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Abstract
The technological growth combined with the exponential increase of wireless traffic are pushing the wireless community
to investigate solutions to maximally exploit the available spectrum. Among the proposed solutions, the operation of Long
Term Evolution (LTE) in the unlicensed spectrum (LTE-U) has attracted significant attention. Recently, the 3rd Generation
Partnership Project announced specifications that allow LTE to transmit in the unlicensed spectrum using a Listen Before Talk
(LBT) procedure, respecting this way the regulator requirements worldwide. However, the proposed standards may cause
coexistence issues between LTE and legacyWi-Fi networks. In this article, it is discussed that a fair coexistence mechanism is
needed to guarantee equal channel access opportunities for the co-located networks in a technology-agnostic way, taking into
account potential traffic requirements. In order to enable harmonious coexistence and fair spectrum sharing among LTE-U
and Wi-Fi, an adaptive LTE-U LBT scheme is presented. This scheme uses a variable LTE transmission opportunity (TXOP)
followed by a variable muting period. This way, co-located Wi-Fi networks can exploit the muting period to gain access to
the wireless medium. The scheme is studied and evaluated in different compelling scenarios using a simulation platform. The
results show that by configuring the LTE-U with the appropriate TXOP and muting period values, the proposed scheme can
significantly improve the coexistence among LTE-U and Wi-Fi in a fair manner. Finally, a preliminary algorithm is proposed
on how the optimal configuration parameters can be selected towards harmonious and fair coexistence.
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1 Introduction

Over the last years, the technological growth has led to
a tremendous increase of wireless devices such as smart-
phones, tablets, laptops and wearable technologies. Addi-
tionally, the number of electronic devices that exchange
information wirelessly is growing day by day, pushed by the
evolution and consolidation of the Internet of Things (IoT).
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According to Qualcomm, the amount of wireless traffic is
expected to further increase by a factor of 1000 by 2020 [1].
This massive amount of information is exchanged between
devices using different types of technologies such as Long
Term Evolution (LTE), IEEE 802.11, IEEE 802.15.4 and
Bluetooth. Lately, sub-gigahertz bands are exploited by tech-
nologies like LORA and SIGFOX in order to achieve wide
range communications. Additionally, high frequency bands
such as mmWave are used for multi-gigabit speeds (IEEE
802.11ad). It becomes clear that the wireless network capac-
ity will soon become a bottleneck for the increased wireless
traffic.

Concurrently, the licensed spectrum used by the mobile
operators becomes very scarce. The limitation of the licensed
spectrum in combination with the high cost of a licensed
frequency band have pushed the mobile operators to investi-
gate other technological solutions that can support inmeeting
the 1000x challenge requirements. These solutions include
among others, enhanced massive Multiple-Input Multiple-
Output (MIMO), Carrier Aggregation, cloud computing
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services, as well as LTE operation in the unlicensed spec-
trum (LTE-U). Among various other solutions, the last one
has attracted significant attention from the wireless commu-
nity. Several mechanisms, such as Listen Before Talk (LBT)
have been proposed towards the coexistence of LTE-U and
other well-established technologies in the unlicensed spec-
trum, such as Wi-Fi [2].

In markets like the U.S., China and South Korea where a
Clear Channel Assessment (CCA) mechanism (also known
as LBT) is not required, LTE can operate in the unlicensed
spectrum using techniques such as Carrier Sense Adaptive
Transmission (CSAT) [3]. CSAT, proposed by Qualcomm,
exploits duty cycle periods in order to give to Wi-Fi trans-
mission opportunities (TXOP). It divides the time into LTE
ON and LTEOFF slots. During an ON period, LTE transmits
without sensing the medium, while during an OFF period it
remains silent giving TXOP to other coexisting networks.

Recently, key players of the mobile world have proposed
standards to the 3rd Generation Partnership Project (3GPP),
which specify the LTE operation in unlicensed spectrum.
3GPP announced the operation of LTE Licensed-Assisted
Access (LTE LAA) [4], as an enhancement towards 3GPP
LTE Release 13. LTE LAA allows operators to transmit in
the unlicensed spectrum using a secondary cell, alongside a
primary cell operating in the licensed band that they own.
Using LTE LAA, a mobile operator can offload the LTE net-
work into the unlicensed spectrum,when this is required. The
licensed spectrum can be used to ensure the transmission of
the crucial LTE control signals without interference. Addi-
tionally, applications that require high Quality of Service
(QoS) (e.g. video streaming) can exploit the advantages of
the interference-free licensed spectrum. LTE LAA requires
a CCA procedure before each transmission in the unlicensed
spectrum. This way, the mechanism can be applicable world-
wide, including markets like Europe and Japan, where CCA
is mandatory.

In order to decouple LTE from the operators, leadingwire-
less stakeholders proposed the LTE operation solely in the
unlicensed spectrum as a standalone wireless solution. To
this end, they formed theMulteFire Alliance [5]. Hence, LTE
can be deployed by Internet Service Providers (ISPs), build-
ing owners, cable companies, etc. The underlying technique
proposed by the alliance builds on elements of 3GPP LTE
LAA.

Although the LTE LAA standard defines that a CCA pro-
cedure must be performed before a transmission burst, it also
defines four different channel access priority classes. Each
channel access priority class specifies among others the dura-
tion of the transmission burst that follows a successful CCA
procedure. This duration ranges from 2 to 10 ms [2]. On
the contrary, a Wi-Fi packet transmission when frame aggre-
gation is not enabled or supported by the 802.11 standard
typically lasts a few hundreds of µs [6]. Furthermore in [7],

it has been assessed that for 802.11n with frame aggrega-
tion, 50% of the packets are transmitted within 30 µs, while
80% of the packets are transmitted within 1 ms. It is clear
that the ratio between LTE and Wi-Fi channel occupancy is
not balanced. This can result to unfair coexistence between
co-located LTE LAA and Wi-Fi networks.

In this article, we discuss a way that fairness can be
achieved between LTE-U and Wi-Fi. We define a new adap-
tive LTE-U transmission scheme according towhich LTE can
transmit in unlicensed spectrum using a variable TXOP time.
This TXOP period is followed by a variable muting period
in order to give channel access opportunities to other poten-
tially co-located networks, such as Wi-Fi. Before a TXOP,
LTEmust perform aCCAprocedure in order to determine the
availability of the channel. This scheme can be used for LTE
transmissions in the unlicensed spectrum next to the primary
cell that an operator uses in the licensed spectrum similar to
LTE LAA. The proposed scheme is evaluated through simu-
lations. Finally, we discuss how the configurations of TXOP
and muting period can be selected by a network in order to
provide fair coexistence. The main contribution of this work
is summarized as follows:

• Discussion about fairness and definition of fairness as
equal sharing of the wireless resources in a technology-
agnostic manner

• Verification of the problem by evaluating the coexistence
between LTE LAA and Wi-Fi, when Wi-Fi operates in
a traditional way, meaning that it does not support or it
does not use frame aggregation

• Proposal of a new adaptive LTE-U transmission scheme
that uses a variable TXOP followed by a variable muting
period. The proposed scheme performs a channel esti-
mation before a transmission to ensure the availability of
the channel

• Discussion about the selection of the TXOP and mut-
ing period combinations that can offer fair coexistence
between LTE-U and Wi-Fi

The remainder of the article is organized as follows. In
Sect. 2 we present an overview of the main characteristics of
LTE and Wi-Fi that lead to coexistence issues when the two
technologies operate next to each other in their traditional
form. Section 3 discusses the current literature on LTE-U
and especially LTE LAA. Section 4 defines the problem that
arises when LTE LAA coexists with traditional Wi-Fi net-
works that do not use frame aggregation and describes the
proposed solution. Next, in Sect. 5 we discuss about fair
coexistence in unlicensed spectrum and the approach that we
follow in this article. Section 6 presents the simulation plat-
form that has been used. In Sect. 7, we discuss the simulation
scenarios that are studied. Then, in Sect. 8, we present and
discuss the obtained results for each investigated scenario.
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Fig. 1 LTE time-frequency structure and scheduling of different UEs

In Sect. 9, we discuss the way that a selection of the con-
figuration parameters can be done for the proposed scheme
towards fair coexistence. Finally, in Sect. 10, we conclude
the paper and discuss plans for future work.

2 LTE andWi-Fi in a nutshell

This section briefly discusses the main differences between
LTE and Wi-Fi that result in unfair coexistence, when the
two technologies operate in the proximity of each other in
their traditional form.

LTE uses multi-user versions of the Orthogonal Fre-
quency Division Multiplexing (OFDM) digital modulation
scheme, called Orthogonal Frequency Division Multiple
Access (OFDMA) for the DL and Single-Carrier Frequency
Division Multiple Access (SC-FDMA) for the UL [8]. LTE
divides the time domain in time slots of 0.5 ms duration.
Each time slot corresponds to 7 OFDM symbols when Nor-
mal Cyclic Prefix (CP) is used and to 6 OFDM symbols for
ExtendedCP.AnLTE radio frame has a duration of 10ms and
consists of 10 subframes. Each subframe consists of 2 slots.
The frequency domain is divided into subcarriers each one
occupying 15 KHz of bandwidth. Combining one time slot
and 12 subcarriers, LTE defines the Resource Block (RB),
which is the unit of transmission.

LTE is a scheduled technology designed to operate in the
licensed spectrum. Hence, it does not require to sense the
medium before a transmission. The LTE base station named
Evolved NodeB (eNB) schedules the different User Equip-
ment (UE) transmissions on a subframe basis, meaning that
every 1 ms the assignment of the subframes to the active UE
can change. The time-frequency structure and the assignment
of the resources to different UEs is depicted in Fig. 1.

On the other hand, Wi-Fi uses OFDM digital modulation
scheme and the Distributed Coordination Function (DCF) as
the fundamental mechanism to access the wireless medium,
which is designed to be asynchronous and decentralized [6].
Wi-Fi uses a Carrier Sensing Multiple Access with Colli-

Fig. 2 802.11 CSMA/CA procedure

sion Avoidance (CSMA/CA) mechanism to compete for the
channel access. Before a transmission,Wi-Fi has to sense the
medium to determine if it is busy or idle This procedure is
known as Clear Channel Assessment (CCA). Figure 2 illus-
trates the CSMA/CA procedure. Only if the medium is idle
for DCF Inter-Frame Space (DIFS) the node can transmit.
Otherwise and also prior to a new transmission immediately
after a successful transmission, the node has to postpone its
transmission for DIFS plus a random backoff time. The back-
off time indicates howmany idle time slots a node has to sense
before a transmission. The number of the timeslots is speci-
fied by the backoff counter that is randomly selected within
the range of the Contention Window (CW). If the transmis-
sion is not successful and an acknowledgement (ACK) is
not received the node schedules a retransmission after a new
exponential backoff period until the maximum number of
retransmissions is reached.

CCA consists of two functions named Carrier Sense (CS)
and Energy Detection (ED). The CS function refers to the
ability of the receiver to detect and decode a received Wi-Fi
preamble. The ED function is used when the received signal
cannot be decoded. According to the standards the threshold
of CS and ED for 20 MHz bandwidth is −82 and −62 dBm
respectively [6].

3 Related work

In our previous work [9], we studied the impact of traditional
LTE operating in unlicensed spectrum on Wi-Fi using Off-
The-Shelf (OTS) hardware equipment using the LTE testbed
of IMEC [10]. In this study, three different levels of LTE
signal have been examined, representing different possible
levels of LTE impact on Wi-Fi. The results show that the
Wi-Fi performance, in terms of throughput and latency, can
be significantly affected by LTE. In [11], the authors per-
formed an experimental evaluation to study the impact of
LTE LAA on Wi-Fi performance in indoor office environ-
ment. The study includes analysis of LTE LAA interference
for five different scenarios. Based on this analysis the authors
provide LTE LAA Medium Access Control (MAC) designs
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to deal with coexistence issues with Wi-Fi. Several other
studies [12–14] evaluate the Wi-Fi performance degradation
based on mathematical models and simulations. All studies
come to the same conclusion, namely that coexistence mech-
anisms are required to enable coexistence between co-located
LTE and Wi-Fi networks.

The authors in [15] evaluate through simulations the per-
formance impact of LTE and Wi-Fi when both networks
operate in the same frequency. They propose a coexistence
mechanism similar to CSAT that exploits periodically blank
LTE subframes during an LTE frame in order to give oppor-
tunity to Wi-Fi to transmit. They conclude that the network
topology, as well as the number and order of the blank sub-
frames lead to different coexistence results.

Towards a global coexistence technique that respects the
regional regulations, 3GPP announced the LTE LAA stan-
dards in Release 13, including the description of a CCA
procedure [2]. Initially, LTE LAA is scheduled to operate
for DL only and within the 5 GHz channel. Towards Release
14, it is expected to be extended to 2.4 GHz unlicensed band
and for both DL and UL traffic. The transmission in the unli-
censed spectrum can be done via a secondary cell operating
alongside the primary cell owned by the operator. This fea-
ture canbe enabledusing theCarrierAggregationmechanism
that has been introduced in 3GPP LTE Release 10 [16].

In [17], the authors provide a description of the LTE LAA
mechanisms including motivation and use cases to which
it can be applied. They present a coexistence evaluation
methodology and results, which have been contributed by
3GPP.

The authors of [18] present a detailed overview of LTE
LAA in Release 13. They show how the introduction of CCA
and the discontinuous transmission impose changes in dif-
ferent LTE components such as the DL physical channels,
the hybrid automatic repeat request (HARQ) feedback pro-
cedures, etc. Simulation results are presented to show that
coexistence with Wi-Fi can be enabled in a range of sce-
narios. Moreover, an overview of LTE LAA enhancements
beyond Release 13 is given.

In [19] two non-coordinated and two coordinated network
management approaches to enable coexistence are proposed.
Regarding the non-coordinated techniques, the first one pro-
poses eNB to perform CCA on different channels and to
switch to a different channel after a transmission, while the
second proposes LTE to offer transmission opportunities of
variable duration to Wi-Fi after a transmission based on
the occupancy of the medium. Concerning the coordinated
methodologies, the first one proposes a Network Function
Virtualization (NFV) interconnection to combine the Wi-Fi
network and the LTE-U service provider. Channel selection
and seamless transfer of resources between the two tech-
nologies can be enabled, using the in-the-cloud control of
distributed Access Points (APs). The second method pro-

poses the management of coexistence using the X2 interface
among the eNBs. The eNBs can exchange information and
schedule Almost Blank Subframes (ABS) in different sub-
frames giving this way more opportunities to any Wi-Fi
network that is located potentially within their proximity.
In the aforementioned schemes, the different Radio Access
Technologies (RATs) are under the control of the same
mobile operator.

The authors in [20] propose an LBT protocol for LTE
LAA that enhances the coexistence withWi-Fi and increases
the overall system performance. This LBT scheme consists
of two different mechanisms named on-off adaptation for
channel occupancy time and short-long adaptation for idle
time. The first mechanism is responsible to adapt the channel
occupancy time of LTE based on the load of the network,
while the second one adapts the idle period based on the CW
duration of Wi-Fi.

In [21], the authors propose an LBT mechanism for LTE
LAA that aims to share the medium in a fair way towards
the increase of the overall system performance. The math-
ematical analysis of the proposed LBT scheme is validated
via simulations. The results show that a proper selection of
LAA channel occupancy and backoff counter can increase
the performance of Wi-Fi.

In [22], the coexistence between LTE LAA and Wi-Fi is
studied using LBT category 4 channel access scheme. The
behaviour of LAA eNB is modelled as a Markov Chain and
the obtained throughput is adopted as performance metric.
The proposed LBT scheme uses an adaptive CW size for
LTE LAA. According to the results, the proposed scheme
outperforms the fixed CW size.

The authors in [23] describe and evaluate a channel switch
function that is used to determine the LTE LAA channel
dynamically. This way, LTELAA can exploit the spectrum in
a more flexible way. They propose an enhanced LBT scheme
with channel switch that uses a frozen period to select the
appropriate channel. The channel switch is done based on a
proportional fair based dynamic channel switch method that
is analytically presented. The results show that the proposed
scheme can increase the overall system performance.

In [24], a MAC layer for LTE-U is proposed that uses
an LBT algorithm and channel reservation packets. Both
synchronous and asynchronous LBT are examined. Addi-
tionally, improvements to the LTE link adaptation algorithm
are proposed in order to cope with potential collisions. Sim-
ulation results indicate that the performance of Wi-Fi can
be improved by the proposed MAC design. Furthermore,
the channel reservation mechanisms increase the LTE-U cell
edge performance.

In our previous work [25], we extensively studied the con-
cept of LTE-U. Initially, we provide a detailed analysis of
the current state-of-the-art regarding LTE-U and Wi-Fi. Fur-
thermore, the article presents a classification of techniques
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Table 1 LTE LAA channel
access priority class
configurations

Channel access priority class (p) mp CWmin,p CWmax,p Tmcot,p(ms) Allowed CWp sizes

1 1 3 7 2 3, 7

2 1 7 15 3 7, 15

3 3 15 63 8 or 10 15, 31, 63

4 7 15 1023 8 or 10 15, 31, 63, 127, 255, 511, 1023

that can be applied between co-located LTE and Wi-Fi net-
works. This classification in combination with the study of
the literature revealed the lack of cooperation schemes among
co-located networks that can lead to more optimal use of
the available spectrum. In order to fill this gap, several con-
cepts of cooperation techniques that can enhance the spectral
efficiency between coexisting LTE and Wi-Fi networks are
proposed. Additionally, the proposed cooperation schemes
are compared between each other in terms of complexity and
performance.

Finally, the authors in [26] provide a detailed survey of
the coexistence of LTE-U and Wi-Fi on 5 GHz with the cor-
responding deployment scenarios. They provide a detailed
description of the coexistence-related features of LTE-U
and Wi-Fi, the coexistence challenges, the differences in
performance between the two different technologies and
co-channel interference. They extensively discuss the pro-
posed coexistence mechanisms between LTE-U and Wi-Fi
in the current literature. Furthermore, the survey discusses
the concept of the scenario-oriented coexistence, in which
coexistence-related problems are solved according to differ-
ent deployment scenarios.

Although the 3GPP standards specify that the channel
must be sensed by a CCA procedure before a transmission,
the ratio between LTE LAA and Wi-Fi transmission oppor-
tunities is not balanced, especially in the case thatWi-Fi does
not support or use frame aggregation. According to the best
of our knowledge, the current literature lacks of amechanism
that can adapt the LTE-U channel access after a CCA in order
to provide equal channel opportunities to other co-located
networks such as Wi-Fi. The following aspects render our
proposal novel and valuable. Firstly, the proposed scheme is
flexible as it adapts the LTE-U channel access in order to pro-
vide fair coexistence with networks in unlicensed spectrum
based on various parameters such as the number of the co-
located networks and the type of traffic that has to be served
(e.g. delay-sensitive traffic). Secondly, the CCA procedure
ensures that the mechanism can be applicable worldwide.
Thirdly, this scheme can provide fair coexistence not only to
Wi-Fi but also to other well-established technologies in unli-
censed spectrum, such as 802.15.4 and Bluetooth. Finally,
the proposed variable TXOP followed by a variable muting
period does not have an impact on time-sensitive LTE traf-
fic, as it can still be transmitted via the licensed band of the
operator.

4 Problem definition and proposal
description

Recently, 3GPP announced the LTELAA standards as part of
LTE Release 13. LTE LAA defines that a CCA procedure [2]
must be performed before an LTE transmission in the unli-
censed spectrum. This way, the standard can be applicable
worldwide, as it respects the regional regulations in markets
like Europe and Japan where a CCA procedure is mandatory.

Initially, LTE LAA (as defined in Release 13) is sched-
uled to operate within the 5 GHz unlicensed spectrum and
for Downlink (DL) traffic only, while the Uplink (UL) traf-
fic will be maintained in the licensed spectrum. In a later
phase towards Release 14, it is expected to be extended to
2.4 GHz unlicensed band including both DL and UL traf-
fic. According to LTE LAA Release 13, an eNB will be able
to activate and deactivate a secondary cell operating in the
unlicensed spectrum. Via this cell only DL data traffic can
be sent through the Physical DL Shared Channel (PDSCH).
The LTE control signals and the UL traffic will be main-
tained in the licensed anchor via the Physical UL Shared
Channel (PUSCH). Especially for the LTE control signals
whose transmission is time-critical, the licensed anchor can
guarantee a safe and interference-free transmission.

Before a transmission, an eNB must perform the CCA
procedure in order to sense the channel in the unlicensed
spectrum.When the channel is sensed as busy, the eNBmust
defer its transmission and perform an exponential backoff. If
the medium is sensed as idle, the eNB starts a transmission
burst with a duration varying form 2 up to 10 ms, depending
on selected channel access priority class. Table 1 shows the
definitions of the different channel access priority classes.
The smaller the number of the class, the higher the priority.

From the table, it can be seen that each priority class uses
different Tmcot,p that refers to the maximum channel occu-
pancy time for the specific class p. According to the standard,
for the priority classes 3 and 4, the Tmcot,p equals to 10 ms
if the absence of any other co-located unlicensed technol-
ogy sharing the same spectrum band can be guaranteed on
a long term basis. In a different case, it is limited to 8 ms.
An eNB cannot continuously transmit in unlicensed spec-
trum for a period longer than Tmcot,p. After the end of the
Tmcot,p, it must perform a CCA procedure to estimate again
the occupancy of the channel.
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Fig. 3 The design of the proposed mLTE-U scheme

On the other hand, in traditional Wi-Fi network without
frame aggregation, an AP or a Station (STA) transmits only
one packet after it successfully estimates the medium as idle.
Such a Wi-Fi packet transmission typically lasts a few hun-
dreds of µs. After the transmission of the packet, it has to
compete again to access the medium against other co-located
networks by performing a CCA procedure. In several still
widely used Wi-Fi standards such as 802.11a/g frame aggre-
gation is not supported. Even if frame aggregation is available
(e.g. 802.11n/ac [27]), often it is not used depending on the
traffic type (e.g. low latency constraints) [28].

It is clear that the transmission durations of LTE LAA and
Wi-Fi are not balanced as the TXOP duration of LTE LAA is
significantly longer compared to a single packet transmission
ofWi-Fi.Moreover, as both networks perform an exponential
backoff after they sense the channel as busy, it is possible for
an LTE LAA network to gain consecutive times access to the
channel forcing Wi-Fi to postpone its transmission for even
longer period of time. This can lead to unfair coexistence
between co-located LTE and Wi-Fi networks. Especially in
the case of multiple LTE LAA networks, a co-located Wi-
Fi network will be impacted drastically as it has to compete
against more networks that are able to gain access to the
channel for considerably longer duration.

In order to deal with this serious concern, we propose a
new adaptive channel access scheme for LTE-U. According
to this scheme, LTE has to perform a CCA before a transmis-
sion. If the CCA estimates the channel as idle, then the LTE
LAA eNB transmits for a variable duration called TXOP in a
range of 2 up to 20 ms. This TXOP is followed by a variable
muting period in a range of 0 up to 20 ms. During the muting
period, the LTE-U network that has finished a transmission of
a TXOP duration has to remain silent in order to give channel
access opportunities to other co-located networks (e.g.Wi-Fi
or another LTE-U). After the end of the muting period (or at
the end of the TXOP in case of zero muting period), the eNB
has to performagain aCCAprocedure before a newTXOP. In
this solution, the introduction of the muting period can cause
problems for delay sensitive traffic. In this case, similar to
LTE LAA, a primary cell operating in licensed spectrum can
still be used for time sensitive transmissions. In the rest of
the article, we will refer to the proposed scheme as muting
LTE-U (mLTE-U). Figure 3 illustrates the proposed scheme.

Fig. 4 Spectrum sharing between different co-located technologies.
a spectrum sharing based on the different technologies b Spectrum
sharing in technology-agnostic way

This scheme can offer high coexistence flexibility as the
mLTE-U behaviour can be adapted based on various param-
eters, such as the number and the type of the co-located
networks, the QoS requirements that a network has to serve
(e.g. best effort traffic, video traffic, etc.) and the load of the
different networks. For instance, when an mLTE-U network
coexists with multiple Wi-Fi networks, then the proposed
scheme has to be adapted so that mLTE-U transmits using
a short TXOP followed by a relatively long muting period.
The Wi-Fi networks can exploit this period to further gain
channel access. According to another example-scenario, an
mLTE-U that serves a video streaming coexists with a Wi-Fi
network that serves best-effort traffic. In this case, themLTE-
U transmission scheme has to be modified in order to use a
higher TXOP followed by a shorter muting period for Wi-Fi
transmissions.

5 Fairness in unlicensed spectrum

The purpose of the proposed scheme is to enhance the coexis-
tence and increase the fairness among the co-located LTE-U
and Wi-Fi networks. A fair coexistence scheme should offer
all the available networks equal opportunities to the medium.
It is important to point out the difference between fairness
among different available technologies and fairness among
the different coexisting networks, as it is depicted in Fig. 4.

According to the first approach (Fig. 4a), the wireless
resources are divided among the co-located networks accord-
ing to the differentwireless technologies that are used.Hence,
in the case of two coexisting wireless technologies such as
LTE and Wi-Fi, half of the time the medium is used by LTE
and half of the time is used byWi-Fi. In our opinion, such an
approach is not always fair as it does not take into considera-
tion the number of the LTE andWi-Fi networks respectively.
For instance, if there are multiple co-located Wi-Fi networks
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and one LTE-U network, it would not be fair toWi-Fi to split
the time that the different technologies access the channel to
the half.

Regarding the second approach (Fig. 4b), the medium is
shared according to the number of the co-located networks in
a technology-agnostic manner. Consequently, a coexistence
mechanism that belongs in this category does not discrimi-
nate the coexisting networks based on the type of thewireless
technology that they use. Instead, the distribution of the
resources is done based on the number of the co-located net-
works and ideally based on several characteristics, such as
the type and the amount of traffic that must be served.

In an ideal scenario in which all the different net-
works are aware of the requirements of each other and can
exchange information, or a central coordinator is in charge
of communicating with each network, collecting their traffic
requirements and coordinating their transmissions, the dis-
tribution of the wireless resources could be done in a really
fair manner.

However, in the wireless world, several diverse networks
that have been designed, each having completely differ-
ent principles in order to serve different requirements, are
forced to coexist and compete for the wireless resources.
Furthermore, the channel access mechanisms used by differ-
ent technologies vary significantly among each other. Even
between nodes of the same wireless technology equally time
sharing of the wireless resources is not guaranteed. Wi-Fi is
an indicative example of such a scenario. One of the basic
principles of traditional Wi-Fi (without frame aggregation)
is the equal division of the channel between the users. Hence,
only one packet is transmitted by each node after themedium
is sensed as idle. Nevertheless, very often there is a case in
which a node faces better channel quality than another. Thus,
the node with better channel conditions can perform a faster
transmission, using a high Modulation and Coding Scheme
(MCS) profile compared to the other. This way the node with
the lower MCS profile occupies the channel for longer dura-
tion to transmit exactly the same number of bytes.

In the case of LTE and Wi-Fi coexistence, the two tech-
nologies that compete for the wireless resources are diverse
having major design differences. The obtained throughput
together with the channel occupancy are good indicators for
the fairness that a coexistence technique can offer. Hence, in
the rest of the article, the obtained throughput and the chan-
nel occupancy are adopted as key performance indicators
for the evaluation of the proposed scheme. Towards a fair
coexistence in line with the second approach that discussed
above, the parameters of mLTE-U are selected in such a way
that each participating network can achieve an equal ratio of
throughput, compared to themaximum throughput that it can
be achieved during the standalone operation.

Table 2 mLTE-U simulation parameters

Parameter Value

Base station type Femtocell

Bandwidth 20 MHz

Defer period 34µs

Slot duration 9µs

CWmin 15

CWmax 1023

TXOP 2–20 ms

Muting period 0–20 ms

ED threshold − 62.0 dBm

CW update rule 80% NACKS

MIMO format MIMO

6 Simulation environment

In order to evaluate the proposed scheme, experiments have
been performed using the NS3 network simulator, which is
an event-based and flexible simulation platform. The simu-
lator allows the design of scenarios in which multiple LTE
networks can coexist together with multiple Wi-Fi networks
in the unlicensed spectrum. The LTE andWi-Fi networks are
able to operate using the same channel and can interfere with
each other.

During the experiments, the LTE has been set to operate
in the 5 GHz unlicensed band. As it is mentioned in Sect. 4,
mLTE-U can transmit using a variable TXOP period, which
ranges from 2 up to 20 ms. In addition, a muting period
has been introduced to the LTE channel access scheme. This
muting period ranges from 0 up to 20 ms and starts after
the completion of a TXOP period. The maximum duration
of both TXOP and muting period can be set to even higher
values. However, we believe that this range is long enough
to showcase the effect that the proposed scheme can have
on the coexistence between mLTE-U and Wi-Fi networks in
unlicensed spectrum.

Before an mLTE-U node starts a transmission, it has to
complete a CCA procedure. The CCA parameters have been
configured in order to be similar to the Wi-Fi LBT Cate-
gory 4 procedure. Table 2 summarizes the specific mLTE-U
parameters that have been used.

Regarding the Wi-Fi network, 802.11n mode has been
selected in order to allow operation in 5 GHz unlicensed
band. Additionally, frame aggregation is disabled so that we
can investigate the traditional 802.11 transmission, according
to which a single packet is transmitted after the channel is
estimated as idle. Additionally, the network is configured to
operate in SISO mode, so that the Wi-Fi operation can be
comparable to other popular 802.11 standards that does not
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Table 3 Wi-Fi simulation parameters

Parameter Value

Wi-Fi mode 802.11n

Frame aggregation Disabled

Bandwidth 20 MHz

DIFS duration 34µs

Slot duration 9µs

CWmin 15

CWmax 1023

ED threshold − 62.0 dBm

CS threshold − 82.0 dBm

RTS/CTS Disabled

MIMO format SISO

Table 4 Common simulation parameters

Parameter Value

Simulation time per mLTE-U configuration 10 s

Traffic direction Downlink

Traffic protocol UDP

UDP payload size 1472 bytes

Radio propagation model Log-distance path loss

Antenna pattern Omni-directional

TX power (eNB, AP) 18 dBm

TX power (UE, STA) 18 dBm

support MIMO mode such as 802.11a/g. Table 3 lists all the
related parameters that have been used for the configuration
of the Wi-Fi network.

The common simulator parameters are presented in
Table 4.

Before the beginning of a transmission burst mLTE-U
must perform a CCA procedure. This means that the medium
can be sensed as idle at any time. On the other hand, LTE
is a scheduled technology and the scheduling is performed
by the eNB on a sub-frame level, meaning that each 1 ms
the assignment of the wireless resources to the active UE
can change. Hence, as every data transfer starts at the sub-
frame boundaries, an LTE reservation signal is used after the
channel is sensed as idle and until the beginning of the next
subframe in order to preserve the channel and force other
nodes to backoff. In the best-case but very rare scenario in
which the channel is estimated as idle in the beginning of a
subframe, the transmission of a reservation signal is not nec-
essary and thus it is omitted. Contrariwise, when the channel
is sensed idle immediately after the beginning of a subframe,
then the reservation signal lasts for the rest of the subframe
and the data transmission starts at the beginning of the next

Fig. 5 mLTE-U reservation signal

subframe. The duration of the reservation signal is deducted
from the TXOP duration of the mLTE-U. For this reason, the
minimum examined TXOP is 2 ms. Figure 5 illustrates the
usage of the reservation signal as described above.

7 Simulation scenarios

In order to verify the coexistence issue that occurs when LTE
LAA operates next to Wi-Fi, a related simulation scenario
has been designed. According to this scenario, an LTE LAA
network consisting of one eNB and one UE operates in the
proximity of a Wi-Fi network that consist of one AP and one
STA.

Towards the performance evaluation of the proposed
scheme, various simulation scenarios have been designed.
For each scenario, all the different combinations of TXOP
and muting values have been tested. For both mLTE-U and
Wi-Fi networks, we assume that one end-device is connected
to one base station. In each network, high load UDP traffic
is transmitted in the DL, meaning from the eNB to the UE
for LTE and from the AP to the STA for Wi-Fi.

For the evaluation of the proposed scheme during the first
four scenarios, the mobility of the end-nodes is not taken into
consideration. In these scenarios, we study the performance
of themLTE-U scheme in cases of differentmLTE-U andWi-
Fi network densities. The first examined scenario consists of
one mLTE-U network and one Wi-Fi network. The distance
between the LTE eNB and the Wi-Fi AP is 10 m, while the
LTE UE and the Wi-Fi STA are located at a distance of 10 m
from the eNB and theAP respectively. In the remainder of the
article we refer to this scenario as reference scenario. For the
other investigated static scenarios, the number of the mLTE-
U and Wi-Fi networks ranges from one up to four networks
for each type of technology. This way, various situations of
high interest can be studied, such as:

• Coexistence of low mLTE-U and Wi-Fi density (e.g. ref-
erence scenario)

• Coexistence of highmLTE-U density and lowWi-Fi den-
sity (e.g. 4 mLTE-U and 1 Wi-Fi)

• Coexistence of lowmLTE-U density and highWi-Fi den-
sity (e.g. 1 mLTE-U and 4 Wi-Fi)
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Fig. 6 Investigated static coexistence scenarios. a Reference scenario, b dense mLTE-U deployment scenario, c dense Wi-Fi deployment scenario,
d dense mLTE-U and Wi-Fi deployment scenario

• Coexistence of both high mLTE-U and Wi-Fi density
(e.g. 4 mLTE-U and 4 Wi-Fi)

In every scenario with multiple mLTE-U and/or multiple
Wi-Fi networks, all the available nodes (eNBs, UEs, APs and
STAs) are deployed randomly in the proximity of each other
(within 20 m). This way, the ED threshold is surpassed and
the backoff mechanism of mLTE-U and Wi-Fi is triggered
during every transmission. Figure 6 presents the investigated
static coexistence scenarios.

Furthermore, the effect of mobility in the coexistence of
mLTE-U and Wi-Fi is studied in an indicative mobile sce-
nario. During themobile scenario and similar to the reference
scenario, one mLTE-U network, consisting of one eNB and
one UE, coexists with one Wi-Fi network consisting of one
AP and one STA. The UE is placed at a distance of 25 meters
from the eNB and the STA is placed at a distance of 100
meters from the AP. During the execution of the scenario,
the UE moves away from the eNB, while the STA moves
towards the AP. The above described scenario is depicted in
Fig. 7.

Fig. 7 Mobile coexistence scenario

8 Performance evaluation

8.1 LTE LAA andWi-Fi coexistence evaluation

In Sect. 4, we discussed the coexistence problems that can
arise when an LTE LAA network operates next to a Wi-Fi
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Table 5 Notations of the LTE LAA and Wi-Fi CCA procedure

Parameter Meaning

N Backoff counter

Td The defer duration

T f The silent period in the beginning of Td
m p Number of backoff slots

Tsl Backoff slot duration

Tmcot,p LTE transmission duration

TFrame Wi-Fi frame transmission duration

SIFS 802.11 Short Interframe Space

DIFS 802.11 DCF Interframe Space

network in the unlicensed spectrum. This section, evaluates
the impact of the different LTE LAA priority classes (Table
1) on the performance of Wi-Fi.

Figure 8 showcases the CCA procedure of LTE LAA that
is configured to use priority class 3. The upper part of the
figure shows the CCA procedure, when LTE LAA is the only
network in the unlicensed channel,while the lower part shows
the procedurewhenLTELAAcoexistswith aWi-Fi network.
The notations of the LTE LAA CCA procedure are specified
in Table 5.

According to the LTE LAA standard, an LTE LAA trans-
mission is performed, after the channel is sensed as idle
during all the slots of a defer period (Td ) and after the backoff
counter (N ) is reached zero.Adefer period consists of a silent
period (T f ), followed by mp slots of Tsl duration. The num-
ber of slots (mp) is defined by the priority classes. An LTE
LAA node that wants to transmit, first senses the medium
for a defer period (Td = T f + mp ∗ Tsl ) and then, it always
performs an exponential backoff. The backoff counter N is
chosen randomly in a range of 0 ≤ N ≤ CW . In the begin-
ning, theCW is initialized to theCWmin,p value specified by
the corresponding priority class. If during the backoff proce-
dure the channel is sensed as busy, then the backoff counter
freezes. The channel is reported as busy, when the sensed
energy during a CCA slot is above the ED threshold. Every
time the channel is sensed as busy, the LTE LAA node has to
sense again for an idle defer period (Td ) and then it continues
decreasing the backoff counter from the point it stopped. This
is depicted in the second half of the Fig. 8, where a Wi-Fi
transmission occurs during the backoff procedure of LAA.

The value of theCW is adjusted based on theHARQ feed-
back from theUEs. If the feedback indicates that at least 80%
of the HARQ-ACK values, corresponding to the most resent
DL transmission burst were erroneous (negative acknowl-
edgments, NACKS), for example when a lot of collisions
occur, then the CW is doubled for the next CCA procedure.
This can happen until the CW reaches a maximum value
CWmax,p specified by each priority class. If less than 80%

of theHARQ-ACKvalues are determined as NACK, theCW
is reset to the minimum value.

In order to assess the coexistence offered by LTE LAA
to a co-located Wi-Fi network, all the four priority classes
have been tested via the simulation platform. The simulation
platform has beenmodified in order to enable LTE LAA sim-
ulation. To this end, the defer period, the CWmin, the CWmax

and the TXOP have been adjusted to the corresponding val-
ues specified by each priority class. The Wi-Fi simulation
parameters are the same as listed in Table 3. For all the four
priority classes, the distance between the eNB and the AP is
10 meters and the distance between each base station with
its respective end-device is 10 meters. High UDP traffic of
200 Mbps is transmitted on the DL in both networks. Fig-
ure 9 presents the obtained throughput for LTE LAA and
Wi-Fi (vertical axis) according to the corresponding LTE
LAA priority class (horizontal axis). The Wi-Fi throughput
in standalone operation (without LTE LAA interference) is
also presented as a reference point.

From the graph, it can be seen that LTE LAA has a big
impact on the performance of Wi-Fi. For the two higher pri-
ority classes, LTE LAA has priority over Wi-Fi due to the
differences in the configuration of the channel estimation
procedure that the two networks use. Wi-Fi uses always a
DIFS period of 34µs, while the CWmin and CWmax val-
ues are 15 and 1023 respectively. On the other hand, LTE
LAA uses a short defer period (Td) and shorter ranges for
the selection of the CW (Table 1). Regarding the two lower
priority classes the configurations of the channel estimation
procedure are more in line with the Wi-Fi LBT procedure.
Nevertheless, LTE LAA uses transmission bursts (Tmcot,p) of
significant longer duration (8 or 10ms) compared to a typi-
calWi-Fi packet transmission that lasts some hundreds ofµs.
Hence, Wi-Fi is able to achieve a maximum throughput of
3.32Mbps when LTE LAA is configured with the lowest pri-
ority class and uses the shorter possible transmission burst (8
ms). However, the obtained throughput is significantly lower
compared to the throughput that Wi-Fi can achieve in a stan-
dalone operation (30.44 Mbps).

The graph also showcases that the different priority classes
have an effect on the LTE LAA throughput. According to
the two higher priority classes, LTE LAA transmits for 2
and 3 ms respectively before it estimates the channel again.
On the contrary, according to the two lower priority classes,
LTE LAA transmits for 8 or 10 ms after a successful CCA
procedure. This means that for the higher classes it performs
a CCA procedure more often than for the lower. As a result,
it spends more time assessing the channel and this has an
immediate effect on the obtained throughput.

In every case, the simulation results show that LTE LAA
can degrade the performance of Wi-Fi in its classic form,
meaning that no frame aggregation is used and it transmits
one packet every time themedium is sensed as idle. In the rest
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Fig. 8 LTE LAA CCA procedure

of this section, we evaluate the performance of the proposed
mLTE-U scheme under different scenarios and we discuss
what configurations of TXOP and muting period can offer
fair coexistence for each scenario.

8.2 Standalone scenario evaluation

In this section, the performance of both mLTE-U and Wi-Fi
networks is evaluated in standalone case. In this scenario,
the networks are located away from each other and operate
independently, having full access to the channel. The distance
between the networks is set to 1000 m and both systems are
offered an equal UDP load of 200 Mbps.

Figure 10 shows the obtained DL throughput results of
mLTE-U network. On the x-axis are the configurations of
muting period duration in ms ranging from 0 up to 20. On the
z-axis are the different TXOP configurations in ms ranging
from 2 up to 20. Finally, on the y-axis are the DL throughput
values in Mbps for every combination of TXOP and muting
period durations. As it can be observed and according to the
expectations, the introduction of the muting period has an
impact on the maximum throughput that can be achieved by
mLTE-U.

This graph shows clearly how the mLTE-U throughput
drops as the TXOP period decreases and the muting period
increases. Hence theminimum throughput value corresponds
to a configuration in which TXOP lasts for 2 ms and is fol-
lowed by a muting period that lasts 20 ms. Respectively, the
maximum throughput value corresponds to a TXOP of 20ms
followed by amuting period of 0 ms. The difference between
the maximum and the minimum value of the DL throughput
reaches 95.2%.

Fig. 9 LTE LAA and impact onWi-Fi throughput for different channel
access priority classes

Fig. 10 Obtained mLTE-U throughput during the standalone scenario

Figure 11 shows the DL throughput diagrams of mLTE-U
and Wi-Fi, when the mLTE-U muting period is zero and the
mLTE-U TXOP period varies from 2 to 20 ms. When the
muting period is zero the mLTE-U can reach the maximum
throughput for each corresponding TXOP.

As can be seen from the graph, the Wi-Fi throughput
remains constant at 30.44Mbps. This is to be expected as the
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Fig. 11 Standalone mLTE-U andWi-Fi throughput for different TXOP
without muting period

Wi-Fi network is not in the proximity of mLTE-U and thus
it is not affected by its transmissions. On the contrary, the
mLTE-U throughput ranges from 75.18 up to 142.81 Mbps.
This variation is related to the configured TXOP duration of
the mLTE-U. As the TXOP duration decreases, the mLTE-U
has to perform more often a CCA procedure in order to eval-
uate the status of the channel. This has a significant impact on
channel utilization and respectively on the obtained through-
put. For a lower TXOP duration the eNB spends more time
evaluating the channel compared to the scenario in which it
is configured with a higher TXOP duration.

This becomes clearer by comparing twodifferentmLTE-U
configurations for the standalone scenario. For both config-
urations, DL traffic is transmitted for 10 s. According to the
first configuration, the eNB transmits for a TXOP of 20 ms
and each TXOP is followed by a muting period of 20 ms.
Hence, it evaluates the channel every 40 ms. This means that
the total number of CCA performed during the whole exper-
iment is 10000/40 ms = 250 channel evaluations. When the
eNB transmits for a TXOP of 4 ms followed by a muting
period of 4 ms, then the channel is sensed every 8 ms. This
corresponds to 10000/8 ms = 1250 channel evaluations.

Another parameter of high interest that is closely related to
the obtained throughput is the channel occupancy time. The
obtained simulation results show that during the standalone
operation,Wi-Fi occupies the channel for 70.10%of the time.
This means thatWi-Fi spends a high percentage of time sens-
ing the medium. On the other hand, in the proposed scheme
mLTE-U achieves the highest channel occupancy when the
muting period is configured to be zero. In that case, mLTE-U
competes for the medium immediately after the end of the
TXOP. Figure 12 shows the percentage of channel occupancy
for both Wi-Fi and mLTE-U for every TXOP duration and
for muting period equal to zero.

As it has been discussed above, the TXOP duration is
closely related to the frequency of CCA procedure. As it is
illustrated in Fig. 12, for the lower values of TXOP the CCA
frequency has a small impact on the channel occupancy of
CCA. It must be noted that the transmission of the mLTE-
U reservation signal is counted in the computation of the
channel occupancy. However, the transmission of the reser-
vation signal is not taken into account for the computation

Fig. 12 Channel occupancy of mLTE-U and Wi-Fi during the stan-
dalone scenario

of the obtained throughput. For this reason, the throughput
drop that can be observed in Fig. 11 for lower TXOP is not
reflected in the achieved mLTE-U channel occupancy that is
depicted in Fig. 12. Furthermore, this figure showcases the
high spectral efficiency of LTE, especially in a clear envi-
ronment. LTE can achieve high spectral efficiency as it is a
scheduled technology that uses a centralized MAC protocol
and was originally designed to operate in the licensed spec-
trum. During this standalone scenario, the percentage of the
mLTE-U channel occupation ranges from 94.90% for 2 ms
of TXOP duration up to 99.47% for 20 ms of TXOP dura-
tion. The addition of the muting period following a TXOP
can provide fairness among mLTE-U and Wi-Fi at the cost
of decreasing the spectral efficiency and the throughput of
mLTE-U. However, towards a fair coexistence between dif-
ferent technologies concessions must be made. Moreover,
mLTE-U can use the licensed anchor to accomplish critical
transmissions, such as the control signals or serve applica-
tions with high QoS requirements.

8.3 Reference scenario evaluation

The reference scenario is similar to the standalone scenario
with the difference that the two networks are placed in the
proximity of each other. Figure 6a illustrates the reference
scenario. In this scenario, the two networks have to compete
for the medium before a transmission.

Figure 13 shows the obtained DL throughput of the Wi-
Fi network. The x-axis is the TXOP duration of mLTE-U
in ms and the z-axis is the muting period of mLTE-U in ms.
The y-axis shows the DLWi-Fi throughput for each different
combination ofmLTE-UTXOPandmuting period. Figure 14
presents the DL throughput of the mLTE-U network. In this
diagram, the x and z axes are reversed compared to Wi-Fi.
Hence the x-axis holds themuting period and the z-axis holds
the TXOP duration of mLTE-U. By observing the diagrams,
it can be seen that they are inverse of each other. In case
of Wi-Fi, the throughput increases as the muting period of
mLTE-U increases. This is logical as highest mLTE-U mut-
ing period offers more opportunities to Wi-Fi to estimate the
channel as idle and start a transmission. Furthermore, theWi-
Fi throughput is inversely proportional to themLTE-UTXOP.
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Fig. 13 Wi-Fi throughput during the reference scenario

Fig. 14 mLTE-U throughput during the reference scenario

As it is explained above, a shorter TXOP gives more often
opportunities to Wi-Fi to compete for the medium and even-
tually gain access to the channel. On the contrary, similar to
the standalone scenario the throughput of mLTE-U increases
when the TXOP duration increases due to less often CCA
procedure. Additionally, as it is expected, a shorter muting
period offers higher throughput compared to a longer one.

Comparing the reference scenario with the standalone
operation, it can be observed that during the reference sce-
nario, the mLTE-U throughput is slightly lower (less than
2 Mbps of throughput drop). This is justified by the fact
that in this scenario, the two networks compete for the chan-
nel access. As result, Wi-Fi can win several CCA battles. A
Wi-Fi transmission typically lasts for few hundreds of µs.
Hence, the impact of the Wi-Fi network on mLTE-U due
to the CCA procedure is not so significant. On the other
hand, the presence of the mLTE-U has an impact on Wi-Fi
throughput compared to the standalone scenario where it was
constantly nearly to 30Mbps. The results show that theWi-Fi
throughput can drop to 0.56Mbps in case that the eNB uses a
TXOP of 20 ms and a muting period of 0. In this case mLTE-
U occupies the channel for long time and competes for the
medium immediately after the end of the TXOP. Thus, Wi-
Fi transmits only when it wins the CCA battle. Accordingly,

Fig. 15 mLTE-U and Wi-Fi fair throughput during the reference sce-
nario

the Wi-Fi throughput reaches its peak, which is 27.80 Mbps,
when the mLTE-U uses the longest muting period of 20 ms
and the shortest TXOP of 2ms. ThenmLTE-U remains silent
the most of the time and gains access for short TXOP. The
difference between the maximum and minimum throughput
corresponds to 97.99%.

As it has been discussed in Sect. 5, in order to share
the channel in a fair manner, it must be ensured that all
the co-located networks can gain equal opportunities to the
medium. Regarding the reference scenario, it is expected that
fair coexistence can be achieved when the mLTE-U network
is configured with a TXOP and a muting period of the same
duration. In Fig. 15 both the mLTE-U and theWi-Fi through-
put are depicted for every pair of TXOP andmuting period of
the same duration. Comparing this figure with Fig. 11, it can
be observed that during the reference scenario, mLTE-U and
Wi-Fi are able to achieve almost half of the throughput that
could be reached during the standalone operation. Regard-
ing the mLTE-U, for every pair of TXOP and muting period
it achieves marginally lower throughput than the half of the
standalone scenario. In the contrast, Wi-Fi obtains slightly
higher throughput than the half that it can reach during the
standalone operation. This is justified by the fact that the two
networks compete for the channel access. mLTE-U transmits
for a TXOP duration and then it remains silent for the same
period of time. Wi-Fi can access the medium during this
period that in a wider scale equals to the half duration of the
experiment. Furthermore, Wi-Fi is possible to win multiple
CCA battles. In this case, it can transmit a packet for each
one of the idle channel assessments, gaining in total a slightly
higher throughput than the half of the standalone operation.
As result, mLTE-U throughput is limited marginally below
the half of the standalone scenario.

The percentage of channel occupancy for both mLTE-U
and Wi-Fi networks and for every pair of TXOP and mut-
ing period of the same duration are presented in Fig. 16.
This graph points out the superiority of mLTE-U over Wi-
Fi regarding the spectral efficiency. As the TXOP duration
increases, the channel occupancy of mLTE-U increases,
approaching the highest possible value of 50%.As the TXOP
duration decreases, mLTE-U has to perform more often a
CCAprocedure. This decreases its spectral efficiency asmore
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Fig. 16 Channel occupancy of mLTE-U and Wi-Fi towards fair coex-
istence during the reference scenario

Fig. 17 Wi-Fi throughput during the dense mLTE-U scenario

time is spent in estimating the channel conditions. Regarding
Wi-Fi, its channel occupancy slightly increases as the TXOP
of mLTE-U decreases. This is again related to the frequency
of mLTE-U channel estimation. A high CCA frequency (low
TXOP) increases the probabilities ofWi-Fi towin the channel
and transmit, increasing this way its total channel occupancy.

8.4 DensemLTE-U deployment scenario evaluation

In this section, we evaluate the performance of the proposed
scheme under a dense mLTE-U deployment scenario. In this
scenario, one Wi-Fi and four mLTE-U networks operate in
the proximity of eachother. Figure 6b illustrates the described
scenario.

Figures 17 and 18 present the obtained throughput of the
Wi-Fi network and the combined throughput of the mLTE-U
networks respectively. In this scenario, the Wi-Fi through-
put is highly affected by the presence of the four mLTE-U
networks.

Under an mLTE-U dense deployment, the possibilities of
a muting period to be exploited by another mLTE-U network
are very high, especiallywhen they are configured to use high
TXOP duration and low muting period.

In the contrary, when the mLTE-U networks are config-
ured to use a short TXOP and a high muting period, they
remain silent simultaneously for a longer period of time. Wi-
Fi can exploit these periods in order to transmit. Hence, the

Fig. 18 mLTE-U combined throughput during the dense mLTE-U sce-
nario

configuration of the highest muting period (20 ms) and the
shortest TXOP (2 ms) offers the highest combined muting
period (12 ms) for Wi-Fi. Then, Wi-Fi can achieve the high-
est throughput that corresponds to 19.96 Mbps. It worth to
mention that this value is relatively higher than the achieved
throughput during the reference scenario where the mLTE-U
was configured with TXOP of 8 ms followed by a muting
period of 12 ms, which was 18.46 Mbps. This difference can
be explained by the possibility of multiple mLTE-U trans-
missions to start simultaneously meaning that more than one
CW counters reached zero at the same time. In this situation,
the multiple mLTE-U transmissions will interfere with each
other, giving the same time higher combined muting period
to Wi-Fi.

By the time a TXOP starts, the transmitting node does not
sense the medium for other concurrent transmissions. When
multiple mLTE-U nodes start transmitting simultaneously,
the interference caused by longer TXOPs has bigger impact
compared to the shorter ones. This is the reason that the
combined throughput graph ofmLTE-U fluctuates during the
longer TXOPs. This observation is also valid for LTE LAA
operation and especially for lower priority classes that the
duration of the transmission burst is longer.

Mechanisms that are able to deal with the interfer-
ence between multiple mLTE-U transmissions are required.
According to a possible solution, the transmitting node could
periodically (e.g. every 2 ms) pause its transmission in order
to sense the medium for other potential transmissions for a
short periodof time (e.g. a defer periodof 16µs). If during this
period the medium is idle, then it continues its transmission
without performing a backoff. Otherwise, if the medium is
busy, it can postpone its transmission andperformaCCApro-
cedure. Techniques such as enhanced Inter-Cell Interference
Coordination (eICIC) [29] that is designed to mitigate intra-
frequency interference could be also part of the solution.
Further study of interference management between differ-
ent mLTE-U nodes is not in the scope of this article and is
considered as future work.
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Fig. 19 mLTE-U configurations that can enable fair coexistence with
Wi-Fi during the dense mLTE-U scenario

In order to achieve fair coexistence between the differ-
ent co-located mLTE-U and Wi-Fi networks, the wireless
resources must be equally distributed between them. When
fairness is considered in terms of throughput, each one of
the five networks must be able to obtain 20% of the through-
put that can be achieved in the standalone scenario. This
corresponds to 6.09 Mbps for Wi-Fi and to 28.56 Mbps for
each one of the mLTE-U networks (114.24 Mbps combined
mLTE-U throughput). Hence, from all the possible config-
urations of TXOP and muting period must be chosen the
ones that provide a throughput that approaches these values.
Figure 19 illustrates the Wi-Fi and the mLTE-U combined
throughput for the configurations that can enable fair coex-
istence.

As can be observed, in this scenario mLTE-U can enable
fair coexistence with Wi-Fi when it is configured with a rel-
atively low TXOP followed by long muting period. This is
something to be expected as from Fig. 17 is clear that for
configurations of high TXOP followed by muting periods of
varying duration, mLTE-U have a deep impact on Wi-Fi. As
it has been discussed earlier, a long muting period in com-
bination with a short TXOP offers to Wi-Fi more often a
common muting slot, during which it can transmit.

8.5 DenseWi-Fi deployment scenario evaluation

In this section, we study another scenario of high inter-
est in which one mLTE-U network coexists with a dense
Wi-Fi deployment consisting of four Wi-Fi networks. Fig-
ure 6c illustrates the examined topology. Figure 20 presents
the combined throughput of Wi-Fi and Fig. 21 the obtained
throughput of mLTE-U.

As it can be observed, during this scenario Wi-Fi can
achieve a combined throughput similar to the reference sce-
nario.ThemaximumcombinedWi-Fi throughput approaches
the 27.12 Mbps. This value is slightly lower than the respec-
tively value of the reference scenario (27.80 Mbps), due
to the multiple Wi-Fi networks that compete to access the
shared channel. As it is expected, this value is achieved when
mLTE-U is configuredwith the lowest TXOP followed by the
highest muting period.

Fig. 20 Wi-Fi combined throughput during the dense Wi-Fi scenario

Fig. 21 mLTE-U throughput during the dense Wi-Fi scenario

Fig. 22 mLTE-U configurations that can enable fair coexistence with
Wi-Fi during the dense Wi-Fi scenario

Similar to the dense mLTE-U deployment scenario, fair
coexistence can be achievedwhen all the co-located networks
have equal opportunities to the wireless resources. Conse-
quently, each one of the five networksmust be able to achieve
20% of the throughput that can be reached during the corre-
sponding standalone scenario. This equals to 6.09 Mbps for
each Wi-Fi network (24.36 Mbps combined Wi-Fi through-
put) and to 28.56 Mbps for the mLTE-U network. Figure
22 depicts the TXOP and muting period configurations that
offer fair coexistence in terms of equivalent throughput ratio
among the different networks.

The graph reveals that fair coexistence can be attained
when relatively low TXOP durations are used. The corre-
sponding muting period can be configured in a wider range
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Fig. 23 Wi-Fi combined throughput during the dense mLTE-U and
dense Wi-Fi scenario

Fig. 24 mLTE-U combined throughput during the dense mLTE-U and
dense Wi-Fi scenario

of values. As only one mLTE-U network coexists with mul-
tiple Wi-Fi networks, a short TXOP can offer more often
CCA opportunities and a muting period during which the
Wi-Fi networks can compete for the medium.

8.6 DensemLTE-U andWi-Fi deployment scenario
evaluation

This section showcases the performance of the proposed
scheme under both dense mLTE-U and Wi-Fi deployment
scenario. As it is presented in Fig. 6d, this scenario consists
of four mLTE-U networks and four Wi-Fi networks. Each
network is in the proximity of the others.

The combined throughput of Wi-Fi and of mLTE-U are
shown in Figs. 23 and 24 respectively.

Figure 23 indicates that the Wi-Fi networks are clearly
impacted by the coexistingmLTE-Unetworks in themajority
of the configurations. However, when mLTE-U is configured
with short TXOP and relatively longmuting period durations
the combined Wi-Fi throughput is significantly improved.
The maximum combined throughput of Wi-Fi reaches 20.20
Mbps and it corresponds to 66.36% of the throughput that a
Wi-Fi network can achieve during the standalone scenario.

Fig. 25 mLTE-U configurations that can enable fair coexistence with
Wi-Fi during the dense mLTE-U and Wi-Fi scenario

The multiple mLTE-U networks competing for the medium
offer limited opportunities to Wi-Fi similarly to the scenario
described in Sect. 8.4. In addition, due to the presence of
multiple Wi-Fi networks the exploitation of these opportuni-
ties becomes even less optimal as they compete among each
other to access the channel. On the other hand, the mLTE-
U networks achieve a maximum combined throughput that
approaches the throughput that it can be reached in the stan-
dalone case.

Towards a fair coexistence, the selection of TXOP and
muting period must be done in a way that all the co-located
networks are able to reach the 1/8 of the respective through-
put of the standalone scenario. Thismeans that eachmLTE-U
network must be able to achieve a maximum of 17.75 Mbps,
while each Wi-Fi network must be able to reach around 3.75
Mbps. In terms of combined throughput mLTE-U should
obtain 71.4 Mbps and Wi-Fi should be able to reach 15.2
Mbps. Figure 25 shows the TXOP and muting period values
that can offer throughput that approaches the desired values
for both mLTE-U and Wi-Fi.

As can be seen from the graph, fair coexistence can be
achieved when the mLTE-U networks are configured with
relatively low TXOP duration values. These TXOP values
are followed by a muting period that varies from average to
higher values as the TXOP increases. In this dense scenario,
the selected values give short TXOP to mLTE-U followed
by longer muting period during which the Wi-Fi networks
compete and access the medium.

8.7 mLTE-U andWi-Fi mobile scenario evaluation

In the previous described scenarios, all the end-devices (UE
and STAs) were deployed statically, targeting to showcase
the behavior of the proposed mLTE-U scheme in different
density scenarios of high interest. This section discusses the
effect of mobility when mLTE-U coexists with Wi-Fi. As
illustrated in Fig. 7, one mLTE-U network coexists with one
Wi-Fi network. The UE moves away from the eNB, while
the STA moves towards the AP.

Figures 26 and 27 show the channel occupancy of mLTE-
U and Wi-Fi for the configurations of mLTE-U that can
enable fair coexistence and for different distances of each
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Fig. 26 mLTE-U fair channel occupancy for different distances
between the UE and the eNB and between the STA and the AP

Fig. 27 Wi-Fi fair channel occupancy for different distances between
the UE and the eNB and between the STA and the AP

end-device from the corresponding base station. The left
part of the distance pairs represents the distance between the
eNB and the UE, while the right part represents the distance
between theAP and the STA.As can be seen from the graphs,
the mLTE-U configurations that offer fairness are the same
as the ones selected during the reference scenario (Sect. 8.3).
These configurations correspond to the pairs, inwhich TXOP
and muting period have equal duration.

In Fig. 26 can be seen that the channel occupancy of
mLTE-U for the selected configurations ranges from 42.5
to 49.4%. The difference in the percentage of channel occu-
pancy lies in the fact that as the TXOP duration decreases,
mLTE-U has to performmore often a CCA procedure spend-
ing more time in estimating the channel. Hence, when a
longer TXOP duration is used, the spectral occupancy is
increased approaching the highest possible value of 50%
for the case of two coexisting networks. In Fig. 27 can be

observed that the channel occupancy of Wi-Fi increases for
longer distances between the AP and the STA and decreases
for smaller distances. As an end-device moves far away from
the associated base station, a lower MCS profile is used to
render the wireless link more robust and able to cope with
the decreased channel quality. However, a lowerMCS profile
corresponds to an increased channel occupancy, as a trans-
mission requires more time compared to the case when a
higher MCS profile is used.

As discussed in Sect. 5, fair coexistence refers to equal
occupancy of the channel. Hence, for this definition of fair-
ness and for the proposed coexistence scheme, the mobility
of the end-devices does not affect the selection of the mLTE-
U configurations that can enable fair sharing of the spectral
resources.

9 Automatic fair parameter selection

In the previous sections, the proposed scheme has been eval-
uated for different scenarios of high interest. Each of the
scenarios investigates different density for mLTE-U andWi-
Fi networks and identifies the combinations of TXOP and
muting period that can provide fair coexistence between LTE
and Wi-Fi. The fair coexistence is defined in terms of equal
throughput ratio achievement for each one of the co-located
networks. In the investigated scenarios, all the networks con-
sist of one end-device connected to one base station and they
have equal traffic requirements. As it has been revealed from
the simulation results, for each scenario multiple configura-
tions can provide the desired fair coexistence. The biggest
challenge is to identify and select the optimal parameter val-
ues that can guarantee fair coexistence.

This section discusses how these configurations can be
automatically identified. This identification can be done tak-
ing several parameters into consideration, such as the amount
of the co-located networks and the type of traffic that must
be served. The traffic that must be served refers to the load of
each network and the QoS requirements. The degree that a
network can exploit the aforementioned parameters is related
to the network architecture. Regarding the network architec-
ture, the co-located networks can be either under the control
of a central coordinator or can operate independently.

According to the coordinated approach, the identification
of the participating networks and the collection of traffic
information can be easy as the coordinator can directly
communicate with each network. On the other hand, the
existence of a coordinator increases the complexity of the
network. Additionally, there always might be other networks
in the neighbourhood that do not belong to the coordination
scheme. Modifications to the wireless protocols are required
in order to render each technology capable of communicating
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Algorithm 1: mLTE-U optimal configuration selection
Input : t_r, traffic requirements that need to be served by the network

Output: opt[TXOP,muting], optimal combination of TXOP and muting period that can enable fair coexistence between mLTE-U and Wi-Fi
in line with the traffic requirements

Data: n_LTE, number of identified co-located LTE networks. n_Wi-Fi, number of identified co-located Wi-Fi networks. c_l[TXOP,muting],
configuration list of TXOP and muting period combinations that can enable fair coexistence between mLTE-U and Wi-Fi.

1 while true do

2 [n_LTE, n_Wi-Fi] = technology_recognition ()

3 if n_LTE ≥ 1 || n_Wi-Fi ≥ 1 then

4 c_l[TXOP,muting] = possible_fair_values_identification (n_LTE, n_Wi-Fi)

5 opt[TXOP, muting] = fairest_config_for_traffic_requirements (c_l[TXOP,muting], t_r)

6 end

7 end

such type of information to the coordinator. The coordinator
needs a careful design in order to be able to communicate
with different technologies, collect and manage the required
information. In such an ideal scenario, the coordinator will
be responsible to tune the mLTE-U parameters in order to
ensure that each network is able to achieve the required
throughput.On the other hand, a non-coordinated approach is
more realistic, as every network can be deployed arbitrarily.
Such an approach requires lower complexity regarding the
overall network architecture as each network operates inde-
pendently. On the contrary, each networkmust be responsible
to collect the information that is required in order to decide
the appropriate configuration that enables fair coexistence
with the co-located networks. Wireless technology recogni-
tion techniques [7,30] are required to identify the amount and
type of the wireless technologies that are in the proximity of
each other. Based on this information, eachmLTE-Unetwork
can decide the combinations of TXOP and the muting period
that can offer the proportional fair throughput.

The discovery of the TXOP and muting period configura-
tions that offer fair coexistence requires careful design. As a
first approach, a heuristic technique can be used. According
to such a technique, the eNB can try different configurations
attempting to find the ones that offer a performance (e.g.
throughput) that approaches its target. When a combination
of TXOP and muting period is found, the eNB can evalu-
ate other configurations by using neighbouring values for
both TXOP and muting period. As it has been observed by
the simulation result, neighbouring configuration values are
more possible to offer fair coexistence. Hence, for instance
if a TXOP duration of 4 ms followed by a muting period of 8
ms is a possible configuration, then a next possible combina-
tion could be a TXOP of 5 ms followed by a muting period
of 8 ms. As in every learning technique, this method requires
a convergence time to identify the desired configurations. In
the beginning, the system can operate in acceptable bounds

but as the time passes the considered heuristic algorithm
approaches to the optimal configuration values in reasonable
time. The complexity is in line with our previous work [31],
in which two heuristic algorithms for joint power assignment
and resource allocation in femtocells are evaluated and opti-
mized in order to achieve the optimal solution in short time.
The design of an algorithm that determines the configura-
tions that can offer fair coexistence in an optimal way will
be further examined in our future work.

Based on the identified combinations ofTXOPandmuting
period that offer fair coexistence for a specific topology and
according to the traffic requirements that must be satisfied,
the network can select the optimal configuration that serves
them better. For instance, in case of voice traffic (AC_VO),
the network must choose a configuration that offers a short
muting period and a long TXOP. On the contrast, a network
that must serve best-effort traffic (AC_BE) can choose a con-
figuration with longer muting period and shorter TXOP.

Algorithm 1 presents the complete procedure as it is
described above and is required by an independent mLTE-
U network to select an optimal configuration that enables
fair coexistence with the co-located LTE or Wi-Fi networks.
The algorithm takes as input the traffic requirements that
the mLTE-U network has to serve. Then, periodically it per-
forms a technology recognition in order to identify potential
co-located LTE or Wi-Fi networks. Based on the discov-
ered networks, the algorithm determines the possible values
(TXOP and muting period) that can provide fair coexistence
(e.g. using a heuristic technique). Finally, based on the traf-
fic requirements, it selects the optimal parameters that enable
fair spectrum sharing. Further study and optimization of the
techniques that can identify an optimal mLTE-U configura-
tion based on different topologies and traffic requirements
for both LTE and Wi-Fi will be investigated in our future
work.
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10 Conclusions and future work

This article proposes a new coexistence scheme that can
enable a fair coexistence of LTE-U and Wi-Fi. As it is
discussed, a fair coexistence can give to the participat-
ing networks opportunities to achieve equal performance
in a technology-agnostic manner. The proposed coexistence
scheme named mLTE-U, requires a CCA procedure before
eachmLTE-U transmission.When theCCAmechanism indi-
cates the channel as idle, then the mLTE-U performs a
transmission burst of variable duration followed by a muting
period of variable duration. The muting period can give fur-
ther transmission opportunities to coexistingWi-Fi networks.
The proposedmLTE-U scheme and the provided coexistence
with Wi-Fi and other mLTE-U networks is evaluated in dif-
ferent scenarios of high interest. These scenarios include
different mLTE-U and Wi-Fi network densities, as well as
static and moving end-devices. Furthermore, we discuss the
procedure according towhich anmLTE-Unetwork can select
the parameters that can offer the required fair coexistence in
a technology-agnostic manner, based on the number of par-
ticipating networks and the traffic requirements that must be
satisfied. The simulation results show that the proper con-
figuration of mLTE-U according to the number of co-located
networks can enable fair and harmonious coexistence in unli-
censed spectrum.

In the near future, we will further investigate and anal-
yse techniques towards the optimal selection of the mLTE-U
parameters that can enable fair coexistence with co-located
wireless technologies.
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