshold γ = 10 dB, M = 2 and λa = 0.3.
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Γ = −70 dBm, which might not efficiently guard against interference and contention.

6.7 Chapter Summary

In this chapter, the impact of jointly optimizing the user-AP association and PCS

threshold selection in high density wireless networks is studied. The density of fu-

ture WLANs will require optimization of the distribution of users among APs to

improve performance. The key observation in this contribution is that optimizing AP

association yields performance gains for low to high node density in large-scale wire-

less networks. Adding PCS threshold optimization to the AP association framework

further improves performance significantly.

Additional performance gain is achieved because PCS threshold is an important

network parameter that determines the degree of spatial reuse among nodes that

are being served by the best AP (in terms of achievable rate). On one hand, a

user associated with the best serving AP expects better performance. On the other

hand, performance loss due to high contention and interference among nodes could

be averted via PCS threshold optimization. Hence, the proposed joint AP associa-

tion and PCS threshold selection framework becomes effective in achieving improved

performance in high density networks.
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Chapter 7

Conclusions and Future Directions

7.1 Summary and Conclusions

The problem of performance degradation in high density WLANs is addressed through

efficient AP association and improved spatial reuse among densely distributed users.

In contrast to existing studies [47] - [51], [57, 58], we proposed new AP association

schemes that consider traffic saturation, contention and interference in high density

WLANs. Two AP association schemes are proposed for performance gains in dense

WLANs. The first variant groups users into multi-user (MU) groups based on sum

rate determined by a minimum-mean-squared-error (MMSE) criterion. Once users

form MU groups, each group is assigned to an AP that offers best throughput utility.

The throughput utility maximization problem is solved via two solution techniques,

namely, a graph matching polynomial-time algorithm and linear programming (dual

ascent). The dual ascent solution is a very good approximation to the optimal graph

matching for distributed MU-AP association. From all simulated scenarios under

saturation, optimizing the AP association provides a typical improvement of 55.7%

in sum throughput over the legacy strongest signal first (SSF) association.
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As opposed to several algorithms in the literature that focus primarily on assign-

ing single-user (SU) to an AP, MU group based AP selection not only reduces the

complexity of maintaining association for large number of users at each AP, but it also

groups users into contention domains and maximizes overall system throughput by

accounting for interference. Since the above MU-AP association framework requires

channel measurements or CSI, an alternative scheme is proposed to perform user as-

sociation based on spatial statistical averaging of performance assuming full duplex

(FD) capable future WLANs. Performing AP association based on spatial statistics

(via stochastic geometry) of the network eliminates the need for channel sounding

and global channel knowledge, and potentially improves the average throughput for

each user. Without CSI, the stochastic geometry based AP association offers a typical

improvement of 166.67% (from 15 nats/sec/Hz to 40 nats/sec/Hz) in sum throughput

rate when compared with the legacy SSF scheme.

For spatial reuse of the limited orthogonal channels in WLAN, new schemes are

proposed to guide the selection of the PCS threshold parameter that separates mul-

tiple concurrent transmissions. In current WLAN systems, the PCS threshold is

fixed regardless of the node density, transmit power and other network parameters.

Since this important network parameter determines the spatial reuse permitted by

the CSMA/CA protocol, which consequently determines the interference level, an

efficient framework is proposed for PCS threshold selection. Considering node den-

sity, path loss, and the PHY layer characteristics for SISO and MIMO WLANs,

closed-form optimum PCS threshold expressions are proposed to improve spatial

average of throughput under no power control. The proposed closed-form expres-

sions depend on user density, fixed transmit power, path loss exponent and other
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PHY layer parameters, which are usually known a priori. As opposed to existing

schemes [11–14], [98–101], [103–105] that require extensive channel measurements to

determine a threshold value, the proposed schemes require only network parameters

such as node density, transmit power, antenna sizes and path loss. Results from per-

formance benchmarking reveals that the proposed PCS threshold optimization based

on a priori information significantly improves throughput at mid to high network

densities. For a specific simulated scenario, it achieved 80% gain in throughput over

the existing legacy fixed PCS threshold and 29% gain over the existing DSC scheme.

For WLANs where multiple radio access technologies (RATs) coexist, the above

rate-maximizing PCS threshold selection is extended to multi-RATs coexistence WLAN.

Ultimately, the goal is to optimize both the PCS and energy detection (ED) thresholds

require by a node to detect preambles of its kind and other signal types, respectively.

It is revealed that the PCS and ED thresholds specific to multi-RAT coexistence

WLAN depend on the path loss exponent, node density, transmit power and propa-

gation characteristics. Optimizing the PCS and the ED thresholds based on stochastic

geometry of the network yields a typical improvement of 37.1% in spatial average of

throughput for coexistence WLANs. In addition to optimizing parameters for spatial

reuse and coexistence, a thorough analysis on the optimal throughput-maximizing

node density is provided, mainly to obtain an insight on how dense a network needs

to be to prevent performance loss arising from high node contention and interference.

The main observation from the analysis is that, not enough density reduces coverage

and throughput per area, and too high a density increases coverage and interference

thereby reducing throughput per area.
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Having addressed the AP association and PCS threshold selection problems in-

dependently, a new method is proposed to jointly solve the user-AP association and

PCS threshold selection problems assuming full duplex (FD) MIMO WLANs in the

presence of interference and self-interference of FD transmissions. Performance of

this joint optimization reveals that average throughput is improved by 24.4% by AP

association optimization alone. By combining AP association with PCS threshold

optimization, a total throughput gain of 71.65% is achieved for high node density.

This additional 47.25% gain is achievable by further optimizing the PCS threshold

subsequent to AP association optimization. Existing methods in the literature either

consider AP association or PCS threshold selection, and for the first time, these two

WLAN problems are considered jointly for more performance gains. The proposed

application frameworks considered are techniques for improving performance of future

high density wireless networks in the unlicensed spectrum. They enhance coverage,

increase node density and simultaneously improve capacity in the presence of high

interference and contention.

7.2 Future Directions

Intelligent use of the limited radio resources will be important in future wireless net-

works. Some of the possible areas of research towards interference avoidance and/or

minimization could include the following:

1. Multiple User-AP Associations: The MU-AP association algorithm pro-

posed in thesis assigns each MU group to only one AP. A future work that

allows users to have association with multiple APs might be worthwhile to in-

vestigate. Performance improvements might be feasible if each user or MU
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group is allowed to associate with multiple APs within the same network. That

way, a user can seamlessly switch between APs depending on the perceived or

anticipated performance.

2. Learning-based Dynamic AP Selection Since user-AP association is often

formulated as zero-one integer linear program, the primal-dual problems can

be solved via recurrent neural networks. By casting the user-AP association

problem as a discrete-time assignment network, a global solution that converges

to an exact solution can be achieved. In future work, the proposed MU-group

algorithm in this thesis could be extended to a neural network model and a

global solution might be sought.

3. Learning-based PCS threshold Selection Similar to developing dynamic

AP selection frameworks, the PCS threshold that determines spatial reuse in

WLANs could be determined via learning algorithms. For instance, using Rein-

forcement learning, users could aim at maximizing a global utility function by

selecting actions based on a predefined PCS threshold value. The PCS threshold

could either be estimated per time-slot using some parameters gathered from

channel activities and user traffic. Under the reinforcement learning frame-

work, the actions could include back-off, transmit, retransmit etc. while the

states could include channel states such as idle, success, fail and deferring.

4. Frame error rate minimization: Thus far, the main focus is to improve the

spatial average of throughput and sum throughput utility. However, the impact

of the schemes on frame error rate needs to be investigated. This is important

because nodes in WLANs often transmit variable frame sizes depending on
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the traffic types (videos, data etc.). The proposed frameworks herein could

be extended to cases where the objective is to minimize the frame error rate in

the network. Alternatively, we could seek a solution that jointly maximizes user

throughput and minimize frame error rate. This may be feasible by formulating

a multi-objective optimization problem.

5. Joint PCS threshold selection and Power control: All the proposed

schemes in thesis assume a fixed transmit power at both the APs and the STAs.

An interesting future work will consider power control or at least incorporate

a power constraint in the optimization problem formulation. This will capture

the additional performance gains possible when users select a PCS threshold

value in a power controlled system.
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Appendix A

Appendix to Chapter 3

A.1 Proof of Equation 3.37

P

 hxiyiPt‖xi − yi‖−α

σ2 +
∑

xj∈Φ̃a,i 6=j
hxjxi · Pt · ‖xj − xi‖−α

> γxi−yi

 (A.1)

= P

hxiyi > γxi−yi

σ2 +
∑

xj∈Φ̃a,i 6=j

hxjxi · Pt · ‖xj − xi‖−α
 · P−1

t ‖xi − yi‖α


since hxiyi is an exponential random variable of the channel, we have

= E
[
exp

(
−γxi−yiσ2‖xi − yi‖αP−1

t

)
exp

γxi−yi‖xi − yi‖αP−1
t

∑
xj∈Φ̃a,i 6=j

hxjxiPt‖xj − xi‖−α
 , (A.2)

clearly, the first exponential term is a function of all known parameters, therefore,

(A.2) can be written as an expectation w.r.t the interference term. That is, taking

expectation over all the interference sources in Φ̃a and the channel gains hxjxi of the
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interference channels as follows:

= exp
(
−γxi−yiσ2‖xi − yi‖αP−1

t

)
EΦ̃a,hxjxi

exp

γxi−yi‖xi − yi‖αP−1
t

∑
xj∈Φ̃a,i 6=j

hxjxi · Pt
‖xj − xi‖α

 (A.3)

using the following probability generating function of a point process Φ ( [40, Eqn 4.54

p. 125]):

G (v) = E (v(x1), v(x2), . . . ) = E

(∏
x∈Φ

v(x)

)
,

Equation (A.3) can be written as:

Λ · EΦ̃a

 ∏
xj∈Φ̃a,i 6=j

Ehxjxi

[
exp

(
γxi−yi‖xi − yi‖α

hxjxi
‖xj − xi‖α

)] , (A.4)

where Λ = exp
(
−γxi−yiσ2‖xi − yi‖αP−1

t

)
and by taking the expectation w.r.t the

channel gains hxjxi , i.e., Ehxjxi [·], Eqn. (A.4) becomes:

Λ · EΦ̃a

 ∏
xj∈Φ̃a,i 6=j

1

1 + γxi−yi

(
‖xi−yi‖
‖xj−xi‖

)α


= Λ · EΦ̃a

exp

− ∑
xj∈Φ̃a,i 6=j

ln

(
1 + γxi−yi

( ‖xi − yi‖
‖xj − xi‖

)α) (A.5)

and by Jensen’s inequality, (E [g(x)] ≥ g [E(x)]), Eqn. (A.5) is equivalent to:

Λ · exp

EΦ̃a

− ∑
xj∈Φ̃a,i 6=j

ln

(
1 + γxi−yi

( ‖xi − yi‖
‖xj − xi‖

)α) , (A.6)
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with the aide of Campbell‘s theorem, E
(∑

x∈Φ f(x)
)

= λ
∫
R2 f(x)dx, (Eqn. 4.10 p.

114 in [40]), Eqn. (A.6) can be approximated as:

Λ · exp

(
λ̃−1
a

∫
R2

ln

(
1 + γxi−yi

( ‖xi − yi‖
‖xj − xi‖

)α))
, (A.7)

which proves Equation (3.37).

A.2 Proof of Proposition 3.1

Given the PPP Φa of APs with density λa, for each point xi ∈ Φa is associated a mark

η ∼ U [0, 1] independent of any other point. A MHC point process Φas (containing

all points of STA-AP associations) is generated by a dependent thinning of PPP Φa.

A point xi is retained in the MHC thinning Φas if it has the lowest mark compared

to all points in a circle B (xi, Z) centered at AP location xi with radius Z, where Z

is the minimum distance between APs. The Palm probability of retaining a typical

point xi in Φas,

p =
1− e−λaπZ2

λπZ2
, (A.8)

and the density of Φas is λas = pλa, which can be written as λas = 1−e−λπZ2

λaπZ2 λa =

1−e−λaπZ2

πZ2 . STA at point yi associated with AP at point xi forms a circle (B (yi, ‖yi − xi‖))

centered at yi with radius ‖yi − xi‖. Let Ns (B (yi, ‖yi − xi‖)) represent the number

of points in each B (yi, ‖yi − xi‖) in Φas and N (B (yi, ‖yi − xi‖)) be the number of

points in the original PPP Φa. The probability that a point in Φa is not retained in

Φas is p̃ = 1− p. By definition, the number of points in any set B ⊂ R2 is a Poisson
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R.V. with mean λ|B|, i.e. [40],

P (Φ (B) = k) = e−λ|B|
(λ|B|)k
k!

. (A.9)

Let P [(B (yi, ‖yi − xi‖)) = 0] represent the probability that no other AP offers

strongest SINR other than the AP located at point j and using (A.9):

P [Ns (B (yi, ‖yi − xi‖)) = 0] =
∞∑
k=0

P [N (B (yi, ‖yi − xi‖)) = k]× p̃k

=
∞∑
q=0

e−λaπ‖yi−xi‖
2 × (λaπ‖yi − xi‖2)

q

q!
(1− p)q

= exp
(
−λaπ‖yi − xi‖2

)
× exp

(
λaπ‖yi − xi‖2

)
− exp

(
π‖yi − xi‖2λas

)
,

therefore,

f (‖yi − xi‖) =
∂

∂djk
(P [Ns (B (yi, ‖yi − xi‖)) = 0])

= 2πλas‖yi − xi‖ exp (−πλa‖yi − xi‖) .
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Appendix to Chapter 4

B.1 Proof of Lemma 4.2

To prove Equation (4.32), we begin by deriving the probability that STAn achieves

target SINR γ. From (4.18), the probability P [SINRn ≥ γ] is:

=
∣∣WH

n ΘnRnWn

∣∣2 ≥ γ
∣∣∣∣∣∣

∑
κ∈K,κ6=n|K⊂N

WH
n

(
Rκ ·Θκ + E

[
non

H
o

])
Wn

∣∣∣∣∣∣
2 (B.1)

=
∣∣WH

n ΘnRnWn

∣∣2 ≥
∣∣∣∣∣∣γ
 ∑
κ∈K,κ6=n|K⊂N

WH
n

(
Rκ ·Θκ + E

[
non

H
o

])
Wn

∣∣∣∣∣∣
2

(B.2)

=
∣∣WH

n ΘnRnWn

∣∣2 ≥
∣∣∣∣∣∣WH

n

 ∑
κ∈K,κ 6=n|K⊂N

γRκ ·Θκ

Wn

∣∣∣∣∣∣
2

+ γE
[
non

H
o

]
·
∥∥WH

n

∥∥ (B.3)

= E
[
exp

(
−γ ‖Wn‖2

∣∣Krσ
2
noIKr

∣∣2) (B.4)

exp

−γ
∣∣∣∣∣∣∣∣∣∣∣
WH

n

 ∑
κ∈K,κ 6=n|K⊂N

∣∣∣ej2θκUtExIUt∣∣∣2 ·Rκ


︸ ︷︷ ︸

PI

Wn

∣∣∣∣∣∣∣∣∣∣∣

2


= exp

(
−γ ‖Wn‖2

∣∣Krσ
2
noIKr

∣∣2) (B.5)
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EPI

exp

−γ
∣∣∣∣∣∣WH

n

 ∑
κ∈K,κ 6=n|K⊂N

∣∣∣ej2θκUtExIUt∣∣∣2 Rκ

Wn

∣∣∣∣∣∣
2

= exp
(
−γ ‖Wn‖2

∣∣Krσ
2
noIKr

∣∣2) exp

−γ
∣∣∣∣∣∣WH

n

 ∑
κ∈K,κ 6=n|K⊂N

∣∣∣ej2θκUtExIUt∣∣∣2 Rκ

Wn

∣∣∣∣∣∣
2

(B.6)

= exp
(
−γ ‖Wn‖2

∣∣Krσ
2
noIKr

∣∣2)
· exp

−γ
∣∣∣∣∣∣WH

n

∣∣∣ej2θκUtExIUt∣∣∣2 Eκ∈N\n
 ∑
κ∈K,κ6=n|K⊂N

Rκ

Wn

∣∣∣∣∣∣
2 (B.7)

where (B.3) follows from substituting Eqn. (4.20) into (B.1), (B.4) is obtained from

the exponential property of the CSI, (B.5) follows from the fact that (B.4) is an

expectation of the interference power PI received from other concurrently transmitting

STAs. The expectation of the interference power w.r.t to each interference channel

Hκ of source κ is captured in (B.6) where Rκ = E
[
HκH

H
κ

]
is given by Eqn. (4.22),

the expectation of the correlation matrix of the interference source. Then (B.7) is an

expectation of interference power over a set K of stochastic interference points and

by substituting Rκ in (B.7) with Eqn. (4.22), we have

= Ψ · exp

−γ
∣∣∣∣∣∣WH

n

∣∣∣ej2θκUtExIUt∣∣∣2 · Eκ∈N\n
 ∑
κ∈K,κ6=n|K⊂N

J0

(
∆ψy

2π

ω

)Wn

∣∣∣∣∣∣
2

= Ψ · exp

(
−γ
∣∣∣∣WH

n

(∣∣∣ej2θκUtExIUt∣∣∣2 · λn · ∫ ∞
0

J0

(
∆ψy

2π

ω

))
Wn

∣∣∣∣2
)

(B.8)

where Ψ = exp
(
−γ ‖Wn‖2

∣∣Krσ
2
noIKr

∣∣2), (B.8) is obtained by applying Slivnyak-

Mecke’s theorem, E
∑

x∈Φ f (x,Φ \ x) = λ
∫
Rd Ef (x,Φ) dx [40], [28]. Then by simpli-

fying the
∫∞

0
J0 (·) term using the integral transformation [110, Eqn. 6.554.1], (B.8)

evaluates to a closed-form expression, which proves Equation (4.32).
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Appendix C

Appendix to Chapter 5

C.1 Proof of Lemma 5.1

For WiGig APs to detect only Wi-Fi signals, the first condition in Eqn. (5.7) is the Palm

probability of retaining xj in Φ̃WG following contention process and can be re-written as:

pxj∈Φ̃WG
= P

{
xj ∈ Φ̃WG

∣∣m(xj) < m(x̃j)∀x̃j ∈ ΦWG \ xj
}

= P
{
xj ∈ Φ̃WG

∣∣m(xj) = t, P rx(x̃j ,xj)
< ΓWG, ∀x̃j ∈ ΦWG \ xj

}
=

∫ 1

0
P

Px̃jGx̃j ,xj
(

c
4πfc

)2

‖x̃j − xj‖α t
< ΓWG

 dt =

∫ 1

0
1− exp

−ΓWG ‖x̃j − xj‖α

Px̃j

(
c

4πfc

)2 t

 dt =
1− exp (−λWGΘ)

λWGΘ
, (C.1)

and using polar coordinates and given a volume b2 of a unit ball B (xj,R) centered

at xj in R2, Θ = b2R and is:

Θ = 2π

∫
R+

1−

1− exp

−ΓWG ‖x̃j − xj‖α

Px̃j

(
c

4πfc

)2


 ‖x̃j − xj‖ d ‖x̃j − xj‖ (C.2)
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Θ = − exp

−ΓWG ‖x̃j − xj‖α

Px̃j

(
c

4πfc

)2

/α · ΓWG

Px̃j

(
c

4πfc

)2 , ⇐⇒ α = 2. (C.3)

Eq. (C.3) is obtained by simplifying Eq. (C.2) with the help of [110, Eqn 2.33.12]. The

closed-form expression in Eq. (C.3) is valid if α = 2, and since α = 2 is the path loss

exponent for mmWave environment as specified in IEEE 802.11ad [33], [22], Eq. (C.3)

holds. By substituting Eqn. (C.3) into Eqn. (C.1), we have a desired expression for

the first condition in (5.7). The second condition P{P rx
(yi,xj)

< ΓedWG} implies that a

WiGig AP xj does not detect any active NR-U transmission above a threshold ΓedWG

through energy detection, which is derived as

P
{
P rx(yi,xj)

< ΓedWG

}
= P

PyiGxj ,yi
(

c
4πfc

)2

‖xj − yi‖α
< ΓedWG

 (C.4)

= P

Gxj ,yi > ΓedWG

Pyi

(
c

4πfc

)2 ‖xj − yi‖
α

 (C.5)

= EΦNR

∏
yi

1− exp

− ΓedWG

Pyi

(
c

4πfc

)2 ‖xj − yi‖
α



 (C.6)

= exp

−λNR ∫
R2

exp

− ΓedWG

Pyi

(
c

4πfc

)2 ‖xj − yi‖
α

d ‖xj − yi‖

 (C.7)

= exp

−λNR 1

2

√√√√√√π

 ΓedWG

Pyi

(
c

4πfc

)2


−1

erf


√√√√√ ΓedWG

Pyi

(
c

4πfc

)2 ‖xj − yi‖


 (C.8)

where (C.6) follows from the exponential property of G (·) given in Eqn. (5.3) and is a

random variable characterized by Chi-Square distribution with 2N DoF, (C.7) is obtained by

applying Slivnyak-Mecke’s theorem E
∑

x∈Φ f (x,Φ \ x) = λ
∫
Rd Ef (x,Φ) dx [40] and (C.8)

is obtained using [110, Eqn 2.33.16] where erf (·) is the error function. Putting Eqns (C.1)
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and (C.4) together proves Eqn. (5.7) and it is apparent that the probability of a WiGig AP

transmitting depends on winning contention and detecting no active NR-U gNB within the

CSR; the CAP of a WiGig AP is reduced when coexisting with NR-U gNBs .

C.2 Proof of Lemma 5.3

PNR = E

 ∑
yi∈ΦNR

1SINRNR>γ

 = P (SINRNR ≥ γ) = P

PyiGo,yi
(

c
4πfc

)2

‖yi‖α
≥ γBWσ2

o

+γ
∑

ŷi∈Φ̃NR\yi

PŷiGŷi,yi

(
c

4πfc

)2

+ γ
∑

xj∈Φ̃WG

PxjGyi,xj

(
c

4πfc

)2
 (C.9)

= NoEΦ̃NR

∏
ŷi

e
−γ

Pŷi
Gŷi,yi(

c
4πfc )

2

‖ŷi−yi‖α

EΦ̃WG

∏
xj

e
−γ

PxjGyi,xj ( c
4πfc )

2

‖yi−xj‖α
 (C.10)

= No exp

−λ̃NR ∫
R2

e
−γ

Pŷi
Gŷi,yi(

c
4πfc )

2

‖ŷi−yi‖α d ‖ŷi − yi‖

 (C.11)

exp

−λ̃WG

∫
R2

e
−γ

PxjGyi,xj ( c
4πfc )

2

‖yi−xj‖α d ‖yi − xj‖



= No exp

− λ̃NR2

√√√√ π

γPŷiGŷi,yi

(
c

4πfc

)2 erf

√γPŷiGŷi,yi ( c

4πfc

)2

 (C.12)

· exp

− λ̃WG

2

√√√√ π

γPxjGyi,xj

(
c

4πfc

)2 erf

√γPxjGyi,xj ( c

4πfc

)2



where No = exp (−γBWσ2
o), (C.10) follows from the exponential property of the

received power and the independence of Φ̃NR and Φ̃WG, (C.11) is obtained by ap-

plying Slivnyak-Mecke’s theorem [40]. Since α = 2, (C.12) is obtained using [110,

Eqn 2.33.16]. The Proof of PWG in Eqn. (4.32) is similar.


