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Abstract—In this letter, we analyze the coexistence perfor-
mance of Wi-Fi and cellular networks with different Listen-
Before-Talk (LBT) procedures in the unlicensed spectrum. For
this analysis, the behavior of a cellular base station is modeled
as a Markov chain that is combined with Bianchi’s Markov
model depicting the behavior of a Wi-Fi access point. The
proposed mathematical framework finds the optimal contention
window size of cellular base stations, which maximizes the
total throughput of both networks while satisfying the required
throughput of each network. Numerical results show the validity
of adjustment in the parameter of LBT.

Index Terms—Cellular small cells, coexistence, Listen-Before-
Talk (LBT), unlicensed spectrum, Wi-Fi.

I. I NTRODUCTION

I n recent years, enabling cellular small cells in unlicensed
frequency bands has garnered attention as a promising solu-

tion to the scarcity of licensed spectrum for cellular networks.
In particular, the 3rd Generation Partnership Project (3GPP)
standardization group has been considering supplementary
uses of the downlink in Long Term Evolution (LTE) tech-
nology in the unlicensed spectrum, which is termed Licensed-
Assisted Access (LAA).

The prevailing radio access technology (RAT) in the unli-
censed spectrum is Wi-Fi with IEEE 802.11 n/ac standards.
Thus, it is critical to ensure that the cellular small cells
coexist well with Wi-Fi. However, the challenge is to design
appropriate etiquette for cellular base stations (BSs) to access
the unlicensed spectrum. Because Wi-Fi access points (APs)
operate under the carrier sense multiple access with collision
avoidance (CSMA/CA) algorithm, their performance could be
severely degraded if cellular BSs occupy the spectrum aggres-
sively. In contrast, enforcing excessive etiquette in cellular BSs
might reduce the overall performance.

Several coexistence mechanisms for cellular BSs have been
proposed in the literature [1]. The work of [2] presents an
almost blank subframe mechanism without priority and an
interference avoidance scheme based on cellular small cells
estimating the density of nearby Wi-Fi APs to mitigate the
interference between cellular and Wi-Fi networks. The impact
of cellular interference on the Wi-Fi performance is discussed
in [3] based on experimental evaluations in indoor environ-
ments. It is reported that an adaptive Listen-Before-Talk (LBT)
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mechanism for cellular BSs is one of the best practices for
both cellular and Wi-Fi networks [4]. In [5], authors describe
the challenges that occur in adopting the frame-based LBT
procedure and then propose a load-based LBT procedure for
a cellular network. To the best of our knowledge, the majority
of existing studies are based on simulations or measurements
with only a few exceptions. An analytic approach is presented
in [6], but the LBT procedure discussed in the 3GPP and the
impact of the LBT parameters on the coexistence performance
have not yet been investigated.

In this work, a mathematical model is provided to evaluate
the coexistence of Wi-Fi and LBT-enabled cellular networks
sharing the unlicensed spectrum. The proposed model de-
scribes the LBT procedure of a cellular BS introduced in [7]
as a Markov chain that is combined with Bianchi’s Markov
model [8] depicting the behavior of a Wi-Fi AP. Based on the
proposed model, the throughput difference between the Wi-Fi
APs and cellular BSs that results from the different medium
access mechanisms of the two networks is investigated. In
addition, because the two networks must coexist in a friendly
manner, theirgraceful coexistence is defined as the condition
in which the performance of an individual node under a
network scenario withm Wi-Fi APs andn cellular BSs is
not worse than that under a network scenario with onlym+n

Wi-Fi APs. Using this definition, we first examine whether this
graceful coexistence is feasible through adjusting the LBTpa-
rameter of the cellular BSs, particularly the contention window
(CW) size. Then, the optimal CW size that maximizes the total
throughput of the two networks under the graceful coexistence
condition is obtained for cases with various physical data rates
and numbers of nodes in each network. From this analysis, it
is shown that the deployment of LBT-enabled cellular small
cells with careful parameter settings instead of Wi-Fi APs can
lead to improvement in overall performance while satisfying
the performance requirements of each network.

II. COEXISTENCEPERFORMANCEANALYSIS

A scenario wherem Wi-Fi APs andn cellular BSs share
the unlicensed spectrum is considered. All Wi-Fi and cellular
nodes are assumed to coexist on the same frequency channel
and to locate within the range where energy detection is
possible (i.e., within the range where the received power
exceeds -62 dBm). To describe the behavior of a Wi-Fi AP in
the unlicensed spectrum, Bianchi’s Markov model is adopted
where each Wi-Fi AP is modeled as a two-dimensional
process under the assumptions of saturated traffic and ideal
channel conditions. Also, the behavior of a cellular BS in
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the unlicensed spectrum is modeled as a one-dimensional
Markov chain. In [8], the key approximation is that, at each
transmission attempt, the collision probability of each Wi-Fi
AP pW is constant and independent regardless of the number
of retransmissions experienced. As for the Wi-Fi APs, it is
assumed that a collision at a cellular BS occurs with a constant
and independent probabilitypL.

A. Medium access mechanism of Wi-Fi AP

As stated above, the behavior of each Wi-Fi AP is modeled
as a two-dimensional Markov chain(i, k) [8]. At the first
attempt of a Wi-Fi AP to transmit a packet, the backoff stage
i is set to 0 and it is increased by 1 up to the maximum
value Imax if the transmission results in a collision. It is
reset to 0 after a successful transmission. The backoff counter
k is uniformly chosen in the range of[0, Ci − 1], where
Ci = 2iCWmin is the CW size at the stagei and CWmin

is the minimum CW size. When the channel is sensed to be
idle, the backoff counter decreases by 1 and the transmission
occurs atk = 0

Let bWi,k denote the stationary probability of the Markov
chain in state(i, k). The closed-form expression of stationary
probability for this Markov chain is presented as

bWi,k =
Ci − k

Ci

bWi,0, i = [0,m] , k ∈ [0, Ci − 1] . (1)

After a few steps of manipulation, all states of the Markov
chain can be expressed as functions of the valuebW0,0 and the
collision probabilitypW . Then,bW0,0 is obtained by invoking
the normalization condition of Markov chain, given by

bW0,0 =
2 (1− 2pW ) (1− pW )

(1− 2pW ) (C + 1) + pWC (1− (2pW )
m
)
. (2)

Therefore, the probability that a Wi-Fi AP transmits a packet
in a randomly selected slot time is obtained as follows:

τW =
m
∑

i=0

bWi,0 =
bW0,0

1− pW

=
2 (1− 2pW )

(1− 2pW ) (C + 1) + pWC (1− (2pW )
m
)
. (3)

B. Medium access mechanism of cellular BS

We adopt a LBT procedure with the random backoff with
a contention window of fixed size for cellular BSs, namely
LBT-RB, which is introduced as a medium access mechanism
for LAA small cells [5], [7]. The procedure is similar to that
of Wi-Fi APs described in Section II-A because it employs a
backoff mechanism after a clear channel assessment (CCA).

The LBT procedure of a cellular BS consists of two stages.
The first stage, which is called the CCA stage, begins with
monitoring the channel activity for the duration of time called
a CCA period. If the channel is sensed to be idle continuously
for the CCA period, the cellular BS proceeds to the backoff
stage. Otherwise, the cellular BS continues to monitor the
channel until it is deemed idle for the uninterrupted duration
of the CCA period. At the beginning of the backoff stage,
the backoff counterz is uniformly chosen in the range of

[0, Z − 1], where the valueZ is the CW size of the cellular
BSs. Then, the backoff counter is decremented by 1 as long
as the channel remains idle, and then the transmission occurs
at z = 0. If the channel becomes busy during the backoff, this
stage stops and the LBT process reverts to the CCA stage.
This is the difference with the CSMA/CA procedure of Wi-
Fi APs. In addition, unlike the Wi-Fi APs following a binary
exponential backoff in the presence of a collision, the CW
size of the cellular BSs is fixed despite the occurrence of a
collision.

Through setting that the lengths of the CCA and backoff
counter are equal to the distributed inter-frame space (DIFS)
and the slot time adopted in the Wi-Fi as recommended in [7],
respectively, the behavior of a cellular BS applying the above-
described LBT procedure is modeled as a Markov chain that
is combined with the Markov chain modeling the behavior
of a Wi-Fi AP, where each cellular BS is represented by a
one-dimensional processz.

From the Markov chain for a cellular BS, the one-step
transition probability is given as follows:

Pr [zβ|zα] =











1− pL + 1

Z
pL, if zα = zβ + 1, zα 6= 0,

1

Z
pL, if zα 6= zβ + 1, zα 6= 0,

1

Z
, if zα = 0.

(4)
Let bLz denote the stationary probability of the chain in state
z. Based on (4), the closed-form expression of stationary
probability for this Markov chain is represented as follows:

bLz =



















1

Z
pL + 1

Z
(1− pL) b

L
0 ,

if z = Z − 1,
1

Z
pL + 1

Z
(1− pL) b

L
0 + (1− pL) b

L
Z+1,

if 0 ≤ z < Z − 1.

(5)

Therefore, the probability that a cellular BS transmits a packet
in a randomly selected slot time is obtained as follows:

τL = bL0 =

1

Z
pL

Z
∑

j=1

(1− pL)
j−1

1− 1

Z
(1− pL)

Z
∑

j=1

(1− pL)
j−1

. (6)

C. Collision probability and Throughput

Equations (3) and (6) indicate thatτW andτL are functions
of pW andpL, respectively. BecausepW (pL) is the probability
that at least two nodes out ofm Wi-Fi APs andn cellular
BSs simultaneously transmit in the same time slot, it can be
expressed as

pw = 1− (1− τW )
m−1

(1− τL)
n
, (7)

pL = 1− (1− τW )
m
(1− τL)

n−1
. (8)

Equations (3), (6), (7), and (8) construct a nonlinear system
of equations with four unknowns, i.e.,τW , τL, pW , andpL,
respectively, and it can be easily solved by standard numerical
methods such as the “fsolve” function in Matlab.

Let Pth,W (Pth,L) be the probability that at least one Wi-
Fi AP (cellular BS) among them Wi-Fi APs (n cellular
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TABLE I
IEEE 802.11AC PARAMETERS

Definition Value

Number of bits for a packet 12000 bits

MAC and PHY header 272 and 128 bits

ACK 112 bits+ PHY header

Propagation delay 0.1 µs

Slot time 9 µs

SIFS and DIFS 16 and 34µs

CW size and backoff stage 16 and 3

BSs) transmits on the channel during a time slot. Then, it
is represented as follows:

Pth,W = 1− (1− τW )
m
, Pth,L = 1− (1− τL)

n
. (9)

Also, let Ps,W (Ps,L) be the probability that exactly one Wi-
Fi AP (cellular BS) makes a transmission attempt under the
condition that at least one Wi-Fi AP (cellular BS) transmits,
and this is presented as follows:

Ps,W =
mτW (1− τW )

m−1

Pth,W

, Ps,L =
nτL(1− τL)

n−1

Pth,L

.

(10)
Note that the time duration of each state in the Markov chain

is not the same. That is, it differs depending on its status: a
successful transmission, a collision, or an idle state. Thus, the
expected time spent per state is computed in order to convert
the states into the amount of time, as described in (11). Here,
σidle is the idle slot time,Ts,W (Ts,L) is the expected time
of a successful transmission for a Wi-Fi AP (cellular BS),
Tc,W (Tc,L) is the expected time of a collision between Wi-Fi
APs (cellular BSs), andTc,M is the expected time of a cross-
network collision, i.e., a collision between Wi-Fi APs and
cellular BSs, which is determined as the larger value between
Tc,W and Tc,L. Based on the expected time spent per state,
the throughput of the Wi-Fi and cellular networks is expressed
as follows:

SW =
pth,W ps,W (1− pth,L)DW

Tstate

, (12)

SL =
pth,Lps,L (1− pth,W )DL

Tstate

, (13)

whereDW and DL are the total number of bits consisting
of a packet in the Wi-Fi and cellular networks, respectively.
Finally, the total throughput of both networks can be obtained
asStotal = SW + SL.

III. N UMERICAL RESULTS

Numerical experiments examine how the different medium
access mechanisms of two networks and the CW size of
cellular BSs affect the coexistence performance. For this,we
consider a scenario wherem Wi-Fi APs andn cellular BSs
coexist in the unlicensed spectrum, and it is compared with a
scenario withm+ n Wi-Fi APs only. Note that the objective
is to maximize the total throughput of two networks under the
condition that graceful coexistence is achieved.
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Fig. 1. Achieved throughputs according to the change in the CW size of
cellular BS under different network scenarios and LBT schemes.

The parameters of Wi-Fi APs, which are summarized in
Table 1, are adopted from the IEEE 802.11 ac standard [9].
It is assumed that the number of bits for a packet in cellular
BSs is the same as that in Wi-Fi APs.

Fig. 1 presents the achieved throughputs of Wi-Fi APs
and cellular BSs using the LBT-RB scheme according to
the change in the CW size of the cellular BSs under the
scenario withm = 2, n = 2. Furthermore, we consider
another LBT scheme also introduced in [7], namely LBT with
the deterministic backoff (LBT-DB), for comparison. LBT-
DB has the deterministic duration for channel sensing which
corresponds to the CCA time plusZ times as long as the
slot time. Also, the same physical data rate (i.e., 100 Mbps)is
assumed for the Wi-Fi APs and cellular BSs because the focus
remains on the performance difference between the Wi-Fi
and cellular nodes, which results from the different spectrum
access mechanisms and the adjustment in the parameter of the
LBT (i.e., CW size of the cellular network), not the different
physical layer aspects. In Fig. 1, it is observed that, in both
LBT schemes, the small CW size of the cellular BSs generally
maximizes the total throughput of the two networks at the cost
of significant performance degradation of the Wi-Fi APs. As
the CW size increases, the cellular throughput decreases and
the Wi-Fi throughput increases. For the LBT-RB scheme, there
are CW sizes of the cellular BSs (Z=14, 15 in this example)
that satisfy the graceful coexistence requirement (13.8 Mbps
in this example). In contrast, for the LBT-DB scheme, there is
no CW size that satisfies the graceful coexistence requirement,
and the total throughput is lower than that of the LBT-
RB scheme. For the reasons, the LBT-RB scheme has been
considered by the majority of the companies participating in
the coexistence evaluation [5].

Fig. 2 illustrates the impact of different network combina-
tions and physical data rates of cellular BS on the optimal
CW size and the corresponding total throughput improvement
under graceful coexistence. As the physical data rate of cellular
BS increases, the presence of cellular BS in the unlicensed
spectrum achieves larger performance improvements in total
throughput of networks, and it accompanies a smaller CW size.
However, Fig. 2(a) also indicates that deploying a cellularBS
in a dense Wi-Fi coverage area is not effective for improving
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Tstate = (1− pth,W ) (1− pth,L)σidle + pth,W ps,W (1− pth,L)Ts,W + (1− pth,W ) pth,Lps,LTs,L

+ (1− pth,W ) pth,L (1− ps,L)Tc,L + pth,W (1− ps,W ) (1− pth,L)Tc,W

+ (pth,W ps,W pth,Lps,L + pth,Wps,W pth,L (1− ps,L) + pth,W (1− ps,W ) pth,Lps,L + pth,W (1− ps,W ) pth,L (1− ps,L))Tc,M.

(11)
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Fig. 2. Optimal CW size and corresponding total throughput improvement
under graceful coexistence.
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Fig. 3. Total throughput with various combinations ofm andn under graceful
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the network performance even if the physical data rate of
cellular BS is significantly higher than that of Wi-Fi AP.

Fig. 3 presents the performance of various combinations of
m and n while maintainingm + n fixed at 10. From Fig.

3, it is seen that under graceful coexistence, the increase in
the number of cellular BSs results in improvements in the
total throughput. However, unless the physical data rate ofthe
cellular BSs is higher than that of the Wi-Fi APs, the gain in
the total throughput is not significant with any combinationof
m andn.

IV. CONCLUSION AND FUTURE WORK

The coexistence performance of Wi-Fi and cellular networks
was explored using different LBT procedures in the unlicensed
spectrum. For this, an analytic model was provided to obtain
the throughput ofm Wi-Fi APs andn cellular BSs coexisting
on the same frequency channel. The behavior of a LBT-
enabled cellular BS was modeled as a Markov chain, and it
was combined with Bianchi’s model describing the behavior
of a Wi-Fi AP. Also, graceful coexistence was defined to
examine whether the deployment of cellular BSs instead of
Wi-Fi APs leads to improvement in overall performance while
satisfying the required performance of each network. From
the performance analysis, the optimal CW size of the cellular
BSs that maximizes the total throughput of the two networks
under graceful coexistence was determined. Future work will
investigate whether graceful coexistence is feasible under a
more realistic environment when Wi-Fi and cellular nodes with
different LBT procedures coexist in the unlicensed spectrum.
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