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Abstract—In this letter, we analyze the coexistence perfor- mechanism for cellular BSs is one of the best practices for
mance of Wi-Fi and cellular networks with different Listen- poth cellular and Wi-Fi networks [4]. In [5], authors deberi
Before-Talk (LBT) procedures in the unlicensed spectrum. Br - o challenges that occur in adopting the frame-based LBT
this analysis, the behavior of a cellular base station is magled
as a Markov chain that is combined with Bianchi's Markov procedure and then propose a load-based LBT procedL_Jre_ for
model depicting the behavior of a Wi-Fi access point. The & cellular network. To the best of our knowledge, the majorit
proposed mathematical framework finds the optimal contenton  of existing studies are based on simulations or measurement
window size of cellular base stations, which maximizes the wjith only a few exceptions. An analytic approach is presgnte
total throughput of both networks while satisfying the required i 6] 1yt the LBT procedure discussed in the 3GPP and the
throughput of each network. Numerical results show the valiity . .
of adjustment in the parameter of LBT. 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-

. INTRODUCTION scribes the LBT procedure of a cellular BS introduced in [7]

n recent years, enabling cellular small cells in unlicense@d a Markov chain that is combined with Bianchi's Markov

frequency bands has garnered attention as a promising sehadel [8] depicting the behavior of a Wi-Fi AP. Based on the
tion to the scarcity of licensed spectrum for cellular nekgo proposed model, the throughput difference between the iwi-F
In particular, the 3rd Generation Partnership Project BGPAPs and cellular BSs that results from the different medium
standardization group has been considering supplementaggess mechanisms of the two networks is investigated. In
uses of the downlink in Long Term Evolution (LTE) tech-addition, because the two networks must coexist in a friendl
nology in the unlicensed spectrum, which is termed Licenseghanner, theigraceful coexistence is defined as the condition
Assisted Access (LAA). in which the performance of an individual node under a

The prevailing radio access technology (RAT) in the unlinetwork scenario withn Wi-Fi APs andn cellular BSs is
censed spectrum is Wi-Fi with IEEE 802.11 n/ac standardsst worse than that under a network scenario with enly: n
Thus, it is critical to ensure that the cellular small cellgvi-Fi APs. Using this definition, we first examine whethersthi
coexist well with Wi-Fi. However, the challenge is to desiggraceful coexistence is feasible through adjusting the pBT
appropriate etiquette for cellular base stations (BSsttess rameter of the cellular BSs, particularly the contentionaaiw
the unlicensed spectrum. Because Wi-Fi access points (ARSW) size. Then, the optimal CW size that maximizes the total
operate under the carrier sense multiple access with icwilis throughput of the two networks under the graceful coexiten
avoidance (CSMA/CA) algorithm, their performance could beondition is obtained for cases with various physical datas
severely degraded if cellular BSs occupy the spectrum aggrand numbers of nodes in each network. From this analysis, it
sively. In contrast, enforcing excessive etiquette inutaliBSs is shown that the deployment of LBT-enabled cellular small
might reduce the overall performance. cells with careful parameter settings instead of Wi-Fi ABs ¢

Several coexistence mechanisms for cellular BSs have bégad to improvement in overall performance while satisfyin
proposed in the literature [1]. The work of [2] presents athe performance requirements of each network.
almost blank subframe mechanism without priority and an
interference avoidance scheme based on cellular sma#l cell
estimating the density of nearby Wi-Fi APs to mitigate the
interference between cellular and Wi-Fi networks. The iotpa A scenario wheren Wi-Fi APs andn cellular BSs share
of cellular interference on the Wi-Fi performance is dis&es the unlicensed spectrum is considered. All Wi-Fi and catiul
in [3] based on experimental evaluations in indoor enviromodes are assumed to coexist on the same frequency channel
ments. It is reported that an adaptive Listen-Before-TaK) and to locate within the range where energy detection is
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the unlicensed spectrum is modeled as a one-dimensiofiglZ — 1], where the valueZ is the CW size of the cellular
Markov chain. In [8], the key approximation is that, at eacBSs. Then, the backoff counter is decremented by 1 as long
transmission attempt, the collision probability of each-RVi as the channel remains idle, and then the transmission ccur
AP py is constant and independent regardless of the numiag¢r = 0. If the channel becomes busy during the backoff, this
of retransmissions experienced. As for the Wi-Fi APs, it istage stops and the LBT process reverts to the CCA stage.
assumed that a collision at a cellular BS occurs with a comstd his is the difference with the CSMA/CA procedure of Wi-
and independent probability;, . 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
As stated above, the behavior of each Wi-Fi AP is modelgg-lll-lslrzzéh setting that the lengths of the CCA and backoff
as a two-dimensional Markov chaifi, k) [8]. At the first o, ier are equal to the distributed inter-frame space $DIF
attempt of a Wi-Fi AP to transmit a packet, the backoff stagg, the siot time adopted in the Wi-Fi as recommended in [7],
i is set to 0 and it is increased by 1 up to the maximum.qhe tively, the behavior of a cellular BS applying thevaso
value Iiax if the transmission results in a collision. It iSyescrined LBT procedure is modeled as a Markov chain that
reset to O after a successful transmission. The backoffteoung -ompined with the Markov chain modeling the behavior

k is uniformly chosen in the range db,C; — 1], where ¢ o \wi.Fj AP, where each cellular BS is represented by a
C; = 2"CWhpin is the CW size at the stageand CWiuin one-dimensional process

is the minimum CW size. When the channel is sensed to be, o\ the Markov chain for a cellular BS. the one-step
idle, the backoff counter decreases by 1 and the transmissjp, \«ition probability is given as follows: '
occurs atk = 0 '

A. Medium access mechanism of W-Fi AP

Let b}, denote the stationary probability of the Markov l—pr+ 2pr, if 2a =23+1, 24 #0,
chain in statg(i, k). The closed-form expression of stationarypr [z4|z,] = Lpr, if 2o # 23+ 1, 2o #0,
probability for this Markov chain is presented as 1 it 2 —0

A a — Y.
o = G B o kel0,Ci—1 1 “)
Lk o TR i=[0m], ke[0,Gi—1]. (1) |gt bL denote the stationary probability of the chain in state

After a few steps of manipulation, all states of the Markoy’ Based on (4), the closed-form expression of stationary

chain can be expressed as functions of the vallieand the probability for this Markov chain is represented as follows

collision probabilitypy,. Then, b, is obtained by invoking ~pr+ % (1—pL) b,
the normalization condition of Markov chain, given by . if r= 271
by = ’ 5
Vo 2(1—21912[/) (1_pW) . 2) - %pLJF%(17PL>bOL+(17pL>bé+1v ©)
PO (1= 2pw) (C+ 1) +pwC (1 — (2pw)™) if0<z<Z-1.

Therefore, the probability that a Wi-Fi AP transmits a packgperefore, the probability that a cellular BS transmits ekgé
in a randomly selected slot time is obtained as follows: ;4 randomly selected slot time is obtained as follows:

m bW
_ w _ _%.0 z o
o= D b= i3 (1-po)
=0 2 (1 o ZPW) T, = bé‘ = =1 ' (6)
T -2 iy (3) 1—-2(1—p) > 1 —pr) !
(1= 2pw) (C+1) +pwC (1 - (2pw)"™) z =

B. Medium access mechanism of cellular BS C. Coallision probability and Throughput

We adopt a LBT procedure with the random backoff with Equations (3) and (6) indicate thay, and;, are functions

a contention window of fixed size for cellular BSs, namel f and respectively. Becau (p1.) is the probabilit
LBT-RB, which is introduced as a medium access mechanig w andpy, resp Y. 98 L P Y
at at least two nodes out ef Wi-Fi APs andn cellular

for LAA small cells [5], [7]. The procedure is similar to thatBS . o . )

s : " . . s simultaneously transmit in the same time slot, it can be
of Wi-Fi APs described in Section II-A because it employs a d as
backoff mechanism after a clear channel assessment (CCAP)).(presse

The LBT procedure of a cellular BS consists of two stages. po = 1—(1—m)" (1 —71)", 7
The _flrs_t stage, which is c_a_IIed the CCA s_tage, t_)eglns with pr o= 1—(1—m)"(1— TL)”*I. @)
monitoring the channel activity for the duration of timeledl
a CCA period. If the channel is sensed to be idle continuoudiguations (3), (6), (7), and (8) construct a nonlinear syste
for the CCA period, the cellular BS proceeds to the backodf equations with four unknowns, i.ery, 77, pw, andpy,
stage. Otherwise, the cellular BS continues to monitor tlmespectively, and it can be easily solved by standard nwaleri
channel until it is deemed idle for the uninterrupted damati methods such as the “fsolve” function in Matlab.
of the CCA period. At the beginning of the backoff stage, Let Py, w (Pis,1) be the probability that at least one Wi-
the backoff counter: is uniformly chosen in the range ofFi AP (cellular BS) among then Wi-Fi APs (n cellular
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TABLE |
IEEE 802.11AC PARAMETERS

x10”

_— .
- —*—Total throughput (m=4)
Definition Value 5 —s—Throughput per Wi-Fi AP (m=4)
- - - % - Total throughput (LBT-RB, m=2, n=2)
Number of bits for a packet 12000 bits - % - Throughput per cellular BS (LBT-RB, m=2, n=2)
N '54 r - v -Throughput per Wi-Fi AP (LBT-RB, m=2, n=2)
MAC and PHY header 272 and 128 bits a - Total throughput (LBT-DB, m=2, n=2)
. 5 %= Throughput per cellular BS (LBT-DB, m=2, n=2)
ACK 112 bits+ PHY header 23l v Throughput per Wi-Fi AP (LBT-DB, m=2, n=2)
Propagation delay 0.1pus 3 F-x e G
- = ~ % gV
Slot time 9 us F2 TEL
.y Y RS - A -y
SIFS and DIFS 16 and 34us g gy —
- 10 e, v * -
CW size and backoff stage 16 and 3 T
- M o * % Wovre,
0 | A S )
5 10 15 20

CW size of cellular BS (Z)
BSs) transmits on the channel during a time slot. Then, it

is represented as follows: Fig. 1. Achieved throughputs according to the change in tkié¢ €ize of
cellular BS under different network scenarios and LBT sobem

Phw=1—0—-m)", Ppr=1—(1—7)". (9)

Also, let P w (Ps,.) be the probability that exactly one Wi- - The parameters of Wi-Fi APs, which are summarized in

Fi AP (cellular BS) makes a transmission attempt under th@ple 1, are adopted from the IEEE 802.11 ac standard [9].

condition that at least one Wi-Fi AP (cellular BS) transmitst js assumed that the number of bits for a packet in cellular

and this is presented as follows: BSs is the same as that in Wi-Fi APs.

(1 7TL)n71 Fig. 1 presents the achieved throughputs of Wi-Fi APs

_— and cellular BSs using the LBT-RB scheme according to
(10) the change in the CW size of the cellular BSs under the

Note that the time duration of each state in the Markov chafifénario withm = 2, n = 2. Furthermore, we consider
is not the same. That is, it differs depending on its status:230ther LBT scheme also introduced in [7], namely LBT with
successful transmission, a collision, or an idle statesTthe (he deterministic backoff (LBT-DB), for comparison. LBT-

expected time spent per state is computed in order to conVep has the deterministic d_uration for.channel sensing which
the states into the amount of time, as described in (11).,Hef@'Teésponds to the CCA time plus times as long as the
st is the idle slot imeT, w (Ts.) is the expected time slot time. Also, the same physical data rate (i.e., 100 Mixps)
of a successful transmission for 7a Wi-Fi AP (cellular Bs)assumed for the Wi-Fi APs and cellular BSs because the focus

T.w (T..1) is the expected time of a collision between Wi_F[emains on the performance difference between the Wi-Fi

APs (cellular BSs), and’.  is the expected time of a Cross_and cellular nodes, which results from the different speuntr

network collision. i.e.. a collision between Wi-Fi APs andCccess mechanisms and the adjustment in the parameter of the

cellular BSs, which is determined as the larger value batwekBT (i-€., CW size of the cellular network), not the diffeten
T.w andT. ;. Based on the expected time spent per staf@hysical layer aspects. In Fig. 1, it is observed that, irhbot

the throughput of the Wi-Fi and cellular networks is expeess LBT schemes, the small CW size of the cellular BSs generally
maximizes the total throughput of the two networks at the cos

mTw(lfTw)mil P L=

Ps w = )
' Pipw Pip.1,

as follows: L ; A,
of significant performance degradation of the Wi-Fi APs. As
Sy = DnWPsW (1~ pen.) DW, (12) the CW size increases, the cellular throughput decreasks an
Tstate the Wi-Fi throughput increases. For the LBT-RB scheme gher
g, — DPiniPsr (1 —pw)Dr (13) are CW sizes of the cellular BSs (Z=14, 15 in this example)
Tstate ’ that satisfy the graceful coexistence requirement (13.&3Mb

where Dy, and Dy, are the total number of bits consisting” this example). In contrast, for the LBT-DB scheme, there |
of a packet in the Wi-Fi and cellular networks, respectivel{’© CW size that satisfies the graceful coexistence requiteme

Finally, the total throughput of both networks can be oletein @nd the total throughput is lower than that of the LBT-
as Syorar = Sw + S RB scheme. For the reasons, the LBT-RB scheme has been

considered by the majority of the companies participatimg i
the coexistence evaluation [5].

Fig. 2 illustrates the impact of different network combina-

Numerical experiments examine how the different mediutions and physical data rates of cellular BS on the optimal
access mechanisms of two networks and the CW size @W size and the corresponding total throughput improvement
cellular BSs affect the coexistence performance. For thés, under graceful coexistence. As the physical data rate hflael
consider a scenario where Wi-Fi APs andn cellular BSs BS increases, the presence of cellular BS in the unlicensed
coexist in the unlicensed spectrum, and it is compared withspectrum achieves larger performance improvements ih tota
scenario withm + n Wi-Fi APs only. Note that the objective throughput of networks, and it accompanies a smaller CW size
is to maximize the total throughput of two networks under thdowever, Fig. 2(a) also indicates that deploying a cell@&r
condition that graceful coexistence is achieved. in a dense Wi-Fi coverage area is not effective for improving

I11. NUMERICAL RESULTS
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Tstate = (1 — pen,w) (1 — pen,1) Gidie + Den,wps,w (1 — pen,r) Ts,w + (1 — pen,w) Den, 10, . s,
+ (1 —ptr,w) pthp (1 —ps.1) Te.r. + penw (1 — ps,w) (1 — pen,n) Te,w
+ (Dth,wPs,wDth,LDs,L. + Deth,wPs,wPth,L (1 — Ds,1.) + Pen,w (1 — ps,w) Pen,LPs,L + Peh,w (1 — ps,w) Pen,L (1 — ps,1)) Tem-

(11)

—&—Physical data rate of cellular BS =100 Mbps
—&—Physical data rate of cellular BS = 150 Mbps
——Physical data rate of cellular BS = 200 Mbps
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(a) Total throughput improvement with optimal CW
size.

22

—e—Physical data rate of cellular BS =100 Mbps
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Combination of number of Wi-Fi APs and cellular BSs (m,n)

(b) Optimal CW size of cellular BS.

Fig. 2. Optimal CW size and corresponding total throughpuprovement
under graceful coexistence.
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—o—Physical data rate of cellular BS =100 Mbps
—=—Physical data rate of cellular BS = 150 Mbps
7.5 | —a—Physical data rate of cellular BS = 200 Mbps
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Fig. 3. Total throughput with various combinationsrafandn under graceful
coexistence.

the network performance even if the physical data rate
cellular BS is significantly higher than that of Wi-Fi AP.

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

m andn.

IV. CONCLUSION AND FUTURE WORK

The coexistence performance of Wi-Fi and cellular networks
was explored using different LBT procedures in the unlieghs
spectrum. For this, an analytic model was provided to obtain
the throughput ofn 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 cellula
BSs that maximizes the total throughput of the two networks
under graceful coexistence was determined. Future work wil
investigate whether graceful coexistence is feasible uade
more realistic environment when Wi-Fi and cellular nodethwi
different LBT procedures coexist in the unlicensed spectru
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Fig. 3 presents the performance of various combinations of

m and n while maintainingm + n fixed at 10. From Fig.



