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Nonsaturated Throughput Analysis of Coexistence of
Wi-Fi and Cellular With Listen-Before-Talk in

Unlicensed Spectrum

Yongjae Kim . Yujae Song ®
Yonghoon Choi, Senior Member, IEEE,
and Youngnam Han, Senior Member, [EEE

Absiraci—This paper analyzes the coexistence performance of Wi-Fiand
cellular networks conditioned on nonsaturated traffic in the unlicensed
spectrum. Under the condition, the time-domain behavior of a cellular
small-cell base station (SCBS) with a listen-before-talk (LBT) procedure
is modeled as a Markov chain, and it is combined with a Markov chain
which describes the time-domain behavior of a Wi-Fi access point. Using
the proposed model, this study finds the optimal contention window size of
cellular SCBSs in which total throughput of both networks is maximized
while satisfying the required throughput of each network. under the given
traffic densities of both networks. This will serve as a guideline for cellular
operators with respect to performing LBT at cellular SCBSs according to
the changes of traffic volumes of both nefworks over time.

Index  Terms—~Coexistence, licensed-assisted
saturated traffic, unlicensed spectrum, Wi-Fi.

access (LAA), non-

1. INTRODUCTION

In recent years, enabling cellular small-cells to operate in the unli-
censed spectrum at typically 5 GHz has received considerable attention
as one of the solutions to cope with a spectrum scarcity problem. Since
the unlicensed spectrum is available to anyone, it can be used fronthaul
links as well as access links in 5G ultra dense networks [1].

There are several types of LTE and Wi-Fi coexistence models in
sharing the unlicensed spectrum: LTE-unlicensed (LTE-U), licensed-
assisted access (LAA), and MulteFire [2]-[10]. LTE-U with no regu-
latory requirement for listen-before-talk (LBT) is based on an adap-
tive on/off switching of cellular small-cells [2]-[5]. On the contrary,
both LAA and MulteFire abide by a listen-before-talk (LBT) proce-
dure introduced in 3GPP Release 13 to access the unlicensed spectrum
[6]-110]. The difference between LAA and MulteFire is whether an
anchor in the licensed spectrum is required [6]. Hereafter, we focus on
LAA-based medium access mechanisms.

In [7]. the authors propose a Markov chain that describes the behav-
ior of a cellular small-cell base station (SCBS) with a LBT procedure
in the unlicensed spectrum, and then present the coexistence perfor-
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mance of Wi-Fi and cellular networks with different LBT procedures.
The analysis in [7] is performed under the condition that Wi-Fi access
points (APs) and cellular SCBSs always have packets to transmit, i.e.,
a saturated traffic condition. In [8], an analytic model which evaluates
the coexistence performance between cellular and Wi-Fi networks un-
der the non-saturated traffic condition is presented for the first time.
The authors show the validity of adopting a LBT procedure in a Wi-Fi
and cellular coexistence scenario by comparing with the case that the
LBT procedure is not adopted. However, to the best of our knowledge,
an analysis with respect to the effect of adjustment in the LBT param-
eter of cellular SCBSs, i.e., a contention window (CW) size. under the
non-saturated traffic condition on the coexistence performance has not
been identified in the literature before.

The main contributions of this paper are listed as follows:

1) We propose an analytical model, i.e., a Markov chain, that de-
scribes the time-domain behavior of a cellular SCBS under the
non-saturated traffic condition with the LBT procedure described
in 3GPP TR 36.889 [9], and it is combined with a Markov chain
describing the time-domain behavior of a Wi-Fi AP introduced
in[11].

2) Based on the analytical model. we investigate the throughputs

of Wi-Fi and cellular nodes according to the change in traffic
densities of both networks. For evaluating the coexistence per-
formance, we adopt the concept of graceful coexistence, which
is defined as the condition that the throughput of each node un-
der a scenario with ny Wi-Fi and n cellular nodes is better
than that of each node under a scenario with homogeneously
deployed ny + no Wi-Fi APs [7]. With the definition of grace-
ful coexistence, we identify whether the graceful coexistence is
satisfied by adjusting the CW size of the cellular SCBSs in all
traffic densities of both networks. Then, we find the optimal CW
size. by which total throughputs of both networks is maximized
while satisfying the graceful coexistence.
Our results will serve as a guideline for cellular operators in
performing LBT at cellular SCBSs according to the changes in
traffic volumes of both networks over time, to coexist well with
Wi-Fi APs in the unlicensed spectrum.

3

1I. COEXISTENCE PERFORMANCE ANALYSIS

We consider a scenario in which nw Wi-Fi APs and nc cellular
SCBSs coexist on the same channel in the 5SGHz unlicensed spectrum
and operate under the non-saturated traffic condition. In [12], a Markov
chain model is proposed to investigate the saturation throughput perfor-
mance of the 802.11 distributed coordination function. As the extension
of [12], [11] provides a Markov chain for describing the time-domain
behavior of a Wi-Fi AP under the non-saturated traffic condition. In
this work, we propose a Markov chain to describe the time-domain
behavior of a cellular SCBS under the non-saturated traffic condition
in the unlicensed spectrum, and it is combined with the Markov chain
of [11] for evaluating the coexistence performance between cellular
and Wi-Fi networks. Same as [7]. [11]. [12]. a fundamental assump-
tion is that Wi-Fi and cellular nodes have a fixed collision probability
regardless of their previous transmission history.

A. Wi-Fi AP Model

In [11], the Markov chain consists of post-backoff and backoff
stages. The post-backoff stage stands for a set of states presenting

0018-9545 © 2017 [EEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See hitp:/fwww.ieee.org/publications_standards/publications/rights/index.html for more information.
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Abstract—This paper analyzes the performance of licensed-
assisted access (LAA) systems conditioned on non-saturated
traffic in unlicensed spectrum. Under the condition, we propose
Markov chain models which describe time-domain behavior of a
LAA system with different listen-before-talk (LBT) procedures.
For evaluation of coexistence performance, a Wi-Fi access point
model is adopted and combined with the proposed models.
We find an optimal contention window (CW) size of the LAA
systems in which total throughput of both networks is maximized
while satisfying the required throughput of each network, under
the given traffic densities of both networks. Total throughput
improvement is compared according to different LBT procedures.
Numerical results show that the LAA systems with the optimal
CW size lead to higher throughput improvement than without
the optimal CW in the coexistence scenario.

I. INTRODUCTION

In recent years, enabling cellular small-cells to operate in
the unlicensed spectrum has received considerable attention as
one of the solutions to cope with a spectrum scarcity problem.
Since that Wi-Fi with 802.11 n/ac standards is the typical radio
access technology in the unlicensed spectrum, various issues
for coexistence between Wi-Fi and cellular networks have been
investigated in [1]-[8].

The majority of researches on this subject are about devel-
oping medium access mechanisms for cellular small-cells 1o
access the unlicensed spectrum, which is classified into two
calegories: one is a mechanism for a scenario that there is no
regulatory requirement for listen-before-talk (LBT) at cellular
small-cells and the other is a mechanism for the opposite
scenario. The medium access mechanisms belonging to the
first category are based on the on/off switching of cellular
small-cell base stations (SCBSs) [1]-|3] and it is called
LTE-unlicensed (LTE-U). Although LTE-U is the simplest
way ol coexistence by swilching the status of SCBSs, the
transmissions of Wi-Fi can be blocked when LTE-U is ‘on
period and it results in the fairness issues in the unlicensed
spectrum. For this problem, the mechanisms based on LBT at
cellular SCBSs have been investigated [4]-[8] and it is called
licensed-assisted access (LAA).

In [7], an analytic model which describes the behavior
of a LAA SCBS which performs a simple LBT scheme is
proposed. The effect of LAA SCBSs with LBT and without
LBT in the unlicensed spectrum is evaluated and it validates
the need for LBT scheme to coexist Wi-Fi networks. In [8], the

authors propose a Markov chain that describes the behavior of
a LAA SCBS in the unlicensed spectrum, and then present the
coexistence performance of Wi-Fi and cellular networks with
different LBT schemes. The analysis in [8] is performed under
the condition that Wi-Fi access points (APs) and LAA SCBSs
always have packets to send, i.e., a saturated traffic condition.
However, the saturated traffic condition is typically far from
real networks. Typical data traffic such as video streaming or
web browsing tends to be bulk or on/off manner, and hence the
wireless networks obviously operate under the non-saturated
traffic condition in practice. Therefore, the work with respect
to the coexistence of Wi-Fi and cellular networks under the
non-saturated condition is needed to be studied.

In this paper, we provide an analytical framework for
evaluating the coexistence performance of Wi-Fi and cellular
small-cell networks under the non-saturated traffic condition
in the unlicensed spectrum. Under the condition, we propose
Markov chain models to describe time-domain behaviors of
LAA SCBSs with different LBT schemes that are based on
different channel sensing mechanisms, and each model is
combined with a Markov chain introduced in [9] describing the
time-domain behavior of a Wi-Fi AP. Based on the proposed
models, we analyze the throughput of Wi-Fi APs and LAA
SCBSs according to the changes of traffic densities of both
networks. For evaluating the coexistence performance, we
adopt the concept of graceful coexistence [8], which is defined
as the condition that the throughput of each node under a
scenario with ny Wi-Fi APs and ne cellular SCBSs is better
than that of each node under a scenario with homogencously
deployed ny + no Wi-Fi APs. We first identify whether the
graceful coexistence condition is satisfied by adjusting the
LBT parameter of LAA SCBSs, i.e., a contention window
(CW) size, in all traffic densities of both networks. Then, we
find the optimal CW size, by which total throughput of both
networks is maximized while satisfying the graceful coexis-
tence. Total throughput improvement is compared according to
different LBT schemes. Our results will serve as an operating
guideline for performing LBT at cellular SCBSs according to
the changes of traffic volumes of both networks over time.

II. SYSTEM MODEL

In this paper, we consider a scenario where nyw Wi-Fi APs
and no LAA SCBSs coexist on the same channel in the
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Abstract—This paper investigates the energy-efficiency of
licensed-assisted access (LAA) which enable long-term evolution
systems to operate in unlicensed spectrum. Since Wi-Fi with
802.11 n/ac is a typical radio access technology in the unlicensed
spectrum. we consider a scenario that the LAA small-cell base
stations (SCBSs) are deployed together with Wi-Fi access points.
We propose three different listen-before-talk (LBT) schemes
according to the channel sensing mechanisms for LAA SCBC,
and establish Markov chain models for each scheme under non-
saturated traffic condition. Using these analytical models, the
energy-efficiencies of LAA SCBSs that perform the different
LBT schemes are investigated. We also propose the algorithm
to obtain the optimal contention window size of LAA SCBSs
by which total energy-efficiency of networks is maximized while
satisfying the required energy-efficiency of both LAA and Wi-Fi
networks. Numerical results show that the LBT scheme which
has an efficient channel sensing mechanism outperforms the
other LBT schemes for the energy-efficiency perspective.

I.

As the number of mobile devices dramatically increases,
the cellular networks are faced with increasing demands for
data traffic. To deal with the challenge, enabling long-term
evolution (LTE) systems to operate in unlicensed spectrum,
which is typically 5GHz, has received considerable attention.
Since Wi-Fi with 802.11 n/ac standard is a typical radio
access technology (RAT) in the unlicensed spectrum, there
are various issues for coexistence between Wi-Fi and LTE,
and those have been investigated in [1]-[9].

There are two categories for coexistence mechanisms of
Wi-Fi and LTE in the unlicensed spectrum: LTE-unlicensed
(LTE-U) and licensed-assisted access (LAA). LTE-U is the
simplest form of coexistence mechanisms which requires a
minor modifications in LTE protocol, i.e., an on/off switching
of LTE small-cell based stations (SCBSs) in the unlicensed
spectrum. For LTE-U. an almost blank subframe (ABS) has
been developed in [1]. and the ABS scheme without priority
to mitigate the co-channel interference from cellular to Wi-
Fi systems is proposed in [2]. In [3], joint licensed and
unlicensed resource block allocation algorithms to maximize
energy-efficiency of each LTE-U SCBS are proposed. Also.
they prove that unlicensed spectrum can be used to improve
the energy-efficiency only when the allocated licensed re-
source blocks are not enough. However, the transmission
of Wi-Fi is blocked by LTE-U transmission during ‘on’
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period, since LTE-U does not conduct a contention-based
protocol. Therefore, LTE-U can cause fairness issues and is
not suitable in Europe and Japan where the listen-before-talk
(LBT) is mandated as well. To alleviate these problems, LAA
which abides by the LBT procedure has been proposed and
investigated [5]-[9] and we concenirate on LAA in this paper.

In [7], an analytic model which describes the behavior
of a LAA SCBS with simple LBT is proposed. They show
the validity of operation of LAA SCBSs in the unlicensed
spectrum. In [8] and [9], each Markov chain model which
describes the behavior of a LAA SCBS with LBT is proposed
for evaluation of coexistence performance under saturated and
non-saturated traffic condition, respectively. They evaluate the
network throughput of LAA and Wi-Fi nodes for the coexis-
tence in the unlicensed spectrum. To evaluate the coexistence
performance, they adopt the graceful coexistence condition
[8], which is defined as the condition that the throughput of
each node under a scenario with ny Wi-Fi and n; LAA
nodes is better than that of each node under a scenario with
homogeneously deployed nw + n;, Wi-Fi APs. They identify
the optimal contention window (CW) size of LAA SCBSs by
which network throughput is maximized while satisfying the
graceful coexistence.

To transmit information over the unlicensed spectrum, LAA
SCBSs should perform a channel sensing mechanism before
data transmission for coexistence with other RATs. which
result in additional energy consumption at the LAA SCBSs
unlike in the licensed spectrum. Thus, it is required to develop
the channel sensing mechanism that could improve energy-
efficiency without compromising network performance. How-
ever, to the best of our knowledge, the energy-efficiency of
LAA SCBSs has not been investigated yet.

In this paper, we investigate the energy-efficient sensing
mechanism for LAA SCBSs under the non-saturated traffic
condition. For this, we propose three different Markov chain
models that describe the behaviors of each LAA SCBS which
has different LBT schemes according to the channel sensing
mechanisms. To evaluate the coexistence performance. we
adopt the concept of graceful coexistence [8]. and then iden-
tify the optimal CW size of LAA SCBSs by which network
energy-efficiency is maximized while satisfying the graceful
coexistence. Our results provide insight into the operation of
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