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ABSTRACT This study addresses the challenge of fair spectrum sharing in unlicensed bands for Licensed
Assisted Access (LAA) and Wi-Fi coexistence. Existing methods, particularly the 3GPP Category 4 Listen
Before Talk (Cat 4 LBT) algorithm, fail to fully meet the fairness criteria due to limitations in dynamic
Contention Window (CW) adjustments. To improve spectrum efficiency, we propose an Enhanced Fixed
Waiting Time (Enhanced FWT) approach, which leverages a theoretical model of Wi-Fi ON periods to
determine fixed waiting times for LAA networks. By employing the β distribution to representWi-Fi activity
more accurately, this model avoids the need for dynamic CW adjustments. Simulation results demonstrate
that Enhanced FWT method significantly enhances throughput compared to both the Cat 4 LBT and
traditional empirical FWT methods, especially in dense network conditions. This approach, compliant with
3GPP fairness standards, shows promise for robust spectrum sharing, promoting fair LAA/Wi-Fi coexistence
in unlicensed bands.

INDEX TERMS coexistence management, dynamic spectrum sharing, heterogeneous networks, licensed
assisted access, ns-3.

I. INTRODUCTION

THE limited availability of licensed spectrum presents a
major challenge in meeting the performance standards

required for current and future cellular networks [1]. To
conquer this challenge, several studies have been proposed
enabling the transition of cellular networks from the licensed
spectrum environment to a shared one [2]. Consequently,
these studies are largely directed at ensuring compatible co-
existence between cellular and Wi-Fi networks, particularly
within the unlicensed 5 GHz band, due to the extensive de-
ployment of legacy 802.11 networks. The unlicensed spec-
trum was initially leveraged for 3GPP Long Term Evolution
(LTE) transmissions, offering increased capacity for mobile
networks, and has been inevitably adopted by the coming
3GPP specifications [3], [4]. The use of unlicensed spectrum
is considered in the development of 5G cellular communica-
tions (5G NR-U) [5].

Despite of the increased throughput and capacity achieved

by deploying cellular networks over the unlicensed spec-
trum, several concerns arise because of this heterogeneous
cellular/Wi-Fi coexistence. Specifically, the difference in
Medium Access Control (MAC) layers between the two tech-
nologies presents a challenge:Wi-Fi utilises the Carrier Sense
Multiple Access with Collision Avoidance (CSMA/CA) pro-
tocol, while cellular networks initially lacked a comparable
sensingmechanism [6]. Therefore, running LTE andWi-Fi on
the same unlicensed band without a coordinated coexistence
strategy could result in decreased Wi-Fi throughput.

To tackle this challenge, 3GPP Release 13 introduced the
Licensed Assisted Access (LAA) approach to boost LTE net-
works’ spectral efficiency and promote fair spectrum sharing
with Wi-Fi networks [7]. This approach incorporates a chan-
nel access method called Listen Before Talk (LBT), similar to
that used in Wi-Fi technology. It specifically employs a Car-
rier Aggregation (CA) scheme, combining carriers from both
licensed and unlicensed bands. The LBT algorithm requires
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any Base Station (BS) or node to sense the channel for a Clear
Channel Assessment (CCA) period before transmission, en-
suring that transmission only occurs once an energy detection
threshold is met. This modification in the PHY/MAC layers
standards aims to support a fair cellular/Wi-Fi coexistence
where BSs need to follow this sensing approach before trans-
mission. However, within the framework of LAA and Wi-Fi
coexistence on the 5 GHz band, 3GPP TR 36.889 defined
fairness as the requirement that LAA should not degrade
Wi-Fi throughput and latency beyond the level caused by
an additional Wi-Fi operator [7]. Therefore, while proposing
LAA mechanisms, this definition of fairness should be taken
into consideration. Moreover, 3GPP TR 38.889 considered
the LBT mechanism of LAA as the basis for the design of
the newly regulated 6 GHz band [8].

Recent works, such as [9], explored advanced applica-
tions of cognitive radio in complex network architectures
such as space-air-ground integrated networks with active Re-
configurable Intelligent Surface (RIS) and Non-Orthogonal
Multiple Access (NOMA) capabilities. While this work fo-
cuses specifically on LAA/Wi-Fi coexistence in unlicensed
bands, it aligns with the broader cognitive radio paradigm
of enabling intelligent and adaptive spectrum access. Various
approaches were introduced to promote fairness in LAA/Wi-
Fi coexistence, concentrating on LAA design parameters in-
cluding refining the energy detection threshold, modifying
transmission durations, and selecting an optimal sensing time
[10]–[12]. These parameters play a crucial role in ensuring
fair coexistence between LAA and Wi-Fi networks. [13] in-
vestigated the effects of various design parameters on system
performance for NR-U/Wi-Fi coexistence using the Category
4 LBT (Cat 4 LBT) algorithm. The results indicate that
increasing the sensing range of a gNB enhances the perfor-
mance of the Wi-Fi network, thought it negatively impacts
the performance of the NR-U network. On the other hand,
to enhance LAA throughput in an LAA/Wi-Fi coexistence
scenario, [14] formulated an optimisation problem targeting
the transmission probability and rate for each LAA station.
The resulting numerical analysis shows that this optimisa-
tion yields a significant increase in LAA throughput. [15]
introduced a Listen Before Receive (LBR) mechanism aimed
at reducing collisions in LAA/Wi-Fi coexistence, addressing
the impact of hidden and exposed nodes. The results indicate
that adopting this coordinated approach leads to improved
network performance. The authors in [16] suggested optimal
settings for the Contention Window (CW) size, sensing dura-
tions and transmission opportunities of LAA to achieve pro-
portional fairness between LTE-LAA and Wi-Fi coexistence.
The results suggest that adjusting the initial CW size be the
most effective strategy for achieving fair coexistence between
LAA and Wi-Fi networks.

While this work focuses on fair spectrum sharing and coex-
istence between LAA and Wi-Fi networks, it is important to
note that unlicensed spectrum usemay also pose security risks
such as jamming or spoofing attacks. These vulnerabilities
have been discussed in the context of LAA/Wi-Fi coexistence

in recent studies (e.g., [6] , [17]). Although security is be-
yond the scope of this study, it remains a critical topic for
future research to complement coexistence mechanisms with
resilience against adversarial behaviour.
This research addresses the need to create a coexistence

mechanism that adheres to the 3GPP standards for fairness
while enhancing the conventional Cat 4 LBT algorithm. The
existing Cat 4 LBT algorithm, as specified in TR 36.889, does
not fully meet the 3GPP fairness requirements when LAA
and Wi-Fi networks operate together in the 5 GHz band [7].
This limitation leads to decreasedWi-Fi throughput due to the
CW-basedmethod employed in the Cat 4 LBT algorithm, as it
will be discussed in Section II. To address this issue, this study
proposes an LAA approach that facilitates fair coexistence by
setting fixed waiting times for LAA, based on a theoretical
model that incorporates Wi-Fi activity data.

The contributions of this work are summarised below:
• The 3GPP fairness definition is adopted in this work,

employing a theoretical distribution model instead of an
empirical one to accurately represent the existing Wi-
Fi ON times, allowing for the determination of suitable
fixed waiting times for LAA.

• In contrast to the standard 3GPP Cat 4 LBT algorithm,
which adjusts the LAA CW size based on Hybrid Au-
tomatic Repeat Request (HARQ) feedback, this study
introduces an innovative method that establishes fixed
waiting times for LAA. This approach, rather than rely-
ing on the 3GPP CW-based scheme, uses a theoretical
model of Wi-Fi activity statistics to meet the fairness
criteria.

• The use of a fixed waiting time removes the need for
a protocol to dynamically adapt the CW based on the
experienced collision rate, which results in a simplified
and more efficient overall coexistence protocol.

The paper is structured as follows. First, Section II be-
gins with an illustration of the standard 3GPP Cat 4 LBT
algorithm. Then Section III introduces a novel approach for
setting the LAA waiting times using a theoretical model of
Wi-Fi ON periods to facilitate fair coexistence between LAA
and Wi-Fi networks. The methodology and system model are
outlined in Section IV. The simulation results are presented
and analysed in Section V. Lastly, the paper is concluded in
Section VI.

II. CATEGORY 4 LBT (CAT 4 LBT) ALGORITHM
The 3GPP Cat 4 LBT algorithm utilises an approach that
resembles the mechanism found in Wi-Fi technology. In par-
ticular, the algorithm incorporates a backoff process, as illus-
trated in Fig. 1. During this process, the channel is monitored
for a CCA period to confirm its availability for transmission.
Specifically, if the channel remains unoccupied for an initial
CCA (iCCA) period (e.g., 34 µs), the LAA eNB is permitted
to use the channel for transmission. Otherwise, a backoff pro-
cess is initiated during the extended CCA (eCCA) phase. This
process implies the random selection of N ∈ [0, q−1], where
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FIGURE 1. 3GPP Cat 4 LBT algorithm [7].

N specifies how many empty slots must be monitored before
the transmission begins and q˘1 denotes the upper bound of
the LAA CW. The upper bound of the LAA CW is updated
based on an exponential backoff. The LAA eNB monitors
the channel for a duration equal to N times the CCA period
(e.g., 9 µs). If the channel remains clear, the eCCA period is
engaged, andN is decremented by one.WhenN reaches zero,
the LAA eNB initiates transmission for a fixed adjustable
Transmission Opportunity (TxOP) period, determined by the
channel access priority class (refer to [18, Table 15.1.1-1]
for details). For subsequent transmissions, the eCCA stage
is repeated. The size of the LAA CW is determined by the
channel access priority class, and the upper bound of the LAA
CW q − 1 is adjusted if 80% of the HARQ reports from
the previous transmission are Negative Acknowledgments
(NACKs). For instance, for channel access priority class 3,
the upper bound options for the LAA CW are {15, 31, 63}.
Notably, the standard Cat 4 LBT algorithm adjusts the

upper bound of the LAACWwithout considering the existing
Wi-Fi activity, which is not the most effective approach for
ensuring fair coexistence. To address this, a novel method is
proposed in this work to set the LAA waiting times based on

the existing Wi-Fi activity statistics, thereby enhancing the
performance of the Cat 4 LBT algorithm. This new approach
will replace the shaded boxes shown in Fig. 1, improving the
3GPP Cat 4 LBT algorithm. A comprehensive explanation of
the proposed method is provided in the following section.

III. ENHANCED FIXED WAITING TIME (Enhanced FWT)
METHOD
In the Cat 4 LBT, the LAA eNB monitors the channel for
a duration equal to N times the CCA slot period (e.g., 9
µs). Here, N is an integer selected randomly from a uniform
distribution over the range [0, q−1], where q−1 represents the
upper limit of the LAACW. This upper limit is adjusted based
on HARQ reports to values of 15, 31 or 63. This randomness
in selecting the number of idle slots ignoring the real activities
of Wi-Fi network motivated the authors in [19] to configure
a fixed waiting time (rather than random) for LAA based on
the actual Wi-Fi activities. In particular, the empirical Cumu-
lative Distribution Function (CDF) of the ON periods for the
existing Wi-Fi network is used to establish a fixed waiting
time for LAA, improving the performance compared to the
dynamic mechanism in the Cat 4 LBT method. According to
this approach, the LAA eNB waits for a duration of N times
the CCA slot (9 µs), where N is determined by the empirical
CDF of the Wi-Fi network’s ON periods as follows

N = ⌈100% of the empirical CDF of WiFi ON periods
slot period

⌉

(1)

where ⌈.⌉ is the ceil operator.
It is important to note that the fixed waiting time (FWT)

method relies on the empirical CDF of the observed Wi-Fi
ON times while the cellular network remains idle, meaning its
parameter calculations are based on a limited set of empirical
observations. This sample size may not be sufficient to ac-
curately capture the true underlying distribution. By contrast,
assuming an appropriate theoretical distribution can offer a
closer approximation of the actual random process, provided
the distribution is well-chosen. The empirical CDF represents
only a small sample, while a carefully selected theoretical
model can better describe the underlying random process
that generates the Wi-Fi ON times. Thus, adopting a valid
distribution model can be more effective than relying on an
empirical CDF from experimental data alone. To address this,
an Enhanced Fixed Waiting Time (Enhanced FWT) method
is proposed in this work to improve upon the standard Cat 4
LBT by modeling Wi-Fi activities using the β distribution for
the ON times, instead of the empirical CDF used in the FWT
method. The β distribution is highly flexible and can repre-
sent almost any bounded random variable. This continuous
probability distribution, defined over the interval [0, 1], uses
two positive shape parameters, α and β, defined as follows
[20, eq. (4-48)]
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α =

[
µ(1− µ)

σ2
− 1

]
µ (2)

β = α

[
1

µ
− 1

]
(3)

where µ and σ2 are the mean and variance, respectively.

(a) λ = 0.5 packets/second.

(b) λ = 1.5 packets/second.

(c) λ = 2.5 packets/second.

FIGURE 2. Empirical and Theoretical CDFs of Wi-Fi ON periods across
various traffic loads (0.5 MB packet size, with 20 STAs/UEs per operator).

To characterise the distribution of Wi-Fi ON times within
the Enhanced FWT method, the β distribution is directly
applied to the observed data without implementing normali-

sation. Although the β distribution is conventionally used for
data constrained to a [0, 1] interval, the empirical Wi-Fi ON
times in this study exhibit a naturally bounded and practical
range, thus facilitating effective modeling without transfor-
mation. This approach circumvents the need for normalisa-
tion, preserving the data’s fidelity by retaining its original
scale. Moreover, employing the β distribution in this manner
allows us to accurately capture the empirical distribution’s
shape while minimising preprocessing requirements, thereby
preserving the intrinsic characteristics of the Wi-Fi ON times
and enhancing the CDF modeling process.
The LAAnetwork can evaluate theON times of the existing

Wi-Fi network. In particular, the LAA network can use the
energy detection protocol to evaluate the actual activities of
the existing Wi-Fi for reasonable periods of Wi-Fi [21]. The
LAAnetwork can exploit this evaluation to calculate themean
(µ) and variance (σ2) of the Wi-Fi ON periods. Moreover,
these variants (i.e., µ and σ2) can be used to determine the
shape parameters of β distribution using (2) and (3) for α and
β, respectively. It is important to note that the β distribution
parameters (α and β) can be dynamically estimated during
system operation allowing the Enhanced FWT method to
adapt in real time to varying Wi-Fi activity patterns. Tech-
niques for traffic model estimation under realistic sensing
conditions are available in the literature [21], [22]. Table 1
illustrates the procedure, which presents the respective vari-
ants and shape parameters of the theoretical CDF for Wi-Fi
ON periods across different traffic loads as obtained from
simulations. However, the shape parameters (α and β) listed
in Table 1 are used to derive the theoretical CDFs ofWi-Fi ON
times for the given traffic loads, as illustrated in Fig. 2. Thus,
instead of using the CW-adaptation mechanism employed by
the 3GPP Cat 4 LBT, the theoretical CDF of Wi-Fi ON times
can be leveraged to establish the LAA waiting time based on
the actual Wi-Fi network activity. Specifically, this waiting
time is set to N times the CCA slot duration (9 µs), where
N is determined by dividing the 100% percentile value of the
theoretical CDF ofWi-Fi ON times by the CCA period (9 µs),
as shown in Table 2.
The values listed in Table 2 for the FWT and Enhanced

FWT method are derived from the empirical and theoretical
CDFs of Wi-Fi ON periods, respectively. Specifically, in the
Enhanced FWT method, the values are calculated from Fig.
2 by dividing the Wi-Fi ON periods corresponding to the
100% percentile of the CDF by the LAA slot period (9 µs)
and rounding up the result. For instance, for a traffic load of
λ = 0.5 packets/second, the Wi-Fi ON period at the 100%
percentile of the CDF is approximately 197 µs. Dividing this
by 9 µs and rounding up yields N = 22, as shown in Table
2. This procedure is applied to determine all values listed in
Table 2.

In the FWTmethod, it should be emphasized that the values
are derived from the empirical CDFs of Wi-Fi ON times
rather than theoretical CDFs. As shown in Table 2, the FWT
method produces a constant value of N = 23 across all traffic
loads, which can be ascribed to the fact that the empirical
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TABLE 1. The β distribution’s variants and shape
parameters corresponding to the existing Wi-Fi ON
durations.

Arrival rate (λ)
(packets/second)

Mean (µ)
(µs)

Variance (σ2)
(µs)

α β

0.5 63.6 2.0 1.83 26.95

1.5 81.0 1.5 3.94 44.69

2.5 79.6 1.2 4.78 55.27

CDF is obtained from a limited sample set and therefore
potentially lacks of sufficient detail to accurately adjust the
appropriate value ofN . On the other hand, the Enhanced FWT
method, which utilises the β distribution, adjusts the value of
N appropriately for each traffic load, potentially leading to
improved performance. Notably, the proposed method also
simplifies the 3GPP Cat 4 LBT algorithm by eliminating
the need for CW adaptation based on HARQ reports, as it
removes the backoff process.

From a deployment perspective, the proposed Enhanced
FWT method is compatible with current LAA protocol im-
plementations and introduces minimal changes. Unlike Cat 4
LBT, which depends on HARQ feedback and CW adaptation,
Enhanced FWT uses a fixed delay based on analytically es-
timated channel occupancy. This occupancy information can
be obtained using passive monitoring techniques as described
in [21] and [22], enabling seamless integration into existing
LAA systems.

Although this study focuses on the 5 GHz band, it is
important to note that the proposed Enhanced FWT method
is equally applicable to coexistence scenarios involving fu-
ture unlicensed bands and emerging Wi-Fi standards such
as Wi-Fi 6 and Wi-Fi 7. These newer standards introduce
physical layer enhancements such as higher modulation or-
ders, OFDMA and multi-link operation, yet they retain the
same contention-based channel access mechanism. Since the
Enhanced FWT method models Wi-Fi ON periods based on
this mechanism, its applicability remains sound. Moreover,
the LAA protocol defined by 3GPP is intended for coexis-
tence in unlicensed spectrum in general, making the proposed
method relevant for deployments in the 6 GHz band (e.g.,
Wi-Fi 6E/7 coexistence) and even in the 60 GHz band (e.g.,
WiGig/802.11ad).

IV. METHODOLOGY
To assess the effectiveness of the method introduced in this
study, the 3GPP fairness standard is considered. Specifically,
the proposed method is evaluated to ensure that the LAA net-
work does not negatively affect the Wi-Fi network’s through-
put and latency beyond the impact that would be caused by
adding another Wi-Fi network on the same channel.

To satisfy the fairness definition, homogeneous coexis-
tence is established by deploying two Wi-Fi networks on the
same frequency band to monitor the activity patterns of the
existing Wi-Fi network. The CDF of the Wi-Fi network’s

ON periods is then utilised to set the LAA waiting times
according to the proposed approach. Subsequently, one of
the Wi-Fi networks is substituted with an LAA network, fa-
cilitating LAA/Wi-Fi coexistence and enabling performance
assessment under heterogeneous conditions.
In this study, the methodology incorporates 3GPP TR

36.889 to evaluate LAA/Wi-Fi coexistence performance, ex-
cept for the CW updating rule, as the proposed LAA waiting
timemethod is applied. The performance evaluations are con-
ducted employing the ns-3 simulator with the integrated LAA
extension, considering a single-floor indoor environment with
two operators: Operator A (Wi-Fi) and Operator B (LAA).
Both operators share a 20MHz channel within the unlicensed
5 GHz band, as depicted in Fig. 3. The simulation environ-
ment includes multiple Access Points (APs) and eNodeBs
(eNBs), each serving multiple users, resulting in realistic and
dense network configurations. The setup here includes four
APs for Operator A and four eNBs for Operator B, with each
operator deploying 20 randomly placed stations (STAs) or
User Equipments (UEs). A 2x2 MIMO configuration is used
for all users and base stations. To model traffic in the down-
link scenario, File Transfer Protocol (FTP) Model 1 is em-
ployed, simulating file transfers over User Datagram Protocol
(UDP) based on a Poisson arrival process with an arrival rate
of λ packets/second. File sizes are set to 0.5 MB, with arrival
rates (λ = 0.5, 1.5, 2.5 packets/second) to produce varying
load levels [7]. Table 3 compares the simulation parameters to
the 3GPP reference scenario. The energy detection principle
is applied, where Wi-Fi nodes recognise each other at -82
dBm and LAA nodes at -62 dBm, while LAA nodes recognise
Wi-Fi nodes at -72 dBm. The simulation environment used in
this study is based on the reference configuration defined by
the ns-3 LAAmodule, which has been widely adopted in both
academic research and 3GPP standardisation contributions
[23], [24]. This standardised setup ensures comparability
and reproducibility across studies. Moreover, similar simu-
lation scenarios have been used in several recent works on
LAA/Wi-Fi coexistence (e.g., [25]–[28]), demonstrating its
relevance and applicability for evaluating coexistence mech-
anisms such as the proposed Enhanced FWT method. The
network topology reflects the standard deployment scenario
used in LAA/Wi-Fi coexistence studies and aligns with the
configuration described in 3GPP TR 36.889, where Wi-Fi
access points and LAA base stations coexist on the same
spectrum, each serving multiple users. Such a setup is widely
adopted in the literature and is representative of practical
system deployments.
To examine the efficiency of the proposed Enhanced FWT

method, its performance is evaluated against the standard
3GPP method using the fairness metrics (throughput and
latency). Throughput refers to the volume of data successfully
transmitted from the sender to the receiver over a defined time
interval at the Internet Protocol (IP) layer, whereas latency is
measured as the time it takes for a packet to reach the receiver
from the sender.
It is worth noting that the simulation framework used in
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TABLE 2. LAA waiting times with the Cat 4 LBT, FWT and Enhanced FWT methods across different traffic loads (9 µs slots,
with 20 STAs/UEs per operator).

Method Cat 4 LBT FWT Enhanced FWT

Features
• Backoff process. • No backoff process. • No backoff process.

• The LAA CW upper bound is
set independently of current Wi-
Fi activity statistics.

• The LAA waiting time is deter-
mined using the empirical CDF
derived from current Wi-Fi activ-
ity statistics.

• The LAA waiting time is deter-
mined using the theoretical CDF
derived from current Wi-Fi activ-
ity statistics.

λ = 0.5 packets/second
N ∈ [0, q− 1]

q− 1 = {15, 31, 63}
N = 23 N = 22

λ = 1.5 packets/second
N ∈ [0, q− 1]

q− 1 = {15, 31, 63}
N = 23 N = 20

λ = 2.5 packets/second
N ∈ [0, q− 1]

q− 1 = {15, 31, 63}
N = 23 N = 19

FIGURE 3. Indoor configuration with two operators, each
with 4 cells and 5 STAs/UEs per cell.

TABLE 3. Simulation parameters.

3GPP TR 36.889 ns-3 simulator

Network layout Indoor scenario Indoor scenario

System bandwidth 20 MHz 20 MHz

Carrier frequency 5 GHz 5 GHz (Ch.36)

Max. total BS Tx power 18/24 dBm 18 dBm

Max. total UE Tx power 18 dBm 18 dBm

Pathloss, shadowing & fading ITU Indoor/Hotspot IEEE 802.11n

Antenna pattern 2D omni-D 2D omni-D

Antenna height 6 m 6 m for LAA

UE antenna height 1.5 m 1.5 m for LAA

Antenna gain 5 dBi 5 dBi

UE antenna gain 0 dBi 0 dBi

UE dropping Randomly Randomly

Traffic model FTP model 1 & 3 FTP model 1

this study, based on the ns-3 LAA module, has been widely
employed in the literature and in 3GPP-related contributions,
thus providing a reliable and standardised environment for
performance evaluation.

V. SIMULATION RESULTS
This section investigates the coexistence of LAA and Wi-Fi
networks using the Enhanced FWT method, focusing on fair-

ness metrics for 95% of the users. Specifically, it shows the
throughput values for each of the Wi-Fi and LAA networks
individually, and also the combined overall throughput of
both networks. Moreover, Wi-Fi latency is included. Notably,
analyses were conducted for other percentiles, such as 90%
and 100%, revealing similar trends across these scenarios. For
conciseness, only the results for the 95% user percentile are
shown here.

Fig. 4 shows the resulting Wi-Fi throughputs under dif-
ferent traffic load conditions, as determined by the methods
applied. The reference case models a homogeneous coexis-
tence scenario, where both operators deploy Wi-Fi networks
(Operator A: Wi-Fi and Operator B: Wi-Fi). In contrast,
heterogeneous coexistence scenarios (i.e., Wi-Fi and LAA)
are represented by cases using the 3GPPCat 4 LBT, FWT, and
Enhanced FWTmethods, in which aWi-Fi network (Operator
A) coexists with an LAA network (Operator B). Accord-
ing to the fairness guidelines, an effective LAA mechanism
should allow the Wi-Fi network to maintain a performance
level comparable to that of the reference case, without com-
promising overall network efficiency. The results indicate
that, across all traffic loads, the 3GPP Cat 4 LBT method
consistently underperforms relative to the reference case,
thereby failing tomeet the 3GPP fairness criteria. On the other
hand, both the FWT and Enhanced FWT methods adhere to
throughput fairness standards, providing significantly better
throughput for the existing Wi-Fi network than the 3GPP Cat
4 LBT method. Moreover, with the deployment of an LAA
network, these methods further improve Wi-Fi throughput
compared to the deployment of an additional Wi-Fi network.
This improvement is likely due to the FWT and Enhanced
FWT methods’ ability to set optimal LAA waiting times
based on Wi-Fi activity patterns, thus enhancing the chances
of accessing a clear channel without extended delays. As it
can be noted, the Enhanced FWT method provides a higher
throughput performance than the basic FWT method as a
result of a finer tuning of the waiting time thanks to the use
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FIGURE 4. Throughput performance of Wi-Fi using the
assessed methods (20 STAs/UEs per operator).
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FIGURE 5. Latency performance of Wi-Fi using the assessed
methods (20 STAs/UEs per operator).

of an appropriately selected theoretical model for the Wi-Fi
ON times rather than the corresponding empirical distribution
from a limited sample set.

Fig. 5 shows the latencies of the existing Wi-Fi network
across various traffic loads for the methods evaluated. The
results indicate that all methods yield latencies similar to the
reference case, confirming that each approach, including the
3GPP Cat 4 LBT, satisfies the latency fairness criteria.

Fig. 6 presents the throughputs of the LAA network (Oper-
ator B) under various traffic load conditions for the evaluated
methods. The results indicate that, in comparison to the 3GPP
Cat 4 LBT method, both the FWT and Enhanced FWT meth-
ods deliver higher LAA throughputs at lower traffic loads
(λ = 0.5 packets/second) and similar throughputs at medium
and high traffic loads (λ = 1.5 and 2.5 packets/second). Thus,
the gains in Wi-Fi throughputs observed with the FWT and
Enhanced FWT methods (see Fig. 4) are achieved without
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FIGURE 6. Throughput performance of LAA using the
assessed methods (20 STAs/UEs per operator).

compromising LAA throughputs. Therefore, the overall ag-
gregated throughput for both networks is enhanced, as illus-
trated in Fig. 7. The Enhanced FWT method demonstrates
substantial improvements in total aggregated throughput over
the 3GPP Cat 4 LBT method, achieving increases of 41.4%
(43.4 Mbps), 17.4% (15.5 Mbps) and 12.6% (10.1 Mbps)
for traffic loads of λ = 0.5, 1.5 and 2.5 packets/second,
respectively. Furthermore, the Enhanced FWT method pro-
vides improvements in total aggregated throughput over the
FWT method, with gains of 1.6% (2.3 Mbps), 3.9% (3.9
Mbps) and 5.7% (4.9 Mbps) at traffic loads of λ = 0.5, 1.5
and 2.5 packets/second, respectively. This confirms that the
β distribution is an appropriate choice, making the selected
configuration based on this principle more effective than the
empirical approach utilised in the FWTmethod. Interestingly,
optimising the value of N for each traffic load (λ) in the En-
hanced FWT method using the β distribution yields superior
performance compared to the FWT method, which applies a
constant N = 23 for all traffic loads (see Table 2). This can
be attributed to the fact that the β model, through its mathe-
matical formulation, provides a smoother representation for
deriving the value of N from the CDF. In contrast, when N is
determined using the experimental CDF, the resolution from
empirically observed Wi-Fi times lacks the precision needed
for such a refined selection of N . Moreover, it is noteworthy
that the Enhanced FWT method achieves this improvement
in total aggregated throughput without incurring any addi-
tional cost compared to the FWT method. Additionally, this
throughput improvement growswith higher traffic loads. This
encourages us to further examine the performance of the
proposed Enhanced FWT method under higher traffic loads
by increasing the number of users per AP/eNB.

Figs. 8 and 9 illustrate the results corresponding to Figs. 4
and 7 with a doubled user count in both networks. The key
trends and previous findings are similarly applicable at this
expanded network scale. Furthermore, in this scenario (with
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FIGURE 7. Aggregated throughput performance using the
assessed methods (20 STAs/UEs per operator).
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FIGURE 8. Throughput performance of Wi-Fi using the
assessed methods (40 STAs/UEs per operator).

10 STAs/UEs per AP/eNB), the proposed Enhanced FWT
method demonstrates significant gains in total aggregated
throughput relative to the 3GPP Cat 4 LBT approach, with
improvements of 57.1% (51.8Mbps), 20.1% (17.6Mbps) and
57.2% (32.9 Mbps) for traffic loads of λ = 0.5, 1.5 and 2.5
packets/second, respectively. Moreover, the Enhanced FWT
method provides notable improvements in total aggregated
throughput over the FWT method, achieving gains of 3.3%
(4.5Mbps), 6.6% (6.5Mbps) and 10.5% (8.6Mbps) for traffic
loads of λ = 0.5, 1.5 and 2.5 packets/second, respectively.
Thismakes the Enhanced FWTmethod particularly appealing
for handling denser traffic loads compared to the 3GPP Cat 4
LBT and FWT methods.

To further assess scalability, the simulation setup is ex-
tended to a denser deployment with 60 users per operator
(i.e., 15 STAs/UEs per AP/eNB). Figs. 10 and 11 present
the resulting Wi-Fi and total aggregated throughputs under
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FIGURE 9. Aggregated throughput performance using the
assessed methods (40 STAs/UEs per operator).
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FIGURE 10. Throughput performance of Wi-Fi using the
assessed methods (60 STAs/UEs per operator).

this configuration. As shown, the proposed Enhanced FWT
method continues to yield substantial performance gains over
the 3GPP Cat 4 LBT and the FWT methods. The Enhanced
FWTmodel remains stable and effective despite the increased
network density, thus confirming its scalability to more de-
manding coexistence scenarios.
In addition to improved throughput and fairness, the pro-

posed Enhanced FWT method also demonstrates lower sim-
ulation execution time. Compared to Cat 4 LBT, which re-
quires dynamic contention window adjustments and contin-
uous HARQ-based feedback handling, the Enhanced FWT
operates with a fixed waiting time derived from a theoretical
distribution, reducing computational cost and complexity. In
our experiments, the Enhanced FWT method consistently
exhibited the shortest execution time, with reductions of ap-
proximately 20% compared to Cat 4 LBT and 10% compared
to the empirical FWT approach. Therefore, the Enhanced
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FIGURE 11. Aggregated throughput performance using the
assessed methods (60 STAs/UEs per operator).

FWT method consistently achieves the lowest execution time
due to its simplified logic, as it does not rely on per-packet
backoff procedures nor HARQ-based adaptation of the CW.
These efficiencies significantly reduce the computational cost
and complexity, particularly in dense scenarios.

It is important to highlight that the proposed Enhanced
FWT method builds upon the FWT approach introduced in
our earlier work [19], where an extensive comparison against
several state-of-the-art spectrum sharingmechanisms, includ-
ing the standard 3GPP Cat 4 LBT method, was conducted.
The results of [19] showed that the FWT approach provided
a highly competitive performance across multiple scenarios.
By enhancing the original FWT through the integration of a
theoretically derived distribution model, this study achieves a
finer tuning of LAA waiting times, which leads to improved
fairness and throughput without increasing complexity. Al-
though a full re-evaluation against all prior methods is not
included here for brevity, the enhanced method inherently
extends and outperforms the previously benchmarked tech-
niques, thus reinforcing its practical relevance.

VI. CONCLUSION
A range of strategies have been developed to enable fair coex-
istence between LAA and Wi-Fi networks operating in unli-
censed spectrum.While these approaches aim to satisfy 3GPP
fairness requirements in terms of throughput and latency, the
standard 3GPP Cat 4 LBT algorithm often fails to ensure fair
performance-particularly for Wi-Fi networks, which tend to
experience reduced throughput due to contention dynamics.
This paper introduced a novel method that replaces the adap-
tive contention window mechanism with a fixed waiting time
for LAA transmissions, derived from Wi-Fi activity patterns
and analytically modelled ON periods using a β distribution.
Simulation results demonstrated that the proposed Enhanced
FWT approach significantly improves overall performance
compared to both the 3GPP Cat 4 LBT method and the

empirical FWTmethod. Notably, the Enhanced FWTmethod
consistently achieved higher throughput and fairness, espe-
cially under dense user configurations. By simplifying ac-
cess procedures and reducing computational complexity, the
proposed method also offers practical advantages in terms of
integration into existing LAA systems.
Future work may explore additional performance aspects

such as energy efficiency, delay jitter and dynamic topology
scenarios to further broaden the evaluation of coexistence
mechanisms.
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