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The users demand for high speed broadband connectivity is increasing regard-
less of location and time. In particular, inside an aircraft, the in-flight connec-
tivity is one of the last venues with no high-speed Internet access. This makes it
an important research area to address for both industry and academia. By using
the seamless gate-to-gate connectivity concept, passengers can stay connected in
all phases of the flight by using 5G technologies. Given that the backhaul ca-
pacity will be provided via direct air-to-ground communications (DA2GC) links,
passengers will be able to use both LTE and Wi-Fi access technologies on-board.
In order to avoid interference with licensed ground LTE network, in-cabin LTE
users will be served in the unlicensed spectrum via license assisted access (LAA)
technology when the aircraft is close to the ground. However, in these bands
other widely used incumbent technologies already exist, and consequently, this
triggered research efforts from academia, industry, and standardization bodies
to analyze the coexistence of these wireless technologies in the unlicensed band
and the fair coexistence between them. This thesis targets the technical ex-
ploitation of air navigation and aeronautical data by modeling and analyzing the
coexistence of wireless technologies in the unlicensed bands to address emerging
challenges related to the harmonious coexistence of these networks. The thesis
work is divided into three main parts. The first part analyzes the extension of
the LTE technology toward the unlicensed bands. It studies the fair coexistence
of LTE and Wi-Fi by considering the emerging IEEE 802.11ax Wi-Fi standard
where stochastic geometry is used to model and analyze the coexistence of LTE
with simultaneous uplink and downlink IEEE 802.11ax transmissions. Mainly,
it considers LTE with continuous transmissions (no protocol change), LTE with
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discontinuous transmissions (LTE-U), and licensed assisted access (LAA) coexis-
tence mechanisms. LAA has been adopted by 3GPP as a global LTE technology
for the unlicensed bands, where the LAA design should also allow for harmonious
LAA-LAA coexistence in the unlicensed bands (i.e., between multiple LTE opera-
tors). Hence the second part studies the LAA-LAA coexistence to understand the
impact on the performance of multiple coexisting LAA networks as their number
scale, where devices of different networks may have different channel access prior-
ities. The findings unveil new questions regarding practical aspects for deploying
LAA networks. The last part of the thesis addresses a recent proposal from the
Federal Communications Commission (FCC) to permit devices that operate in
the unlicensed spectrum, e.g., IEEE 802.11 devices, to operate in the 5.9 GHz
band allocated to the intelligent transportation system (ITS). Since the nature
of these bands poses a challenge where the ITS Dedicated Short Range Commu-
nications (DSRC) networks use them to share safety-critical messages, the thesis
looks into the impact of possible coexistence of Wi-Fi networks on the perfor-
mance of DSRC through an analytical framework that is based on stochastic
geometry as well. In all, the proposed analysis framework in the thesis can serve
to increase the awareness among regulatory bodies of the extent to which coexis-
tence will adversely affect the performance of incumbent wireless communication
technologies.
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Chapter 1

Introduction

The tremendous growth in wireless communication systems traffic has triggered
a critical need for additional spectral resources for wireless networks. As we
can see from Fig. 1.1, operators throughout the world are facing the challenge
of the ever increasing number of users as well as the traffic demand per user
that is mainly caused by the evolution of multimedia applications and services.
Although cellular networks are highly efficient when operating in the licensed
spectrum where it has exclusive occupancy, the licensed spectrum option faces
major challenges due to its scarcity and high cost. An alternative solution is the
use of unlicensed spectrum where the amount of spectrum already assigned or
planned to be assigned is comparable to or exceeds the amount of the licensed
spectrum as shown in Fig. 1.2.
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Figure 1.1: Total Mobile Traffic (ExaBytes per year) [1]

The use of the unlicensed spectrum such as the industrial, scientific and medical
(ISM) bands at 2.4 GHz and the unlicensed national information infrastructure
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(UNII) bands at 5 GHz become more interesting [3, 8]. However, the access
to the unlicensed spectrum has been the key to the development of innovative
wireless technologies such as Wi-Fi that face similar challenges where there is
an increasing number of devices and demand for extra bandwidth to support
multimedia applications and services. In fact, Cisco estimates that almost half
of all the worldwide Internet traffic is carried through the unlicensed bands by
utilizing the Wi-Fi technology [9]. In addition, statistics show that a sample
of cable Wi-Fi networks like Comcast in US operates more than 10 million Wi-
Fi hotspots [10], similarly Liberty Global operates about 6 million hotspots in
Europe [11].

In a similar step to the efforts done to extend the LTE to the unlicensed spec-
trum and in order to respond to the increasing number of Wi-Fi devices, the FCC
issued a Notice of Proposed Rulemaking (NPRM) 12-22 in 2013 that proposed to
open up additional 195 MHz of unlicensed spectrum to be used by unlicensed de-
vices in the 5 GHz bands [12]. In particular, the FCC proposal includes opening
up additional spectrum in the 5.350-5.470 GHz and the 5.850-5.925 GHz bands.
Clearly, this additional spectrum would overlap completely with the intelligent
transportation System (ITS) band, and would create a spectrum sharing scenario
between DSRC and Wi-Fi, where DSRC would be the incumbent system and Wi-
Fi is the secondary one.

A key requirement for extending any wireless technology into the unlicensed
band is the capability to coexist in a fair-sharing manner with other technologies
in the same band. In this thesis, we model and analyze using tools from stochas-
tic geometry the extension of LTE into the unlicensed UNII bands as well as the
extension of Wi-Fi into the ITS band. In order to investigate the issue of fair
coexistence between LTE and Wi-Fi and LTE-LTE in the 5 GHz UNII band as
well as the DSRC-Wi-Fi coexistence in the 5.9 GHz ITS band, we consider in
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our research the next generation IEEE 802.11ax Wi-Fi standard [13]. Hence, we
analyze the following coexistence scenarios:

1. In Chapter 3, we present and validate a framework based on stochastic ge-
ometry to analyze the coexistence of overlaid LTE and IEEE 802.11ax Wi-Fi
networks. In particular, we analyze three coexistence mechanisms (LTE,
LTE-U, and LAA) in addition to the Wi-Fi baseline scenario based on the
fact that LTE transmissions shall not affect the quality of service (QoS)
supported by Wi-Fi networks. We consider both PHY and MAC enhance-
ments of IEEE 802.11ax for the purpose of supporting QoS requirements
for applications using Wi-Fi especially in dense environments.

2. In chapter 4, we present and validate two frameworks using stochastic ge-
ometry. The first framework is used to analyze the effect of different channel
access priorities on the performance of four different coexisting LAA net-
works in the unlicensed band. The coexistence of LAA networks with each
other is a major issue on the road toward 5G. Based on this, we adopt 3GPP
release 14 specification for LAA downlink. On the other hand, the second
framework is used for assessing the performance of an arbitrary number
of coexisting LAA operators using load based equipment (LBE) channel
access as LBT mechanism and finite user density. This framework allows
to analyze individual system throughput per unit area (in Gbps/km2) of
coexisting operators as their number increases, and the trade-off between
the number of operators and subscribers per operator.

3. In Chapter 5, we present and validate an analytical framework that uses
stochastic geometry to assess the impact of allowing 802.11ax Wi-Fi to
coexist in the unlicensed ITS band with DSRC. Throughout the analysis, we
use the area system throughput (AST) as a performance metric to evaluate
the impact of coexistence.

Hence, given the considered coexistence scheme, the contributions of this thesis
are:

- From LTE perspective, we consider three LTE coexistence mechanisms which
are (1) LTE with continuous transmission and no protocol change (conventional
LTE), (2) LTE with discontinuous transmission using fixed duty cycle (LTE-U),
and (3) licensed assisted access (LAA) LTE. Compared to [37], in [37] the random
back off time was uniformly distributed over [0,1] or [1,2] in case of Wi-Fi APs
and LAA eNBs. These intervals were chosen for tractability and are not based
on 3GPP specifications. However, in this work, we generalize the interval over
which the random back off time is distributed in order to capture the channel
access parameters of LAA based on 3GPP release 14 [49] 3GPP, 3rd generation
partnership project; Technical specification group radio access network; Physi-
cal Layer Procedures (Release 14), 3GPP TS 36.213 and analyze different traffic
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types.
- On the other hand, from Wi-Fi perspective, compared to the DL only sce-

nario in [36] [37] for legacy Wi-Fi, we consider simultaneous uplink (UL) and DL
transmissions using the IEEE 802.11ax standard with different modes including
single user (SU) and multi-user (MU) operation mode.

- In SU operation mode Wi-Fi uses EDCA in both UL and DL. In this case,
the priority of channel access depends on the type of traffic carried by the Wi-Fi
device. Hence, in order to capture this, we generalized the interval over which
the random back off time is distributed. Mainly we consider in our analysis voice
(VO) and best effort (BE) traffic to analyze the effect of traffic priority on the
network performance.

-The derived performance metrics account for the hidden terminal problem
effect on UL transmissions for dense deployments of LTE and Wi-Fi networks.

- Furthermore, in MU operation mode, the IEEE 802.11ax defines MU DL
transmissions in the DL where as in the UL, MU UL transmissions are handled
through two types of trigger based access schemes which are deterministic and
random trigger-based access. Thus, we provide analytical expressions for the
considered performance metrics for MU UL and DL.

- Also, in order to improve the network performance, IEEE 802.11ax imple-
ments a spatial re-use (SR) technique, where a certain AP may ignore the trans-
missions received from other overlapping APs transmissions as described later.
Hence, we discuss the effect of the SR technique on the network performance and
we quantify the performance gain through analytical expressions throughout the
chapter.

- We also address the effect of channel access priorities on the network per-
formance of coexisting LAA networks where the contention window size utilized
in this protocol is mainly affected by the manufacturer choice and the associated
data traffic type. Therefore, particular network operators may target certain
traffic types, and hence use different contention window sizes which may lead
to serious degradation of the performance of the corresponding networks. Thus
our framework allows us to model and analyze the network throughput per unit
area of several LTE-LAA networks with persistent downlink transmissions and
having different contention window sizes. Our results identify coexistence issues
not accounted for in the standard and provide analytical tools to help overcome
them.

- Finally, we analyze the impact of the possible coexistence of the DSRC and
Wi-Fi networks on each other in the ITS bands as proposed by the FCC using
stochastic geometry. The proposed framework helps in increasing the awareness
among regulatory bodies regarding the possible advantages and drawbacks of ap-
proving such proposal.

-For each scenario, the considered system model for the radio channel model,
spatial location model, and channel access model will be described when studying
each scenario. Then we will derive several performance metrics including medium
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access probability (MAP), SINR coverage probability, density of successful trans-
missions (DST), rate coverage probability, and area system throughput (AST).
Also, The accuracy of the analytical results is validated against the simulation
results using SINR coverage probability, where we use a spatial discrete event
simulator as in [32].
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Chapter 2

Related Work

2.1 LTE-WiFi and LTE-LTE Coexistence

Simulation studies in [14]-[15] showed that the neighboring LTE nodes transmis-
sions will block the transmission of Wi-Fi and severely degrade its throughput.
This demonstrated the need for new LTE mechanisms to achieve fair coexis-
tence with Wi-Fi when operating in the unlicensed band. Several coexistence
mechanisms were proposed in the literature to solve this issue as shown in Fig.
2.1. Out of these mechanisms is the LTE MulteFire mainly for LTE beyond re-
lease 13 which is expected to operate solely in the unlicensed band and deliver
LTE like performance with Wi-Fi like simplicity. Yet little information is avail-
able in the literature about how does this coexistence mechanism operate and
hence will be out of the scope of our analysis. Other coexistence mechanisms
use licensed assisted access where the unlicensed band is exploited only for data
transmissions and remains synchronized with control channels operating in the
licensed bands. In [16], one of these mechanisms that is known as LTE-U was
proposed where the LTE protocol utilizes a discontinuous transmission pattern.
This can be achieved by using a feature called almost-blank subframes (ABS),
where the LTE transmissions are blanked for a specific fraction of the time. The
ABS feature has been studied using different indoor scenarios, outdoor scenarios,
and mixed indoor/outdoor scenarios in [15]-[19], where it was shown that Wi-Fi
performance can be effectively increased when adopting the LTE-U mechanism.
LTE-U allows for supplement downlink data channel, where the user is allocated
extra bandwidth in the downlink from the unlicensed band on an opportunistic
basis. On the other hand, another coexistence mechanism known as the license
assisted access (LAA) LTE was proposed in 3GPP [20] that targets both uplink
and downlink transmissions. The LAA mechanism is based on the listen-before-
talk (LBT) feature where an LTE node only transmit, after sensing the channel
and finding it idle. Based on the LBT feature, the draft in [21] proposes two
different MAC protocols for LAA which are frame based equipment (FBE) and

6



LTE Release 12

DTX in small cells 

Licensed Assisted 

Access (LAA)

LTE Release 13 and 

Above

LTE MulteFire

Beyond LTE 

Release 13

LTE in Unlicensed Band

How to coexist with Wi-Fi and other LTE 

networks?

LTE-U

- LTE with discontinuous 

transmission based on the 

concept of muting pattern.

- Also known as Almost Blank 

Sub-frames (ABS)

- Mainly as a supplement data 

channel for LTE downlink

- Forum has been established 
by companies like Qualcomm, 
Ericsson, Nokia …

- Technical specifications has 

been developed

LAA

- LTE uses listen before talk 

(LBT) in unlicensed band

- A global solution for 

unlicensed band to satify 

most regulation 

requirements

- Supplement data channels 

for both downlink and 

uplink

- DL has been finalized in 

technical reports and 

specifications for release 13

- UL as a study item in LTE 

release 14 under extended 

LAA (eLAA)

- Operates solely in the 
unlicensed band. Both 
control  and data channels 
are in unlicensed band.

- LTE like performance 
with W-Fi like simplicity.

- Forum has been 
established by companies 
like Qualcomm, Ericsson, 
Nokia …  

- Few technical 
information available in 
the literature

Early deployments in countries 

without LBT regulation e.g. 

USA

Load Based Equipment (LBE) Frame Based Equipment (FBE)

Main Challenges: sensing threshold, contention window size, channel occupancy ... 

Delay? Throughput?

 

Figure 2.1: LTE coexistence mechanisms
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load based equipment (LBE). The former transmit/receive using a fixed timing
scheme where only at the begining of a time slot the device will contend for the
channel access, whereas the latter is demand-driven; a device will contend for
channel access whenever it has data traffic to send. In order to study the LBT
feature, different scenarios were studied in the literature where various versions
of LBT were presented and evaluated in [22]-[23]. The simulation results showed
that LTE can deliver a promising throughput performance while maintaining fair
coexistence with Wi-Fi. However, all the mentioned evaluations are based on sys-
tem level simulations, and few analytical studies can be found in the literature on
this coexistence. Thus, there is a need for fundamental theoretical analysis that
allow for extra comparison between various coexistence mechanisms. This can be
achieved effectively using a powerful mathematical tool known as stochastic ge-
ometry, which was lately utilized to achieve tractable models for different perfor-
mance metrics in various wireless networks, including cellular networks [24]-[31],
IEEE 802.11 networks [32], adhoc networks [33], and cognitive radio networks
[34]. It has been also adopted for system level performance evaluation and opti-
mization [35].
Recently, stochastic geometry was used to model the coexistence of dense LTE
and Wi-Fi networks. In particular, in [36] and [37], the coverage and throughput
performance of coexisting LTE and Wi-Fi networks were derived using stochas-
tic geometry where the effect of sensing thresholds and contention window were
investigated. However the authors in [36] and [37] considered only the downlink
Wi-Fi transmissions of Wi-Fi APs which are assumed to operate in the dis-
tributed coordination function (DCF) and with same traffic type. Hence, given
the limitations in the work of [36] and [37], we investigate further the issue of fair
coexistence between LTE and Wi-Fi in the unlicensed band where we consider
in this chapter the coexistence of LTE with the upcoming IEEE 802.11ax Wi-Fi
standard [13]. In particular, we consider both PHY and MAC enhancements of
the IEEE 802.11ax for the purpose of supporting QoS requirements for applica-
tions using Wi-Fi especially in dense environments. In addition, the LAA design
should allow also harmonious LAA-LAA coexistence in the unlicensed bands (i.e.,
between multiple LTE operators) [60]. Hence, we study the LAA-LAA coexis-
tence in order understand the unclear capacity limit of multiple coexisting LAA
networks as their number scale. The understanding of how multiple operators
coexist in unlicensed spectrum is critical to assess the benefits of this expansion
option.

2.2 DSRC-WiFi Coexistence

The Federal Communications Commission (FCC) allocated in 1999 the 5.850-
5.925 GHz spectrum band, known as the intelligent transportation System (ITS)
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band. This 75 MHz band was allocated to the vehicular communication tech-
nolgy, referred to as Dedicated Short Range Communications (DSRC) and is
based on the physical (PHY) and medium access control (MAC) layers of the
IEEE 802.11p standard.

On the other hand, in order to respond to the increasing number of Wi-Fi
devices, the FCC issued a Notice of Proposed Rulemaking (NPRM) 12-22 in
2013 that proposed to open up additional 195 MHz of unlicensed spectrum to
be used by unlicensed devices in the 5 GHz bands [12]. In particular, the FCC
proposal includes opening up additional spectrum in the 5.350-5.470 GHz and
the 5.850-5.925 GHz bands. Clearly, this additional spectrum would overlap
completely with the ITS band, and would create a spectrum sharing scnerario
between DSRC and Wi-Fi, where DSRC would be the incumbent system and
Wi-Fi is the secondary one.

To study the coexistence of DSRC and Wi-Fi, the IEEE 802.11 Regulatory
Standing Committee created a subcomiitee called the DSRC Coexistence Tiger
Team in order to explore possible coexistence of DSRC and unlicensed systems,
e.g. Wi-Fi, and assist in the regulatory process. Later, in March 2015, the tiger
team published their final report that summarizes the issues related to the pro-
posed band sharing ideas. But the report only provided high level discussions
and stressed on the requirement for futher analysis, simulations and field testing
to select a relevant coexistence approach.

The coexistence between 802.11p and Wi-Fi has not gathered much attention
since then. The Wi-Fi transmitters have no support for preamble detection of
the 10 MHz-wide signals of 802.11p, while 802.11p cannot decode the preambles
of the 20 MHz-wide signals of Wi-Fi (802.11ax also offers channels of widths of
40, 80, and 160 MHz). Thus, if 802.11p and Wi-Fi transmitters were to operate
in the same spectrum, both transmitters would detect each others using Energy
Detection (ED) where the ED threshold is higher by approximately 20 dB than
preamble detection. Hence, the sensing range of both transmitters would be
much smaller than the stand-alone scenario, resulting in increased probability of
collisions in both networks.

Up to date, few research works have studied the coexistence of DSRC and
WiFi, mainly 802.11ac, in the ITS band [40]-[45]. In [40], the tiger team reported
on the coexistence of DSRC and Wi-Fi described two main proposals. The first
proosal is to use existing DSRC channelization and the Clear Channel Assess-
ment (CCA) method in the 10 MHz channels. However, this requires that all
Wi-Fi devices, e.g. 802.11ac, to be equipped with a component to detect 802.11p
preambles. This approach requires an 802.11ac device to refrain from accessing
the channel in the ITS band for 10 seconds after it detects a DSRC preamble,
which may result in significant degradation in the throughput of the 802.11ac
users. The second proposal suggests modifying the DSRC channelization scheme
so that each DSRC channel is 20 MHz wide. Going in the same direction, Lans-
ford et. al. in [41], suggested increasing particular channel access parameters
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such as the inter-frame spacing (IFS) to provide higher channel access priority
to 802.11p nodes. In this regard, Park et. al. in [42] showed that increasing the
arbitration IFS (AIFS) value of 802.11ac transmitters would protect the DSRC
transmissions, but they did not consider the impact on 802.11ac devices. On
the other hand, the authors in [43] showed using their experimental findings that
not all the 802.11ac bandwidth options can be used without causing significant
interference to DSRC nodes. Finally, in [44], the authors quantified the impact of
802.11ac Wi-Fi transmissions on the DSRC performance based on the influence
of the IFS and sensing range.

In this thesis we contribute to the fundamental understanding of the coex-
istence of DSRC and Wi-Fi by considering the next generation Wi-Fi 802.11ax
standard (i.e., in contrast to prior work that was limited to 802.11 protocols, up
to the 802.11ac standard). This aligns with the recent efforts from the community
to make the 802.11ax standard the next Wi-Fi [46]. In addition, as compared to
the previous works that was mentioned above which are mostly based on exper-
imental evaluation and system level simulations, we present here a fundamental
theoretical analysis using stochastic geometry that allows for additional evalua-
tion of the possible coexistence of the DSRC and Wi-Fi networks.
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Chapter 3

Coexistence of LTE and IEEE
802.11ax Wi-Fi in the Unlicensed
Bands

In this chapter, we investigate further the issue of fair coexistence between LTE
and Wi-Fi in the unlicensed band and based on the fact that LTE transmissions
shall not affect the quality of service (QoS) supported by Wi-Fi networks, we
consider in this chapter the coexistence of LTE with the IEEE 802.11ax Wi-Fi
standard.

3.1 System Model

3.1.1 Radio Channel Model

We denote by l(d) the path loss between the transmitter and the receiver which
are separated by a distance d. We use here a common free space path loss model
with reference distance of one meter for both Wi-Fi and LTE links. Hence l(d) is

given by l(d) =
(

4π
Λc

)
2×dα where Λc represents the wavelength and α is the path-

loss exponent. For simplicity we ignore the large scale shadowing effect as in [37].
Also, we assume that all channels are subject to i.i.d Rayleigh fading where each
fading variable is exponentially distributed with parameter µ.

3.1.2 Spatial Location Model

We consider mainly a scenario in which two operators coexist in a single un-
licensed frequency band that has a bandwidth denoted by B. We assume that
operator 1 uses Wi-Fi, while operator 2 uses LTE with different coexistence mech-
anisms. In particular, we consider three LTE mechanisms which are LTE with
continuous transmission (i.e. no protocol change), LTE with discontinuous trans-
mission (LTE-U), and licensed assisted access (LAA). In baseline scenario, both
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operators use Wi-Fi. The LTE eNBs are assumed to be low power small cell
(pico-cell) eNBs as in [37, 38].

We model the location of Wi-Fi APs, Wi-Fi users, and LTE eNBs, having
traffic for transmission and co-existing in the same band, as realizations of three
independent homogeneous Poisson point processes (PPP) on R2. The Wi-Fi users
process with persistent UL traffic is denoted as ΦU = {zp} and has intensity λU ,
while the Wi-Fi APs process with persistent DL traffic is denoted as ΦD = {xj}
with intensity λD. Also, the LTE eNB process with persistent DL traffic is de-
noted as ΦL = {yk} with intensity λL. The LTE UEs process are modeled as in-
dependent homogeneous PPPs denoted as ΦUE = {um}. Thus based on Slivnyak′s
theorem [39], we analyze the performance of a typical Wi-Fi user

/
LTE UE in the

DL and typical AP in the UL which are assumed to be at the origin. For the
UL of Wi-Fi, we focus on the case where the Wi-Fi user connects to the Internet
through the closest AP and that no direct user-user communication exists. Sim-
ilarly, each UE is associated with its closest eNB, which provides the strongest
average received power [37]. Furthermore, index 0 is used for typical user

/
UE

and its serving AP
/

eNB in the DL which will be called the tagged AP/eNB in the
rest of the chapter. Also in the UL, index 0 will be used for the typical AP and
its serving (tagged) user. The link between the tagged AP

/
eNB and the typical

Wi-Fi user
/

LTE UE in the DL is referred to as the typical Wi-Fi DL
/

LTE link,
while the link between the tagged user and the typical AP in the UL is referred
to as the typical Wi-Fi UL. Given that ΦD is a PPP with intensity λD, the prob-
ability density function (PDF) of the distance from the tagged AP to the typical
user in the DL is f‖x0‖(r) = 2πrλDe

−λDπr2
. Similarly, given that the users that are

associated to an AP should be those users inside the Voronoi cell of this AP, the
distribution of ‖z0‖ can be approximated by that of ‖x0‖ where UL and DL links
are assumed to be reciprocal. Hence the PDF of the distance from the the tagged
Wi-Fi user to the typical AP in the UL is f‖z0‖(r) = 2πrλDe

−λDπr2
. Also, the PDF

of the distance from the tagged eNB to the typical UE is f‖y0‖(r) = 2πrλLe
−λLπr2

.
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3.1.3 Modelling Channel Access for LTE and IEEE 802.11
ax Wi-Fi

The 802.11ax standard brings several enhancements for high efficiency WLANs
where it defines two modes of operation which are the single-user (SU) mode and
the multi-user (MU) mode [47, 48, 13]. In the SU mode, Wi-Fi users

/
APs send

and receive data one at a time once they secure access to the medium using the
CSMA/CA protocol as defined in the legacy IEEE 802.11 standard. On the other
hand, the MU mode defines simultaneous operation of multiple WiFi users. The
MU mode is further divided into DL and UL MU modes.

The MU mode is enabled by the OFDMA technology that builds on existing
OFDM digital modulation scheme where the 802.11ax standard further assigns
specific set of subcarriers to individual users. Hence, it divides the existing 802.11
channels with 20, 40, 80 and 160 MHz wide into smaller sub-channels called re-
source units (RUs) with a predefined number of subcarriers. In this context, the
AP decides how to allocate the channel based on MU traffic needs where it may
allocate the whole channel e.g. 20 MHz to one user at a time (as in the case
of 802.11ac) or it may partition it to serve multiple users simultaneously. For
example, in case of 20 MHz channel, the AP may partition the channel into NRU

= 2, 4 or 9 RUs.
In the DL MU mode, the AP serves multiple data transmissions associated to

WiFi users at the same time. On the other hand, in the UL MU mode we have
simultaneous UL transmissions of data from multiple users to the AP. Hence, in
the MU mode, the AP acts as a central coordinator for scheduling transmissions
and hence users will not transmit in this case unless the AP assigns it RUs. In
the case of simultaneous DL transmissions, after successful access to the chan-
nel, the AP will send DL data to several users simultaneously on different RUs.
Whereas in case of simultaneous UL transmissions the AP will transmit a trigger
frame (TF) after accessing the channel. Hence, in both cases the AP will initially
contend using EDCA parameters for channel access as in case of SU mode and it
is clear that the access of the user depends on the probability of the AP to access
the channel.

In order to schedule UL transmissions, the AP polls the users with a TF. Af-
ter receiving the trigger frame, two channel access mechanisms may be used by
the user which are the trigger-based deterministic access (DA) and the trigger-
based random access (RA). In the trigger-based DA mechanism, the user will
send a data frame on the scheduled RUs that were indicated in the trigger frame.
Whereas in the trigger-based RA, users that receive the trigger frame will contend
for channel access on the specified RUs using the CSMA

/
CA protocol. Then,

users that win access to the medium on randomly selected RU from a set of spec-
ified RUs, will send their data frames to the AP. In both UL and DL OFDMA
transmissions, the AP will have to contend for channel access. In this case, the
AP may choose any access category (AC) where the chosen AC may give the AP
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higher priority in accessing the channel compared to its associated users. The
different ACs are defined based on the parametrized arbitration inter-frame spac-
ing (AIFS[AC]) and the contention window size to differentiate between traffic
types (voice, video, best effort, and background traffic) inside each user

/
AP.

Also, to improve network performance, the 802.11ax implements a SR tech-
nique, where a certain AP may ignore the transmissions received from other
overlapping APs transmissions. This can be realized through color codes which
is a bit defined in the MAC header and can be used to differ between transmis-
sions of different basic service sets (BSS). In this case, the AP will consider the
medium busy if it detects a MAC header with the same color bit where APs that
belong to different BSS will have different color codes.

In the CSMA/CA protocol, a Wi-Fi AP
/

user performs clear channel assess-
ment (CCA) process to detect the presence of active transmitters for which the
received signal power exceeds a certain detection threshold. Using the CCA pro-
cess, a channel is determined busy if the intending transmitter detects another
Wi-Fi signal above the carrier sense (CS) threshold Γcs, or if any other signal
that is not decodable, such as an LTE signal that is detected above the energy
detection (ED) threshold Γed. If the channel is found idle, the CSMA/CA device
will then follow a random back-off period before transmission that is selected
randomly from a contention window, which is a set of possible values with a pre-
defined maximum and minimum that determines the priority for a CSMA

/
CA

device to access the medium.
In case of conventional LTE or LTE-U, eNBs will transmit without sensing

the channel. In particular, in the case of LTE-U mechanism, LTE adopts a dis-
continuous transmission pattern where LTE transmits for a fraction τ of time
(duty cycle) and is muted for the other 1− τ of time where 0 ≤ τ ≤ 1. Hence it
is clear that conventional LTE with continuous transmission is a special case of
LTE-U where τ = 1. Usually τ shall be chosen to ensure fairness between Wi-Fi
and LTE in the unlicensed band. In other words, when selecting τ , interference
from LTE shall not affect Wi-Fi performance more than any other Wi-Fi network
that may coexist with the initial one. However, in case of LAA, LTE uses the
LBT mechanism with random back off, where the eNB first performs a CCA
process similar to the one used by Wi-Fi. However, LAA uses energy detection
to detect the presence of any interferer by using energy detection threshold ΓL.
In addition, LAA defines different channel ACs for different traffic types. Each
AC has its own defer period and contention window size to differentiate between
traffic types such as voice, video, best effort, and background traffic inside each
LAA eNB. We define the contender of a Wi-Fi AP xi as the other Wi-Fi APs,
Wi-Fi user and LTE eNBs from which the received power at xi exceeds thresholds
Γcs, Γcs, and Γed respectively. Similarly, we define the contenders of a Wi-Fi user
zn as the other Wi-Fi users, Wi-Fi APs and LTE eNBs from which the received
power at zn exceeds thresholds Γcs, Γcs, and Γed respectively. On the other hand,
in case of LAA, we define the contenders of eNB ym, as the other Wi-Fi users,
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Wi-Fi APs and LAA eNBs from which the received power at ym exceeds thresh-
old ΓL.

Each Wi-Fi AP xi has an independent mark tDi that represents the random
back-off period, which is uniformly distributed in the interval [∆D, CWD + ∆D].
Also, each Wi-Fi user zn has an independent mark tUn that is uniformly distributed
in the interval [∆U , CWU + ∆U ]. Furthermore, each LAA eNB ym has an inde-
pendent mark tLm that is uniformly distributed in the interval [∆L, CWL + ∆L].
Note that ∆ was introduced to capture the difference between different inter
frame spaces of different traffic types and CW is the contention window size.
Mainly, we consider coexistence of voice and best effort traffic. In addition,
based on [49] where channel access parameters of LAA were designed similar to
those in Wi-Fi for different traffic types. Thus, we consider t

V O
and t

BE
to be

uniformly distributed in the intervals [0, 3] and [2,17], respectively. Each Wi-Fi
user

/
AP
/

LAA eNB is retained when contending for channel access if it has a
smaller timer (or back-off period) than all its contenders. A medium access indi-
cator eUn is assigned to each Wi-Fi user (eDi to each AP and eLk to each LTE eNB)
which is equal to one if the Wi-Fi user, AP or eNB are allowed to transmit by
the corresponding MAC layer protocol and zero otherwise.

In the considered model for Wi-Fi channel access, two Wi-Fi users that op-
erate using EDCA and are associated with the same AP may get access to the
channel simultaneously given that they are not in the contention domain of each
other. The interference resulting from the transmission of one user on the useful
transmission of the other user is captured later in the derivation of the SINR
coverage probability at the AP in the UL. This problem is well known in the
literature as the hidden terminal problem. Although the request-to-send (RTS) -
clear-to-send (CTS) approach was proposed to solve this problem, however it is
rarely used in practice since it introduce latency and reduce the network through-
put [50]. Hence we assume that users do not use the RTS-CTS mechanism in
the UL. Note that we denote by medium access probability (MAP), the Palm
probability [39] that the medium access indicator of a Wi-Fi user

/
AP
/

LTE eNB
is equal to 1. This channel access model, which may have some limitations with
its fixed contention window size (that does not capture the exponential backoff
and the dynamics of the timer history), has shown its ability as a conservative
model of the CSMA/CA in IEEE 802.11 standard as demonstrated in simulation
results of [51].

3.1.4 Performance Metrics

In this section, we define the performance metrics that are used in our analysis.
In addition to the MAP that will be derived for each coexistence mechanism in
the following sections, we also base our analysis on the SINR coverage probability
for the typical (receiver) user. Thus, in general, given the fact that the tagged
(transmitter) node transmits, by applying Slivnyak′s theorem, the received SINR
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Table 3.1: Used Symbols and Simulation Values

Symbol Definition Simulation Value
PD, PU , PL Wi-Fi AP, Wi-Fi user, LTE eNB transmit power 23 dBm, 18 dBm, 23

dBm
fc, B Carrier frequency and bandwidth of the unlicensed band 5 GHz, 20 MHz
α Path loss exponent 4
µ Parameter for Rayleigh fading channel 1
σ2
N Noise power 0

Γcs,Γed,ΓL Carrier Sensing and energy detection thresholds -82 dBm, -62 dBm, -72
dBm

ΦU ,ΦD,ΦL Wi-Fi users PPP, Wi-Fi APs PPP, co-exisitng LTE eNBs
(or Wi-Fi APs) PPP

λU ,λD,λL Wi-Fi users, Wi-Fi APs, and coexisting LTE eNBs (or
Wi-Fi APs) density

eUn , eLk , eDi Medium access indicator for user zn, co-exisitng eNB (or
AP) yk, AP xi

B(x, r),
Bo(x, r)

Closed (open) ball with center x and radius r

GUi,j ,

(GUDi,j ,GULi,j )

Fading of the channel from user i to user j (from user i
to AP j, from user i to eNB (co-existing AP or UE) j
respectively)

Exponentially dis-
tributed with parame-
ter µ

GDi,j ,

(GDLi,j ,GDUi,j )

Fading of the channel from AP i to AP j (from AP i
to eNB (co-existing AP or UE) j, from AP i to user j
respectively)

Exponentially dis-
tributed with parame-
ter µ

GLi,j ,

(GLDi,j , G
LU
i,j )

Fading of the channel from eNB i to eNB (co-existing
AP or UE) j (from eNB i to AP j, from eNB i to user j
respectively)

Exponentially dis-
tributed with parame-
ter µ

Rcs Carrier sensing range

at the typical node located at the origin in Wi-Fi UL, Wi-Fi DL, and LTE DL
is given by (3.1). Hence for a typical node, the SINR coverage probability with
a SINR threshold T is defined as P(SINRX

0 > T |eX0 = 1) where X in general
denotes the type of the link and may be replaced by the letters U , D, or L. This
corresponds to the instantaneous SINR performance of the typical link. Now,
based on the SINR coverage probability and the MAP we define the following

dXsuc(λD, λU , λL, T ) = λX p̂
X
MAP (λU , λD, λL)P(SINRX

0 > T |eU0 = 1) (3.2)

PX
throughput(λD, λU , λL, ρ) = P

(
Blog

(
1 + SINRX

0

)
p̂XMAP (λU , λD, λL) > ρ|eU0 = 1

)
(3.3)
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two performance metrics that are used to analyze the coexistence mechanisms.
Note that the Wi-Fi UL

/
Wi-Fi DL

/
LTE DL are only activated when the tagged

Wi-Fi user
/

AP
/

eNB access the channel, hence we have the following definitions:
1) Density of Successful Transmissions (DST): given the decoding SINR require-
ment T , DST is defined in (3.2) as the mean number of transmission links per
unit area.
2) Shannon Throughput Probability: given the rate threshold ρ, the Shannon
throughput probability is defined in (3.3) as the probability for the typical Wi-
Fi UL

/
Wi-Fi DL

/
LTE DL to support at least an average throughput of ρ.

Note that p̂XMAP (λU , λD, λL) in (3.3) account for the fact that the tagged Wi-
Fi user/AP/eNB has a channel access for p̂UMAP (λU , λD, λL)

/
p̂DMAP (λU , λD, λL)/

p̂LMAP (λU , λD, λL) fraction of time on average which signifies that the Shannon
throughput probability with threshold ρ provides the fraction of links that can
support an average throughput of ρ. For the rest of the chapter, since ΦU , ΦD

and ΦL are stationary and isotropic, thus the above performance metrics of the
typical Wi-Fi AP

/
Wi-Fi user

/
LTE UE are invariant with respect to the angle of

the tagged Wi-Fi user
/

Wi-Fi AP
/

LTE eNB. Also, we assume in our case that
the polar coordinates of the tagged user z0, tagged AP x0 and tagged eNB y0 are
(r0, 0).

Finally we define the following functions to be used throughout the chap-
ter where NU(z, r,Γ)

/
ND(z, r,Γ)

/
NL(z, r,Γ) represent the expected number of

users, APs and eNBs respectively in R2\B(0, r) whose signal power received at z ∈ R2

exceeds threshold Γ.
Furthermore, CU(z1,Γ1, z2,Γ2, r), CD(z1,Γ1, z2,Γ2, r), and CL(z1,Γ1, z2,Γ2, r) rep-
resent the expected number of users, APs and eNBs respectively in R2\B(0, r)
whose signal power received at z1 ∈ R2 and z2 ∈ R2 exceeds thresholds Γ1 and Γ2

respectively. Note that the functions HN(.) and HD(.) are used to simplify the
equations of conditional MAP in the coming sections.

3.2 Analysis of LTE-U and LAA With IEEE

802.11ax Wi-Fi DL And UL For SU Opera-

tion Mode

In this section, we analyze both LTE co-existence mechanisms which are the
LTE-U and LAA mechanisms. Initially, for the sake of the analysis, we consider
the case of LTE-U with τ = 1 or LAA while Wi-Fi IEEE 802.11ax UL and DL
transmissions co-exist. Then based on that, we derive the DST and throughput
for coexisiting LTE in case of LTE-U with a generic duty cycle (τ) or LAA when
co-existing with IEEE 802.11ax WiFi networks.
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Table 3.2: Notations and Definitions of Used Functions

Notation Definition

NU (z, r,Γ) λU
∫
R2\B(0,r) exp

(
− µ Γ

PU
l(‖x− z‖)

)
dx

ND(z, r,Γ) λD
∫
R2\B(0,r) exp

(
− µ Γ

PD
l(‖x− z‖)

)
dx

NL(z, r,Γ) λL
∫
R2\B(0,r) exp

(
− µ Γ

PL
l(‖x− z‖)

)
dx

CU (z1,Γ1, z2,Γ2, r) λU
∫
R2\B(0,r) exp

(
− µ Γ1

PU
l(‖x− z1‖)− µ Γ2

PU
l(‖x− z1‖)

)
dx

CD(z1,Γ1, z2,Γ2, r) λD
∫
R2\B(0,r) exp

(
− µ Γ1

PD
l(‖x− z1‖)− µ Γ2

PD
l(‖x− z1‖)

)
dx

CL(z1,Γ1, z2,Γ2, r) λL
∫
R2\B(0,r) exp

(
− µ Γ1

PL
l(‖x− z1‖)− µ Γ2

PL
l(‖x− z1‖)

)
dx

NU (z,Γ), ND(z,Γ), NL(z,Γ) NU (z, ‖z‖,Γ), ND(z, ‖z‖,Γ), NL(z, ‖z‖,Γ)
CU (z1, z2), CD(z1, z2), CL(z1, z2) CU (z1,Γcs, z2,Γcs, Rcs), CD(z1,Γcs, z2,Γcs, ‖z2‖),

CL(z1,Γed, z2,Γed, ‖z2‖)
NU (Γ), ND(Γ), NL(Γ) NU (o,Γ), ND(o,Γ), NL(o,Γ)
NU (z), ND(z), NL(z) NU (z,Γcs), ND(z,Γcs), NL(z,Γed)
CU (z), CD(z), CL(z) CU (z, o), CD(z, o), CL(z, o)
NU , ND, NL NU (Γcs), ND(Γcs), NL(Γed)

HN

(
x1, x2, y,∆1, CW1,∆2, CW2, N1(t), N2(t′)

)
1− exp

(
− µyl(‖x1 − x2‖)

)
CW1CW2

∫ CW2+∆2

∆2

∫ CW1+∆1

∆1

exp

[
−N1(t)−N2(t′)

]
dtdt′

HD

(
x, y,∆, CW,N1(t), N2(t)

)
=

1

CW

∫ CW+∆

∆

(
1−N1(t)exp

[
− µyl(‖x‖)

])
exp
[
−N2(t)

]
dt

HMAP

(
∆, CW,N1(t)

)
=

1

CW

∫ CW+∆

∆
exp
[
−N1(t)

]
dt

3.2.1 Medium Access Probability

The duty cycle 0 ≤ τ ≤ 1 corresponds to the medium access probability of LTE-
U. In case of LTE with continuous transmission, the medium access probability of
LTE is equal to one (τ = 1). Hence, when LTE transmits continuously, either Wi-
Fi users in the UL or Wi-Fi APs in the DL will not transmit each time it has any
LTE eNB as its contender since they will both sense the channel busy all the time
in such scenario. Whereas in the case of LAA, Wi-Fi users and APs will contend
with each other and with LAA eNBs to access the channel. Based on that, we
derive the MAP of IEEE 802.11ax Wi-Fi UL and DL for the SU operation mode
initially. In addition, we consider both cases in the presence

/
absence of the SR

technique utilized by the APs for the purpose of increasing network capacity.

MAP For IEEE 802.11ax UL and DL Under SU Mode Operation

In the SU operation mode, each Wi-Fi user and AP will contend for channel access
using EDCA. Hence, in the presence

/
absence of the SR technique that is utilized

by APs, a Wi-Fi user zn will have the medium access indicator en,Ulte−u
/
en,Ulaa in case

of coexistence with LTE-U
/

LAA that is derived as in (3.4). Note that 1A is the
indicator function of the event A, 1A is equal to one if A exists and zero otherwise.
On the other hand, when WiFi APs utilize SR technique, each Wi-Fi AP xi will
have a medium access indicator ẽ i,Dlte−u

/
ẽ i,Dlaa as in (3.5). Whereas, in the absence

of the SR technique, each Wi-Fi AP xi will have a medium access indicator
e i,Dlte−u

/
e i,Dlaa provided in (3.6). Note that the energy detection is implemented

18



based on the strongest interferer which is a reasonable model that is used instead
of total interference (based on IEEE 802.11 specifications) as shown in [37]. The
medium access probability (MAP) of a tagged Wi-Fi user is the palm probability
that its medium access indicator is equal to one given that its timer is equal to t
and it is located at z0 = (0, r0). The MAP for the tagged Wi-Fi user zn is defined
as p̂USU,MAP (λU , λD, λL) = P[eUn = 1|tUn = t, z0 = (0, r0)] where eUn = en,Ulte−u or en,Ulaa .
The MAPs of user zn in case of SU operation are derived in Lemma 1.

Lemma 1. Given that a WiFi AP xj has a timer tDj ∈ [∆D, CWD + ∆D] with
cumulative distribution function (CDF) FD(t), a Wi-Fi user zn has a timer tUn ∈
[∆U , CWU +∆U ] with FU(t), and LAA eNB ym has a timer tLm ∈ [∆L, CWL+∆L]
with FL(t). The MAP in IEEE 802.11ax SU operation mode for a tagged Wi-Fi
user of SR technique is given by (3.7).

p̂LSU,MAP (λD, λU , λL) =

∫ ∞
0

HMAP

(
∆L, CWL,−FL(t)NL(y0,ΓL)− FD(t)ND(ΓL

)
f‖y0‖(r0)dr0 (3.10)

p̂USINR,SU (T, λD, λU , λL) ≈∫ ∞
0

exp

(
−µT l(r0)

σ2
N

PU

)
exp

(
−
∫
R2

T l(r0)λLp
y/z0
1,MAP

PU
PL

l(‖x‖) + T l(r0)
dx

)
exp

(
−
∫
R2

T l(r0)λDp
x/z0
1,MAP

PU
PD

l(‖x‖) + T l(r0)
dx

)
exp

(
−
∫
R2\B(z0,Rcs)

T l(r0)λUp
z/z0
1,MAP

l(‖x‖) + T l(r0)
dx

)
f‖z0‖(r0)dr0

(3.11)

Proof In the SU mode, the MAP of a tagged Wi-Fi user zn in case of LTE-
U is given by (3.8) where (a) follows from the fact that ΦD, ΦU and ΦL are
independent. (b) follows from slivnyak′s theorem, the probability generating
functional (P.G.FL) of the PPP, and by de-conditioning on t ∼ U(∆U , CWU+∆U)
and using the definition of ND, NU and NL in Table 4.2 gives the desired result.

LTE− U : p̂USU,MAP (λD, λU , λL) =

∫ ∞
0

HMAP

(
∆U , CWU ,−NL − FD(t)ND − FU(t)NU(z0,Γcs, Rcs)

)
× f‖z0‖(r0)dr0

LAA : p̂USU,MAP (λD, λU , λL) =

∫ ∞
0

HMAP

(
∆U , CWU ,−FL(t)NL − FD(t)ND − FU(t)NU(z0,Γcs, Rcs)

)
× f‖z0‖(r0)dr0

(3.7)

p̂USU,MAP (λD, λU , λL) = P[en,U
lte−u

= 1|tUn = t, z0 = (0, r0)] = EznΦU (en,U
lte−u

)

= EznΦU

[ ∏
xj∈ΦD

(
1tDj ≥tUn + 1tDj <t

U
n
1GDUjn /l(‖xj−zn‖)≤Γcs/PD

) ∏
ym∈ΦL

(
1GLUmn/l(‖ym−zn‖)≤Γed/PL

) ∏
zp∈ΦU∩Bc(z0,Rcs)\{zn}

(
1tUp ≥tUn + 1tUp <t

U
n
1GUpn/l(‖zp−zn‖)≤Γcs/PU

)]

(a)
= E

 ∏
xj∈ΦD

(
1− FD(t)exp

(
−µΓcs

PD
l(‖xj − zn‖)

))× E

[ ∏
ym∈ΦL

(
1− exp

(
−µΓed

PL
l(‖ym − zn‖)

))]
× E!zn

ΦU

 ∏
zp∈ΦU∩Bc(z0,Rcs)

(
1− FU(t)exp

(
−µΓcs

PU
l(‖zp − zn‖)

))
(b)
=

1

CWU

∫ CWU+∆U

∆U

exp(−NL − FD(t)ND − FU(t)NU(z0,Γcs, Rcs))dt

(3.8)
LTE− U with SR : p̂DSU,MAP (λD, λU , λL) =

∫ ∞
0

HMAP

(
∆D, CWD,−NL − FU(t)NU

)
f‖x0‖(r0)dr0

LTE− U : p̂DSU,MAP (λD, λU , λL) =

∫ ∞
0

HMAP

(
∆D, CWD,−NL − FD(t)ND(r0)− FU(t)NU

)
f‖x0‖(r0)dr0

LAA with SR : p̂DSU,MAP (λD, λU , λL) =

∫ ∞
0

HMAP

(
∆D, CWD,−FL(t)NL − FU(t)NU

)
f‖x0‖(r0)dr0

LAA : p̂DSU,MAP (λD, λU , λL) =

∫ ∞
0

HMAP

(
∆D, CWD,−FL(t)NL − FD(t)ND(r0)− FU(t)NU

)
f‖x0‖(r0)dr0

(3.9)
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Table 3.3: Parameters of p
z/z0
1,MAP

LTE-U LAA
N11(t) = FU (t)

(
−NU (z0,Γcs, Rcs) + CU (z, z0)

)
+FD(t)

(
−ND + CD(z − z0)

)
−NL + CL(z − z0)

N11(t) = FU (t)
(
−NU (z0,Γcs, Rcs) + CU (z, z0)

)
+FD(t)

(
−ND + CD(z − z0)

)
+ FL(t)CL(z − z0)

N12(t′) = −FD(t′)ND − FU (t′)NU (z,Γcs, Rcs) N12(t′) = −FD(t′)ND − FU (t′)NU (z,Γcs, Rcs)− FL(t′)NL

N13(t) = −FD(t)ND − FU (t)NU (z0,Γcs, Rcs)

Table 3.4: Timers Distributions For VO and BE Traffic

Voice (VO) Traffic Best Effort (BE) Traffic

Ft
V O

(tV O ) =
tV O

3
∀ 0 ≤ tV O ≤ 3 Ft

BE
(tBE ) =

tBE − 2

15
∀ 2 ≤ tBE ≤ 17

Ft
V O

(t
BE

) =

{ tBE

3
∀ 2 ≤ tBE ≤ 3

1 ∀ 3 ≤ tBE ≤ 17
Ft

BE
(tV O ) =

tV O − 2

15
∀ 2 ≤ tV O ≤ 3

Then by de-conditioning over r0 we get the expression in Lemma 1. Note that
the MAP in case of LAA can be proved in a similar manner. Rcs can be obtained
by setting NU = πR2

cs [32].�

Remark. The expression of FD(t) and FU(t) depend on the relation between t
and each of tDj and tUp . It depends on the type of traffic transmitted by the Wi-Fi
users and the APs. Given two types of traffic which are voice (VO) and best
effort (BE) traffic with related channel access parameters as described earlier in
section 3.1.3. The expressions of FD(t) and FU(t) can be computed using Table
3.4 for all combinations of considered traffic in the UL and the DL.

Similarly, for Wi-Fi DL, the MAPs of the tagged AP in of presence
/

absence
of SR technique can be derived as in (3.9). Furthermore, in the case of LAA, the
MAP of the tagged eNB is shown in (3.10). Based on the system parameters in
Table 4.21, we show in Fig. 3.1 the MAP of various types of traffic versus the
variation of the density of Wi-Fi APs, Wi-Fi users and LTE eNBs. The density
of Wi-Fi users is considered to be equal to that of APs. By inspecting Fig. 3.1
(a), (b), and (c), we can see that the highest MAP is achieved when WiFi users
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Figure 3.1: MAP for Wi-Fi user with LTE-U (τ=1) in case of (a) VO/VO Traffic (b)
VO/BE Traffic (c) BE/VO Traffic, Wi-Fi user (d) with LAA in case of VO/VO

Traffic, Wi-Fi AP (VO/VO Traffic) with LAA (e) using spatial reuse technique (f)
without spatial reuse technique.
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carry VO traffic where as APs carry BE traffic. On the other hand, the worst
performance is achieved when Wi-Fi users carry BE traffic while APs carry VO
traffic. Also, by inspecting Fig. 3.1 (a) and (d), we can see that LAA allows for
better performance than LTE-U with τ=1. Finally, by analyzing Fig. 3.1 (e) and
(f), we realize that the SR technique leads to a remarkable improvement in the
MAP of a Wi-Fi AP when coexisting with other Wi-Fi APs, Wi-Fi users, and
LAA.

3.2.2 SINR Coverage Probability

SINR Coverage Probability of Typical Wi-Fi AP in the UL

The medium access indicator for each LTE eNB is equal to one because LTE
eNBs transmit continuously.

Corollary 1. Conditioned on the fact that the tagged Wi-Fi user z0 = (r0, 0) is
retained by the CSMA/CA scheme when operating in EDCA mode, the probability
for another Wi-Fi user z ∈ ΦU ∩Bc(z0, r0) operating in EDCA mode to transmit:

p
z/z0
1,MAP =

HN

(
z, z0,Γcs/PU ,∆U , CWU ,∆U , CWU , N11(t), N12(t′)

)
HD

(
z − z0,Γcs/PU ,∆U , CWU , FU(t), N13(t)

) (3.12)

Where N11(t), N12(t), N13(t) in case of LTE-U and LAA are provided in Table
3.3. Note that Corollary 1 is also the same in case of presence

/
absence of spatial

reuse technique.

Proof For every UL Wi-Fi user zn ∈ ΦU∩Bc(z0, Rcs), given that the tagged
user located at z0 = (r0, 0) and associated to AP w0, the conditional MAP is
derived as in 3.35

P
[
eUn = 1

∣∣eU0 = 1, z0 = (r0, 0), zn ∈ ΦU

] (a)
=

Pzn,z0ΦU

[
êUn = 1, êU0 = 1

]
Pzn,z0ΦU

[
êU0 = 1

] (b)
=

EznΦU
[
êUn ê

U
0

]
EznΦU

[
êU0
] (3.13)

where (a) follows from re-writing z0 = (r0, 0) as z0 ∈ ΦU ,ΦU(Bo(z0, Rcs)) = 0.
Then by using Bayes rule and de-conditioning on ΦU(Bo(z0, Rcs)) = 0. Step
(b) follows from slivnyak′s theorem. The modified access indicators for z0 and
zn are shown in (3.14). Therefore, the denominator Ezn

ΦU
[êU0 ] in (4.26) is given

by (3.15) where (a) follows from slivnyak′s theorem and from setting tU0 = t.
Then by deconditioning on t and using the P.G.FL of PPP. Next, the numerator
EznΦU (êUn ê

U
0 ) can be calculated using (3.16). �

êUn =
∏

xj∈ΦD

(
1tDj ≥tUn + 1tDj <t

U
n
1GDUjn /l(‖xj−zn‖)≤Γcs/PD

) ∏
ym∈ΦL

(
1GLUmn/l(‖ym−zn‖)≤Γed/PL

) ∏
zp∈(ΦU∩Bc(z0,Rcs)+δz0 )\{zn}

(
1tUp ≥tUn + 1tUp <t

U
n
1GUpn/l(‖zp−zn‖)≤Γcs/PU

)

êU0 =
∏

xj∈ΦD

(
1tDj ≥tU0 + 1tDj <t

U
0
1GDUj0 /l(‖xj−z0‖)≤Γcs/PD

) ∏
ym∈ΦL

(
1GLUm0/l(‖ym−z0‖)≤Γed/PL

) ∏
zp∈ΦU∩Bc(z0,Rcs)

(
1tUp ≥tU0 + 1tUp <t

U
0
1GUp0/l(‖zp−z0‖)≤Γcs/PU

)
(3.14)

21



Table 3.5: Parameters of p
x/z0
1,MAP

LTE-U (With SR) LAA (With SR)
N21(t) = FU (t)

(
−NU (z0,Γcs, Rcs) + CU (x, z0)

)
−FD(t)ND −NL + CL(x− z0)

N21(t) = FU (t)
(
−NU (z0,Γcs, Rcs) + CU (x, z0)

)
−FD(t)ND + FL(t)CL(x− z0)

N22(t′) = −FU (t′)NU (x,Γcs, Rcs) N22(t′) = −FU (t′)NU (x,Γcs, Rcs)− FL(t′)NL
N23(t) = −FD(t)ND − FU (t)NU (z0,Γcs, Rcs)

LTE-U (Without SR) LAA (Without SR)
N21(t) = FU (t)

(
−NU (z0,Γcs, Rcs) + CU (x, z0)

)
+FD(t)

(
−ND + CD(x− z0)

)
−NL + CL(x− z0)

N21(t) = FU (t)
(
−NU (z0,Γcs, Rcs) + CU (x, z0)

)
+FD(t)

(
−ND + CD(x− z0)

)
+ FL(t)CL(x− z0)

N22(t′) = −FD(t′)ND − FU (t′)NU (x,Γcs, Rcs) N22(t′) = −FD(t′)ND − FU (t′)NU (x,Γcs, Rcs)− FL(t′)NL

N23(t) = −FD(t)ND − FU (t)NU (z0,Γcs, Rcs)

Table 3.6: Parameters of p
y/z0
1,MAP

N31(t) = FU (t)
(
−NU (z0,Γcs, Rcs) + CU (y, z0)

)
+ FD(t)

(
−ND + CD(y − z0)

)
+ FL(t)

(
−NL + CL(y − z0)

)
N32(t′) = −FD(t′)ND − FU (t′)NU (y,Γcs, Rcs)− FL(t′)NL

N33(t) = −FD(t)ND − FU (t)NU (z0,Γcs, Rcs)− FL(t)NL

EznΦU

[ ∏
xj∈ΦD

(
1tDj ≥tU0 + 1tDj <t

U
0
1GDUj0 /l(‖xj−z0‖)≤Γcs/PD

) ∏
ym∈ΦL

(
1GLUm0/l(‖ym−z0‖)≤Γed/PL

) ∏
zp∈ΦU∩Bc(z0,Rcs)

(
1tUp ≥tU0 + 1tUp <t

U
0
1GUp0/l(‖zp−z0‖)≤Γcs/PU

)]
(a)
=

1

CWU

∫ ∆U+CWU

∆U

(
1− FU(t)exp

(
− µΓcs

PU
l(‖zp − z0‖)

))
exp

(
−NL − FD(t)ND − FU(t)NU(z0,Γcs, Rcs)

)
dt

(3.15)

EznΦU
[
êUn ê

U
0

]
= E

[ ∏
xj∈ΦD

(
1tDj ≥tUn + 1tDj <t

U
n
1GDUjn /l(‖xj−zn‖)≤Γcs/PD

)(
1tDj ≥tU0 + 1tDj <t

U
0
1GDUj0 /l(‖xj−z0‖)≤Γcs/PD

)
∏

ym∈ΦL

(
1GLUmn/l(‖ym−zn‖)≤Γed/PL

)(
1GLUm0/l(‖ym−z0‖)≤Γed/PL

) ∏
zp∈(ΦU∩Bc(z0,Rcs)+δz0 )

(
1tUp ≥tUn + 1tUp <t

U
n
1GUpn/l(‖zp−zn‖)≤Γcs/PU

)
∏

zp∈(ΦU∩Bc(z0,Rcs)+δzn )

(
1tUp ≥tU0 + 1tUp <t

U
0
1GUp0/l(‖zp−z0‖)≤Γcs/PU

)/
tU0 = t, tUn = t′

]
=

1− exp

(
− µΓcs

PU
l(‖zn − z0‖)

)
CW 2

U

∫ ∆U+CWU

∆U

∫ ∆U+CWU

∆U

exp

(
− FD(t′)ND − FU(t′)NU(zn,Γcs, Rcs) + FU(t)

(
−NU(z0,Γcs, Rcs) + CU(zn, z0)

)
+ FD(t)

(
−ND + CD(zn − z0)

)
− 2NL + CL(zn − z0)

)
dtdt′

(3.16)

Similarly, conditioned on the fact that the tagged Wi-Fi user z0 = (r0, 0)

is retained by the CSMA/CA scheme, the probability p
x/z0
1,MAP for a Wi-Fi AP

P[SINRU0 > T |z0 = (r0, 0), eU0 = 1]

= P
[

PUG
UD
0,0 /l(‖z0‖)∑

zp∈ΦU\{z0}

PUG
UD
p,0 e

U
p /l(‖zp‖) +

∑
xj∈ΦD

PDG
D
j,0e

D
j /l(‖xj‖) +

∑
ym∈ΦL

PLG
LD
m,0e

L
m/l(‖ym‖) + σ2

N

> T
∣∣z0 = (r0, 0), eU0 = 1

]
(a)
= P

[
PUG

UD
0,0 /l(‖z0‖)∑

zp∈ΦU\{z0}

PUG
UD
p,0 e

U
p /l(‖zp‖) +

∑
xj∈ΦD

PDG
D
j,0e

D
j /l(‖xj‖) +

∑
ym∈ΦL

PLG
LD
m,0e

L
m/l(‖ym‖) + σ2

N

> T |z0 ∈ ΦU ,ΦU(Bo(z0, Rcs)) = 0, eU0 = 1

]

(b)
= P

[
PUG

UD
0,0 /l(‖z0‖)∑

zp∈ΦU∩Bc(z0,Rcs)

PUG
UD
p,0 ê

U
p /l(‖zp‖) +

∑
xj∈ΦD

PDG
D
j,0ê

D
j /l(‖xj‖) +

∑
ym∈ΦL

PLG
LD
m,0ê

L
m/l(‖ym‖) + σ2

N

> T
∣∣êU0 = 1

]
(c)
≈ E

[
exp

(
− µT l(‖r0‖)

∑
xj∈ΦD

PD
PU

GD
j,0ê

D
j /l(‖xj‖)

)∣∣∣∣êU0 = 1

]
× E

[
exp

(
− µT l(‖r0‖)

σ2
N

PU

)]
×E
[
exp

(
− µT l(‖r0‖)

∑
zp∈ΦU∩Bc(z0,Rcs)

GUD
p,0 ê

U
p /l(‖zp‖)

)∣∣∣∣êU0 = 1

]
× E

[
exp

(
− µT l(‖r0‖)

∑
ym∈ΦL

PL
PU

GLD
m,0/l(‖ym‖)

)∣∣∣∣êU0 = 1

]
(3.17)
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x ∈ ΦD and p
y/z0
1,MAP for a LAA eNB y ∈ ΦL to transmit are derived as follows:

p
x/z0
1,MAP =

HN

(
x, z0,Γcs/PD,∆D, CWD,∆U , CWU , N21(t), N22(t′)

)
HD

(
x− z0,Γcs/PD,∆U , CWU , FD(t), N23(t)

)
p
y/z0
1,MAP =

HN

(
y, z0,Γed/PL,∆L, CWL,∆U , CWU , N31(t), N32(t′)

)
HD

(
y − z0,Γed/PL,∆U , CWU , FL(t), N33(t)

) (3.18)

Where N21(t), N22(t), N23(t) in case of LTE-U and LAA with
/

without spatial re-
use (SR) technique are provided in Table 3.5. Similarly those of N31(t), N32(t),

and N33(t) are provided in Table 3.6. Note that in case of LTE-U, p
y/z0
1,MAP is equal

to τ and that p
x/z0
1,MAP and p

y/z0
1,MAP (in case of LAA) can be proved in a similar

manner to Corollary 1. Based on the above, the SINR coverage of the typical
Wi-Fi user p̂USINR,SU (T, λD, λU , λL) is obtained in Lemma 2.

Lemma 2. Given the tagged Wi-Fi user is located at z0 = (r0, 0), during SU
operation mode, the SINR coverage probability of the typical Wi-Fi AP with SINR
threshold T in the UL is approximated as in (3.11).

Proof The conditional SINR coverage of the typical Wi-Fi AP is derived
as in (3.17) where (a) follows from Bayes rule by re-writing z0 = (r0, 0) as
z0 ∈ ΦU ,ΦU(Bo(z0, Rcs)) = 0. Step (b) follows from slivnyak′s theorem and de-
conditioning on ΦU(Bo(z0, Rcs)) = 0. The conditional probabilities that Wi-Fi
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Figure 3.2: SINR coverage for typical Wi-Fi AP when
coexisting with LAA in case of voice traffic.
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Figure 3.3: SINR coverage for (a) typical WiFi user when coexisting with LTE, (b) typical
LTE LAA UE in case of voice traffic
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Table 3.7: Parameters of p
z/x0
1,MAP

LTE-U (With SR) LAA (With SR)
N41(t) = FU (t)

(
−NU + CU (z − x0)

)
−NL + CL(z − x0)

)
N41(t) = FU (t)

(
−NU + CU (z − x0)

)
+ FL(t)CL(z − x0)

N42(t′) = −FU (t′)NU − FD(t′)ND(r0) N42(t′) = −FU (t′)NU − FD(t′)ND(r0)− FL(t′)NL
N43(t) = −FU (t)NU

LTE-U (Without SR) LAA (Without SR)
N41(t) = FU (t)

(
−NU + CU (z − x0)

))
+FD(t)

(
−ND(r0) + CD(z, x0)

)
−NL + CL(z − x0)

N41(t) = FU (t)
(
−NU + CU (z − x0)

)
+FD(t)

(
−ND(r0) + CD(z, x0)

)
+ FL(t)CL(z − x0)

N42(t′) = −FU (t′)NU − FD(t′)ND(r0) N42(t′) = −FU (t′)NU − FD(t′)ND(r0)− FL(t′)NL
N43(t) = −FD(t)ND(x0)− FU (t)NU

user zn ∈ ΦU∩Bc(z0, Rcs), Wi-Fi AP xj ∈ ΦD, and LAA eNB ym ∈ ΦL transmit
were derived in 3.12, and 3.18 respectively. Step (c) follows from the fact that
channels are Rayleigh fading channels and from the assumption that interference
from LTE and Wi-Fi is independent. Finally (3.11) can be derived by approxi-
mating the law of interfering APs

/
users

/
eNBs as a non-homogeneous PPP with

intensity λDp
x/z0
1,MAP

/
λUp

z/z0
1,MAP

/
λLp

y/z0
1,MAP (in case of LAA) and by deconditioning

on r0.�
Note that the first, second, and third terms in (3.11) result from noise, LTE and

Table 3.8: Parameters of p
x/x0
1,MAP

LTE-U (With SR) LAA (With SR)
N51(t) = FU (t)

(
−NU + CU (x− x0)

)
−NL + CL(x− x0)

)
N51(t) = FU (t)

(
−NU + CU (x− x0)

)
+ FL(t)CL(x− x0)

N52(t′) = −FU (t′)NU N52(t′) = −FU (t′)NU − FL(t′)NL
N53(t) = −FU (t)NU

LTE-U (Without SR) LAA (Without SR)
N51(t) = FU (t)

(
−NU + CU (x− x0)

)
+FD(t)

(
−ND(r0) + CD(x, x0)

)
−NL + CL(x− x0)

N51(t) = FU (t)
(
−NU + CU (x− x0)

)
+FD(t)

(
−ND(r0) + CD(x, x0)

)
+ FL(t)CL(x− x0)

N52(t′) = −FU (t′)NU − FD(t′)ND(r0) N52(t′) = −FU (t′)NU − FD(t′)ND(r0)− FL(t′)NL
N53(t) = −FD(t)ND(x0)− FU (t)NU

Wi-Fi APs interference respectively where as the fourth term results from other
interfering Wi-Fi users. Based on the parameters in Table 4.21, we show in Fig.
3.2 the SINR coverage probability of the typical Wi-Fi AP in the UL under dif-
ferent LTE eNB, Wi-Fi user and Wi-Fi AP densities. In the last section (section
4.2.2), we consider a detailed analysis of various scenarios, however, for validation
purposes only, we consider in this case that LTE uses LAA mechanism and that
Wi-Fi AP, users, and LTE eNBs carry VO traffic. The simulation results are
obtained from the definition of SINR in (3.1). It can be observed from Fig. 3.2
that the approximation in Lemma 2 gives an accurate estimation of the actual
SINR coverage. In addition, we can see that without the coexistence of LAA

Table 3.9: Parameters of p
y/x0
1,MAP

With SR Without SR
N61(t) = FU (t)

(
−NU + CU (y − x0) + FL(t)

(
−NL

)
+CL(y − x0)

) N61(t) = FU (t)
(
−NU + CU (y − x0)

)
+ FD(t)

(
−ND(r0)

+CD(y, x0)
)

+ FL(t)
(
−NL + CL(y − x0)

)
N62(t′) = −FU (t′)NU − FL(t′)NL N62(t′) = −FU (t′)NU − FD(t′)ND(r0)− FL(t′)NL
N63(t) = −FU (t)NU − FL(t)NL N63(t) = −FD(t)ND(r0)− FU (t)NU − FL(t)NL
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eNBs (λL = 0), the SINR performance of Wi-Fi APs due to UL transmissions by
users operating in SU mode is affected by the coexisting DL AP transmissions
especially in the low SINR threshold regime (less than 0 dB).

SINR Coverage Probability of Typical Wi-Fi user in the DL Under SU
Mode

Conditioned on the fact that the tagged Wi-Fi AP x0 = (r0, 0) is retained by

the CSMA/CA scheme, the probabilities p
z/x0

1,MAP for a Wi-Fi user z ∈ ΦU , p
x/x0

1,MAP

for a Wi-Fi AP x ∈ ΦD∩Bc(r0, 0), and p
y/x0

1,MAP for a LAA eNB y ∈ ΦL to transmit are
derived as follows:

p
z/x0

1,MAP =
HN

(
z, x0,Γcs/PU ,∆U , CWU ,∆D, CWD, N41(t), N42(t′)

)
HD

(
z − x0,Γcs/PU ,∆D, CWD, FU(t), N43(t)

)
p
x/x0

1,MAP =
HN

(
x, x0,Γcs/PD,∆D, CWD,∆D, CWD, N51(t), N52(t′)

)
HD

(
x− x0,Γcs/PD,∆D, CWD, FD(t), N53(t)

)
p
y/x0

1,MAP =
HN

(
y, x0,Γed/PL,∆L, CWL,∆D, CWD, N61(t), N62(t′)

)
HD

(
y − x0,Γed/PL,∆D, CWD, FL(t), N63(t)

)
(3.20)

WhereN41(t), N42(t), N43(t), N51(t), N52(t), andN53(t) in case of LTE-U and LAA
with

/
without SR technique are provided in Tables 3.7 and 3.8. Similarly those

of N61(t), N62(t), and N63(t) with
/

without SR technique are provided in Table
3.9. The proofs can be derived in a similar way to corollary 1, thus we omit the
detailed proofs. Hence, given the tagged Wi-Fi AP is located at x0 = (r0, 0),
the SINR coverage probability of the typical Wi-Fi user with SINR threshold T
under SU mode is approximated as in (3.19). Note that (3.19) can be derived by
approximating the law of interfering Wi-Fi user

/
AP processes as non-homogenous

PPP with intensity λUp
z/x0

1,MAP/λDp
x/x0

1,MAP/λLp
y/x0

1,MAP . The SINR performance of
the typical Wi-Fi user in the DL is shown in Fig. 3.3 where it is evaluated using
both simulation and analytical results from (3.19). From Fig. 3.3 we can see
that the accuracy of (3.19) is validated. First, we can see in Fig. 3.3 (a) that,
during the DL, in the absence of co-existing LTE network, the SINR performance
of the typical Wi-Fi user is affected by UL transmissions especially in the low
SINR threshold regime. However, when LTE eNBs coexist with Wi-Fi, the SINR
performance of the typical Wi-Fi user is severely degraded.

p̂DSINR,SU (T, λD, λU , λL) ≈∫ ∞
0

exp

(
−µT l(r0)

σ2
N

PD

)
exp

(
−
∫
R2

T l(r0)λLp
y/x0

1,MAP

PD
PL

l(‖x‖) + T l(r0)
dx

)
exp

(
−
∫
R2\B(0,r0)

T l(r0)λDp
x/x0

1,MAP

l(‖x‖) + T l(r0)
dx

)
exp

(
−
∫
R2

T l(r0)λUp
z/x0

1,MAP

PD
PU

l(‖x‖) + T l(r0)
dx

)
f‖x0‖(r0)dr0

(3.19)
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Table 3.10: Parameters of p
x/y0
1,MAP

With SR Without SR
N91(t) = FU (t)

(
−NU + CU (x− y0)

)
+ FL(t)

(
−NL(y0)

+CL(x, y0)
)
− FD(t)ND

) N91(t) = FU (t)
(
−NU + CU (x− y0)

)
+ FL(t)

(
−NL(y0)

+CL(x, y0)
)

+ FD(t)
(
−ND + CD(x− y0)

)
N92(t′) = −FU (t′)NU − FL(t′)NL(y0) N92(t′) = −FU (t′)NU − FL(t′)NL(y0)− FD(t′)ND
N93(t) = −FU (t)NU − FL(t)NL N93(t) = −FL(t)NL(y0)− FU (t)NU − FD(t)ND

SINR Coverage Probability of Typical UE

In case of LTE-U, given that the tagged eNB y0 = (r0, 0) transmits, we treat the
medium access indicators of each Wi-Fi user/AP as independent retain indicator.
Hence, the modified MAP of the typical Wi-Fi user z and typical Wi-Fi AP x in
SU mode operation are given by:

p
z/y0

1,MAP =
1

CWU

∫ CWU+∆U

∆U

exp
(
−NL(z, r0)− FD(t)ND − FU(t)NU

)
dt

p
x/y0

1,MAP =
1

CWD

∫ CWD+∆D

∆D

exp
(
−NL(x, r0)− FD(t)ND − FU(t)NU

)
dt

(3.22)

On the other hand, in case of LAA, we derive in the following corollaries, the
conditional MAP of each Wi-Fi user

/
AP
/

eNB given that the tagged eNB y0 =
(r0, 0) transmits. Conditioned on the fact that the tagged Wi-Fi AP y0 = (r0, 0) is

retained by the CSMA/CA scheme, the probabilities p
z/y0

1,MAP for a Wi-Fi user z ∈
ΦU , p

x/y0

1,MAP for a Wi-Fi AP x ∈ ΦD, and p
y/y0

1,MAP for a LAA eNB y ∈ ΦL∩Bc(r0, 0)
to transmit are derived as:

p
z/y0

1,MAP =
HN

(
z, y0,ΓL/PU ,∆U , CWU ,∆L, CWL, N71(t), N72(t′)

)
HD

(
z − y0,ΓL/PU ,∆L, CWL, FU(t), N73(t)

)
p
y/y0

1,MAP =
HN

(
y, y0,ΓL/PL,∆L, CWL,∆L, CWL, N81(t), N82(t′)

)
HD

(
y − y0,ΓL/PL,∆L, CWL, FL(t), N83(t)

)
p
x/y0

1,MAP =
HN

(
x, y0,ΓL/PD,∆D, CWD,∆L, CWL, N91(t), N92(t′)

)
HD

(
x− y0,ΓL/PD,∆L, CWL, FD(t), N93(t)

)
(3.23)

Where N71(t), N72(t), N73(t), N81(t), N82(t), and N83(t) are provided in Tables
3.11. Similarly those of N91(t), N92(t), and N93(t) with

/
without SR technique are

provided in Table 3.10. The proofs can be derived in a similar way to Corollary
1. Thus, given that the tagged eNB is located at y0 = (r0, 0), the SINR coverage
probability of the typical UE with SINR threshold T is approximated as in (3.21).
Fig. 3.3 (b) shows the SINR coverage probability of the typical LTE UE using

both simulation and analytical result from (3.21) where we can see that the accu-
racy of (3.21) is validated. In this case, we consider LAA just for demonstration

p̂LSINR (T, λD, λU , λL) ≈
∫ ∞

0

p̂L1 (r0, T, λU , λD, λL)× f‖y0‖(r0)dr0 where p̂L1 (r0, T, λU , λD, λL) =

exp

(
−µT l(r0)

σ2
N

PL

)
exp

(
−
∫
R2\B(0,r0)

T l(r0)λLp
y/y0

1,MAP

l(‖x‖) + T l(r0)
dx

)
exp

(
−
∫
R2

T l(r0)λDp
x/y0

1,MAP

PD
PU

l(‖y‖) + T l(r0)
dy

)
exp

(
−
∫
R2

T l(r0)λUp
z/y0

1,MAP

PL
PU

l(‖z‖) + T l(r0)
dz

)

(3.21)
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Table 3.11: Parameters of p
z/y0
1,MAP and p

y/y0
1,MAP

N71(t) = FU (t)
(
−NU + CU (z − y0)

)
+ FD(t)

(
−ND(r0) + CD(z − y0)

)
+ FL(t)CL(z, y0)

N72(t′) = −FU (t′)NU − FL(t′)NL(y)− FD(t′)ND
N73(t) = −FL(t)NL(y)− FU (t)NU

N81(t) = FU (t)
(
−NU + CU (y − y0)

)
+ FL(t)

(
−NL(x) + CL(y, y0)

)
+ FD(t)CD(y − y0)

N82(t′) = −FU (t′)NU − FL(t′)NL(x)− FD(t′)ND
N83(t) = −FL(t)NL(x)− FU (t)NU

purposes where we can observe from Fig. 3.3 (b), that the SINR performance of
the typical LTE UE is better when the density of LTE eNBs increase or when
the density of Wi-Fi APs (and/or Wi-Fi users) decrease where the upper bound
of SINR coverage is given when λD = 0 and λU = 0.

3.3 Analysis of LTE-U and LAA With IEEE

802.11ax Wi-Fi DL and UL For MU Op-

eration Mode

In both cases UL and DL MU operation mode, the AP will initially contend using
EDCA parameters for channel access as in the case of SU mode. In this analysis
we consider that we either have MU DL transmissions or MU UL transmissions
for operator 1. Whereas operator 2 may be either LTE (LTE-U or LAA) or Wi-
Fi SU mode as a baseline scenario. Based on that, by assuming that APs are
associated with MU DL traffic or MU UL traffic, we derive the MAP of an AP
in the MU mode as follows in presence

/
absence of SR technique:

p̂DMU,MAP (λD, λL) = p̂DSU,MAP (λD, λU = 0, λL) (3.24)

Furthermore, given that the tagged Wi-Fi AP is located at x0 = (r0, 0), during MU
mode, the SINR coverage probability of the typical Wi-Fi user with SINR thresh-
old T in the DL is:

p̂DSINR,MU (T, λD, λL) = p̂DSINR,SU (T, λD, λU = 0, λL) (3.25)

Where p
x/x0

1,MAP and p
y/x0

1,MAP used to calculate p̂DSINR,SU (T, λD, λU = 0, λL) in case

of presence
/

absence of SR technique were already derived in section 3.2.2.
On the other hand, in case of simultaneous UL transmissions in MU mode,

the AP first sends a trigger frame to the users assigning them corresponding
RU grants. Then, users may operate based on two different trigger-based access
schemes. The first one is the trigger-based deterministic access (TR-DA) in which
the user will transmit directly on the allocated RUs. Thus, in the TR-DA, the
MAP of a user in the UL is:

p̂UMU,MAP (λD, λU , λL) = p̂DSU,MAP (λD, λL)× PDA (3.26)

Where PDA is the average probability that a user is selected to be scheduled on a
particular RU. We assume that the AP uniformly schedules a user on a particular
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RU. Thus, in case that the number of nodes k + 1 in a certain BSS is smaller
than or equal the available number of channels NRU , the probability for a node
to be scheduled by an AP is equal to one. On the other hand, when the number
of nodes k + 1 is larger than NRU , the probability for a node to be scheduled by

an AP is equal to
NRU

k + 1
. Therefore, according to [52], PDA can be computed as

follows:

PDA =
exp(−NU)

NU

[
NRU

(
exp(NU)− 1

)
−

NRU∑
k=1

(NRU − k)(NU)k

k!

]
(3.27)

In addition, given that the tagged Wi-Fi user is located at z0 = (r0, 0), during MU
mode, the SINR coverage probability of the typical Wi-Fi AP with SINR thresh-
old T in the UL is:

p̂USINR,MU (T, λD, λU , λL) = p̂USINR,SU

(
T, λD, λ

MU

U , λL

)
(3.28)

Where λ
MU

U = λU×p̂UMU,MAP (λD, λU , λL) .

Also, when computing p̂USINR,SU

(
T, λD, λ

MU

U , λL

)
, p

z/z0
1,MAP is equal to one in this

case. In addition, p
y/z0
1,MAP is equal to one in case of LTE-U while p

x/z0
1,MAP and

p
y/z0
1,MAP (in case of LAA) can be derived as follows:

p
x/z0
1,MAP =

1

CWD

∫ CWD+∆D

∆D

exp
(
−NL −NU − FD(t)ND

)
dt

p
y/z0
1,MAP =

1

CWL

∫ CWL+∆L

∆L

exp
(
− FD(t)ND −NU − FL(t)NL

)
dt

(3.29)

The second scheme is the trigger-based random access (TR-RA) mechanism
where users will contend for channel access on the assigned set of RUs where
we assume in this case that a user selects a particular RU uniformly. Hence, if
the AP assigns NRU to users, and after the user contends and wins access to the
channel, each user will select a particular RU with probability PRA in order to
transmit its data to the AP. Thus, in the TR-RA, the MAP of a user in the UL
is:

p̂UMU,MAP (λD, λU , λL) = p̂DSU,MAP (λD, λL)× p̂USU,MAP (λD, λL)× PRA (3.30)

where PRA is the average probability that a user uniquely selects a particular RU
that is not selected by any other user. Hence, given that the number of users is k in
a certain BSS and that the assigned number of channels is NRU , the probability
that the first user to select a random RU is 1. Then the probability that the

second node will select a different RU out of NRU is
NRU − 1

NRU

. Furthermore the

probability for the kth node to uniquely select a particular RU that is not selected

by any other user is
NRU − k + 1

NRU

. Therefore, by generalizing the above, PRA can
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be derived as follows:

PRA =

NRU∑
k=1

NRU !(NU)k

(NRU)k(NRU − k)!

exp(−NU)

k!
=

NRU !

exp(NU)

NRU∑
k=1

(
NU
NRU

)k
k!(NRU − k)!

(3.31)

Furthermore, given that the tagged Wi-Fi user is located at z0 = (r0, 0), during MU
operation mode, the SINR coverage probability of the typical Wi-Fi AP with
SINR threshold T in the UL when using trigger-based random access, we have:

p̂USINR,MU (T, λD, λU , λL) = p̂USINR,SU

(
T, λD, λ

MU

U , λL

)
(3.32)

Where λ
MU

U = λU×p̂UMU,MAP (λD, λU , λL).

Also, p
x/z0
1,MAP , p

y/z0
1,MAP , and p

z/z0
1,MAP which were derived in section 3.2.2 can be used

to compute p̂USINR,SU(T, ηλD, λ
MU

U , λL) in this case.

3.4 Throughput and DST Analysis For LTE-U

With IEEE 802.11ax Wi-Fi

3.4.1 LTE-U with Synchronous Muting Pattern

When LTE adopts discontinuous transmission with synchronous muting pattern,
all LTE-U eNBs will transmit and mute at the same time. Based on this, we
use the definition of the DST and Shannon throughput probability in (3.2) and
(3.3) to derive the time averaged DST and Shannon throughput for the Wi-
Fi
/

LTE networks. Hence, given that LTE-U adopts a synchronous muting pat-
tern with duty cycle τ , the time-averaged DST with SINR threshold T for Wi-Fi
UL or DL and LTE-U are given by (3.33). In addition, when LTE-U adopts a
synchronous muting pattern with duty cycle τ , the time-averaged throughput
probability with rate threshold ρ for Wi-Fi UL and DL and LTE-U are given in

dXsuc(λD, λU , λL, T, τ) =

τNRUλX p̂
X
1,MAP (λU , λD, λL)p̂X1,SINR(T, λU , λD, λL) + (1− τ)NRUλU p̂

X
1,MAP (λU , λD, λL = 0)p̂X1,SINR(T, λU , λD, λL = 0)

dLsuc(λD, λU , λL, T, τ) = τλLp̂
L
1,SINR(T, λU , λD, λL) (3.33)

PX
1,throughput(λD, λU , λL, ρ, τ) ≈

τ p̂X1,SINR

(
2

ρNRU
Bp̂X

1,MAP
(λU ,λD,λL) − 1, λU , λD, λL

)
+ (1− τ)p̂X1,SINR

(
2

ρNRU
Bp̂X

1,MAP
(λU ,λD,λL=0) − 1, λU , λD, λL

)
PL

1,throughput(λD, λU , λL, ρ, τ) ≈ τ p̂L1,SINR

(
2

ρ
Bτ − 1, λU , λD, λL

)
(3.34)
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(3.34). Where X can be replaced by U or D to denote the UL or DL, respec-
tively. Furthermore, during the LTE-U on/off periods: The MAPs of the tagged
Wi-Fi user in the UL, tagged Wi-Fi AP in the DL, and tagged LTE-U eNB are
p̂U1,MAP (λD, λU , λL)

/
p̂U1,MAP (λD, λU , 0), p̂D1,MAP (λD, λU , λL)

/
p̂D1,MAP (λD, λU , 0), and

τ/(1−τ) respectively. Whereas the SINR coverage probabilities with threshold T
of the typical AP, typical Wi-Fi user, and typical LTE UE are p̂U1,SINR(T, λU , λD, λL)/
p̂U1,SINR(T, λU , λD, λL = 0), p̂D1,SINR(T, λU , λD, λL)

/
p̂D1,SINR(T, λU , λD , λL = 0),

and p̂L1,SINR(T, λU , λD, λL)
/
p̂L1,SINR(T, λU , λD, λL = 0) = 0.

3.4.2 LTE-U with Asynchronous Muting Pattern

When LTE-U utilize discontinuous transmission with asynchronous muting pat-
tern, each LTE-U eNB will transmit independently with probability τ at a given
time. Hence the interfering eNBs to the Wi-Fi network will be a PPP with inten-
sity τλL which results in the following: The MAP of the tagged Wi-Fi user and
the tagged Wi-Fi AP are p̂U1,MAP (λD, λU , τλL) and p̂D1,MAP (λD, λU , τλL) respec-
tively. Whereas, the SINR coverage probability with threshold T of the typical
AP and Wi-Fi user are p̂U1,SINR(T, λD, λU , τλL) and p̂D1,SINR(T, λD, λU , τλL) re-
spectively. Based on the above, the time-averaged DST with SINR threshold T
for Wi-Fi UL or DL is given by:

dX2,suc(λD, λU , λL, T, τ) = λUNRU p̂
X
1,MAP (λU , λD, τλL)p̂X1,SINR(T, λU , λD, τλL)

(3.35)
In addition, the time averaged throughput probability with threshold ρ for Wi-Fi
UL or Wi-Fi DL is given by:

PX
2,throughput(λD, λU , λL, ρ, τ) = p̂X1,SINR

(
2

ρNRU
Bp̂X

1,MAP
(λU ,λD,τλL) − 1, λU , λD, τλL

)
(3.36)

Where X can be replaced by U or D to denote the UL or DL, respectively. On the
other hand, for the LTE network, and by Slivnyak′s theorem, when the tagged
eNB transmit to the typical UE during a fraction τ of time, the interfering eNBs
will be a PPP with intensity τλL. Thus the time averaged DST of the LTE
network is given by:

dL2,suc(λD, λU , λL, T, τ) = λLτ

∫ ∞
0

p̂L1,SINR(r0, T, λU , λD, τλL)2πλLr0exp(−λLπr0
2)dr0

(3.37)
and the time averaged throughput probability is given by:

PL
2,throughput(λD, λU , λL, ρ, τ) =

∫ ∞
0

p̂L1,SINR(r0, 2
ρ
Bτ − 1, λU , λD, τλL)2πλLr0exp(−λLπr0

2)dr0

(3.38)
Where p̂L1,SINR(r0, T, λU , λD, τλL) was derived in (3.21).
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Figure 3.4: Analytical average DST and throughput probability of Wi-Fi UL when operator 2
is LTE-U in (a) and (d), LAA in (b) and (e), and baseline scenario in (c) and (f) respectively.

3.5 Performance Evaluation of Coexistence Sce-

narios With Simultaneous IEEE 802.11ax

Wi-Fi UL and DL

In this section, we study the performance of the IEEE 802.11ax Wi-Fi with SU
and MU operation modes when coexisting with LTE in the unlicensed band.
Three scenarios were considered for two operators where in scenario 1 we have
LTE-U (operator 1) + Wi-Fi (operator 2), scenario 2 is LAA (operator 1) +
Wi-Fi (operator 2) and scenario 3 is the baseline scenario where we have Wi-Fi
(operator 1) + Wi-Fi (operator 2). We focus mainly on dense network deploy-
ment. Hence, we choose λD = 400 APs/km2, λL = 400 eNBs/km2 and λU = 400
users/km2. Based on the MAP and the SINR coverage probability, we analyze
the performance of the coexistence scenarios using the DST and the throughput
that were derived in the previous sections. We start first by analyzing the co-
existence of the IEEE 802.11ax WiFi with LTE in the case of SU mode where
we study the UL performance when WiFi users, APs, and LTE eNBs

/
Wi-Fi

APs transmissions co-exist. In this case, Wi-Fi users and APs will use EDCA
to access the channel. Fig. 3.4 shows the analytical time-averaged DST and
throughput probability for IEEE 802.11ax Wi-Fi UL in case of different traffic
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Figure 3.5: (a) Analytical average throughput probability for Wi-Fi DL and DST for (b)
Wi-Fi DL, (c) LTE DL in case of presence/absence of SR technique.

types for Wi-Fi UL
/

Wi-Fi DL
/

(LTE DL or Wi-Fi DL in case of baseline sce-
nario). From Fig. 3.4, we can see that in general both performance metrics follow
the same trend for a specific traffic type. Also, by inspecting Fig. 3.4 (c) and
(f), which correspond to the baseline scenario, we can see that, on average, the
DST and the throughput probability in case where Wi-Fi UL carries voice (VO)
traffic is better than the case of best effort (BE) traffic. Futhermore, the perfor-
mance is the best in case where UL carries higher priority traffic (VO/VO/BE).
Whereas, in the case where same traffic is carried (VO/VO/VO or BE/BE/BE),
the performance looks similar. Finally we can see that the worst performance
occurs when operator 2 carries higher priority traffic (BE/BE/VO). On the other
hand, in case of LAA (Fig. 3.4 (b) and (e)), we can see that when Wi-Fi UL
carries higher priority traffic than LAA (VO/VO/BE), the performance remains
approximately the same. However, the DST and throughput probability start
to increase when Wi-Fi UL carries same

/
lower priority traffic as LAA where

we have an increase in the performance metrics under study by 50% in case of
(VO/VO/VO)

/
(BE/BE/BE) and 100% in case of (BE/BE/VO). This can be

explained by the fact that Wi-Fi uses a more aggressive sensing threshold when
contending against other Wi-Fi transmissions compared to the case of of LAA
transmissions and hence less Wi-Fi nodes will access the channel. Finally, when
UL transmissions coexists with LTE-U, as shown in Fig. 3.4 (a) and (d), we can
see that the performance of Wi-Fi UL increase as τ (fraction of time that LTE
transmits) decrease. In particular, the best performance for UL is achieved when
LTE-U uses τ = 33.3% whereas the worst performance especially is achieved in
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Figure 3.6: (a) Analytical average DST and (b) throughput probability of MU DL.

case where τ = 100%, which is the case of conventional LTE with continuous
transmission and no protocol change. Also, compared to the baseline scenario,
we can see that when LTE-U uses τ = 33.3%, this is similar to the case where
operator 2 uses BE traffic (e.g. VO/VO/BE).
Next, we analyze the effect of the SR technique when used by the APs on the

performance of Wi-Fi DL in SU mode when coexisting with Wi-Fi UL and LTE
DL/WiFi DL (baseline scenario). We consider VO traffic carried over all links
where Fig. 3.5 (a) and (b) show that when Wi-Fi APs use the SR technique,
the average DST and throughput probability increase by 60% in the baseline
scenario whereas there is an increase by 40% in case of LAA or LTE-U with
τ = 50%. Also, we can see that the performance of Wi-Fi DL is better in case
of synchronous LTE-U than that of asynchronous LTE-U. On the other hand,
we can see from Fig. 3.5 (c), that the performance of LAA and LTE-U is not
degraded even when APs use the SR technique. Also, the performance of LTE-
U DL seems to be better in the case of asynchronous LTE-U than that of the
synchronous LTE-U transmissions. On the other hand, Fig. 3.6 shows the MU
Wi-Fi DL performance when operator 1 has only MU DL transmissions while
coexisting with operator 2 that may have LAA DL, LTE-U DL, or SU WiFi UL
(baseline scenario) transmissions. Also, we consider that all traffic is VO traffic.
NRU represents the number of subchannels that divides the total bandwidth B.
Hence, NRU = 1 corresponds to the SU case. By analyzing Fig. 3.6, we can see
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Figure 3.7: Analytical average DST and throughput probability of MU UL trigger-based
deterministic access (a)-(b) and trigger-based random access (c)-(d).

that in case of Wi-Fi MU DL, the average DST in the low SINR threshold regime
increases by 320% as NRU increases from 1 to 4 in case of baseline scenario and
250% in case of LAA or LTE-U (τ = 50%). This is can be explained by the fact
that we have NRU simultaneous transmissions at each AP. However, the increase
in DST is accompanied by an equivalent decrease in the average throughput of
each link where the total bandwidth of the channel is divided by NRU . As for the
case of MU UL, we study both TR-DA and TR-RA mechanisms as shown in Fig.
3.7. In particular, we consider that operator 1 has only MU UL transmissions
while coexisting with operator 2 that may have LAA DL or SU WiFi DL (base-
line scenario) transmissions. By analyzing Fig. 3.7 we can see that in terms of
the average DST and throughput probability, the performance of TR-DA is much
better than that of TR-RA. This is due to the fact that in case of random access
users will have to contend for channel access with other users. Also, we can see
that when operator 2 is LAA, the performance enhancement with the increase of
NRU is higher than that of the baseline scenario. On the other hand, in case of
prioritized AP (tDi uniformly distributed in the interval [0, 1] and corresponding
distributions can be derived in a similar manner to Table 3.4) where the IEEE
802.11ax AP that sends trigger frames will have faster access to the channel, we
can see that both the average DST and throughput of MU UL are enhanced as
compared to the case where the IEEE 802.11ax AP uses legacy EDCA parameters
to access the channel.
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3.6 Summary

In this chapter, we have presented and validated a framework based on stochastic
geometry to analyze the coexistence of overlaid LTE and IEEE 802.11ax Wi-
Fi networks. In particular, three coexistence mechanisms (LTE, LTE-U, and
LAA) in addition to the Wi-Fi baseline scenario were evaluated analytically and
numerically. Several performance metrics were utilized which are MAP, SINR
coverage probability, DST and Shannon throughput. Analysis shows that the
effect of the coexistence of LTE is not the same for all traffic types. In addition,
in most scenarios, LTE-U and LAA appear as a good neighbor to IEEE 802.11ax
when compared to the baseline scenario. Also, we showed that the SR technique
provides a boost in performance of IEEE 802.11ax transmissions. Finally, we
discussed the performance of different type of MU mode where we showed that
the trigger based deterministic access has the best performance.
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Chapter 4

Coexistence of LTE-LAA
Networks in the Unlicensed Band

In this chapter, we analyze the effect of channel access priorities as well as the
effect of the scaling the number of LTE operators sharing an unlicensed band on
the network performance in licensed assisted access.

4.1 LTE-LAA Coexistence: Effect of Channel

Access Priorities

In this section, we address the effect of channel access priorities on the network
performance of coexisting LAA networks. The contention window size utilized
in this protocol is mainly affected by the manufacturer choice and the associated
data traffic type. Therefore, particular network operators may target certain
traffic types, and hence use different contention window sizes. Given the serious
impact that this has on the performance of the corresponding networks, we make
use of stochastic geometry in this work to model and analyze the coexistence
of three LTE-LAA networks with persistent downlink transmissions and having
different contention window sizes.

4.1.1 System Model

In this section, we present the radio channel model. the propagation assumptions,
and the spatial location model of LTE eNBs, and LTE user equipments (UEs).
In addition, we present the channel access model for LTE and the corresponding
performance metrics under study.
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Radio Channel Model

We denote by l(d) the path loss between the transmitter and the receiver which
are separated by a distance d. We use here a common free space path loss model
with reference distance of one meter for both Wi-Fi and LTE links. Hence l(d)
is given by l(d) = ( 4π

Λc
)2dα where Λc represents the wavelength and α is the path-

loss exponent that depends on the scenario considered. For simplicity we ignore
the large scale shadowing effect. Also, we assume that channels are subject to
i.i.d Rayleigh fading where each fading variable is exponentially distributed with
parameter µ.

Spatial Location Model

We consider mainly a scenario in which we have four sets of eNBs that coexist
in a single unlicensed frequency band that has a bandwidth denoted by B. We
assume that each set of eNBs use LTE-LAA but with different channel access
priority class where the channel access parameters for classes A, B, C, and D are
shown in Table 4.21. The LTE-LAA eNBs are assumed to be low power small cell
(pico-cell or femto-cell) eNBs. We model the location of eNBs having traffic for
transmission and co-existing in the same band, as realizations of four independent
homogeneous Poisson point processes (PPP) on R2. The LTE eNB process for
each class is assumed to have persistent downlink traffic.

Denote by ΦA = {xj},ΦB = {wk},ΦC = {yn}, and ΦD = {zp} the LTE eNB
processes for LTE-LAA class A, B, C, and D with intensities λA, λB, λC , and
λD respectively. The receiving LTE UEs process are modeled as independent
homogeneous PPPs denoted as ΦA′ , ΦB′ , ΦC′ , and ΦD′ with intensities λA′ , λB′ ,
λC′ , and λD′ respectively.
Thus based on Slivnyak′s theorem [39], we analyze the performance of a typical
UE in the downlink that is assumed to be at the origin. It is worth mentioning
that the PPP assumption for eNBs is used for tractability as in [37] and that it
will have similar SINR trends with a fixed SINR gap compared to other more
accurate spatial models for cellular base stations (BSs) [66].
Each UE is associated with its closest eNB, which provides the strongest average
received power. Furthermore, index 0 is used for typical UE and its serving eNB
in the downlink which will be called the tagged eNB in the rest of the chapter.
The link between the typical UE and tagged eNB in the downlink is referred to
as the typical LTE link.
Given that each of ΦA, ΦB, ΦC , and ΦD is a PPP with intensities λA, λB, λC , and
λD respectively, the probability density function (PDF) of the distance from the
typical UE to the tagged eNB in the downlink is fR(r) = 2πrλXe

−λXπr2
where

λX = λA, λB, λC , or λD accordingly.
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Channel Access Model of LTE-LAA

3GPP in release 14 [49], presents a channel access procedure for LTE downlink
that is intended to be used by eNBs when accessing the channel in the unlicensed
band. This MAC protocol will prevent an LTE-LAA device using a shared un-
licensed spectrum to transmit on the channel when transmissions from other
devices are present.
In case of LAA downlink MAC protocol, the LAA eNB performs clear channel
assessment (CCA) procedure where the channel is observed initially for a defer
period to detect the presence of active transmitters for which the received signal
power exceeds a certain energy detection threshold level (TThresh). It is impor-
tant to note that in the 3GPP specifications [49], energy detection is implemented
based on total interference where each eNB will decide that the channel is busy
if the total interference exceeds the energy detection threshold. However, the
authors in [37] showed that when the eNBs have PPP distribution, the strongest
interferer model is a reasonable model that can be used instead of the total inter-
ference model in [49]. Thus, to facilitate the analysis, and since the eNBs form
a PPP, we adopt the method of energy detection based on the strongest inter-
ferer, as in [37], where a channel is determined busy if the intending transmitter
detects another LTE signal above TThresh. Once the channel is found idle the
LTE eNB will then follow a random back-off period before transmission that is
selected randomly from a contention window in the interval [0;CW ] where CW
∈ [CWmin, CWmax].

Table 4.1: Different Channel Access Priority Classes For LAA Downlink Based
on 3GPP Release 14 [49]

Channel
Access
Priority Class

Defer
Period
(∆)

CWmin CWmax Allowed CW sizes

A 1 3 7 3, 7
B 1 7 15 7, 15
C 3 15 63 15, 31, 63
D 7 15 1023 15, 31, 63, 127, 255, 511, 1023

Both the defer period and the contention window size CW depends on the
priority class where 3GPP defines four priority classes for LAA as shown in Table
4.21 and Fig. 4.1. The selected values of the defer period and CW determine the
priority for a LTE-LAA device to access the medium. Consequently, this may
have a relevant impact on the coexistence of nodes with different traffic types and
corresponding priority classes, as will be shown later in our results. Although,
the contention window specified in the random back-off mechanism is dynamic,
we utilize the modified Matern Hardcore point process with a fixed contention
window size when modeling the channel access of eNBs as described here after.
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eNB Class A

eNB Class B

eNB Class C

eNB Class D

Transmit/Wait

Transmit/Wait

Transmit/Wait

Transmit/WaitDPA

DPB

DPC

DPD

DP : Defer Period

tA Є [0, CWA] & CWA = {CWmin=3, CWmax=7}  

1                  7

1                  7             15

tB  Є [0, CWB] & CWB = {CWmin=7, CWmax=15}  

tC  Є [0, CWC] & CWC = {CWmin=15, CWmax=63}  

1                  7                    15                              63

tD Є [0, CWD] & CWD = {CWmin=15, CWmax=1023}  

1                  7                    15                                                               1023

Figure 4.1: Illustration of Different Downlink Channel Access Priority Classes

This is due to the fact that the modified Matern Hardcore point process has
shown an accurate estimate in the case where the back-off period is based on
dynamic contention window size [32].

Throughout this study, we focus mainly on the scenario where we have an
LTE-LAA network with four coexisting sets of eNBs each having a particular
traffic class. We define the contender of a LTE eNB as the other LTE eNBs
from which the received power at the former exceeds thresholds TThresh where
TA, TB, TC and TD correspond to the energy detection threshold of the sets of
eNBs for priority classes A, B, C, and D respectively. Since the defer period (∆)
varies between some classes where both classes A and B share the same defer
period of one time slot where as classes C and D have defer period of 3 and 7
respectively. Thus, in order to accommodate for the variation of the defer period
between different classes and based on the modified Matern Hardcore process, we
define the timer for each class based on both the contention window and the defer
period. Each LTE eNB xj ∈ ΦA has an independent mark tAj that represents the
defer period and the random back-off period, which is uniformly distributed in
the interval [∆A, CWA + ∆A]. Similarly, wk ∈ ΦB has an independent mark tBk
uniformly distributed in the interval [∆B, CWB + ∆B], yn ∈ ΦC has an inde-
pendent mark tCn that is uniformly distributed in the interval [∆C , CWC + ∆C ]
and zp ∈ ΦD has an independent mark tDp that is uniformly distributed over [∆D,
CWD + ∆D]. Each LTE eNB is retained by the MAC protocol if it has a smaller
timer than all its contenders. A medium access indicator eAj is assigned to each
LTE eNB xj ∈ ΦA (eBk to each LTE eNB wk ∈ ΦB, eCn to each LTE eNB yn ∈ ΦC ,
and eDp to each LTE eNB zp ∈ ΦD) which is equal to one if the eNB is allowed to
transmit by the corresponding MAC layer protocol and zero otherwise.
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Performance Metrics

In this section, we define the performance metrics that are used in our analysis.
In addition to the MAP that will be derived in the following sections, we also
base our analysis on the SINR coverage probability for each LAA priority class
A, B, C and D. Thus, given the fact that the tagged eNB x0 ∈ ΦA transmits, the
received SINR at the typical LTE UE located at the origin is given by:

SINRA
0 =

PAG
AA′
0,0 /l(‖x0‖)
IA + σ2

N

where (4.1)

IA =
∑

xj∈ΦA\{x0}

PAG
AA′

j,0 eAj /l(‖xj‖) +
∑

wk∈ΦB

PBG
BA′

k,0 e
B
k /l(‖wk‖) +

∑
yn∈ΦC

PCG
CA′

n,0 e
C
n /l(‖yn‖) +

∑
zp∈ΦD

PDG
DA′

p,0 e
D
p /l(‖zp‖)

Thus for a typical LTE UE, the SINR coverage probability with a SINR threshold
T is defined as P(SINRA

0 > T |eA0 = 1). This corresponds to the instantaneous
SINR performance of the typical LTE-LAA downlink for priority class A. Simi-
larly, the received SINR of the typical LTE downlink for priority class B is:

SINRB
0 =

PBG
BB′
0,0 /l(‖w0‖)
IB + σ2

N

where (4.2)

IB =
∑
xj∈ΦA

PAG
AB′

j,0 eAj /l(‖xj‖) +
∑

wk∈ΦB\{w0}

PBG
BB′

k,0 e
B
k /l(‖wk‖) +

∑
yn∈ΦC

PCG
CB′

n,0 e
C
n /l(‖zy‖) +

∑
zp∈ΦD

PDG
DB′

p,0 eCp /l(‖zp‖)

With the corresponding SINR coverage probability P(SINRB
0 > T |eB0 = 1).

Also, the received SINR of the typical LTE UE for priority class C, given that
the tagged LTE eNB transmits is:

SINRC
0 =

PCG
CC′
0,0 /l(‖y0‖)
IC + σ2

N

where (4.3)

IC =
∑
xj∈ΦA

PAG
AC′

j,0 eAj /l(‖xj‖) +
∑

wk∈ΦB

PBG
BC′

k,0 e
B
k /l(‖wk‖) +

∑
yn∈ΦC\{y0}

PCG
CC′

n,0 e
C
n /l(‖yn‖) +

∑
zp∈ΦD

PDG
DC′

p,0 eDp /l(‖zp‖)

Hence, the SINR coverage probability is P(SINRC
0 > T |eC0 = 1). Finally, the

received SINR of the typical LTE UE for priority class D, given that the tagged
LTE eNB transmits is:

SINRD
0 =

PDG
DD′
0,0 /l(‖z0‖)
ID + σ2

N

where (4.4)

ID =
∑
xj∈ΦA

PAG
AD′

j,0 eAj /l(‖xj‖) +
∑

wk∈ΦB

PBG
BD′

k,0 eBk /l(‖wk‖) +
∑
yn∈ΦC

PCG
CD′

n,0 e
C
n /l(‖yn‖) +

∑
zp∈ΦD\{z0}

PDG
DD′

p,0 eDp /l(‖zp‖)

And the SINR coverage probability is P(SINRD
0 > T |eD0 = 1). Now, based on

the SINR coverage probability and the MAP we define the following performance
metric that is used to analyze the coexistence scenario under study:

Rate Coverage Probability: given the rate threshold ρ, the rate coverage
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Table 4.2: Notations and Definitions of Used Functions (X = A,B,C, or D)

Notation Definition
NX(z, T, r) λX

∫
R2\B(0,r)

exp
(
− µ T

PX
l(‖x− z‖)

)
dx

CX(z1, T1, z2, T2, r) λX
∫
R2\B(0,r)

exp
(
− µ T1

PX
l(‖x − z1‖) − µ T2

PX
l(‖x −

z1‖)
)
dx

NX(z, T ) NX(z, T, ‖z‖)
CX(z1, z2) CX(z1, T1, z2, T2, r0)
CX(z1 − z2) CX(z1 − z2, T1, o, T2, r0)

HN

(
x1, x2, y,∆1, CW1,

∆2, CW2, 1, 2, 3, 4
) 1− exp

(
− µyl(‖x1 − x2‖)

)
CW1CW2

∫ CW2+∆2

∆2

∫ CW1+∆1

∆1

exp

[
−Ft1(t′)N1(x2, T2, r0)− Ft2(t′)N2(x2, T1)− Ft3(t′)N3(x2, T2)

−Ft4(t′)N4(x2, T2)− Ft1(t)N1(x1, T1, r0)− Ft2(t)N2(x1, T1)

−Ft3(t)N3(x1, T1)− Ft4(t)N4(x1, T1) + Ft1(t)Q1(x2, x1)

+Ft2(t)Q2(x2 − x1) + Ft3(t)Q3(x2 − x1) + Ft4(t)Q4(x2 − x1)

]
dtdt′

HD(x, y, z, 1, 2, 3, 4, 5) =
1

CW1

∫ CW1+∆1

∆1

(
1− Ft5(t)exp

[
− µzl(‖y − x‖)

)]
×

exp

[
− Ft1(t)N1(x, T1, r0)− Ft2(t)N2(x, T1)

−Ft3(t)N3(x, T1)− Ft4(t)N4(x, T1)

]
dt

H
M

(
x, TL, 1, 2, 3, 4

) 1

CW1

∫ CW 1+∆1

∆1

exp

[
− Ft1(t)N1(x, TL, r0) − Ft2(t)N2(x, TL)

−Ft3(t)N3(x, TL)− Ft4(t)N4(x, TL)

]
dt

probability is defined as the probability for the typical LTE downlink to support
at least an average data rate of ρ. Note that, this is given by:

PA
rate(λA, λB, λC , λD, ρ) = P

(
Blog

(
1 + SINRA

0

)
E
[
eA0
]
> ρ|eA0 = 1

)
PB
rate(λA, λB, λC , λD, ρ) = P

(
Blog

(
1 + SINRB

0

)
E
[
eB0
]
> ρ|eB0 = 1

)
PC
rate(λA, λB, λC , λD, ρ) = P

(
Blog

(
1 + SINRC

0

)
E
[
eC0
]
> ρ|eC0 = 1

)
PD
rate(λA, λB, λC , λD, ρ) = P

(
Blog

(
1 + SINRD

0

)
E
[
eD0
]
> ρ|eD0 = 1

) (4.5)

where E[eA0 ]/E[eB0 ]/E[eC0 ]/E[eD0 ] in (4.4) account for the fact that the tagged eNB
has a channel access for E[eA0 ]/E[eB0 ]/E[eC0 ]/E[eD0 ] fraction of time on average
which signifies that the rate coverage probability with threshold ρ provides the
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fraction of links that can support an average data rate of ρ. For the rest of the
chapter, since ΦA, ΦB, ΦC and ΦD are stationary and isotropic, thus the above
performance metrics of the typical UE are invariant with respect to the angle of
the tagged eNB. Also, we assume in our case that the polar coordinates of the
tagged eNB are (r0, 0).

Table 4.3: Used Symbols and Simulation Values

Symbol Definition Simulation
Value

PA, PB, PC ,PD Transmit power for eNBs for priority
classes A, B, C, and D

23 dBm

fc, B Carrier frequency and bandwidth of
the unlicensed band

5 GHz, 20 MHz

α Path loss exponent 4
µ Parameter for Rayleigh fading channel 1
σ2
N Noise power 0
TA, TB, TC , TD Energy detection thresholds
ΦA, ΦB, ΦC , ΦD LAA priority class A, B, C, D PPP
λA, λB, λC , λD LAA priority class A, B, C, D density
Bc(x, r),Bo(x, r) Closed (open) ball with center x and

radius r
GU
i,j,(G

UD
i,j ,GUL

i,j ) Fading of the channel from STA i to
STA j (from STA i to AP j, from STA
i to eNB (co-existing AP or UE) j re-
spectively)

Exponentially
distributed
with parameter
µ

GX
i,j Fading of the channel from LAA eNB

i with priority class X to another LAA
eNB j from the same priority class e.g.
X = A, B, C, or D

Exponentially
distributed
with parameter
µ

GXY
i,j Fading of the channel from LAA eNB

i with priority class X to another LAA
eNB (or UE) j from priority class Y
e.g. Y = A, B, C, or D

Exponentially
distributed
with parameter
µ

Finally we define the following functions to be used throughout the chapter where
NX(y, TX , r) represents the expected number of eNBs respectively in R2\B(0, r)
whose signal power received at z ∈ R2 exceeds threshold TX .

Furthermore, CX(x1, T1, x2, T2, r) represents the expected number of eNBs
respectively in R2\B(0, r) whose signal power received at x1 ∈ R2 and x2 ∈ R2

exceeds thresholds T1 and T2 respectively. Note that the functions HN , HD1 , and
HD2 are used to simplify the equations of the conditional MAP in the coming
sections.
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4.1.2 MAP and SINR Coverage Probability

We study in this section the MAP and the SINR coverage performance for the
coexisting LAA eNBs with traffic having different channel access priority classes.

Medium Access Probability

The medium access indicator of LAA eNB using LBT for priority class A, B, C
and D are given as follows:

eAi =
∏

xj∈ΦA\{xi}

(
1tAj ≥tAi + 1tAj <t

A
i
1GAji/l(‖xj−xi‖)≤TA/PA

)
×
∏

wk∈ΦB

(
1tBk ≥t

A
i

+ 1tBk <t
A
i
1GBAki /l(‖wk−xi‖)≤TA/PB

)
×
∏

yn∈ΦC

(
1tCn≥tAi + 1tCn<t

A
i
1GCAni /l(‖yn−xi‖)≤TA/PC

)
×
∏

zp∈ΦD

(
1tDp ≥tAi + 1tDp <t

A
i
1GDApi /l(‖zp−xi‖)≤TA/PD

)
eBl =

∏
xj∈ΦA

(
1tAj ≥tBl

+ 1tAj <t
B
l
1GABjl /l(‖xj−wl‖)≤TB/PA

)
×

∏
wk∈ΦB\{wl}

(
1tBk ≥t

B
l

+ 1tBk <t
B
l
1GBkl/l(‖wk−wl‖)≤TB/PB

)
×
∏

yn∈ΦC

(
1tCn≥tBl

+ 1tCn<t
B
l
1GCBnl /l(‖yn−wl‖)≤TB/PC

)
×
∏

zp∈ΦD

(
1tDp ≥tBl

+ 1tDp <t
B
l
1GDBpl /l(‖zp−wl‖)≤TB/PD

)
eCm =

∏
xj∈ΦA

(
1tAj ≥tCm + 1tAj <t

C
m
1GACjm /l(‖xj−ym‖)≤TC/PA

)
×
∏

wk∈ΦB

(
1tBk ≥tCm

+ 1tBk <t
C
m
1GBCkm /l(‖wk−ym‖)≤TC/PB

)
×

∏
yn∈ΦC\{ym}

(
1tCn≥tCm + 1tCn<t

C
m
1GCnm/l(‖yn−ym‖)≤TC/PC

)
×
∏

zp∈ΦD

(
1tDp ≥tCm + 1tDp <t

C
m
1GDCpm /l(‖zp−ym‖)≤TC/PD

)

eDq =
∏

xj∈ΦA

(
1tAj ≥tDq + 1tAj <t

D
q
1GADjq /l(‖xj−zq‖)≤TD/PA

)
×
∏

wk∈ΦB

(
1tBk ≥tDq

+ 1tBk <t
D
q
1GDkq/l(‖wk−zq‖)≤TD/PB

)
×
∏

yn∈ΦC

(
1tCn≥tDq + 1tCn<t

D
q
1GCDnq /l(‖yn−zq‖)≤TD/PC

)
×

∏
zp∈ΦD\{zq}

(
1tDp ≥tDq + 1tDp <t

D
q
1GDpq/l(‖zp−zq‖)≤TD/PD

)
(4.6)

Note that the energy detection is implemented based on the strongest interferer
which is a reasonable model that is used instead of total interference as shown
in [37]. Based on the medium access indicators in (4.6), we provide upper and
lower performance bounds for the MAPs of each of the classes A, B, C and D.
Lemma 1: For LTE-LAA downlink with the contention window sizes [∆A,
CWA + ∆A], [∆B, CWB + ∆B], [∆C , CWC + ∆C ], and [∆D, CWD + ∆D] corre-
sponding to channel priority class A, B, C, and D respectively, the MAP for a
tagged eNB of each priority class is given by:

E[eA0 ] =

∫ ∞
0

H
M

(
x, TA, A,B,C,D

)
f‖x‖(r0)dr0

E[eB0 ] =

∫ ∞
0

H
M

(
w, TB, B,A,C,D

)
f‖w‖(r0)dr0

E[eC0 ] =

∫ ∞
0

H
M

(
y, TC , C, A,B,D

)
f‖y‖(r0)dr0

E[eD0 ] =

∫ ∞
0

H
M

(
z, TD, D,A,B,C

)
f‖z‖(r0)dr0

(4.7)
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Proof Given the tagged LAA eNB xi = (r0, 0), its MAP is derived as:

E[eAi |tAi = t, xi = (r0, 0)]

= E
[ ∏
xj∈ΦA

(
1tAj ≥tAi + 1tAj <t

A
i
1GAji/l(‖xj−xi‖)≤TA/PA

)
×
∏

wk∈ΦB

(
1tBk ≥t

A
i

+ 1tBk <t
A
i
1GBAki /l(‖wk−xi‖)≤TA/PB

)
×
∏

yn∈ΦC

(
1tCn≥tAi + 1tCn<t

A
i
1GCAni /l(‖yn−xi‖)≤TA/PC

)
×
∏

zp∈ΦD

(
1tDp ≥tAi + 1tDp <t

A
i
1GDApi /l(‖zp−xi‖)≤TA/PD

)]
(a)
= E

 ∏
xj∈ΦA∩Bc(0,r0)

(
1− FtA(t) exp

(
−µTA

PA
l(‖xj − xi‖)

))×E[ ∏
wk∈ΦB

(
1− FtB(t) exp

(
−µTA

PB
l(‖wk − xi‖)

))]

×E

[ ∏
yn∈ΦC

(
1− FtC (t) exp

(
−µTA

PC
l(‖yn − xi‖)

))]
×E

 ∏
zp∈ΦD

(
1− FtD(t) exp

(
−µTA

PD
l(‖zp − xi‖)

))
(b)
=

1

CWA

∫ CWA+∆A

∆A

exp

(
− FtA(t)NA(xi, TA, r0)− FtB(t)NB(xi, TA)− FtC (t)NC(xi, TA)− FtD(t)ND(xi, TA)

)
dt

Where (a) follows by re-writing xi = (r0, 0) as xi ∈ ΦA,ΦA(Bo(0, r0)) = 0 and
de-conditioning on ΦA(Bo(0, r0)) = 0 in addition to the fact that ΦA, ΦB, ΦC ,
ΦD are independent and by using slivnyak′s theorem, (b) follows from and the
probability generating functional (P.G.FL) of the PPP. Then by de-conditioning
on t ∼ U(∆A, CWA + ∆A) and r0 and by using the definition of NA(xi, TA, r0),
NB(xi, TA), NC(xi, TA), and ND(xi, TA) gives the desired result.�
The MAP of eNBs that belong to priority classes B, C, and D can be proved in a
similar manner given that t ∼ U(∆B, CWB + ∆B), t ∼ U(∆C , CWC + ∆C), and
t ∼ U(∆D, CWD + ∆D) respectively.

However, the expressions of FtA(t), FtB(t), FtC (t), and FtD(t) depend on the
selected values of CWA, CWB, CWC , and CWD. Thus, given the large number
of possible combinations of [CWA, CWB, CWC , CWD], we restrict our analysis to
provide upper and lower performance bounds as will be shown in the rest of the
chapter. Note that in the case of the upper performance bound for class X, in
general, class X will use the smallest possible contention window size CWXmin

whereas other classes will utilize the largest possible contention window size. On
the other hand, in the case of the lower performance bound for a particular class
X, class X will use the largest possible contention window size CWXmax where as
other classes will utilize the smallest possible contention window size per class.

Upper and Lower MAP Performance Bounds For each of class A, B,
C, and D we provide the corresponding expressions of FtA(t), FtB(t), FtC (t), and
FtD(t) based on the values of CWA,CWB,CWC and CWD. Then the expressions
provided can be substituted in (4.7) in order to compute the resulting upper and
lower MAP of each class.
Class A: Lower and Upper MAP Bound

In case of the lower MAP bound of class A, we have CWA = 7, CWB = 7,
CWC = 15 and CWD = 15. On the other hand, in case of the upper MAP bound
of class A, we have CWA = 3, CWB = 15, CWC = 63 and CWD = 1023. Hence
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Table 4.4: Class A MAP Timers Distributions

Lower Bound Upper Bound

FtA(t) =
t−∆A

CWA −∆A

∀ ∆A ≤ t ≤ ∆A + CWA FtA(t) =
t−∆A

CWA −∆A

∀ ∆A ≤ t ≤ ∆A + CWA

FtB(t) =
t−∆B

CWB −∆B

∀ ∆B ≤ t ≤ ∆A + CWA FtB(t) =
t−∆B

CWB −∆B

∀ ∆B ≤ t ≤ ∆A + CWA

FtC (t) =
t−∆C

CWC −∆C

∀ ∆C ≤ t ≤ ∆A + CWA FtC (t) =
t−∆C

CWC −∆C

∀ ∆C ≤ t ≤ ∆A + CWA

FtD(t) =
t−∆D

CWD −∆D

∀ ∆D ≤ t ≤ ∆A + CWA FtD(t) = 0 ∀ ∆A ≤ t ≤ ∆A + CWA

Table 4.5: Class B MAP Timers Distributions

Lower Bound Upper Bound

FtA(t) =


t−∆A

CWA −∆A

∀ ∆A ≤ t ≤ ∆A + CWA

1 ∀ ∆A + CWA ≤ t ≤ ∆B + CWB

FtA(t) =
t−∆A

CWA −∆A

∀ ∆A ≤ t ≤ ∆B + CWB

FtB(t) =
t−∆B

CWB −∆B

∀ ∆B ≤ t ≤ ∆B + CWB FtB(t) =
t−∆B

CWB −∆B

∀ ∆B ≤ t ≤ ∆B + CWB

FtC (t) =
t−∆C

CWC −∆C

∀ ∆C ≤ t ≤ ∆B + CWB FtC (t) =
t−∆C

CWC −∆C

∀ ∆C ≤ t ≤ ∆B + CWB

FtD(t) =
t−∆D

CWD −∆D

∀ ∆D ≤ t ≤ ∆B + CWB FtDp (t) =
t−∆D

CWD −∆D

∀ ∆C ≤ t ≤ ∆B + CWB

the derived expressions of FtA(t), FtB(t), FtC (t), and FtD(t) are shown in Table
4.4.
Class B: Lower and Upper MAP Bound

In case of the lower MAP bound of class B, we have CWA = 3, CWB = 15,
CWC = 15 and CWD = 15. On the other hand, in case of the upper MAP bound
of class B, we have CWA = 7, CWB = 7, CWC = 63 and CWD = 1023. Hence
the derived expressions of FtA(t), FtB(t), FtC (t), and FtD(t) are shown in Table
4.5.
Class C: Lower and Upper MAP Bound
In case of the lower MAP bound of class C, we have CWA = 3, CWB = 7,
CWC = 63 and CWD = 15. Whereas in the case of the upper MAP bound of
class A, we have CWA = 7, CWB = 15, CWC = 15 and CWD = 1023. Hence the
expressions of FtA(t), FtB(t), FtC (t), and FtD(t) are shown in Table 4.6.
Class D: Lower and Upper MAP Bound

In case of the lower MAP bound of class D, we have CWA = 3, CWB = 7,
CWC = 15 and CWD = 1023. On the other hand, in case of the upper MAP
bound of class A, we have CWA = 7, CWB = 15, CWC = 63 and CWD = 15.
Hence the derived expressions of FtA(t), FtB(t), FtC (t), and FtD(t) are shown in
Table 4.7. Based on the system parameters in Table 4.3, the MAP for the
typical LTE UE in case of different priority classes with upper and lower bound
performance are plotted in Fig. 4.2 and 4.3 versus different LTE eNBs density.
Fig. 4.2 corresponds to priority classes A and B whereas Fig. 4.3 corresponds to
priority classes C and D. The energy detection threshold used is the same for all
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Table 4.6: Class C MAP Timers Distributions

Lower Bound Upper Bound

FtA(t) =


t−∆A

CWA −∆A

∀ ∆C ≤ t ≤ ∆A + CWA

1 ∀ ∆A + CWA ≤ t ≤ ∆C + CWC

FtA(t) =


t−∆A

CWA −∆A

∀ ∆C ≤ t ≤ ∆A + CWA

1 ∀ ∆A + CWA ≤ t ≤ ∆C + CWC

FtB(t) =


t−∆B

CWB −∆B

∀ ∆C ≤ t ≤ ∆B + CWB

1 ∀ ∆B + CWB ≤ t ≤ ∆C + CWC

FtB(t) =


t−∆B

CWB −∆B

∀ ∆C ≤ t ≤ ∆B + CWB

1 ∀ ∆B + CWB ≤ t ≤ ∆C + CWC

FtC (t) =
t−∆C

CWC −∆C

∀ ∆C ≤ t ≤ ∆C + CWC FtC (t) =
t−∆C

CWC −∆C

∀ ∆C ≤ t ≤ ∆C + CWC

FtD(t) =


t−∆D

CWD −∆D

∀ ∆D ≤ t ≤ ∆D + CWD

1 ∀ ∆D + CWD ≤ t ≤ ∆C + CWC

FtD(t) =
t−∆D

CWD −∆D

∀ ∆D ≤ t ≤ ∆D + CWD

Table 4.7: Class D MAP Timers Distributions

Lower Bound Upper Bound

FtA(t) = 1 ∀ ∆D ≤ t ≤ ∆D + CWD FtA(t) =


t−∆A

CWA −∆A

∀ ∆D ≤ t ≤ ∆A + CWA

1 ∀ ∆A + CWA ≤ t ≤ ∆D + CWD

FtB(t) =


t−∆B

CWB −∆B

∀ ∆D ≤ t ≤ ∆B + CWB

1 ∀ ∆B + CWB ≤ t ≤ ∆D + CWD

FtB(t) =


t−∆B

CWB −∆B

∀ ∆D ≤ t ≤ ∆B + CWB

1 ∀ ∆B + CWB ≤ t ≤ ∆D + CWD

FtC (t) =


t−∆C

CWC −∆C

∀ ∆D ≤ t ≤ ∆C + CWC

1 ∀ ∆C + CWC ≤ t ≤ ∆D + CWD

FtC (t) =
t−∆C

CWC −∆C

∀ ∆D ≤ t ≤ ∆C + CWC

FtDp (t) =
t−∆D

CWD −∆D

∀ ∆D ≤ t ≤ ∆D + CWD FtD(t) ==
t−∆D

CWD −∆D

∀ ∆D ≤ t ≤ ∆D + CWD

priority classes
(
TA = TB = TC = TB = −72 dBm

)
according to [49].

We start first by analyzing the impact of the coexistence of eNBs with different
channel access priority classes on their corresponding medium access probability
(MAP). From Fig. 4.2 and 4.3, we can see that eNBs that belong to class A
have the highest MAP as compared to other classes such as B, C and D where
class D has the lowest MAP. Also, it is interesting to see that the lower bound
performance of class A is similar to that of the upper bound performance of class
B. Similarly, we can see that the lower performance bound of classes B and C
are similar to the upper performance bounds of classes C and D respectively. On
the other hand, we can see that the range between the lower performance bound
and the upper performance bound is about 50 % for a particular class.
On the other hand, from Fig. 4.2 (a) and (b), we can see that the MAP of
an eNB that belongs to class A decreases more when the density of eNBs of
class A increase than the case when the density of those of classes B, C,and D
increase. Also, this effect is the same for other classes. This can be explained
by the fact that an eNB that belongs to class A would have higher chance to
access the channel given its random waiting time before accessing the channel is
selected from a smaller range of values as compared to other classes e.g. CWA ≤
CWB. Furthermore, from Fig. 4.2 (c) and (d) we can see that the MAP of
eNBs that belong to class B remains acceptable. Whereas, it is clear from Fig.
4.3 that the MAP of an eNB that belongs to either class C or D is significantly
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Figure 4.2: MAP For LAA eNB in Case of Channel Access Priority (a) Lower
Bound Class A, (b) Upper Bound Class A, (c) Lower Bound Class B, and (d)

Upper Bound Class B.

degraded especially when the density of eNBs that belong to class A and B
becomes relatively large.

SINR Coverage Probability

The transmitting LAA eNB process for each priority class is a dependent thinning
of ΦA,ΦB, ΦC , and ΦD, whose Laplace functionals are generally unknown in
closed form. Thus, in order to approximate the SINR coverage of the typical
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Figure 4.3: MAP For LAA eNB in Case of Channel Access Priority (a) Lower
Bound Class C, (b) Upper Bound Class C, (c) Lower Bound Class D, and (d)

Upper Bound Class D.

UE, we first derive the conditional MAP for each eNB given the tagged eNB
transmits.

SINR Coverage Probability of Typical UE For Channel Priority Class
A When deriving the SINR coverage upper and lower performance bounds of
class A, the upper bound for class A exists when CWA = 3, CWB = 15, CWC =
63, and CWD = 1023. On the other hand, the lower bound for class A exists
when CWA = 7, CWB = 7, CWC = 15, and CWD = 15.
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Corollary 1: Conditioned on the fact that the tagged eNB x0 = (r0, 0) ∈ ΦA

is retained by the MAC protocol, the probability for another eNB x ∈ ΦA to
transmit is:

Px/x0

MAP=

HN

(
x0, x,

TA
PA

,∆A, CWA,∆A, CWA, A,B,C,D

)
HD

(
x0, xi,

TA
PA

, A,B,C,D,A

) (4.8)

Proof For every LTE eNB xi ∈ ΦA∩Bc(0, r0), given that tagged eNB located
at x0 = (r0, 0), the conditional MAP P xi

ΦA

[
eAi = 1

∣∣eA0 = 1, x0 = (r0, 0)
]

is derived
as follows:

P
[
eAi = 1

∣∣eA0 = 1, x0 = (r0, 0), xi ∈ ΦA

]
(a)
= PxiΦA

[
eAi = 1

∣∣eA0 = 1, x0 ∈ ΦA,ΦA(Bo(0, r0)) = 0
]

(b)
=

Pxi,x0

ΦA

[
êAi = 1, êA0 = 1

]
Pxi,x0

ΦU

[
êA0 = 1

] (c)
=

ExiΦA

[
êAi ê

A
0

]
ExiΦA

[
êA0
] (4.9)

Where (a) follows from re-writing x0 = (r0, 0) as x0 ∈ ΦA,ΦA(Bo(0, r0)) = 0.
(b) follows from Bayes rule, and de-conditioning on ΦA(Bo(0, r0)) = 0. Step (c)
follows from slivnyak′s theorem. The modified access indicators for x0 and xi are:

êAi =
∏

xj∈(ΦA∩Bc(0,r0)+δx0 )\{xi}

(
1tAj ≥tAi + 1tAj <t

A
i
1GAji/l(‖xj−xi‖)≤TA/PA

)
×
∏

wk∈ΦB

(
1tBk ≥t

A
i

+ 1tBk <t
A
i
1GBAki /l(‖wk−xi‖)≤TA/PB

)
×
∏

yn∈ΦC

(
1tCn≥tAi + 1tCn<t

A
i
1GCAni /l(‖yn−xi‖)≤TA/PC

)
×
∏

zp∈ΦD

(
1tDp ≥tAi + 1tDp <t

A
i
1GDApi /l(‖zp−xi‖)≤TA/PD

)
êA0 =

∏
xj∈ΦA∩Bc(0,r0)

(
1tAj ≥tA0 + 1tAj <t

A
0
1GAj0/l(‖xj−x0‖)≤TA/PA

)
×
∏

wk∈ΦB

(
1tBk ≥t

A
0

+ 1tBk <t
A
0
1GBAk0 /l(‖wk−x0‖)≤TA/PB

)
×
∏

yn∈ΦC

(
1tCn≥tA0 + 1tCn<t

A
0
1GCAn0 /l(‖yn−x0‖)≤TA/PC

)
×
∏

zp∈ΦD

(
1tDp ≥tA0 + 1tDp <t

A
0
1GDAp0 /l(‖zp−x0‖)≤TA/PD

)
(4.10)

Therefore, the denominator Exi
ΦA

[êA0 ] is given by:

ExiΦA

[ ∏
xj∈ΦA∩Bc(0,r0)

(
1tAj ≥tA0 + 1tAj <t

A
0
1GAj0/l(‖xj−x0‖)≤TA/PA

)
×
∏

wk∈ΦB

(
1tBk ≥t

A
0

+ 1tBk <t
A
0
1GBAk0 /l(‖wk−x0‖)≤TA/PB

)
×
∏

yn∈ΦC

(
1tCn≥tA0 + 1tCn<t

A
0
1GCAn0 /l(‖yn−x0‖)≤TA/PC

)
×
∏

zp∈ΦD

(
1tDp ≥tA0 + 1tDp <t

A
0
1GDAp0 /l(‖zp−x0‖)≤TA/PD

)]
(a)
= E

[ ∏
xj∈ΦA∩Bc(0,r0)+δxi

(
1tAj ≥tA0 + 1tAj <t

A
0
1GAj0/l(‖xj−x0‖)≤TA/PA

)
×
∏

wk∈ΦB

(
1tBk ≥t

A
0

+ 1tBk <t
A
0
1GBAk0 /l(‖wk−x0‖)≤TA/PB

)
×
∏

yn∈ΦC

(
1tCn≥tA0 + 1tCn<t

A
0
1GCAn0 /l(‖yn−x0‖)≤TA/PC

)
×
∏

zp∈ΦD

(
1tDp ≥tA0 + 1tDp <t

A
0
1GDAp0 /l(‖zp−x0‖)≤TA/PD

)/
tA0 = t

]
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(b)
=

(
1− FtA(t)exp

(
− µTA

PA
l(‖xi − x0‖)

))
× exp

[
− λA

∫
R2\B(0,r0)

FtA(t)exp

(
− µTA

PA
l(‖xj − x0‖)

)
dx

]

×exp

[
− λB

∫
R2

FtB(t)exp

(
− µTA

PB
l(‖wk − x0‖)

)
dw

]
×exp

[
− λC

∫
R2

FtC (t)exp

(
− µTA

PC
l(‖yn − x0‖)

)
dy

]
×exp

[
− λD

∫
R2

FtD(t)exp

(
− µTA

PD
l(‖zp − x0‖)

)
dz

]

=
1

CWA

∫ CWA+∆A

∆A

(
1− FtA(t)exp

(
− µTA

PA
l(‖xi − x0‖)

))
×

exp

[
− FtA(t)NA(x0, TA, r0)− FtB(t)NB(x0, TA)− FtC (t)NC(x0, TA)− FtD(t)ND(x0, TA)

]
dt

= HD

(
x0, xi, TA/PA, A,B,C,D,A

)
Where (a) follows from slivnyaks theorem. (b) follows from setting tA0 = t and
from the P.G.FL of PPP. Next, the numerator ExiΦA

(êAi ê
A
0 ) can be derived in a

similar manner as follows:

ExiΦA

[
êAi ê

A
0

]
= E

[ ∏
xj∈ΦA∩Bc(0,r0)

(
1tAj ≥tAi + 1tAj <t

A
i
1GAji/l(‖xj−xi‖)≤TA/PA

)(
1tAj ≥tA0 + 1tAj <t

A
0
1GAj0/l(‖xj−x0‖)≤TA/PA

)
×
∏

wk∈ΦB

(
1tBk ≥t

A
i

+ 1tBk <t
A
i
1GBAki /l(‖wk−xi‖)≤TA/PB

)(
1tBk ≥t

A
0

+ 1tBk <t
A
0
1GBAk0 /l(‖wk−x0‖)≤TA/PB

)
×
∏

yn∈ΦC

(
1tCn≥tAi + 1tCn<t

A
i
1GCAni /l(‖yn−xi‖)≤TA/PC

)(
1tCn≥tA0 + 1tCn<t

A
0
1GCAn0 /l(‖yn−x0‖)≤TA/PC

)
×
∏

zp∈ΦD

(
1tDp ≥tAi + 1tDp <t

A
i
1GDApi /l(‖zp−xi‖)≤TA/PD

)(
1tDp ≥tA0 + 1tDp <t

A
0
1GDAp0 /l(‖zp−x0‖)≤TA/PD

)
×
(
1GAi0/l(‖xi−x0‖)≤TA/PA

)/
tA0 = t, tAi = t′

]
=

1

(CWA)(CWA)

∫ CWA+∆A

∆A

∫ CWA+∆A

∆A

(
1− exp

(
− µTA

PA
l(‖xi − x0‖)

))
×

exp

(
− FtAj (t′)NA(xi, TA, r0)− FtBk (t′)NB(xi, TA)− FtCn (t′)NC(xi, TA)− FtDp (t′)ND(xi, TA)

−FtAj (t)NA(x0, TA, r0)− FtBk (t)NB(x0, TA)− FtCn (t)NC(x0, TA)− FtDp (t)ND(x0, TA)

+FtAj (t)QA(xi, x0) + FtBk (t)QB(xi − x0) + FtCn (t)QC(xi − x0) + FtDp (t)QD(xi − x0)

)
dtdt′

= HN

(
x− x0,

TA
PA

,∆A, CWA,∆A, CWA, A,B,C,D

)
Where (a) follows from slivnyaks theorem and (b) follows from the P.G.FL of
PPP. �

Note that t is the timer of node x0 and t′ is the timer of node x where the
resulting distributions of timers are shown in Table 4.8 and which will be used
in computing Px/x0

MAP . The following corollaries throughout the chapter can be
proved in a similar manner to Corollary 1, thus we omit the detailed proof and
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Table 4.8: Distributions For Timer t (or t′) in Corollary 1

Lower Bound Upper Bound

FtAj (t) =
t−∆A

CWA −∆A

∀ ∆A ≤ t ≤ ∆A + CWA FtAj (t) =
t−∆A

CWA −∆A

∀ ∆A ≤ t ≤ ∆A + CWA

FtBk (t) =
t−∆B

CWB −∆B

∀ ∆A ≤ t ≤ ∆A + CWA FtBk (t) =
t−∆B

CWB −∆B

∀ ∆A ≤ t ≤ ∆A + CWA

FtCn (t) =
t−∆C

CWC −∆C

∀ ∆C ≤ t ≤ ∆A + CWA FtCn (t) =
t−∆C

CWC −∆C

∀ ∆C ≤ t ≤ ∆A + CWA

FtDp (t) =
t−∆D

CWD −∆D

∀ ∆D ≤ t ≤ ∆A + CWA FtDp (t) = 0 ∀ ∆A ≤ t ≤ ∆A + CWA

Table 4.9: Distributions For Timer t′ in Corollary 2

Lower Bound Upper Bound

FtAj (t′) =
t′ −∆A

CWA −∆A

∀ ∆A ≤ t′ ≤ ∆A + CWA FtAj (t′) =


t′ −∆A

CWA −∆A

∀ ∆B ≤ t′ ≤ ∆A + CWA

1 ∀ ∆A + CWA ≤ t′ ≤ ∆B + CWB

FtBk (t′) =
t′ −∆B

CWB −∆B

∀ ∆A ≤ t′ ≤ ∆B + CWB FtBk (t′) =
t′ −∆B

CWB −∆B

∀ ∆B ≤ t′ ≤ ∆B + CWB

FtCn (t′) =
t′ −∆C

CWC −∆C

∀ ∆C ≤ t′ ≤ ∆B + CWB FtCn (t′) =
t′ −∆C

CWC −∆C

∀ ∆C ≤ t′ ≤ ∆B + CWB

FtDp (t′) =
t′ −∆D

CWD −∆D

∀ ∆D ≤ t′ ≤ ∆B + CWB FtDn (t′) =
t′ −∆D

CWD −∆D

∀ ∆D ≤ t′ ≤ ∆B + CWB

we concentrate on deriving the timer distributions in each case. In addition, in
case of class A, timer t will always correspond to node x0 and hence its resulting
distributions used to compute the conditional MAP in corollaries 2, 3, and 4 can
be found in Table 4.8.
Corollary 2: Conditioned on the fact that the tagged LAA eNB x0 = (r0, 0) is
retained by LBT mechanism, the probability for another LAA eNB w ∈ ΦB to
transmit is given by:

Pw/x0

MAP=

HN

(
x0, w,

TA
PB

,∆A, CWA,∆B, CWB, A,B,C,D

)
HD

(
x0, w,

TA
PB

, A,B,C,D,B

) (4.11)

Where t′ is the timer of node w with the resulting distributions shown in Table
4.9 and which will be used in computing Pw/x0

MAP .
Corollary 3: Conditioned on the fact that the tagged LAA eNB x0 = (r0, 0)
is retained by LBT mechanism, the probability for another LAA eNB y ∈ ΦC to
transmit is given by:

Py/x0

MAP=

HN

(
x0, y,

TA
PC

,∆A, CWA,∆C , CWC , A,B,C,D

)
HD

(
x0, y,

TA
PC

, A,B,C,D,C

) (4.12)

Where t′ is the timer of node y with the resulting distributions shown in Table
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Table 4.10: Distributions For Timer t′ in Corollary 3

Lower Bound Upper Bound

FtAj (t′) =


t′ −∆A

CWA −∆A

∀ ∆C ≤ t′ ≤ ∆A + CWA

1 ∀ ∆A + CWA ≤ t′ ≤ ∆C + CWC

FtAj (t′) =


t′ −∆A

CWA −∆A

∀ ∆C ≤ t′ ≤ ∆A + CWA

1 ∀ ∆A + CWA ≤ t′ ≤ ∆C + CWC

FtBk (t′) =


t′ −∆B

CWB −∆B

∀ ∆C ≤ t′ ≤ ∆B + CWB

1 ∀ ∆B + CWB ≤ t′ ≤ ∆C + CWC

FtBk (t′) =


t′ −∆B

CWB −∆B

∀ ∆C ≤ t′ ≤ ∆B + CWB

1 ∀ ∆B + CWB ≤ t′ ≤ ∆C + CWC

FtCn (t′) =
t′ −∆C

CWC −∆C

∀ ∆C ≤ t′ ≤ ∆C + CWC FtCn (t′) =
t′ −∆C

CWC −∆C

∀ ∆C ≤ t′ ≤ ∆C + CWC

FtDp (t′) =
t′ −∆D

CWD −∆D

∀ ∆D ≤ t′ ≤ ∆C + CWC FtDn (t′) =
t′ −∆D

CWD −∆D

∀ ∆D ≤ t′ ≤ ∆C + CWC

4.10 and which will be used in computing Py/x0

MAP .
Corollary 4: Conditioned on the fact that the tagged LAA eNB x0 = (r0, 0)
is retained by LBT mechanism, the probability for another LAA eNB z ∈ ΦD to
transmit is given by:

Pz/x0

MAP=

HN

(
x0, z,

TA
PD

,∆A, CWA,∆D, CWD, A,B,C,D

)
HD

(
x0, z,

TA
PD

, A,B,C,D,D

) (4.13)

Where t′ is the timer of node z with the resulting distributions shown in Table
4.11 and which will be used in computing Pz/x0

MAP .
Based on Corollaries 1, 2, 3, and 4, the SINR coverage of the typical UE for
priority class A is obtained in Lemma 2 as follows:
Lemma 2: Given the tagged LAA eNB is located at x0 = (r0, 0), the SINR
coverage probability of the typical UE with SINR threshold T for priority class
A is approximated as:

PASINR (T, λA, λB, λC , λD) ≈
∫ ∞

0

exp

(
−
∫
R2\B(0,r0)

T l(r0)λAPx/x0

MAP

l(‖x‖) + T l(r0)
dx

)
exp

(
−
∫
R2

T l(r0)λBPw/x0

MAP

PA
PB

l(‖w‖) + T l(r0)
dw

)

×exp

(
−
∫
R2

T l(r0)λCPy/x0

MAP

PA
PC

l(‖y‖) + T l(r0)
dy

)
× exp

(
−
∫
R2

T l(r0)λDPz/x0

MAP

PA
PD

l(‖z‖) + T l(r0)
dz

)
× exp

(
−µT l(r0)

σ2
N

PA

)
× f‖x0‖(r0)dr0

(4.14)
Proof The conditional SINR coverage of the typical Wi-Fi AP is derived as
follows:

P[SINRA
0 > T |x0 = (r0, 0), eA0 = 1]

= P
[

PAG
AA′
0,0 /l(‖x0‖)∑

xj∈ΦA\{x0}

PAG
AA′

j,0 eAj /l(‖xj‖) +
∑

wk∈ΦB

PBG
BA′

k,0 e
B
k /l(‖wk‖) +

∑
yn∈ΦC

PCG
CA′

n,0 e
C
n /l(‖yn‖) +

∑
zp∈ΦD

PDG
DA′

p,0 e
D
p /l(‖zp‖) + σ2

N

> T
∣∣x0 = (r0, 0), eA0 = 1

]
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Table 4.11: Distributions For Timer t′ in Corollary 4

Lower Bound Upper Bound

FtAj (t′) =


t′ −∆A

CWA −∆A

∀ ∆C ≤ t′ ≤ ∆A + CWA

1 ∀ ∆A + CWA ≤ t′ ≤ ∆D + CWD

FtAj (t′) = 1 ∀ ∆D ≤ t′ ≤ ∆D + CWD

FtBk (t′) =


t′ −∆B

CWB −∆B

∀ ∆D ≤ t′ ≤ ∆B + CWB

1 ∀ ∆B + CWB ≤ t′ ≤ ∆D + CWD

FtBk (t′) =


t′ −∆B

CWB −∆B

∀ ∆D ≤ t′ ≤ ∆B + CWB

1 ∀ ∆B + CWB ≤ t′ ≤ ∆D + CWD

FtCn (t′) =


t′ −∆C

CWC −∆C

∀ ∆D ≤ t′ ≤ ∆C + CWC

1 ∀ ∆C + CWC ≤ t′ ≤ ∆D + CWD

FtCn (t′) =


t′ −∆C

CWC −∆C

∀ ∆D ≤ t′ ≤ ∆C + CWC

1 ∀ ∆C + CWC ≤ t′ ≤ ∆D + CWD

FtDp (t′) =
t′ −∆D

CWD −∆D

∀ ∆D ≤ t′ ≤ ∆D + CWD FtDn (t′) =
t′ −∆D

CWD −∆D

∀ ∆D ≤ t′ ≤ ∆D + CWD

(a)
= P

[
PAG

AA′
0,0 /l(‖x0‖)∑

xj∈ΦA\{x0}

PAG
AA′

j,0 eAj /l(‖xj‖) +
∑

wk∈ΦB

PBG
BA′

k,0 e
B
k /l(‖wk‖) +

∑
yn∈ΦC

PCG
CA′

n,0 e
C
n /l(‖yn‖) +

∑
zp∈ΦD

PDG
DA′

p,0 e
D
p /l(‖zp‖) + σ2

N

> T |x0 ∈ ΦA,ΦA(Bo(0, r0)) = 0, eA0 = 1

]
(b)
= P

[
PAG

AA′
0,0 /l(‖x0‖)∑

xj∈ΦA∩Bc(0,r0)

PAG
AA′

j,0 êAj /l(‖xj‖) +
∑

wk∈ΦB

PBG
BA′

k,0 ê
B
k /l(‖wk‖) +

∑
yn∈ΦC

PCG
CA′

n,0 ê
C
n /l(‖yn‖) +

∑
zp∈ΦD

PDG
DA′

p,0 ê
D
p /l(‖zp‖) + σ2

N

> T
∣∣êA0 = 1

]

(c)
≈ E

[
exp

(
− µT l(‖r0‖)

σ2
N

PA

)]
× E

[
exp

(
− µT l(‖r0‖)

∑
xj∈ΦA∩Bc(0,r0)

GAA′

j,0 êAj /l(‖xj‖)
)∣∣∣∣êA0 = 1

]
×E
[
exp

(
− µT l(‖r0‖)

∑
wk∈ΦB

PB
PA

GBA′

k,0 ê
B
k /l(‖wk‖)

)∣∣∣∣êA0 = 1

]
× E

[
exp

(
− µT l(‖r0‖)

∑
yn∈ΦC

PC
PA

GCA′

n,0 ê
C
n /l(‖yn‖)

)∣∣∣∣êA0 = 1

]
×E
[
exp

(
− µT l(‖r0‖)

∑
zp∈ΦD

PD
PA

GDA′

m,0 /l(‖zp‖)
)∣∣∣∣êA0 = 1

]

Where (a) follows from Bayes rule by re-writing x0 = (r0, 0) as x0 ∈ ΦA,
ΦA(Bo(0, r0)) = 0. Step (b) follows from slivnyak′s theorem and decondition-
ing on ΦA(Bo(0, r0)) = 0. The modified medium access indicator for xi ∈
ΦA∩Bc(0, r0) is provided in (4.10) and the conditional probabilities that eNB
x ∈ ΦA∩Bc(0, r0), eNB w ∈ ΦB, eNB y ∈ ΦC , and eNB z ∈ ΦD transmit are
derived in corollaries 1, 2, 3 and 4 respectively. Step (c) follows from the fact
that channels are Rayleigh fading channels and from the assumption that inter-
ference from ΦA,ΦB,ΦC , and ΦD is independent. Finally (4.14) can be derived
by approximating the law of interfering LAA eNBs as a non-homogeneous PPP
with intensity λAPx/x0

MAP

/
λBPw/x0

MAP

/
λCPy/x0

MAP

/
λDPz/x0

MAP and by deconditioning on
r0. Note that the first term in (4.14) results from the noise, whereas other 4
terms result from the interference of eNBs from priority classes A, B, C, and D
respectively. �
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Table 4.12: Distributions For Timer t in Corollary 5

Lower Bound Upper Bound

FtAj (t) =


t−∆A

CWA −∆A

∀ ∆A ≤ t ≤ ∆A + CWA

1 ∀ ∆A + CWA ≤ t ≤ ∆B + CWB

FtAj (t) =
t−∆A

CWA −∆A

∀ ∆A ≤ t ≤ ∆A + CWA

FtBk (t) =
t−∆B

CWB −∆B

∀ ∆B ≤ t ≤ ∆B + CWB FtBk (t) =
t−∆B

CWB −∆B

∀ ∆B ≤ t ≤ ∆B + CWB

FtCn (t) =
t−∆C

CWC −∆C

∀ ∆C ≤ t ≤ ∆B + CWB FtCn (t) =
t−∆C

CWC −∆C

∀ ∆C ≤ t ≤ ∆B + CWB

FtDp (t) =
t−∆D

CWD −∆D

∀ ∆D ≤ t ≤ ∆B + CWB FtDn (t) =
t−∆D

CWD −∆D

∀ ∆D ≤ t ≤ ∆B + CWB

Table 4.13: Distributions For Timer t′ in Corollary 5

Lower Bound Upper Bound

FtAj (t′) =
t′ −∆A

CWA −∆A

∀ ∆A ≤ t′ ≤ ∆A + CWA FtAj (t′) =
t′ −∆A

CWA −∆A

∀ ∆A ≤ t′ ≤ ∆A + CWA

FtBk (t′) =
t′ −∆B

CWB −∆B

∀ ∆B ≤ t′ ≤ ∆A + CWA FtBk (t′) =
t′ −∆B

CWB −∆B

∀ ∆B ≤ t′ ≤ ∆A + CWA

FtCn (t′) =
t′ −∆C

CWC −∆C

∀ ∆C ≤ t′ ≤ ∆A + CWA FtCn (t′) =
t′ −∆C

CWC −∆C

∀ ∆C ≤ t′ ≤ ∆A + CWA

FtDp (t′) = 0 ∀ ∆A ≤ t′ ≤ ∆A + CWA FtDp (t′) =
t′ −∆D

CWD −∆D

∀ ∆D ≤ t′ ≤ ∆A + CWA

SINR Coverage Probability of Typical UE For Channel Priority Class
B When deriving the SINR coverage upper and lower performance bounds of
class B, the upper bound for class B exists when CWA = 7, CWB = 7, CWC = 63,
and CWD = 1023. On the other hand, the lower bound for class B exists when
CWA = 3, CWB = 15, CWC = 15, and CWD = 15.
Corollary 5: Conditioned on the fact that the tagged LAA eNB w0 = (r0, 0) ∈
ΦB is retained by the MAC protocol, the probability for another eNB x ∈ ΦA to
transmit is:

Px/w0

MAP=

HN

(
w0, x,

TB
PA

,∆B, CWB,∆A, CWA, B,A,C,D

)
HD

(
w0, x,

TB
PA

, B,A,C,D,A

) (4.15)

Where t is the timer of node w0 and t′ is the timer of node x. The resulting
distributions of the timers t and t′ are shown in Tables 4.12 and 4.13 respectively
and which will be used in computing Px/w0

MAP .
Corollary 6: Conditioned on the fact that the tagged LAA eNB w0 = (r0, 0) ∈
ΦB is retained by LBT mechanism, the probability for another LAA eNB w ∈ ΦB

to transmit is given by:
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Table 4.14: Distributions For Timer t′ in Corollary 7

Lower Bound Upper Bound

FtAj (t′) =


t′ −∆A

CWA −∆A

∀ ∆C ≤ t′ ≤ ∆A + CWA

1 ∀ ∆A + CWA ≤ t′ ≤ ∆C + CWC

FtAj (t′) =


t′ −∆A

CWA −∆A

∀ ∆C ≤ t′ ≤ ∆A + CWA

1 ∀ ∆A + CWA ≤ t′ ≤ ∆C + CWC

FtBk (t′) =


t′ −∆B

CWB −∆B

∀ ∆C ≤ t′ ≤ ∆B + CWB

1 ∀ ∆B + CWB ≤ t′ ≤ ∆C + CWC

FtBk (t′) =


t′ −∆B

CWB −∆B

∀ ∆C ≤ t′ ≤ ∆B + CWB

1 ∀ ∆B + CWB ≤ t′ ≤ ∆C + CWC

FtCn (t′) =
t′ −∆C

CWC −∆C

∀ ∆C ≤ t′ ≤ ∆C + CWC FtCn (t′) =
t′ −∆C

CWC −∆C

∀ ∆C ≤ t′ ≤ ∆C + CWC

FtDp (t′) =
t′ −∆D

CWD −∆D

∀ ∆D ≤ t′ ≤ ∆C + CWC FtDn (t′) =
t′ −∆D

CWD −∆D

∀ ∆D ≤ t′ ≤ ∆C + CWC

Pw/w0

MAP=

HN

(
w0, w,

TB
PB

,∆B, CWB,∆B, CWB, B,A,C,D

)
HD

(
w0, w,

TB
PB

, B,A,C,D,B

) (4.16)

Where t is the timer of node w0 and t′ is the timer of node w. The resulting
distributions of the timers t and t′ are the same as those in Table 4.12 and which
will be used in computing Pw/w0

MAP .

Corollary 7: Conditioned on the fact that the tagged LAA eNB w0 = (r0, 0) ∈
ΦB is retained by LBT mechanism, the probability for another LAA eNB y ∈ ΦC

to transmit is given by:

Py/w0

MAP=

HN

(
w0, y,

TB
PC

,∆B, CWB,∆C , CWC , B,A,C,D

)
HD

(
w0, y,

TB
PC

, B,A,C,D,C

) (4.17)

Where t is the timer of node w0 and t′ is the timer of node y. The resulting
distributions of the timers t and t′ are shown in Tables 4.12 and 4.14 respectively
and which will be used in computing Py/w0

MAP .
Corollary 8: Conditioned on the fact that the tagged LAA eNB w0 = (r0, 0) ∈
ΦB is retained by LBT mechanism, the probability for another LAA eNB z ∈ ΦD

to transmit is given by:

Pz/w0

MAP=

HN

(
w0, z,

TB
PD

,∆B, CWB,∆D, CWD, B,A,C,D

)
HD

(
w0, z,

TB
PD

, B,A,C,D,D

) (4.18)

Where t′ is the timer of node z with the resulting distributions shown in Table
4.15 and which will be used in computing Pz/w0

MAP .
Based on Corollaries 5, 6, 7, and 8, the SINR coverage of the typical UE for
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Table 4.15: Distributions For Timer t′ in Corollary 8

Lower Bound Upper Bound

FtAj (t′) = 1 ∀ ∆D ≤ t′ ≤ ∆D + CWD FtAj (t′) =


t′ −∆A

CWA −∆A

∀ ∆D ≤ t′ ≤ ∆A + CWA

1 ∀ ∆A + CWA ≤ t′ ≤ ∆D + CWD

FtBk (t′) =


t′ −∆B

CWB −∆B

∀ ∆D ≤ t′ ≤ ∆B + CWB

1 ∀ ∆B + CWB ≤ t′ ≤ ∆D + CWD

FtBk (t′) =


t′ −∆B

CWB −∆B

∀ ∆D ≤ t′ ≤ ∆B + CWB

1 ∀ ∆B + CWB ≤ t′ ≤ ∆D + CWD

FtCn (t′) =


t′ −∆C

CWC −∆C

∀ ∆D ≤ t′ ≤ ∆C + CWC

1 ∀ ∆C + CWC ≤ t′ ≤ ∆D + CWD

FtCn (t′) =


t′ −∆C

CWC −∆C

∀ ∆D ≤ t′ ≤ ∆C + CWC

1 ∀ ∆C + CWC ≤ t′ ≤ ∆D + CWD

FtDp (t′) =
t′ −∆D

CWD −∆D

∀ ∆D ≤ t′ ≤ ∆D + CWD FtDn (t′) =
t′ −∆D

CWD −∆D

∀ ∆D ≤ t′ ≤ ∆D + CWD

priority class B is obtained in Lemma 3 as follows:
Lemma 3: Given the tagged LAA eNB is located at w0 = (r0, 0) ∈ ΦB, the
SINR coverage probability of the typical UE with SINR threshold T for priority
class B is approximated as:

PBSINR (T, λA, λB, λC , λD) ≈
∫ ∞

0

exp

(
−
∫
R2

T l(r0)λAPx/w0

MAP

PB
PA

l(‖x‖) + T l(r0)
dx

)
exp

(
−
∫
R2\B(0,r0)

T l(r0)λBPw/w0

MAP

l(‖w‖) + T l(r0)
dw

)

×exp

(
−
∫
R2

T l(r0)λCPy/w0

MAP

PB
PC

l(‖y‖) + T l(r0)
dy

)
× exp

(
−
∫
R2

T l(r0)λDPz/w0

MAP

PB
PD

l(‖z‖) + T l(r0)
dz

)
× exp

(
−µT l(r0)

σ2
N

PB

)
× f‖w0‖(r0)dr0

(4.19)

SINR Coverage Probability of Typical UE For Channel Priority Class
C When deriving the SINR coverage upper and lower performance bounds of
class C, the upper bound for class C exists when CWA = 7, CWB = 15, CWC =
15, and CWD = 1023. On the other hand, the lower bound for class C exists
when CWA = 3, CWB = 7, CWC = 63, and CWD = 15.
Corollary 9: Conditioned on the fact that the tagged LAA eNB y0 = (r0, 0) ∈
ΦC is retained by the MAC protocol, the probability for another eNB x ∈ ΦA to
transmit is:

Px/y0

MAP=

HN

(
y0, x,

TC
PA

,∆C , CWC ,∆A, CWA, C, A,B,D

)
HD

(
y0, x,

TC
PA

, C, A,B,D,A

) (4.20)

Where t is the timer of node y0 and t′ is the timer of node x. The resulting
distributions of the timers t′ and t are shown in Tables 4.16 and 4.17 respectively
and which will be used in computing Px/y0

MAP .
Corollary 10: Conditioned on the fact that the tagged LAA eNB y0 = (r0, 0) ∈
ΦC is retained by LBT mechanism, the probability for another LAA eNB w ∈ ΦB
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Table 4.16: Distributions For Timer t′ in Corollary 9

Lower Bound Upper Bound

FtAj (t′) =
t′ −∆A

CWA −∆A

∀ ∆A ≤ t′ ≤ ∆A + CWA FtAj (t′) =
t′ −∆A

CWA −∆A

∀ ∆A ≤ t′ ≤ ∆A + CWA

FtBk (t′) =
t′ −∆B

CWB −∆B

∀ ∆B ≤ t′ ≤ ∆A + CWA FtBk (t′) =
t′ −∆B

CWB −∆B

∀ ∆B ≤ t′ ≤ ∆A + CWA

FtCn (t′) =
t′ −∆C

CWC −∆C

∀ ∆C ≤ t′ ≤ ∆A + CWA FtCn (t′) =
t′ −∆C

CWC −∆C

∀ ∆C ≤ t′ ≤ ∆A + CWA

FtDp (t′) = 0 ∀ ∆A ≤ t′ ≤ ∆A + CWA FtDp (t′) =
t′ −∆D

CWD −∆D

∀ ∆D ≤ t′ ≤ ∆A + CWA

Table 4.17: Distributions For Timer t in Corollary 9

Lower Bound Upper Bound

FtAj (t) =


t−∆A

CWA −∆A

∀ ∆C ≤ t ≤ ∆A + CWA

1 ∀ ∆A + CWA ≤ t ≤ ∆C + CWC

FtAj (t) =


t−∆A

CWA −∆A

∀ ∆C ≤ t ≤ ∆A + CWA

1 ∀ ∆A + CWA ≤ t ≤ ∆C + CWC

FtBk (t) =


t−∆B

CWB −∆B

∀ ∆C ≤ t ≤ ∆B + CWB

1 ∀ ∆B + CWB ≤ t ≤ ∆C + CWC

FtBk (t) =


t−∆B

CWB −∆B

∀ ∆C ≤ t ≤ ∆B + CWB

1 ∀ ∆B + CWB ≤ t ≤ ∆C + CWC

FtCn (t) =
t−∆C

CWC −∆C

∀ ∆C ≤ t ≤ ∆C + CWC FtCn (t) =
t−∆C

CWC −∆C

∀ ∆C ≤ t ≤ ∆C + CWC

FtDp (t) =
t−∆D

CWD −∆D

∀ ∆D ≤ t ≤ ∆C + CWC FtDn (t) =
t−∆D

CWD −∆D

∀ ∆D ≤ t ≤ ∆C + CWC

to transmit is given by:

Pw/y0

MAP=

HN

(
y0, w,

TC
PB

,∆C , CWC ,∆B, CWB, C, A,B,D

)
HD

(
y0, w,

TC
PB

, C, A,B,D,B

) (4.21)

Where t is the timer of node y0 and t′ is the timer of node w. The resulting
distributions of the timers t and t′ are shown in Tables 4.17 and 4.18 respectively
and which will be used in computing Pw/y0

MAP .
Corollary 11: Conditioned on the fact that the tagged LAA eNB y0 = (r0, 0) ∈

ΦC is retained by LBT mechanism, the probability for another LAA eNB y ∈ ΦC

Table 4.18: Distributions For Timer t′ in Corollary 10

Lower Bound Upper Bound

FtAj (t′) =


t′ −∆A

CWA −∆A

∀ ∆A ≤ t′ ≤ ∆A + CWA

1 ∀ ∆A + CWA ≤ t′ ≤ ∆B + CWB

FtAj (t′) =


t′ −∆A

CWA −∆A

∀ ∆B ≤ t′ ≤ ∆A + CWA

1 ∀ ∆A + CWA ≤ t′ ≤ ∆B + CWB

FtBk (t′) =
t′ −∆B

CWB −∆B

∀ ∆B ≤ t′ ≤ ∆B + CWB FtBk (t′) =
t′ −∆B

CWB −∆B

∀ ∆B ≤ t′ ≤ ∆B + CWB

FtCn (t′) =
t′ −∆C

CWC −∆C

∀ ∆C ≤ t′ ≤ ∆B + CWB FtCn (t′) =
t′ −∆C

CWC −∆C

∀ ∆C ≤ t′ ≤ ∆B + CWB

FtDp (t′) =
t′ −∆D

CWD −∆D

∀ ∆D ≤ t′ ≤ ∆B + CWB FtDn (t′) =
t′ −∆D

CWD −∆D

∀ ∆D ≤ t′ ≤ ∆B + CWB
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Table 4.19: Distributions For Timer t′ in Corollary 12

Lower Bound Upper Bound

FtAj (t′) = 1 ∀ ∆D ≤ t′ ≤ ∆D + CWD FtAj (t′) =


t′ −∆A

CWA −∆A

∀ ∆D ≤ t′ ≤ ∆A + CWA

1 ∀ ∆A + CWA ≤ t′ ≤ ∆D + CWD

FtBk (t′) =


t′ −∆B

CWB −∆B

∀ ∆D ≤ t′ ≤ ∆B + CWB

1 ∀ ∆B + CWB ≤ t′ ≤ ∆D + CWD

FtBk (t′) =


t′ −∆B

CWB −∆B

∀ ∆D ≤ t′ ≤ ∆B + CWB

1 ∀ ∆B + CWB ≤ t′ ≤ ∆D + CWD

FtCn (t′) =
t′ −∆C

CWC −∆C

∀ ∆D ≤ t′ ≤ ∆C + CWC FtCn (t′) =


t′ −∆C

CWC −∆C

∀ ∆D ≤ t′ ≤ ∆C + CWC

1 ∀ ∆C + CWC ≤ t′ ≤ ∆D + CWD

FtDp (t′) =
t′ −∆D

CWD −∆D

∀ ∆D ≤ t′ ≤ ∆D + CWD FtDn (t′) =
t′ −∆D

CWD −∆D

∀ ∆D ≤ t′ ≤ ∆D + CWD

to transmit is given by:

Py/y0

MAP=

HN

(
y0, y,

TC
PC

,∆C , CWC ,∆C , CWC , C, A,B,D

)
HD

(
y0, y,

TC
PC

, C, A,B,D,C

) (4.22)

Where t is the timer of node y0 and t′ is the timer of node y. The resulting
distributions of both timers t and t′ are those in Table 4.17 respectively and
which will be used in computing Py/y0

MAP .
Corollary 12: Conditioned on the fact that the tagged LAA eNB y0 = (r0, 0) ∈
ΦC is retained by LBT mechanism, the probability for another LAA eNB z ∈ ΦD

to transmit is given by:

Pz/y0

MAP=

HN

(
y0, z,

TC
PD

,∆C , CWC ,∆D, CWD, C, A,B,D

)
HD

(
y0, z,

TC
PD

, C, A,B,D,D

) (4.23)

Where t is the timer of node y0 and t′ is the timer of node z. The resulting
distributions of the timers t and t′ are shown in Tables 4.17 and 4.19 respectively
and which will be used in computing Pz/y0

MAP .
Based on Corollaries 9, 10, 11, and 12, the SINR coverage of the typical UE for
priority class C is obtained in Lemma 4 as follows:
Lemma 4: Given the tagged LAA eNB is located at y0 = (r0, 0) ∈ ΦC , the
SINR coverage probability of the typical UE with SINR threshold T for priority
class C is approximated as:

PCSINR (T, λA, λB, λC , λD) ≈
∫ ∞

0

exp

(
−
∫
R2

T l(r0)λAPx/y0

MAP

PC
PA

l(‖x‖) + T l(r0)
dx

)
exp

(
−
∫
R2

T l(r0)λBPw/y0

MAP

PC
PB

l(‖w‖) + T l(r0)
dw

)

×exp

(
−
∫
R2\B(0,r0)

T l(r0)λCPy/y0

MAP

l(‖y‖) + T l(r0)
dy

)
× exp

(
−
∫
R2

T l(r0)λDPz/y0

MAP

PC
PD

l(‖z‖) + T l(r0)
dz

)
× exp

(
−µT l(r0)

σ2
N

PC

)
× f‖y0‖(r0)dr0

(4.24)
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Table 4.20: Distributions For Timer t in Corollary 13

Lower Bound Upper Bound

FtAj (t) = 1 ∀ ∆D ≤ t ≤ ∆D + CWD FtAj (t) =


t−∆A

CWA −∆A

∀ ∆D ≤ t ≤ ∆A + CWA

1 ∀ ∆A + CWA ≤ t ≤ ∆D + CWD

FtBk (t) =


t−∆B

CWB −∆B

∀ ∆D ≤ t ≤ ∆B + CWB

1 ∀ ∆B + CWB ≤ t ≤ ∆D + CWD

FtBk (t) =


t−∆B

CWB −∆B

∀ ∆D ≤ t ≤ ∆B + CWB

1 ∀ ∆B + CWB ≤ t ≤ ∆D + CWD

FtCn (t) =


t−∆C

CWC −∆C

∀ ∆D ≤ t ≤ ∆C + CWC

1 ∀ ∆C + CWC ≤ t ≤ ∆D + CWD

FtCn (t) =
t−∆C

CWC −∆C

∀ ∆D ≤ t ≤ ∆C + CWC

FtDp (t) =
t−∆D

CWD −∆D

∀ ∆D ≤ t ≤ ∆D + CWD FtDn (t) =
t−∆D

CWD −∆D

∀ ∆D ≤ t ≤ ∆D + CWD

SINR Coverage Probability of Typical UE For Channel Priority Class
D When deriving the SINR coverage upper and lower performance bounds of
class D, the upper bound for class D exists when CWA = 7, CWB = 15, CWC =
63, and CWD = 15. On the other hand, the lower bound for class D exists when
CWA = 3, CWB = 7, CWC = 15, and CWD = 1023.
Corollary 13: Conditioned on the fact that the tagged LAA eNB z0 = (r0, 0) ∈
ΦD is retained by the MAC protocol, the probability for another eNB x ∈ ΦA to
transmit is:

Px/z0MAP=

HN

(
z0, x,

TD
PA

,∆D, CWD,∆A, CWA, D,A,B,C

)
HD

(
z0, x,

TD
PA

, D,A,B,C,A

) (4.25)

Where t is the timer of node y0 and t′ is the timer of node x. The resulting
distributions of the timer t′ were found to be similar to those in Table 4.17. On
the other hand, the resulting distributions of the timer t are shown in Table 4.20.
The distributions in Table 4.17 and Table 4.20 can then be used to compute
Px/z0MAP .
Corollary 14: Conditioned on the fact that the tagged LAA eNB z0 = (r0, 0) ∈
ΦD is retained by LBT mechanism, the probability for another LAA eNB w ∈ ΦB

to transmit is given by:

Pw/z0MAP=

HN

(
z0, w,

TD
PB

,∆D, CWD,∆B, CWB, D,A,B,C

)
HD

(
z0, w,

TD
PB

, D,A,B,C,B

) (4.26)

Where t is the timer of node y0 and t′ is the timer of node w. The resulting
distributions of the timers t′ and t were found to be similar to those in Tables
4.18 and 4.20 which can used to compute Pw/z0MAP .
Corollary 15: Conditioned on the fact that the tagged LAA eNB z0 = (r0, 0) ∈
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ΦD is retained by LBT mechanism, the probability for another LAA eNB y ∈ ΦC

to transmit is given by:

Py/z0MAP=

HN

(
z0, y,

TD
PC

,∆D, CWD,∆C , CWC , D,A,B,C

)
HD

(
z0, y,

TD
PC

, D,A,B,C,C

) (4.27)

Where t is the timer of node y0 and t′ is the timer of node y. The resulting
distributions of the timers t′ and t were found to be similar to those in Tables
4.17 and 4.20 which can used to compute Py/z0MAP .
Corollary 16: Conditioned on the fact that the tagged LAA eNB z0 = (r0, 0) ∈
ΦD is retained by LBT mechanism, the probability for another LAA eNB z ∈ ΦD

to transmit is given by:

Pz/z0MAP=

HN

(
z0, z,

TD
PD

,∆D, CWD,∆D, CWD, D,A,B,C

)
HD

(
z0, z,

TD
PD

, D,A,B,C,D

) (4.28)

Where t is the timer of node y0 and t′ is the timer of node z. The resulting
distributions of the timers t′ and t were derived in Table 4.20 which can used to
compute Pz/z0MAP .
Based on Corollaries 13, 14, 15, and 16, the SINR coverage of the typical UE for
priority class D is obtained in Lemma 5 as follows:
Lemma 5: Given the tagged LAA eNB is located at z0 = (r0, 0) ∈ ΦD, the
SINR coverage probability of the typical UE with SINR threshold T for priority
class D is approximated as:

PDSINR (T, λA, λB, λC , λD) ≈
∫ ∞

0

exp

(
−
∫
R2

T l(r0)λAPx/z0MAP

PD
PA

l(‖x‖) + T l(r0)
dx

)
exp

(
−
∫
R2

T l(r0)λBPw/z0MAP

PD
PB

l(‖w‖) + T l(r0)
dw

)

×exp

(
−
∫
R2

T l(r0)λCPy/z0MAP

PD
PC

l(‖y‖) + T l(r0)
dy

)
× exp

(
−
∫
R2\B(0,r0)

T l(r0)λDPz/z0MAP

l(‖z‖) + T l(r0)
dz

)
× exp

(
−µT l(r0)

σ2
N

PD

)
× f‖z0‖(r0)dr0

(4.29)
Based on the parameters in Table 4.3 and upper performance bound channel

access parameters (for demonstration purpose), we show in Fig. 4.4 the SINR
coverage probability of the typical LAA UE in the downlink for different LTE
eNB densities corresponding to different channel access priority classes. The
simulation results are obtained from the definition of SINR in (4.1), (4.2), (4.3),
and (4.4). It can be observed from Fig. 4.4 that the approximation in Lemma 2,
3, 4, and 5 give an accurate estimation of the actual SINR coverage. In addition,
we can see that in general the best performance is achieved when the density of
eNBs from any class is dominating over that of the other classes as shown in Fig.
4.4 (a) and (d).
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Figure 4.4: SINR Coverage For Typical LTE-LAA UE with Different Priority
Classes

Also, the coexistence of LTE eNBs from other classes in the same channel
show a diverse impact on the downlink transmissions of any class. The SINR
performance of the typical UE appears to be worse when the density of LAA
eNBs of a particular class is smaller where the the effect of interference from
other LAA channel access priority classes is higher when a class has λ = 200
eNBs/km2 than the case where it has λ = 400 eNBs/km2 as shown in Fig.
4.4. Furthermore, we can see that the SINR performance for class A is the best
whereas class B follows the same trend as that of class A with an extra acceptable
degradation that is highest especially in the low SINR regime (below 0 dB) when
the density of eNBs that belong to class B is smaller than that of other classes
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Figure 4.5: Rate Coverage Probability For Typical LTE-LAA UE in Case of
Channel Priority Class A: (a) Lower Performance Bound (b) Upper

Performance Bound.

as shown in Fig. 4.4 (c). Also, we can see that the SINR performance for class C
shows a large degradation compared to that of class A and B especially in the low
SINR regime (below 0 dB) when the density of eNBs that belong to class C (200
eNBs/km2) is smaller than that of other classes (400 eNBs/km2). Finally, we can
see that the SINR performance for class D shows a large degradation compared
to that of class A and B and a closer performance to that of class C. However,
class D suffers from the lowest SINR performance when coexisting with classes
A, B, and C. The worst being when class D has lower density of eNBs than the
density of other classes as shown in Fig. 4.4 (c).

4.1.3 Numerical Results and Evaluation

In this section, based on the MAP and the SINR coverage probability, we investi-
gate the effect of the different channel access priority classes on the rate coverage
probability that was defined in section 4.1.1. We focus in our analysis on a dense
network deployment with λA = 200 eNBs/km2, λB = 200 eNBs/km2, λC = 200
eNBs/km2, and λD = 200 eNBs/km2. Note that since we consider the effect of
the channel access priority on the performance of different classes, we consider
same density of eNBs for all classes. The Rayleigh fading parameter µ is equal to
1 and we assume that the noise power is negligible as compared to interference
power (σ2

N = 0).
One way to interpret these classes would be to assign them to different traffic
types as in [64]. For example, class A may be used for signaling, voice, and
real-time gaming. While class B may be used for streaming and interactive gam-
ing. In addition, class C may be used for best-effort data whereas class D may
be used for background traffic. In figures 4.5, 4.6, 4.7 and 4.8, we present the
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Figure 4.6: Rate Coverage Probability For Typical LTE-LAA UE in Case of
Channel Priority Class B: (a) Lower Performance Bound (b) Upper

Performance Bound.

rate coverage probability of the typical UE under different channel access priority
classes which are based on 3GPP release 14 specifications for LAA downlink as
described in Table 4.21. In each figure, we show the performance of all possible
coexistence scenarios corresponding to each channel access priority class. This is
important as the operator may decide to select particular traffic to be offloaded
to the unlicensed band through LAA while aiming to maintain the quality of
service requested by users.
First, we start by analyzing Fig. 4.5 where the performance of class A having
highest channel access priority is presented. In Fig. 4.5, we can see that the
operator achieves the best performance when one traffic class is used. This is the
same in case of classes B, C, and D as shown in figures 4.6, 4.7 and 4.8. However
when other classes coexist with class A, the rate coverage probability of class A
decreases rapidly especially in the low rate threshold regime (≤ 30 Mbps). In par-
ticular, in the case where class A coexists with exactly one another class

{
(class

A, class B), (class A, class C, (class A, class D)
}

, we can realize that although
class B has the worst effect on class A, the effect of the coexistence of classes C
and D are close to that of B. On the other hand, when class A coexists with two
other classes, the performance of class A is more degraded but also with close
effect on the performance of class A from the combinations of

{
(class A, class C,

class D), (class A, class B, class D), (class A, class B, class C)
}

where the last
has the worst performance. Finally, for the case of coexisting with three other
classes, we can see that class A has the worst rate coverage probability. Also, by
inspecting Fig. 4.6, we can see that the effect of the performance on class B with
other classes follows the same trend as that of class A but with an extra degra-
dation in the rate coverage probability whenever coexisting with class A. We can
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Figure 4.7: Rate Coverage Probability For Typical LTE-LAA UE in Case of

Channel Priority Class C: (a) Lower Performance Bound (b) Upper
Performance Bound.

see that the effect of coexistence with class A only is equivalent to the effect of
coexisting with two other classes like C and D. This can be explained by the fact
that class A has the higher channel access priority than class B and hence the
presence of eNBs that belongs to class A will diversely affect the performance of
eNBs from class B. As for the performance of class C and D, we can see that class
C maintains an acceptable performance when coexisting with class D. However,
when class C coexists with either class A and B its performance starts degrading
and becomes more severe in case of coexisting with other two or three classes.
For class D, we can see that its performance is severely affected by the presence
of any combination of all other classes. The worst being the case where class D
coexists with classes A, B, and C. Note that the lower and upper performance
bounds are similar in classes A, B, and C. Whereas in class D, we can see that
in case of the upper performance bound, we have an enhancement in about 20%
in the rate coverage probability.

4.1.4 Summary

In this chapter, we have presented and validated a framework using stochastic
geometry to analyze the effect of different channel access priorities on the per-
formance of four different coexisting LAA networks in the unlicensed band. The
coexistence of LAA networks with each other is a major issue on the road toward
5G. Based on this, we adopted 3GPP release 14 specification for LAA downlink.
Throughout the analysis, we used several performance metrics such as MAP,
SINR coverage probability, and rate coverage probability. Results show that op-
erators may exploit the unlicensed bands using different traffic types but with
a trade off between the achieved performance and the number of traffic classes
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Figure 4.8: Rate Coverage Probability For Typical LTE-LAA UE in Case of
Channel Priority Class D: (a) Lower Performance Bound (b) Upper

Performance Bound.

used. We showed that most of the traffic classes may maximize their benefit from
the unlicensed channel when a single traffic class is used. However, the diverse
impact on the performance of each class starts when increasing the number of
classes being transmitted. Results showed that classes A and B retain an accept-
able performance and are better than that of classes C and D when coexisting
with one or two other classes having different types. However, when all classes
coexist, there is a severe impact on the LAA network in the case of all classes.
Also, when analyzing the lower and upper performance bounds, we can see that
they are similar in case of classes A, B, and C. Whereas in case of class D, we
have an improvement in the rate coverage probability by about 20% in the upper
performance bound.

4.2 LTE-LAA Coexistence: Generalized

M-operator Approach

In this section, we provide a stochastic geometry framework for analyzing the
performance attained by an arbitrary number of LTE operators sharing an un-
licensed band in licensed assisted access. We derive closed-form expressions for
the medium access and coverage probabilities and the network throughput per
unit area. These performance metrics address the impact of multi-operator coex-
istence. Our results identify coexistence issues not accounted for in the standard
and provide analytical tools to help overcome them.
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4.2.1 System Model

We consider a downlink scenario with M LAA operators coexisting in an unli-
censed band of bandwidth W . Coordinators (eNBs) are assumed to have persis-
tent traffic. Each user equipment (UE) is associated with the eNB providing the
strongest average received power.

Network Model

The location of a node n (eNB or UE) is denoted by xn ∈ R2. The locations
of eNBs for each operator i are modeled as independent realizations Φi = {xn}
of a homogeneous Poisson point processes (PPP) of intensity λ̂i on R2. The
served UEs are also modeled as independent homogeneous PPPs with λUE

i for
each operator. Only eNBs that have at least one UE to serve are considered
in our analysis. The density of these active eNBs is λi = δλ̂i, where δ =

1−
(

1− λUE
i

λUE
i +κλ̂i

)κ
is the activation probability with κ = 3.575 [70].

The signal path loss between an eNB located at xn and a UE located at xm
is defined as `nm := `(xn, xm) or `(xn) := `(xn, 0) and modeled as `(xn, xm) =
c

4πfc
‖xn−xm‖α with fc standing for the carrier frequency, c for the speed of light,

and α for the path loss exponent. We consider path loss exponent α = 4. The
probability density function of the distance between these two nodes, defined as
r := ‖xn−xm‖ is fR(r) = 2πrλie

−λiπr2
[37]. We assume that channels are subject

to Rayleigh fading, such that the power fading coefficient hinm between eNB n
and UE m from operator i is exponentially distributed with parameter µ. For
simplicity, we neglect shadowing effects in this letter.

Based on Slivnyak′s theorem [39], we study the performance of a typical UE
assumed to be located in the origin without affecting the distribution of the rest of
the UEs process. The typical UE is denoted as UE0. The coordinator associated
to UE0 is called tagged eNB, denoted by eNB0 = x0.

Channel Access

We consider the Load Based Equipment (LBE) medium access control (MAC)
protocol for LAA [20], where an LAA eNB performs a carrier sensing before
transmission. A channel observation time of at least 20 µs is employed to detect
the presence of active transmitters. The received signal power is compared against
a given energy detection threshold level threshold ξi [20, 49]. The channel for
operator i is determined busy if a signal above the threshold ξi is detected. If
the channel is found idle, the eNB transmits. However, if busy, the eNB waits
a back-off period t before transmission, which is a randomly selected multiple
of the channel observation time from a contention window [0; qi]. Parameter
qi is selected based on the traffic type carried by the LAA eNB in the range [4;
32] which determines its channel access priority [21]. Each eNB xn ∈ Φi has an
independent mark tin that represents its random back-off, uniformly distributed in
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the interval [0, qi]. Although this channel access model may have some limitations
with its fixed contention window size, it allows us to highlight interesting LAA
design issues.

The contenders of an eNB from operator i are the eNBs from other operators
for which a power above ξi is received. The MAC protocol retains the eNB with
the smallest back-off from all contenders. In this way, a medium access indicator
ein equal to one is assigned to the eNB xn ∈ Φi if the eNB is selected to transmit,
and equal to zero otherwise.

Performance Metrics

If the tagged eNB x0 ∈ Φi transmits with power pi, the received SINR at UE0 is:

SINRi
0 =

pih
i
00/`(x0)

Ii + σ2
N

, (4.30)

where Ii is the interference resulting from other eNBs of the same operator and
from the eNBs of the coexisting operators, and σ2

N stands for the thermal noise
power at UE0, which is assumed to be much smaller than the interference power
and therefore neglected in the following. The interference can be further written
as

Ii =
∑

xn∈Φi\{x0}

pih
i
n0e

i
n/`(xn) +

∑
j 6=i

∑
xl∈Φj

pjh
ji
l0e

j
l /`(xl). (4.31)

From (4.30), the SINR coverage probability for operator i, with an SINR
threshold θ, is defined as PiSINR(θ) = Pr(SINRi

0
> θ|ei

0
= 1). Based on this defini-

tion and that of the medium access probability (MAP) PiMAP = E[ei0] (derived in
the following section), the area system throughput (AST) for operator i is defined
as [70]:

ASTi = λi PiMAP W

∫ ∞
0

PiSINR(2ρ − 1)dρ. (4.32)

Note that the MAP accounts for the expected fraction of time that the tagged
eNB has access to the channel. It therefore measures the expected fraction of
active eNBs per operator, over a fully overlapped coverage area.

Since Φi ∀ i = 1 . . .M are stationary and isotropic, the introduced perfor-
mance metrics of UE0 are invariant with respect to the angle of the tagged eNB,
which we therefore, locate at (r0, 0). We also define the following functions to be
used. First,

Nij(xn, r) = λi

∫
R2\B(0,r)

exp

(
−µξj

pi
`(x, xn)

)
dx (4.33)

represents the expected number of eNBs that belong to operator i (in R2\B(0, r)),
whose signal power at xn ∈ R2 exceeds its activity threshold ξj. Second,

Qij(xn, xm, r) =

λi

∫
R2\B(0,r)

exp

(
−µξi

pi
`(x, xn)− µξj

pj
`(x, xm)

)
dx

(4.34)
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represents the expected number of eNBs in R2\B(0, r) whose signal power at
xn ∈ R2 and xm ∈ R2 exceeds thresholds ξi and ξj, respectively. Equations (4.33)
and (4.34) are used to simplify the expressions of the conditional MAP later on.

4.2.2 MAP and SINR Coverage Probability

The medium access indicator ein for the n-th LAA eNB from operator i, using
LBE MAC is:

ein =
∏

xi∈Φi\{xn}

(
1tim≥tin + 1tim<t

i
n
1himn/`mn≤ ξi/pi

)
·
M∏
j 6=i

∏
xl∈Φj

(
1tjl≥tin

+ 1tjl<t
i
n
1hjiln/`ln≤ ξi/pj

)
,

(4.35)

with 1 standing for the indicator function. ein is equal to one only when the
back-off timer of the n-th LAA eNB is smaller than that of all other eNBs or if
it does not detect the transmissions of other eNBs even if its back-off timer is
larger than that of other eNBs. ein is equal to zero otherwise.

Lemma 1: When LAA operators 1, 2, . . . ,M adopt the contention window
parameters q1, q2, . . . , qM , respectively, the MAP for eNB that belongs to operator
i is given by:

PiMAP=

∫ ∞

0

1− exp

(
−Nii(x, r0)−

∑
j 6=i

qi
qj
Nji(x, 0)

)
Nii(x, r0) +

∑
j 6=i

qi
qj
Nji(x, 0)

fR(r0)dr0.

(4.36)
Given the tagged eNB from operator i we have:

E
[
ein|tin = t, xn = (r0, 0)

]
(a)
= E

 ∏
xm∈Φi∩Bc(0,r0)

(
1− t

qi
exp

(
−µξi

pi
`mn

))

·
M∏
j 6=i

E

 ∏
xl∈Φj

(
1− t

qj
exp

(
−µ ξi

pj
`ln

))
(b)
= exp

(
− t

qi
Nii(xn, r0)−

M∑
j 6=i

t

qj
Nji(xn, 0)

)
,

(4.37)

where (a) follows by re-writing xn = (r0, 0) as xn ∈ Φi, Φi(B
o(0, r0)) = 0,

and de-conditioning on Φi(B
o(0, r0)) = 0. Using Slivnyak′s theorem and the
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Table 4.21: Scenario of 10 LAA operators

Operator i 1 2 3 4 5 6 7 8 9 10

qi 1 2 4 8 12 16 20 24 28 32

ExnΦi

[
êinê

i
0

]
=

1

qi × qk

∫ qi

0

∫ qk

0

(
1− exp

(
− µξk

pi
`(x, x0)

))
×exp

(
− t′

(
Nii(x, r0)

qi
+
∑M

j 6=i
Nji(x, 0)

qj

)
− t
(
Nii(x0, r0)

qi
+
∑M

j 6=i
Nji(x0, 0)

qj

)
+ min (t, t′)

(
Qii(x, x0, r0)

q2
i

+
∑M

j 6=i
Qji(x, x0, 0)

q2
j

))
dtdt′

(4.39)
ExnΦi

[êi0] =

1

qi

∫ qi

0

(
1− t

qk
exp

(
− µ ξi

pk
`(x, x0)

))
exp

[
− t

qi
Nii(x0, r0)−

M∑
j 6=i

t

qj
Nji(x0, 0)

]
dt

(4.40)

independence of Φi and Φj 6=i , (b) follows from the probability generating func-
tional (P.G.FL) of the PPP. De-conditioning on t ∼ U(0, qi) and on x0, and
using Nij(xn, r) from (4.33) gives the result. Hence, by adding extra LAA op-
erators each with eNBs density λj, the MAP of an operator i is degraded by

−
∑M

j 6=i
t

qj
Nji. The process of the transmitting eNB for each operator is a depen-

dent thinning of the Φis, whose Laplace functionals are unknown in closed form.
We approximate the SINR coverage probability of UE0 by first deriving MAP for
each eNB conditioned on the tagged eNB being active.

Corollary 1: Conditioned on the retention of the tagged eNB x0 from op-
erator i by the MAC protocol, the MAP for an eNB from operator k is:

Pk| iMAP =
ExnΦi

[êinê
i
0]

ExnΦi
[êi0]

, (4.38)

with the expectation expressions given in (4.39) and (4.40).

Proof For every eNB xn ∈ Φi∩Bc(0, r0), given that eNB0 is located at x0, the
conditional MAP is derived as follows:
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Pk| iMAP = P
[
ein = 1

∣∣ei0 = 1, x0 = (r0, 0), xn ∈ Φi

]
(a)
= PxnΦi

[
ein = 1

∣∣ei0 = 1, x0 ∈ Φi,Φi(B
o(0, r0)) = 0

]
(b)
=

Pxn,x0

Φi

[
êin = 1, êi0 = 1

]
Pxn,x0

Φi

[
êi0 = 1

] (c)
=

ExnΦi

[
êinê

i
0

]
ExnΦi

[
êi0
] , (4.41)

where (a) follows from re-writing x0 = (r0, 0) as x0 ∈ Φi,Φi(B
o(0, r0)) = 0.

(b) follows from Bayes rule and de-conditioning on Φi(B
o(x0, r0)) = 0. Step (c)

follows from Slivnyak′s theorem. The modified access indicators are:

êin =
∏

xm∈(Φi∩Bc(0,r0)+δx0 )\{xn}

(
1tim≥tin + 1tim<t

i
n
1himn/`mn≤ ξi/pi

)
·
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∏
xl∈Φj

(
1tjl≥tin

+ 1tjl<t
i
n
1hjiln/`ln≤ ξi/pj

)
,

(4.42)

êi0 =
∏

xm∈Φi∩Bc(0,r0)

(
1tim≥ti0 + 1tim<t

i
0
1him0/`m0≤ ξi/pi

)

·
M∏
j 6=i

∏
xl∈Φj

(
1tjl≥t

i
0

+ 1tjl<t
i
0
1hjil0/`l0≤ ξi/pj

)
.

(4.43)

Inserting (4.43) in the denominator expectation ExnΦi
[êi0], (4.40) follows from

Slivnyak′s theorem, setting ti0 = t, then de-conditioning on t, and using the
P.G.FL of a PPP. The numerator of (4.41) is derived similarly to obtain (4.39).

From Corollary 1, we can approximate the SINR coverage probability of UE0

with threshold θ as:

PiSINR (θ) ≈

∫ ∞

0

exp

− M∑
i 6=j

∫
R2

θ`(r0)λjPj| iMAP
pi
pj
`(x) + θ`(r0)

dx−∫
R2\B(0,r0)

θ`(r0)λiPj| iMAP

`(x) + θ`(r0)
dx− µθ`(r0)

σ2
N

pi

 fR(r0)dr0.

(4.44)

Performance Evaluation

Simulation results are presented to assess the accuracy of our expressions for
the SINR distributions and to get insights into the performance of coexisting
LAA networks. We focus on a very dense network deployment of 200 eNBs/km2

per operator. We consider a total user density of λUE = 5000 UEs/km2 divided
equally over the number of operators. The power fading parameter is set to µ = 1.
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Figure 4.9: Medium Access Probability (MAP) for LAA eNBs of Operator 1
(q1 = 1) and Operator 10 (q10 = 32).
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Figure 4.10: SINR coverage probability of UE0 for Operator 1

For demonstration purposes, we fix the number of coexisting LAA operators to
10, where a scenario for the adopted contention window parameters is shown
in Table 4.21. The accuracy of the analytical results from Section 4.2.2 were
validated against the simulation results using a spatial discrete event simulator
for LAA as in [32, 37].

Figures 4.9 and 4.10 shows the MAP and the SINR coverage probability of
UE0. We can observe that (4.36) as well as the approximation in (4.44) provide
an accurate fit to the simulation points for the several operators scenarios.

The impact of the coexistence of these operators on the MAP of the eNBs
of each operator is shown in Fig. 4.9 for a sensing threshold ξi = −72 dBm
∀ i ∈ [1,M ]. In particular, we present the MAP of Operators 1 and 10. We
can see that the MAP is constant over the operators own λi, and that MAP of
Operator 1 is much higher than that of Operator 10. This is expected given the
much lower back-off range from Operator 1. It highlights that (while an LBT
mechanism is key to enable coexistence) further regulatory steps may be required
to ensure the harmonious coexistence of LAA operators given the major impact
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Figure 4.11: Area system throughput per operator

that the contention window size could have on the performance of some operators.
We also note from Fig. 4.10 that as the number of coexisting LAA operators

increases from 1 to 8, there is a large decrease in the SINR coverage probability
for a given SINR threshold. However, this coverage difference is small when the
number of coexisting operators is above 8.

Based on the MAP and SINR coverage probability, we further analyze the
performance of the coexistence scenario of 10 operators. Fig. 4.11 shows the AST
per operator versus the number of operators. We investigate the trade-off between
having many operators and few operators for a fixed density of subscribers in
the service area. We can see that, on average, the AST per operator is higher
when the number of operators M is small and hence the number of users per
operator (λUE

i = λUE/M) is large. This effect is more evident on operators using
larger contention windows (larger qi), such as Operator 10 where the AST drops
by 2 Gbps/km2 from the starting scenario of 2 operators. Note that the AST
of Operators 6, 8, and 10 gets drastically reduced as the number of operators
increase to 10 whereas Operators 1 and 2 maintain the best performance. These
results indicate that there is a need to set a limit on the number of operators
expected to serve the same area, as an over-population of operators can lead to
a severe degradation of their performance.

4.2.3 Summary

We have presented a framework based on stochastic geometry for analyzing the
performance of coexisting LAA networks in an unlicensed band. It shows, as
expected, that an increasing number of operators, whose devices use different
contention window sizes within the same band, impacts the area system through-
put of most operators and that the AST of some operators may get drastically
reduced.
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Chapter 5

Coexistence of DSRC and IEEE
802.11ax Wi-Fi in the Unlicensed
Band

We discuss in this chapter the impact of the possible coexistence of the DSRC and
Wi-Fi networks on each other in these bands through an analytical framework
that is based on performance metrics obtained using stochastic geometry. The
proposed framework helps in increasing the awareness among regulatory bodies
regarding the possible benefits and drawbacks of approving such proposal.

5.1 System Model

In this section we describe the channel access model, the spatial location model,
and the radio channel model, for both the IEEE 802.11p DSRC and the IEEE
802.11ax Wi-Fi networks.

5.1.1 Channel Access Model

IEEE 802.11p

This 802.11 amendment is termed as the Dedicated Short Range Communication
(DSRC) standard, and defines the lower MAC and PHY layer protocols. This
standard falls actually under the umbrella of a wider scope standard, namely the
Wireless Access in Vehicular Environments (WAVE) standard, which also covers
the set of IEEE 1609.x protocols that define the upper MAC and network layers.

The DSRC bandwidth comprises seven channels, six of which are service chan-
nels (SCHs) and one is the control channel (CCH). Each channel bandwidth is
10 MHz, the first channel (Channel 172) starts at 5.855 GHz, while the center
Channel 178 is the control channel, which is allocated mainly for communicating
road safety. These channels and their allocations are identified in Figure 5.1.
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Figure 5.1: DSRC Channel Allocation

Vehicles with a single radio use time division to operate on the CCH and
SCHs. Details related to multi-channel operations are defined in the upper layer
IEEE 1609.x protocols. Fig. 1 illustrates the basic time division concept defined
in the IEEE 1609.4 protocol, where time is segmented into synchronized periods,
the default duration of each is 100 millisecond (ms). Each synchronized period
consists of one CCH interval followed by an SCH interval, and the default dura-
tion for each interval is 50 ms. Each CCH and SCH interval begins with a 4 ms
guard interval, which is used by the radio to transfer control from one channel to
another.

Compared to other 802.11 standards, 802.11p has a number of distinguishing
features. For example, the transmitter broadcasts packets on the CCH to all
other nodes in the network. In order to prevent the network from flooding with
Acknowledgment messages (ACKs), 802.11p receivers do not send ACKs to the
transmitter. Thus, there is no feedback mechanism provided by the receiver, and
hence, the Contention Window size of the 802.11p transmitter remains fixed.

Moreover the IEEE 802.11p protocol employs the EDCA mechanism for con-
tention based prioritized QoS support. According to EDCA, a station (node) can
implement up to four access categories (ACs) with different priorities correspond-
ing to voice (AC 3), video (AC 2), best effort (AC 1), and background traffic (AC
0) [72]. Each AC has an independent MAC queue entity, which can be identified
by a set of distinct channel access parameters, including the CW, AIFS, and
Arbitrary Inter-Frame Space Number (AIFSN[AC]). When using the CSMA/CA
protocol, a DSRC node performs the clear channel assessment (CCA) process
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to detect the presence of active transmitters for which the received signal power
exceeds a certain detection threshold. However, 802.11p nodes cannot decode the
20 MHz Wi-Fi preambles. Hence the DSRC node uses energy detection to detect
the presence of any Wi-Fi interferer by using an energy detection threshold Γed.
Using the CCA process, a channel is determined busy if the intending transmit-
ter detects another DSRC signal above the carrier sense (CS) threshold Γcs, or if
any other signal that is not decodable, such as the Wi-Fi signal that is detected
above the energy detection (ED) threshold Γed. If the channel is found idle, the
DSRC node will follow before transmission a random back-off period that is se-
lected randomly from a contention window, which is a set of possible values with
a predefined maximum and minimum, depending on the channel access class, to
determine the priority for a the DSRC node to access the medium.
We define the contender of a DSRC node xn as the other DSRC nodes, Wi-Fi
APs, and Wi-Fi users from which the received power at xn exceeds thresholds
Γcs, Γed, and Γed respectively. Each DSRC node xn has an independent mark tVn
that is uniformly distributed in the interval [0, CWV ] where CW is the contention
window size. Given that safety messages ought to be treated with high priority,
which is the priority of voice traffic (AC 3) in EDCA, we classified the CCH traffic
in our analysis as voice. On the other hand, we considered the worst-case sce-
nario for Wi-Fi traffic, namely voice traffic. Hence, in this chapter we conduct the
coexistence study using voice traffic for both DSRC and Wi-Fi. Consequently,
we consider t

V O
to be uniformly distributed in the intervals [0, 7], as in [44],

[72]. Each DSRC node is retained when contending for channel access if it has
a smaller timer (or back-off period) than all of its contenders. A medium access
indicator eVn is assigned to each DSRC node which is equal to one if the DSRC
node is allowed to transmit by the corresponding MAC layer protocol, and zero
otherwise.

IEEE 802.11ax - Next Generation Wireless LANs

The IEEE 802.11ax standard presents several enhancements for high efficiency
WLANs where it defines two modes of operation namely, the single-user (SU)
mode and the multi-user (MU) mode [47, 48, 13]. In the SU mode, Wi-Fi
users

/
APs send and receive data one at a time once they secure access to the

medium using the CSMA/CA protocol, as defined in the legacy IEEE 802.11
standard. On the other hand, the MU mode defines simultaneous operations of
multiple WiFi users. The MU mode is further divided into downlink (DL) and
uplink (UL) MU modes.

The MU mode is enabled by the OFDMA technology that builds on the ex-
isting OFDM digital modulation scheme, where the 802.11ax standard further
assigns a specific set of subcarriers to individual users. Hence, it divides the
existing 802.11 channels with 20, 40, 80 and 160 MHz widths into smaller sub-
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channels called resource units (RUs) with a predefined number of subcarriers. In
this context, the AP decides how to allocate the channel based on MU traffic
needs, where it may allocate the whole channel e.g. 20 MHz to one user at a
time (as in the case of 802.11ac), or it may partition it to serve multiple users
simultaneously. For example, in case of 20 MHz channel, the AP may partition
the channel into NRU = 2, 4 or 9 RUs.

In the DL MU mode, the AP serves multiple data transmissions associated
with Wi-Fi users at the same time. On the other hand, in the UL MU mode there
are simultaneous UL transmissions of data from multiple users to the AP. Hence,
in the MU mode, the AP acts as a central coordinator for scheduling transmis-
sions, and hence users will not transmit in this case unless the AP assigns them
RUs. In the case of simultaneous DL transmissions, after successful access to the
channel, the AP will send DL data to several users simultaneously on different
RUs. Whereas in case of simultaneous UL transmissions, the AP will transmit a
trigger frame (TF) after accessing the channel. Hence, in both cases the AP will
initially contend using the EDCA parameters for channel access as in the case
of SU mode, and it is clear therefore that the access of the user depends on the
probability of the AP in accessing the channel.

In order to schedule UL transmissions, the AP polls the users with a TF. Af-
ter receiving the trigger frame, two channel access mechanisms may be used by
the user, specifically the trigger-based deterministic access (DA) and the trigger-
based random access (RA). In the trigger-based DA mechanism, the user will
send a data frame on the scheduled RUs that were indicated in the TF, while in
the trigger-based RA, users that receive the TF will contend for channel access
on the specified RUs using the CSMA

/
CA protocol. Next, users that win access

to the medium on a randomly selected RU from a set of specified RUs, will send
their data frames to the AP. As the AP has to contend for channel access, it
could choose any access category (AC) that may give the AP higher priority in
accessing the channel as compared to its associated users. The different ACs are
defined based on the parametrized arbitration inter-frame spacing (AIFS[AC]) in-
terval and the contention window size to differentiate between traffic types (voice,
video, best effort, and background traffic) within each user

/
AP.

Using the CSMA/CA protocol, a Wi-Fi AP
/

user performs also the Clear
Channel Access (CCA) process to detect the presence of active transmitters for
which the received signal power exceeds a certain detection threshold. Using the
CCA process, a channel is determined busy if the intending transmitter detects
another Wi-Fi signal above the CS threshold Γcs, or if any other signal that is
not decodable, such as a DSRC signal (Wi-Fi transmitters have no support for
preamble detection of DSRC 10 MHz-wide signals) that is detected above the ED
threshold Γed.
If the channel is found idle, the Wi-Fi device will then follow before transmission
a random back-off period that is selected randomly from a contention window
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of the corresponding channel access class. As mentioned earlier, we define the
contender of a Wi-Fi AP zi as the other Wi-Fi APs, Wi-Fi user, and DSRC
nodes from which the received power at zi exceeds thresholds Γcs, Γcs, and Γed
respectively. Similarly, we define the contenders of a Wi-Fi user yp as the other
Wi-Fi users, Wi-Fi APs, and DSRC nodes from which the received power at yp
exceeds thresholds Γcs, Γcs, and Γed respectively.

Each Wi-Fi AP zi has an independent mark tDi that represents the random
back-off period, which is uniformly distributed in the interval [0, 7] in case of
voice traffic [73]. Also, each Wi-Fi user zn has an independent mark tUn that is
uniformly distributed in the interval [0, 7]. Each Wi-Fi user

/
AP is retained when

contending for channel access if it has a smaller timer (or back-off period) than
all its contenders. A medium access indicator eUp is assigned to each Wi-Fi user
(eDi to each AP) which is equal to one if the Wi-Fi user or AP are allowed to
transmit by the corresponding MAC layer protocol and zero otherwise.

In the considered model for Wi-Fi channel access, the derivation of the SINR
coverage probability at the AP in the UL accounts for hidden node transmissions
where two Wi-Fi users that operate using EDCA and are associated with the
same AP may get access to the channel simultaneously given that they are not
in the contention domain of each other. Note that we denote by medium access
probability (MAP), the Palm probability [39] that the medium access indicator
of a Wi-Fi user

/
AP
/

DSRC node is equal to 1. This channel access model, which
may have some limitations with its fixed contention window size (that does not
capture the exponential backoff and the dynamics of the timer history), has shown
its ability as a conservative model for the CSMA/CA in IEEE 802.11 standard.
This was demonstrated in [32], where the authors showed that the stochastic ge-
ometry models for the MAP provided an accurate matching versus the simulation
results generated using the NS-2 simulator.

5.1.2 Spatial Location Model

We consider mainly a scenario in which a DSRC network coexists with an IEEE
802.11ax Wi-Fi network in a single unlicensed frequency band where the 10 MHz
DSRC CCH is overlapped by a 20 MHz Wi-Fi channel.

In the considered DSRC network, the wireless DSRC nodes are located on a
system of roads, which we model as lines with corresponding line density λl. In
addition, the wireless DSRC nodes, including vehicular nodes and road side units
(RSUs), on each line (road) are modeled using a density λv. Then, the location
of DSRC nodes having traffic for transmission are modeled using an equivalent
independent homogeneous 2D Poisson point process (PPP) ΦDi = {ζDidi } with
density λDi = λl × λdi , where the sub-index i ∈ {1, 2} is used to identify the
DSRC network throughout the chapter.

Although other models may be more accurate, the authors in [71] showed
that in case of high road density and low node density, the 2D homogeneous
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PPP model shows similar results when compared to more sophisticated models,
such as the Cox process-based model that is based on modeling the roads using a
Poisson line process (PLP) and the location of nodes on each road as a 1D PPP.
This is due to the fact that when the density of nodes on each line is low, a small
number of nodes may appear to be aligned on a straight line. Hence, nodes will
look uniformly distributed in the whole 2D plane just as a PPP. Nevertheless,
we still believe it will be worthwhile to study the use of PLP for modeling the
roads and its effect on performance, but due to the steep complexity of the PLP
derivations, we elected to treat this in a future work that would build upon this
work.

On the other hand, we model the locations of 802.11ax Wi-Fi APs and users
(mostly pedestrians), having traffic for transmission and co-existing in the same
band, as realizations of two independent 2D homogeneous PPP on R2. The Wi-
Fi users process with persistent uplink (UL) traffic is denoted as ΦU = {ζu} and has
intensity λU , while the Wi-Fi APs process with persistent downlink (DL) traffic
is denoted as ΦW = {ζw} with intensity λW .

Thus, based on Slyvniak′s theorem [39], we study the performance of the typ-
ical receiving node without affecting the distribution of the rest of the receiving
nodes process. In particular, we analyze the performance of a typical receiving
DSRC node as well as that of the typical Wi-Fi user

/
AP in the DL

/
UL, re-

spectively . The typical receiving node is assumed to be at the origin, and it is
associated with its closest transmitting node, which provides the strongest aver-
age received power [71]. For the UL of Wi-Fi, we consider the scenario where the
Wi-Fi user connects to the Internet through the closest AP and that no direct
user-user (i.e., device-to-device (D2D)) communication exists. Furthermore, in-
dex 0 is used for the typical receiver and its serving (transmitting) node which
will be called the tagged node in the rest of the chapter. The link between the
tagged DSRC node ζD1

0 /ζD2
0 and the typical DSRC node is referred to as the

typical DSRC link (ζD1
0 and ζD2

0 are DSRC nodes belonging to two different net-
works represented by the processes ΦD1 and ΦD2 , respectively). In addition, the
link between the tagged AP ζW0

/
user ζU0 and the typical Wi-Fi user

/
AP in the

DL
/

UL is referred to as the typical Wi-Fi DL
/

UL, respectively.
Given that ΦDi is a PPP with intensity λDi , the probability density function

(PDF) of the distance from the tagged DSRC node to the typical DSRC node
is f‖ζDi0 ‖

(r) = 2πrλDie
−λDiπr

2
. Similarly, the PDF of the distance from the tagged

AP to the typical user in the DL is f‖ζW0 ‖(r) = 2πrλW e
−λW πr2

. Also, given that
the Wi-Fi users that are associated with an AP should be those ones inside the
Voronoi cell of this AP, the distribution of ‖ζW0 ‖ can be approximated by that
of ‖ζU0 ‖, where UL and DL links are assumed to be reciprocal. Hence the PDF
of the distance from the the tagged Wi-Fi user to the typical AP in the UL is
f‖ζU0 ‖(r) = 2πrλW e

−λW πr2
.
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5.1.3 Radio Channel Model

We denote by l(d) the path loss between the transmitter and the receiver which
are separated by a distance d. We use here a common free space path loss model
with reference distance of one meter for both DSRC and Wi-Fi links. Hence, the
path loss l(d) is given by l(d) =

(
4π
Λc

)
2×dα where Λc represents the wavelength and

α is the path-loss exponent. Also, we assume that all channels are subject to
i.i.d Rayleigh fading where each fading variable is exponentially distributed with
parameter µ.

5.1.4 Performance Metrics

Given that the tagged DSRC node ζD1
0 ∈ ΦD1 transmits with power PD1 , the

received SINR at the typical receiving DSRC node is:

SINRD1
0 =

PD1G
D1
0,0/`(‖ζD1

0 ‖)
ID1 + σ2

N

, (5.1)

where ID1 is the interference resulting from the coexisting transmissions, and
σ2
N is the thermal noise power at the typical receiving node, which is assumed

to be much smaller than the interference power, and hence, we neglect it. The
interference in case of DSRC-only networks can be stated as

ID1 =
∑

ζd1∈ΦD1
\{ζD1

0 }

PD1G
D1
d1,0

eD1
d1
/`(‖ζd1‖) +

∑
ζd2∈ΦD2

PD2G
D2D1
d2,0

eD2
d2
/`(‖ζd2‖) (5.2)

where as in case of DSRC-Wi-Fi coexistence, it can be stated as:

ID1 =
∑

ζd1∈ΦD1
\{ζD1

0 }

PD1G
D1
d1,0

eD1
d1
/`(‖ζd1‖) +

∑
ζw∈ΦW

PWG
WD1
w,0 eWw /`(‖ζw‖) +

∑
ζu∈ΦU

PUG
UD1
u,0 eUu /`(‖ζu‖)

(5.3)
On the other hand, given that the tagged AP ζW0 ∈ ΦW transmits with power
PW , the received SINR at the receiving Wi-Fi user is:

SINRW
0 =

PWG
W
0,0/`(‖ζW0 ‖)
IW + σ2

N

, (5.4)

where

IW =
∑

ζw∈ΦW \{ζw0 }

PWG
W
w,0e

W
w /`(‖ζw‖) +

∑
ζd1∈ΦD1

PD1G
D1W
d1,0

eD1
d1
/`(‖ζd1‖) +

∑
ζu∈ΦU

PUG
UW
u,0 e

U
u /`(‖ζu‖)

(5.5)
Similarly, given that the tagged user ζW0 ∈ ΦU transmits with power PU , the
received SINR at the receiving Wi-Fi AP is:

SINRU
0 =

PUG
U
0,0/`(‖ζU0 ‖)
IU + σ2

N

, (5.6)
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where

IU =
∑

ζu∈ΦU\{ζu0 }

PUG
U
u,0e

U
u /`(‖ζu‖) +

∑
ζd1∈ΦD1

PD1G
D1U
d1,0

eD1
d1
/`(‖ζd1‖) +

∑
ζw∈ΦW

PWG
WU
w,0 e

W
w /`(‖ζw‖)

(5.7)
From (5.1), (5.4), and (5.6), the SINR coverage probability with a SINR threshold
θ, is defined as Pr(SINRX

0 > θ|eX0 = 1). Based on this definition and that of
the medium access probability (MAP) PXMAP = E[eX0 ] (derived in the following
section), the area system throughput (AST) is defined as:

ASTi = λX PXMAP BW

∫ ∞
0

PXSINR(2ρ − 1)dρ. (5.8)

Where X is D1, W , or U , depending on the scenario considered. The MAP
accounts for the expected fraction of time that the tagged DSRC node

/
Wi-Fi

AP
/

Wi-Fi user has access to the channel, and hence it is a measure of the ex-
pected fraction of active transmitters, over a fully overlapped coverage area.

Since ΦD1 , ΦW , and ΦU are stationary and isotropic, the introduced perfor-
mance metrics are invariant with respect to the angle of the tagged transmitter,
which we therefore, locate at the polar coordinate (r0, 0). We also define the
following functions to be used throughout the chapter. First,

NX(ζ1, r,Γ) = λX
∫
R2\B(0,r)

exp
(
−µΓX

PX
`(ζ, ζ1)

)
dx, (5.9)

represents the expected number of transmitters in R2\B(0, r) whose signal power
at ζ ∈ R2 exceeds the activity threshold ΓX . Second,

CX(ζ1,Γ1, ζ2,Γ2, r) = λX
∫
R2\B(0,r)

exp
(
−µΓ1

P1
`(ζ, ζ1)− µΓ2

P2
`(ζ, ζ2)

)
dx,

(5.10)
represents the expected number of transmitters in R2\B(0, r) whose signal power
at ζ1 ∈ R2 and ζ2 ∈ R2 in general exceeds thresholds Γ1 and Γ2, respectively.
Equations (5.9) and (5.10) in addition to (5.11) and (5.12) below are used to
simplify the expressions of the conditional MAP later on.

ΘN

(
ζ1, ζ2, ζ3,∆1, CW1,∆2, CW2, N1(t), N2(t′)

)
=

1− exp
(
− µζ3l(‖ζ1 − ζ2‖)

)
CW1CW2

∫ CW2+∆2

∆2

∫ CW1+∆1

∆1

exp

[
−N1(t)−N2(t′)

]
dtdt′

(5.11)

ΘD

(
ζ1, ζ2,∆, CW,N1(t), N2(t)

)
=

1

CW

∫ CW+∆

∆

(
1−N1(t)exp

[
− µζ2l(‖ζ1‖)

])
exp
[
−N2(t)

]
dt

(5.12)
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5.2 Baseline Scenario: Analysis of DSRC IEEE

802.11p Networks

In this section, we analyze the possible co-existence of two DSRC networks with
each others. Here, by a DSRC network we mean a set of road side units (RSUs)
along with their respective users (vehicles), whereby these RSUs are managed by
an operator in a similar manner as a network of WiFi access points (APs). Hence,
in a particular geographic area, there may be one or more DSRC networks that
are managed by different operators to offer services to subscribing vehicles (and
perhaps limited services to non-subscribers). From an analysis point of view, we
extend the following definition of fair coexistence that was used in the context of
LTE License-Assisted Access (LAA) - Wi-Fi coexistence: “LAA network should
not impact a Wi-Fi network more than an additional Wi-Fi network” [60]. Hence,
we apply it for DSRC-Wi-Fi coexistence through constructing a baseline scenario
of two DSRC networks where a fair coexistence would be defined as: “A Wi-
Fi network should not impact a DSRC network more than an additional DSRC
network”.

When DSRC nodes (vehicles and RSUs) co-exist with each other in the same
band, each node will contend using the EDCA mechanism to access the channel.
Hence, a DSRC node ζd′1 ∈ ΦD1

/
ζd′2 ∈ ΦD2 will have the medium access indicator

eD1

d′1

/
eD2

d′2
in the case of coexistence with other DSRC nodes that is derived as

follows:

eD1
d′1

=
∏

ζd1∈Φ
D1
\{ζd′1

}

(
1
t
D1
d1
≥tD1
d′1

+ 1
t
D1
d1
<t
D1
d′1

1
G
D1
d1d
′
1
/l
(
‖ζd1−ζd′1

‖
)
≤Γcs/PD1

)

×
∏

ζd2∈Φ
D2

(
1
t
D2
d2
≥tD1
d′1

+ 1
t
D2
d2
<t
D1
d′1

1
G
D2D1
d2d
′
1
/l
(
‖ζd2−ζd′1

‖
)
≤Γcs/PD2

)

eD2
d′2

=
∏

ζd1∈Φ
D1

(
1
t
D1
d1
≥tD2
d′2

+ 1
t
D1
d1
<t
D2
d′2

1
G
D1D2
d1d
′
2
/l
(
‖ζd1−ζd′2

‖
)
≤Γcs/PD1

)

×
∏

ζd2∈Φ
D2
\{ζd′1

}

(
1
t
D2
d2
≥tD2
d′2

+ 1
t
D2
d2
<t
D2
d′2

1
G
D2
d2d
′
2
/l
(
‖ζd2−ζd′2

‖
)
≤Γcs/PD2

)
(5.13)

Note that 1A is the indicator function of the event A, which is equal to one
if A exists and zero otherwise. Thus, given that a DSRC node ζd1

/
ζd2 has a

timer tD1
d1
∈ [0, 7]

/
tD2
d2
∈ [0, 7], with cumulative distribution function (CDF)

FD1(t)=FD2(t)= t
7
, the MAP in the baseline scenario for a tagged DSRC node

that belongs to Operator 1 or Operator 2 is given by:

PD1
MAP (λD1 , λD2) =

1

7

∫ ∞
0

∫ 7

0

exp
[
− t

7
ND1(ζD1

0 ,Γcs, r0)− t

7
ND2

]
dtdr0

PD2
MAP (λD1 , λD2) =

1

7

∫ ∞
0

∫ 7

0

exp
[
− t

7
ND1 −

t

7
ND2(ζD2

0 ,Γcs, r0)
]
dtdr0

(5.14)
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Proof Given that a DSRC node ζd1

/
ζd2 has a timer tD1

d1
∈ [0, 7]

/
tD2
d2
∈ [0, 7],

with cumulative distribution function (CDF) FD1(t)=FD2(t)= t
7
, the MAP in the

baseline scenario for a tagged DSRC node is given by:

P̂D1
MAP (λD1 , λD2) = P[eD1

d′1
= 1|tD1

d′1
= t, ζD1

0 = (0, r0)] = E
ζd′1
ΦD1

(eD1
d1

)

= E
ζd′1
ΦD1

[ ∏
ζd1∈Φ

D1
\{ζd′1

}

(
1
t
D1
d1
≥tD1
d′1

+ 1
t
D1
d1
<t
D1
d′1

1
G
D1
d1d
′
1
/l
(
‖ζd1−ζd′1

‖
)
≤Γcs/PD1

)

×
∏

ζd2∈Φ
D2

(
1
t
D2
d2
≥tD1
d′1

+ 1
t
D2
d2
<t
D1
d′1

1
G
D2D1
d2d
′
1
/l
(
‖ζd2−ζd′1

‖
)
≤Γcs/PD2

)]

(a)
= E

!ζd′1
ΦD1

 ∏
ζd1∈ΦD1

∩Bc(ζD1
0 ,r0)

(
1− FD1(t)exp

(
−µ Γcs

PD1

l(‖ζd1 − ζd′1‖)
))

×E

 ∏
d2∈ΦD2

(
1− FD2(t)exp

(
−µ Γcs

PD2

l(‖ζd2 − ζd′1‖)
))

(b)
=

1

7

∫ 7

0

exp

(
− FD1(t)ND1(ζD1

0 ,Γcs, r0)− FD2(t)ND2

)
dt

(5.15)

where (a) follows from the fact that ΦD1 and ΦD2 are independent. (b) follows
from Slyvniak′s theorem, the probability generating functional (P.G.FL) of the
PPP, and by de-conditioning on t ∈ [0, 7] gives the desired result. Then by de-
conditioning over r0 we get the expression in (5.14). �
However, conditioned on the fact that the tagged DSRC node ζD1

0 = (r0, 0) is

retained by the CSMA/CA protocol, the probabilities P
ζd1/ζ

D1
0

MAP for a DSRC node

ζd1 ∈ ΦD1 and P
ζd2/ζ

D2
0

MAP for a DSRC node ζd2 ∈ ΦD2 to transmit are derived as
follows:

P
ζd1/ζ

D1
0

MAP =
ΘN

(
ζd1 , ζ

D1
0 ,Γcs/PD1 , 0, 7, 0, 7, ND1

1
(t), ND2

1
(t′)
)

ΘD

(
ζd1 − ζD1

0 ,Γcs/PD1 , 0, 7, FD1(t), ND3
1
(t)
)

P
ζd2/ζ

D1
0

MAP =
ΘN

(
ζd2 , ζ

D1
0 ,Γcs/PD2 , 0, 7, 0, 7, ND1

2
(t), ND2

1
(t′)
)

ΘD

(
ζd2 − ζD1

0 ,Γcs/PD2 , 0, 7, FD2(t), ND3
1
(t)
) (5.16)

Where ND1
1
(t) = t

7

(
− ND2 + CD2(ζd1 − ζD1

0 ) −ND1(r0) + CD1(ζd1 , ζ
D1
0 )
)

and

ND2
1
(t′) = t′

7

(
− ND2−ND1(r0)

)
and ND3

1
(t) = − t

7

(
ND1(ζD1

0 ) − ND2

)
. Similarly,

ND1
2
(t) = t

7

(
−ND2 + CD2(ζd2 − ζD1

0 ) −ND1(r0) + CD1(ζd2 , ζ
D1
0 )
)
.
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Proof For every DSRC node ζd′1 ∈ ΦD1∩Bc(ζD1
0 , r0), given that the tagged user

located at ζD1
0 = (r0, 0), the conditional MAP is derived as in (5.17).

P
[
eD1

d′1
= 1
∣∣eD1

0 = 1, ζD1
0 = (r0, 0), ζd′1 ∈ ΦD1

]
(a)
=

P
ζd′1

,ζ
D1
0

ΦD1

[
êD1

d′1
= 1, êD1

0 = 1
]

P
ζd′1

,ζ
D1
0

ΦU

[
êD1

0 = 1
] (b)

=
E
ζd′1
ΦD1

[
êD1
d1
êD1

0

]
E
ζd′1
ΦD1

[
êD1

0

] (5.17)

where (a) follows from re-writing ζD1
0 = (r0, 0) as ζD1

0 ∈ ΦD1 ,ΦD1(Bo(ζD1
0 , r)) = 0.

Then by using Bayes rule and de-conditioning on ΦD1(Bo(ζD1
0 , r0)) = 0. Step (b)

follows from Slyvniak′s theorem. The modified access indicators for ζD1
0 and

ζd′1 are shown in (5.18). Then, the numerator EznΦU (êUn ê
U
0 ) and the denominator

Ezn
ΦU

[êU0 ]can be derived using Slyvniak′s theorem,P.G.FL of PPP, and by decon-
ditioning on t.�

êD1
d′1

=
∏

ζd1∈(ΦD1
∩Bc(ζD1

0 ,r0)+δ
ζ
D1
0

)\{ζd′1
}

(
1
t
D1
d1
≥tD1
d′1

+ 1
t
D1
d1
<t
D1
d′1

1
G
D1
d1d
′
1
/l
(
‖ζd1−ζd′1

‖
)
≤Γcs/PD1

)

×
∏

ζd2∈Φ
D2

(
1
t
D2
d2
≥tD1
d′1

+ 1
t
D2
d2
<t
D1
d′1

1
G
D2D1
d2d
′
1
/l
(
‖ζd2−ζd′1

‖
)
≤Γcs/PD2

)

êD1
0 =

∏
ζd1∈ΦD1

∩Bc(ζD1
0 ,r0)

(
1
t
D1
d1
≥tD1

0
+ 1

t
D1
d1
<t
D1
0
1
G
D1
d10/l(‖ζd1−ζ

D1
0 ‖)≤Γcs/PD1

)

×
∏

ζd2∈Φ
D2

(
1
t
D2
d2
≥tD1

0
+ 1

t
D2
d2
<t
D1
0
1
G
D2D1
d20 /l(‖ζd2−ζ

D1
0 ‖)≤Γcs/PD2

)
(5.18)

Hence, given the tagged DSRC node is located at ζD1
0 = (r0, 0), the SINR cov-

erage probability of the typical receiving DSRC node with SINR threshold T is
approximated as follows:

p̂D1
SINR (T, λD1 , λD2) ≈

∫ ∞
0

exp

(
−
∫
R2\B(0,r0)

T l(r0)λD1P
ζd1/ζ

D1
0

MAP

l(‖ζ‖) + T l(r0)
dζ

)

exp

(
−
∫
R2

T l(r0)λD2P
ζd2/ζ

D1
0

MAP

PD1

PD2

l(‖ζ‖) + T l(r0)
dζ

)
exp

(
−µT l(r0)

σ2
N

PD1

)
f‖ζD1

0 ‖(r0)dr0

(5.19)
Note that (4.18) can be derived by approximating the distribution of interfer-

ing DSRC nodes processes as non-homogenous PPP with intensity λD1P
ζd1/ζ

D1
0

MAP

big/λD2P
ζd2/ζ

D1
0

MAP .
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5.3 Coexistence Scenario: Analysis of DSRC IEEE

802.11p Network with IEEE 802.11ax Wi-Fi

In this section, we analyze the possible co-existence of a DSRC network with
IEEE 802.11ax Wi-Fi UL and DL transmissions. This is done by deriving the
MAP, SINR coverage probability, then the AST.

5.3.1 IEEE 802.11ax Wi-Fi DL and UL with SU Opera-
tion Mode

When DSRC nodes co-exist with Wi-Fi users and APs in the same band, the
DSRC nodes (in the CCH) will contend using the EDCA mechanism with each
other and with co-exisiting Wi-Fi users and APs to access the channel. In the
802.11ax SU operation mode, each Wi-Fi user and/or AP will also contend for
channel access using EDCA. Hence, a DSRC node ζd′1 will have the medium ac-

cess indicator eD1

d′1
, in case of coexistence with Wi-Fi APs and Wi-Fi users, that

is derived as follows:

eD1

d′1
=

∏
ζd1∈ΦD1

\{ζd′1
}

(
1
t
D1
d1
≥tD1
d′1

+ 1
t
D1
d1
<t
D1
d′1

1
G
D1
d1d
′
1
/l
(
‖ζd1−ζd′1

‖
)
≤Γcs/PD1

)

×
∏

ζu∈ΦU

(
1
tUu≥t

D1
d′1

+ 1
tUu<t

D1
d′1

1
G
UD1
ud′1

/l
(
‖ζu−ζd′1

‖
)
≤Γed/PU

)
×
∏

ζw∈ΦW

(
1
tWw ≥t

D1
d′1

+ 1
tWw <t

D1
d′1

1
G
WD1
wd′1

/l
(
‖ζw−ζd′1

‖
)
≤Γed/PW

) (5.20)

The medium access indicator of a WiFi AP in SU mode is given by eW
w

and
derived as follows:

eW
w

=
∏

ζu∈ΦU

(
1tUu≥tWw′

+ 1tUu<t
W
w′
1GUW

uw′ /l(‖ζu−ζw′‖)≤Γcs/PU

)
×

∏
ζw∈ΦW \{ζw′}

(
1tWw ≥tWw′

+ 1tWw <tW
w′
1GW

ww′/l(‖ζw−ζw′‖)≤Γcs/PW

)
×

∏
ζd1∈ΦD1

(
1
t
D1
d1
≥tW
w′

+ 1
t
D1
d1
<tW
w′
1
G
D1W

d1w
′ /l(‖ζd1−ζw′‖)≤Γed/PD1

) (5.21)
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Whereas for the WiFi user, the medium access indicator eUu is derived as:

eU
u

=
∏

ζu∈ΦU\{ζu′}

(
1tUu≥tWu′

+ 1tUu<t
W
u′
1GU

uu′/l(‖ζu−ζu′‖)≤Γcs/PU

)
×
∏

ζw∈ΦW

(
1
tWw ≥t

D1
u′

+ 1
tWw <t

D1
u′
1
G
WU1
wu′ /l(‖ζw−ζu′‖)≤Γcs/PW

)
×

∏
ζd1∈ΦD1

(
1
t
D1
d1
≥tW
u′

+ 1
t
D1
d1
<tW
u′
1
G
D1W

d1w
′ /l(‖ζd1−ζw′‖)≤Γed/PD1

) (5.22)

Thus, given that a DSRC node ζd1 , Wi-Fi AP ζw, and Wi-Fi user ζu have, re-
spectively, timer tD1

d1
∈ [0, 7], tWw ∈ [0, 7], and tUu ∈ [0, 7], with CDFs FD1(t)=

FW (t)= FU(t)= t
7
, the MAP in the scenario for a tagged DSRC node, Wi-Fi AP,

and Wi-Fi user is given by:

PD1
SU,MAP (λD1 , λW , λU) =

1

7

∫ ∞
0

∫ 7

0

exp
[
− FD1(t)ND1(ζD1

0 ,Γcs, r0)− FW (t)NW (Γed)− FU(t)NU(Γed)
]
dtdr0

PW
SU,MAP (λD1 , λW , λU) =

1

7

∫ ∞
0

∫ 7

0

exp
[
− FW (t)NW (ζW0 ,Γcs, r0)− FD1(t)ND1(Γed)− FU(t)NU(Γcs)

]
dtdr0

PU
SU,MAP (λD1 , λW , λU) =

1

7

∫ ∞
0

∫ 7

0

exp
[
− FU(t)NU(ζU0 ,Γcs, r0)− FD1(t)ND1(Γed)− FW (t)NW (Γcs)

]
dtdr0

(5.23)

Hence, given the tagged DSRC node is located at ζD1
0 = (r0, 0), the SINR cov-

erage probability of the typical receiving DSRC node with SINR threshold T is
approximated as follows:

p̂D1
SINR,SU

(
T, λD1P

ζd1/ζ
D1
0

MAP , λWP
ζw/ζ

D1
0

MAP , λUP
ζu/ζ

D1
0

MAP

)
≈
∫ ∞

0

exp

(
−
∫
R2\B(0,r0)

T l(r0)λD1P
ζd1/ζ

D1
0

MAP

l(‖ζ‖) + T l(r0)
dζ

)

×exp

(
−
∫
R2

T l(r0)λWP
ζw/ζ

D1
0

MAP

PD1

PW
l(‖ζ‖) + T l(r0)

dζ

)
× exp

(
−
∫
R2

T l(r0)λUP
ζu/ζ

D1
0

MAP

PD1

PU
l(‖ζ‖) + T l(r0)

dζ

)

×exp

(
−µT l(r0)

σ2
N

PD1

)
f‖ζD1

0 ‖(r0)dr0

(5.24)

p̂WSINR,SU

(
T, λD1P

ζd1/ζ
W
0

MAP , λWP
ζw/ζW0
MAP , λUP

ζu/ζW0
MAP

)
≈
∫ ∞

0

exp

(
−
∫
R2

T l(r0)λD1P
ζd1/ζ

W
0

MAP

PW
PD1

l(‖ζ‖) + T l(r0)
dζ

)

×exp

(
−
∫
R2\B(0,r0)

T l(r0)λWP
ζw/ζW0
MAP

l(‖ζ‖) + T l(r0)
dζ

)
× exp

(
−
∫
R2

T l(r0)λUP
ζu/ζW0
MAP

PW
PU

l(‖ζ‖) + T l(r0)
dζ

)

×exp

(
−µT l(r0)

σ2
N

PW

)
f‖ζW0 ‖(r0)dr0

(5.25)
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p̂USINR,SU

(
T, λD1P

ζd1/ζ
U
0

MAP , λWP
ζw/ζU0
MAP , λUP

ζu/ζU0
MAP

)
≈
∫ ∞

0

exp

(
−
∫
R2

T l(r0)λD1P
ζd1/ζ

U
0

MAP

PU
PD1

l(‖ζ‖) + T l(r0)
dζ

)

×exp

(
−
∫
R2

T l(r0)λWP
ζw/ζU0
MAP

PU
PW

l(‖ζ‖) + T l(r0)
dζ

)
× exp

(
−
∫
R2\B(0,r0)

T l(r0)λUP
ζu/ζU0
MAP

l(‖ζ‖) + T l(r0)
dζ

)

×exp

(
−µT l(r0)

σ2
N

PU

)
f‖ζU0 ‖(r0)dr0

(5.26)
Where conditioned on the fact that the tagged DSRC node ζD1

0 = (r0, 0), tagged
Wi-Fi AP ζW0 = (r0, 0), tagged Wi-Fi user ζU0 = (r0, 0) is retained by the CSMA/

CA protocol, the probabilities P
ζd1/ζ

D1
0

MAP for a DSRC node ζd1 ∈ ΦD1 , P
ζw/ζ

D1
0

MAP for

a Wi-Fi AP ζw ∈ ΦW , and P
ζu/ζ

D1
0

MAP for a Wi-Fi user ζu ∈ ΦU to transmit are
derived as follows:

P
ζd1/ζ

D1
0

MAP =
ΘN

(
ζd1 , ζ

D1
0 ,Γcs/PD1 , 0, 7, 0, 7, N

SU
D1

1
(t), NSU

D2
1

(t′)
)

ΘD

(
ζd1 − ζD1

0 ,Γcs/PD1 , 0, 7, FD1(t), NSU
D3

1
(t)
)

P
ζw/ζ

D1
0

MAP =
ΘN

(
ζw, ζ

D1
0 ,Γed/PW , 0, 7, 0, 7, N

SU
W 1(t), NSU

W 2(t′)
)

ΘD

(
ζw − ζD1

0 ,Γed/PW , 0, 7, FW (t), NSU
W 3(t)

)
P
ζu/ζ

D1
0

MAP =
ΘN

(
ζu, ζ

D1
0 ,Γed/PU , 0, 7, 0, 7, N

SU
U1 (t), NSU

D2 (t′)
)

ΘD

(
ζu − ζD1

0 ,Γed/PU , 0, 7, FU(t), NSU
D3 (t)

)
(5.27)

Where NSU
D1

1
(t) = t

7

(
− NW + CW (ζd1 − ζD1

0 ) −NU + CU(ζd1 − ζD1
0 ) −ND1(r0) +

CD1(ζd1 , ζ
D1
0 )
)

andND2
1
(t′) = t′

7

(
−NW−NU−ND1(r0)

)
andND3

1
(t) = − t

7

(
ND1(ζD1

0 )+

NU +NW

)
.

Similarly, NSU
W 1(t) = t

7

(
−NW +CW (ζw − ζD1

0 ) −NU +CU(ζw − ζD1
0 ) −ND1(r0) +

CD1(ζw, ζ
D1
0 )
)
, NSU

W 2(t′) = NSU
D2

1
(t′), andNSU

W 3(t) = NSU
D3

1
(t). andNSU

W 3(t) = − t
7

(
ND1(ζD1

0 )+

NU

)
.

Finally, NSU
U1 (t) = t

7

(
− NW + CW (ζu − ζD1

0 ) −NU + CU(ζu − ζD1
0 ) −ND1(r0) +

CD1(ζu, ζ
D1
0 )
)
, NSU

U2 (t′) = NSU
D2

1
(t′), and NSU

U3 (t) = NSU
D3

1
(t).

P
ζd1/ζ

W
0

MAP =
ΘN

(
ζd1 , ζ

W
0 ,Γed/PW , 0, 7, 0, 7, N

SU
D4

1
(t), NSU

D5
1

(t′)
)

ΘD

(
ζd1 − ζW0 ,Γed/PD1 , 0, 7, FD1(t), NSU

D6
1

(t)
)

P
ζw/ζW0
MAP =

ΘN

(
ζw, ζ

W
0 ,Γcs/PW , 0, 7, 0, 7, N

SU
W 4(t), NSU

W 5(t′)
)

ΘD

(
ζw − ζW0 ,Γcs/PW , 0, 7, FW (t), NSU

W 6(t)
)

P
ζu/ζW0
MAP =

ΘN

(
ζu, ζ

W
0 ,Γcs/PU , 0, 7, 0, 7, N

SU
U4 (t), NSU

U5 (t′)
)

ΘD

(
ζu − ζW0 ,Γcs/PU , 0, 7, FU(t), NSU

U6 (t)
)

(5.28)
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WhereNSU
D4

1
(t) = t

7

(
−NW (r0)+CW (ζd1 , ζ

W
0 )−NU+CU(ζd1−ζW0 )−ND1+CD1(ζd1−

ζD1
0 )
)

and ND5
1
(t′) = t′

7

(
− NW (r0) − NU−ND1

)
and ND3

1
(t) = − t

7

(
ND1 + NU +

NW (ζD1
0 )
)
.

Similarly, NSU
W 4(t) = t

7

(
− NW (r0) + CW (ζw, ζ

W
0 ) −NU + CU(ζw − ζW0 ) −ND1 +

CD1(ζw − ζD1
0 )
)
, NSU

W 5(t′) = NSU
D5

1
(t′), and NSU

W 6(t) = NSU
D6

1
(t).

Finally, NSU
U5 (t) = t

7

(
− NW (r0) + CW (ζu, ζ

D1
0 ) −NU + CU(ζu − ζD1

0 ) −ND1 +

CD1(ζu − ζD1
0 )
)
, NSU

U5 (t′) = NSU
D5

1
(t′), and NSU

U6 (t) = NSU
D6

1
(t).

P
ζd1/ζ

U
0

MAP =
ΘN

(
ζd1 , ζ

U
0 ,Γed/PU , 0, 7, 0, 7, N

SU
D7

1
(t), NSU

D8
1

(t′)
)

ΘD

(
ζd1 − ζU0 ,Γed/PD1 , 0, 7, FD1(t), NSU

D9
1

(t)
)

P
ζw/ζU0
MAP =

ΘN

(
ζw, ζ

U
0 ,Γcs/PU , 0, 7, 0, 7, N

SU
W 7(t), NSU

W 8(t′)
)

ΘD

(
ζw − ζU0 ,Γcs/PU , 0, 7, FW (t), NSU

W 9(t)
)

P
ζu/ζU0
MAP =

ΘN

(
ζu, ζ

U
0 ,Γcs/PU , 0, 7, 0, 7, N

SU
U7 (t), NSU

U8 (t′)
)

ΘD

(
ζu − ζU0 ,Γcs/PU , 0, 7, FU(t), NSU

U9 (t)
)

(5.29)

Where NSU
D7

1
(t) = t

7

(
−NW+CW (ζd1−ζU0 ) −NU(r0)+CU(ζd1 , ζ

U
0 ) −ND1 +CD1(ζd1−

ζU0 )
)

and ND8
1
(t′) = t′

7

(
−NW −NU(r0)−ND1

)
and ND9

1
(t) = − t

7

(
ND1 +NU(ζU0 )+NW

)
.

Similarly, NSU
W 7(t) = t

7

(
− NW + CW (ζw − ζU0 ) −NU(r0) + CU(ζw, ζ

U
0 ) −ND1 +

CD1(ζw − ζU0 )
)
, NSU

W 8(t′) = NSU
D8

1
(t′), and NSU

W 9(t) = NSU
D9

1
(t).

Finally, NSU
U7 (t) = t

7

(
− NW + CW (ζu − ζD1

0 ) −NU(r0) + CU(ζu, ζ
D1
0 ) −ND1 +

CD1(ζu − ζU0 )
)
, NSU

U8 (t′) = NSU
D8

1
(t′), and NSU

U9 (t) = NSU
D9

1
(t).

5.3.2 IEEE 802.11ax Wi-Fi DL And UL with MU Oper-
ation Mode

In this analysis, we consider that a DSRC network coexists with another DSRC
network in the baseline scenario or it coexists with a Wi-Fi network when ana-
lyzing the DSRC-Wi-Fi coexistence. In case of the IEEE 802.11ax network, we
consider either MU DL transmissions, MU UL transmissions, or both. In the
MU operation mode, the AP will initially contend using EDCA parameters for
channel access as in the case of SU mode. This is the same in both MU uplink
and MU downlink scenarios. Accordingly, by assuming that β APs are associated
with MU DL traffic and (1-β) APs are associated with MU UL traffic, we derive
initially the MAP of a Wi-Fi AP in the MU mode as follows:

PW
MU,MAP (λD1 , λW ) = PW

SU,MAP (λD1 , λW , λU = 0) (5.30)
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The MAP of a DSRC node in this scenario is derived as:

PD1
MU,MAP (λD1 , λW , λU) = PD1

SU,MAP (λD1 , λW , λU = 0) (5.31)

For the case of simultaneous UL transmissions in MU mode, the AP first sends
a trigger frame to the users assigning them corresponding RU grants. Then, users
may operate based on two different trigger-based access schemes. The first is
the trigger-based deterministic access (TR-DA) in which the user will transmit
directly on the allocated RUs. Thus, in the TR-DA, the MAP of a user in the
UL is:

p̂U−DAMU,MAP (λD1 , λW , λU) = p̂WMU,MAP (λD1 , λW )× PDA(λU) (5.32)

Where PDA(λU) is the average probability that a user is selected to be sched-
uled on a particular RU. We assume that the AP uniformly schedules a user on
a particular RU. Thus, in case that the number of users k in a certain BSS is
smaller than or equal the available number of channels NRU , the probability for
a node to be scheduled by an AP is equal to one. On the other hand, when k is
larger than NRU , the probability for a node to be scheduled by an AP is equal to
NRU

k
. Therefore, according to [52], PDA can be computed as follows:

PDA(λU) =
exp(−NU)

NU

[
NRU

(
exp(NU)− 1

)
−

NRU∑
k=1

(NRU − k)(NU)k

k!

]
(5.33)

On the other hand, the second scheme is the trigger-based random access
(TR-RA) mechanism where users will contend for channel access on the assigned
set of RUs where we assume in this case that a user selects a particular RU
uniformly. Hence, if the AP assigns NRU to users, and after the user contends
and wins access to the channel, he will select a particular RU with probability
PRA in order to transmit its data to the AP. Thus, in the TR-RA, the MAP of a
user in the UL is:

p̂U−RAMU,MAP (λD1 , λW , λU) = p̂WMU,MAP (λD1 , λW )× p̂USU,MAP (λD1 , βλW , λU)× PRA
(5.34)

where PRA is the average probability that a user uniquely selects a particular RU
that is not selected by any other user. Hence, given that the number of users is k
in a certain BSS and that the assigned number of channels is NRU , the probability
the first user selects a random RU is 1. Then the probability that the second

node will select a different RU out of NRU is
NRU − 1

NRU

. Furthermore the probability

for the kth node to uniquely select a particular RU that is not selected by any
other user is NRU − k + 1

NRU

. Therefore, by generalizing the above, PRA can be derived
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as follows:

PRA =

NRU∑
k=1

NRU !(NU)k

(NRU)k(NRU − k)!

exp(−NU)

k!

=
NRU !

exp(NU)

NRU∑
k=1

(
NU
NRU

)k
k!(NRU − k)!

(5.35)

Also, given that the tagged DSRC node is located at ζD1
0 = (r0, 0) in MU mode

the SINR coverage probability of the typical DRSC receiving node with SINR
threshold T is:
Case 1: TR-DA UL scheme

p̂D1
SINR,MU (T, λD1 , λW ) = p̂D1

SINR,SU

(
T, λD1 , βλW , λ

DA
U

)
(5.36)

Case 2: TR-RA UL scheme

p̂D1
SINR,MU (T, λD1 , λW ) = p̂D1

SINR,SU

(
T, λD1 , βλW , λ

RA
U

)
(5.37)

Where λDAU = p̂U−DAMU,MAP (λD1 , λW , λU)× λU and λRAU = p̂U−RAMU,MAP (λD1 , λW , λU)×
λU .

Next, given that the tagged Wi-Fi AP is located at ζW0 = (r0, 0), during MU mode,
the SINR coverage probability of the typical Wi-Fi user with SINR threshold T
in the DL is:

Case 1: TR-DA UL scheme

p̂WSINR,MU (T, λD1 , λW ) = p̂WSINR,SU
(
T, λD1 , βλW , λ

DA
U

)
(5.38)

Case 2: TR-RA UL scheme

p̂WSINR,MU (T, λD1 , λW ) = p̂WSINR,SU
(
T, λD1 , βλW , λ

RA
U

)
(5.39)

Finally, with the tagged Wi-Fi user located at ζU0 = (r0, 0), during MU mode, the
SINR coverage probability of the typical Wi-Fi AP with SINR threshold T in the
UL is:

Case 1: TR-DA UL scheme

p̂USINR,MU (T, λD1 , λW , λU) = p̂USINR,SU

(
T, λD1 , βλW , λ

DA

U

)
(5.40)

Case 2: TR-RA UL scheme

p̂USINR,MU (T, λD1 , λW , λU) = p̂USINR,SU

(
T, λD1 , βλW , λ

RA

U

)
(5.41)
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Figure 5.2: SINR Coverage Performance For Typical DSRC link, Typical Wi-Fi
UL, Typical Wi-Fi DL

5.4 Performance Evaluation of The Coexistence

of DSRC and IEEE 802.11ax Wi-Fi

In this section, we study the impact of IEEE 802.11ax Wi-Fi transmissions on
DSRC performance using the developed framework. From Wi-Fi perspective we
consider the single user and multi user operation modes of the IEEE 802.11ax.
Initially we start by validating the analytical model versus simulations. Then,
we study the impact of each coexistence scenario with respect to the DSRC-only
(Baseline) scenario.

5.4.1 Scenario Settings

In this study, we consider an area of 2x2 km2. We also consider a line density λl
km
/

km2 and DSRC node density λn nodes
/

km. In line with the literature (e.g.,
[44]), the path-loss exponent is set to α = 4, and the transmission (Tx) power
of the DSRC nodes is PD = 20 dBm in the CCH. For the 802.11ax AP the Tx
power is PW = 23 dBm, while for the 802.11ax STAs it is PU = 18 dBm. The
power fading parameter is set to µ = 1. The carrier sensing threshold is Γcs = -
82 dBm, whereas the energy detection threshold is Γed = - 62 dBm.

5.4.2 Validation of the SINR Model

We start by validating the analytical SINR coverage probability model. Fig.
5.2 presents the analytical and the Monte-Carlo simulation results for the SINR
coverage probability of a typical DSRC node receiver, typical Wi-Fi STA in the
downlink, and typical Wi-Fi AP in the uplink. The figure shows that the analyt-
ical and the simulation results match.
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Figure 5.3: Area System Throughput (AST) For DSRC Link
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Figure 5.4: Area System Throughput (AST) For Wi-Fi DL

5.4.3 Impact of IEEE 802.11ax SU operation mode

Fig. 5.3 shows the impact of the IEEE802.11ax SU operation mode on the DSRC
network performance in terms of AST (Gbps/km2) when λD1 = 750 nodes/km2.
In this case we compare the AST of the two DSRC networks baseline scenario
without Wi-Fi (λD1 , λD2) to that when coexisting with Wi-Fi (λD1 , λW , λU). We
observe in Fig. 5.3 that naturally when there is a single DSRC network with no
coexisting Wi-Fi network in case of the (λD1 = 750, λD2 = λW = λU = 0) the
network achieves its best AST performance, reaching 4.3 Gbps/km2. However
when comparing this scenario with the coexistence with another DSRC network
(baseline scenario) or with a Wi-Fi network, there is about 40% or more decrease
in the AST performance.

Furthermore, compared to the (λD1 = 750, λD2 = 750) scenario, the DSRC
network shows better performance when it coexists with the same density of
Wi-Fi APs (λD1 = 750, λU = 0, λW = 750) or Wi-Fi users (λD1 = 750, λU =
750, λW = 0) or both (λD1 = 750, λU = 350, λW = 350). This can be explained
by the fact that DSRC nodes use energy detection to determine if the channel is
busy or not when coexisiting with Wi-Fi APs and users, whereas it uses carrier
sensing with DSRC nodes. Hence, DSRC nodes are more sensitive to other DSRC
nodes when trying to access the channel, knowing that the energy detection
threshold is smaller by about 20 dB than the carrier sensing threshold. This
results in a lower area system throughput. In addition, we observe that Wi-
Fi users have less impact on DSRC performance than Wi-Fi APs. This is due
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Figure 5.5: Area System Throughput (AST) For Wi-Fi UL
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Figure 5.6: Area System Throughput (AST) For DSRC

to the fact that the transmission power of Wi-Fi users is less than that of Wi-
Fi APs, and hence the resulting interference power is smaller. On the other
hand, Fig 5.4 and Fig. 5.5 shows the impact of the IEEE802.11ax SU operation
mode on the Wi-Fi uplink and downlink performance. The AST is higher in
this case due to the fact that Wi-Fi uses a 20 MHz bandwidth. We can also see
that the AST of the Wi-Fi DL is the highest when coexisting with the DSRC
network (λW = 750, λU = 0, λD1 = 750) even when compared to the Wi-Fi only
scenario where we have similar Wi-Fi UL density (λW = 750, λU = 750, λD1 = 0).
However, as the density of Wi-Fi APs is less or equal to that of the DSRC nodes
and Wi-Fi users (λW = 350, λU = 350, λD1 = 750), we observe a further decrease
in the AST of Wi-Fi DL. Similar trend can be observed in the case of Wi-Fi
UL in Fig. 5.5 with a lower performance in case of Wi-Fi UL due to the lower
transmission power as compared to Wi-Fi APs.

5.4.4 Impact of IEEE 802.11ax MU operation mode

Fig. 5.6 presents the impact of the IEEE802.11ax MU operation mode on the
DSRC network performance. Similarly, we compare the AST of the DSRC net-
work without Wi-Fi to that in case of coexistence with Wi-Fi. We consider
different values of β (β fraction of APs that are associated with MU DL, and
1 − β is the fraction of APs that are associated with MU UL). We can see that
the DSRC performance in case of MU operation is better than when there is
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another DSRC network (already presented in Fig. 5.2). In addition, we see that
the DSRC AST is lowest in case of MU-DL scenario only (β=100%), whereas it
the highest in case of TR-DA UL scenario with β = 0. The DSRC AST is lower
in case of TR-DA UL than the case of TR-RA due to the increased interference
from Wi-Fi UL transmissions in case of TR-DA UL operation mode. On the
other hand, in case of Wi-Fi MU DL we can see that the highest performance
is achieved when β=100% whereas in the case where β=50%, the performance
decreases significantly especially in the case of TR-DA UL. As for the case of MU
UL, we observe that TR-DA enables higher DST for UL with different values of
β, where the highest AST achieved is when β=0 and where a larger number of
Wi-Fi users are able to access the channel and transmit.

5.5 Discussion

Throughout the analysis, we can see that when there is a single DSRC network
with no coexisting DSRC or Wi-Fi network, the DSRC network achieves its best
AST performance, reaching 4.3 Gbps/km2. However when a DSRC network
coexists with another DSRC network (baseline scenario) with the same node
density there is about 65% decrease in the AST performance. Whereas, when
a DSRC network coexists with a Wi-Fi network instead of a DSRC one, there
is about 40%-55% decrease in the AST performance which is lower than the
effect of another DSRC network for the same node density. In addition, Wi-
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Fi users showed less impact on the DSRC performance than Wi-Fi APs. On
the other hand, trigger-based deterministic access uplink transmissions showed
slightly more impact by about 5% on the AST performance of the DSRC network
than the tigger-based random access uplink transmissions.
In contrast, the impact of the DSRC transmissions on the AST performance
of Wi-Fi DL transmissions is less than that of Wi-Fi UL transmissions on DL
transmissions by about 10% for the same node density. Also, the impact of DSRC
transmissions on Wi-Fi UL is less than that of Wi-Fi DL transmissions on Wi-Fi
UL by about 50% for the same density. Thus, compared to the baseline scenario
(two coexisitng DSRC networks), we can see that Wi-Fi can fairly coexist with
DSRC. Whereas compared to the performance of a single DSRC network, it is
clear that there is a need for extra mechanisms to enable the fair coexistence of
DSRC and Wi-Fi.

5.6 Summary

In this chapter, we presented and validated an analytical framework that uses
stochastic geometry to assess the impact of allowing 802.11ax Wi-Fi to coexist
in the unlicensed ITS band with DSRC. Throughout the analysis, we used the
area system throughput (AST) as a performance metric to evaluate the impact
of coexistence. The results showed the impact of the different operation modes
of Wi-Fi for both uplink and downlink directions and involving access points
and users. In the future, this work can be extended by assuming non-full buffer
DSRC and Wi-Fi traffic and by extending the analysis to a more sophisticated
model for the distribution of DSRC nodes, such as the Poisson line process (PLP).
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Chapter 6

Conclusion and Future Directions

In this chapter, we summarize the general conclusions drawn from this thesis.
We also outline some future research directions arising from this work.

In chapter 3, we have presented and validated a framework based on stochastic
geometry to analyze the coexistence of overlaid LTE and IEEE 802.11ax Wi-Fi
networks. In particular, three coexistence mechanisms (LTE, LTE-U, and LAA)
in addition to the Wi-Fi baseline scenario were evaluated analytically and numer-
ically. Several performance metrics were utilized which are MAP, SINR coverage
probability, DST and Shannon throughput. Analysis shows that the effect of
the coexistence of LTE is not the same for all traffic types. In addition, in
most scenarios, LTE-U and LAA appear as a good neighbor to IEEE 802.11ax
when compared to the baseline scenario. Also, we showed that the SR technique
provides a boost in performance of IEEE 802.11ax transmissions. Finally, we
discussed the performance of different type of MU mode where we showed that
the trigger based deterministic access has the best performance. In the future,
this work can be extended by considering dynamic channel selection to reduce the
interference between LTE and Wi-Fi. In addition, delay analysis can be done by
assuming non-full buffer to study further the QoS performance of IEEE 802.11ax
with different LTE-coexistence schemes.

In chapter 4, we have presented and validated a framework using stochastic
geometry to analyze the effect of different channel access priorities on the per-
formance of four different coexisting LAA networks in the unlicensed band. The
coexistence of LAA networks with each other is a major issue on the road toward
5G. Based on this, we adopted 3GPP release 14 specification for LAA downlink.
Throughout the analysis, we used several performance metrics such as MAP,
SINR coverage probability, and rate coverage probability. Results show that op-
erators may exploit the unlicensed bands using different traffic types but with
a trade off between the achieved performance and the number of traffic classes
used. We showed that most of the traffic classes may maximize their benefit from
the unlicensed channel when a single traffic class is used. However, the diverse
impact on the performance of each class starts when increasing the number of
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classes being transmitted. Results showed that classes A and B retain an accept-
able performance and are better than that of classes C and D when coexisting
with one or two other classes having different types. However, when all classes
coexist, there is a severe impact on the LAA network in the case of all classes.
Also, when analyzing the lower and upper performance bounds, we can see that
they are similar in case of classes A, B, and C. Whereas in case of class D, we
have an improvement in the rate coverage probability by about 20% in the upper
performance bound. In the future, this work can be extended by analyzing the
performance of the network considering multiple frequency bands toward large
number of channels and by assuming different traffic assumptions like non-full
buffer downlink.

On the other hand, we also presented an analytical framework for assessing
the performance of an arbitrary number of coexisting LAA operators using load
based equipment (LBE) channel access as LBT mechanism and finite user density.
This framework allows to analyze individual system throughput per unit area (in
Gbps/km2) of coexisting operators as their number increases, and the trade-off
between the number of operators and subscribers per operator. We find that the
contention window size, which is determined by the traffic type, plays a major
role in the fairness between operators. This highlights the need for regulations to
guarantee fairness. We also find that a limit in the number of operators is needed
to prevent severe performance degradation. These findings unveil new questions
regarding practical aspects for deploying LAA-LTE. Extending this framework
to capture more LAA specifications as well as the use of multiple LAA bands,
fairness mechanisms, and non-persisting traffic are promising research paths to
follow.

In Chapter 5, we presented and validated an analytical framework that uses
stochastic geometry to assess the impact of allowing 802.11ax Wi-Fi to coexist
in the unlicensed ITS band with DSRC. Throughout the analysis, we used the
area system throughput (AST) as a performance metric to evaluate the impact
of coexistence. The results showed the impact of the different operation modes
of Wi-Fi for both uplink and downlink directions and involving access points and
users. Throughout the analysis, we can see that when there is a single DSRC
network with no coexisting DSRC or Wi-Fi network, the DSRC network achieves
its best AST performance. However when a DSRC network coexists with another
DSRC network (baseline scenario) with the same node density there is about 65%
decrease in the AST performance. Whereas, when a DSRC network coexists with
a Wi-Fi network instead of a DSRC one, there is about 40%-55% decrease in the
AST performance which is lower than the effect of another DSRC network for
the same node density. In addition, Wi-Fi users showed less impact on the DSRC
performance than Wi-Fi APs. On the other hand, trigger-based deterministic ac-
cess uplink transmissions showed slightly more impact by about 5% on the AST
performance of the DSRC network than the tigger-based random access uplink
transmissions.
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In contrast, the impact of the DSRC transmissions on the AST performance of
Wi-Fi DL transmissions is less than that of Wi-Fi UL transmissions on DL trans-
missions by about 10% for the same node density. Also, the impact of DSRC
transmissions on Wi-Fi UL is less than that of Wi-Fi DL transmissions on Wi-Fi
UL by about 50% for the same density. Thus, compared to the baseline scenario
(two coexisitng DSRC networks), we can see that Wi-Fi can fairly coexist with
DSRC. Whereas compared to the performance of a single DSRC network, it is
clear that there is a need for extra mechanisms to enable the fair coexistence of
DSRC and Wi-Fi. In the future, this work can be extended by assuming non-full
buffer DSRC and Wi-Fi traffic and by extending the analysis to a more sophisti-
cated model for the distribution of DSRC nodes, such as the Poisson line process
(PLP).
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