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Abstract—An analytical model is proposed to evaluate the coexistence scenario where WiFi and multiple LTE SBSs being

Listen Before Talk (LBT) based coexistence scheme over the affiliated with different mobile operators simultaneousihares
unlicensed spectrum under multiple LTE small bases (SBSs). the unlicensed spectrum.

The expressions of the occupancy time of the LTE/WiFi/acces .
overhead and the collision probability is further derived based To the best of our knowledge, the LBT based coexistence

on the proposed model. The simulation results show that unde performance under multiple LTE SBSs is not still investéght
multiple LTE SBSs the LBT based coexistence scheme is unfair so far.
for the WiFi m. Therefore, in order r he WiFi .
sc;/stter(ra] the niﬁtaeer of L?I'E OS%SS gn?jethteo Igncg‘?hdo:‘ '?he LTE When the _backoff counter in a LTE. sm_all base (SBS),
frame should be carefully considered and designed. where LBT with random backoff mechanism is assumed to be
Index Terms—LTE unlicensed. LTE LAA. WiFi installed, drops to 0 during asubframe,_ the data t.ransamsel
' ’ the LTE system has to be deferred until the starting of the nex
subframe because of the fact that a subframe is the minimal
|. INTRODUCTION scheduling unit in the LTE system [1]. The duration between
Due to the sharply growth of data traffic in the mobiléhe moment at which the backoff counter drops down to 0

communication system, the more spectrums is required 89d the tail of the subframe is called teaspending time
the mobile communication system to increase their capaci@i#fing which the unlicensed channel cannot be accessed by
However, the licensed spectrum almost run out, and thbSE and WiFi systems, as shown in Fig. 1 (A). To the best of
the mobile communication system, i.e. the LTE sysytem, @Ir knowledge, the suspending time is not invetigated so far
allowed use the unlicensed spectrum to expand its availableAs we well known, in the coexistence scenario, the collision
spectrum. The LTE system that operates over the unlicendedween LTE and WiFi transmission can dramatically degrade
spectrum is referred to as LTE-unlicensed (LTE-U) when usélge their throughput, in other word, the transmission sih
for standalone operation, and Licensed Assisted AccesA)LAcan enormously affect the coexistence performance between
when used for carrier aggregation, which is being standacdi WiFi and LTE. However, to the best of our knowledge,
by the 3rd GPP [1, 10], and has recently attracted lots tife transmission collision due to the backoff mechanisms of
attentions. LTE SBSs and WiFi is still not studied in the LBT based
The dominant player is WiFi technology in the unlicensedoexistence performance evaluation so far.
spectrum, thus we mainly focus on the coexistence techgiolog An analytical model is proposed to assess the LBT based
between WiFi and LTE systems. Presently there are two coewexistence performance under multiple LTE SBSs in this
istence technologies between WiFi and LTE systems. The fifgiper, and based on the proposed analytical mode, and the
is the duty cycle, in which according to a certain proportio® expressions of the occupancy time of WIiFi/LTE/the access
occupancy time of the LTE and WiFi systems is allocated[2jverhead and the collision probability caused by the bdckof
The second is the Listen Before Talk (LBT) scheme, in whiolechanisms of LTE SBSs and WiFi is further derived, finally
the LTE system is required to detect the its state beforige performance of the occupancy time and the collision
accessing the unlicensed spectrum. The scheme is thus a npeedability are deeply studied and assessed.
fair and friend coexistence scheme. The coexistence schemg, this paper, the main contributions can be listed as fatow
rese_:mbles the Carrier Sense M_ultlple A_cc_ess with Collision (1) An analytical model is proposed to assess the LBT based
Avoidance (CSMA/CA) protocol in the WiFi system [10-16];qexistence performance under multiple LTE SBSs;
for example, load based LBT in [4], LBT with random backoff (2) The suspending time, which is defined as the duration

with a contention window of variable size in [3]. etween the moment at which the backoff counter of a LTE

The fair coeX|ste_nce p.roblem O.f one WiFi gnd one LT BS drops down to 0 and the tail of the subframe, is first
small base (SBS) is mainly considered and investigated in

the most literatures [5-8,10-16]. However, there may etkist considered in the coeX|sten_ce performahce analysis; -
(3) The backoff mechanisms of multiple SBSs and WiFi
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the coexistence scenario, the time interval of the WiFi and
| LTE transmission can be inferred to be invariable. Thus we
can define the transmission frame as follows.
Definition 2 (LTE Transmission frame): The LTE trans-
®) F:l ” -:— mission frame is defined as the sum of the transmission
" " - duration of LTE packets, their fixed time interval and the
suspending time, as shown in Fig. 1 (B).
Definition 3 (WiFi Transmission frame): The WiFi

Tcouter=0 Suspending time

(A) -+

Subframe % Sstart to tramsmit

l Average interval time Il Average suspending time (0.5ms)

[0 LTE transmission frame (ms) [l WiFi packets

Fig. 1. The suspending time (A) and coexistence frame (B) transmission frame is defined as the sum of the transmission
duration of WiFi packets and their fixed time interval, aswho
in Fig. 1 (B).
Il. SYSTEM MODEL Definition 4 (Coexistence frame): The coexistence frame

The multiple LTE SBSs is assumed to coexist with sever@f the WiFi and LTE systems is defined as a cycle, which
WiFi access points (APs) over the unlicensed spectrum & tipcludesn one V\ﬁFl transmission frame and LTE transmission
paper, and we also assumed that the LTE system has limitl&gnes, where: is the average number of LTE transmission
traffic to use the unlicensed spectrum. As we well knowffames per WiFi transmission frame, as shown in Fig. 1 (B).
in WiFi networks, the different unlicensed channels may be AS discussed above, the time interval of the WiFi and LTE
allocated to different WiFi APs manually or automaticallyiransmission is always changeless, thus we can calculate th
Additionally, the APs operating over the same channel m&yerage time interval (its unit is a time slot) in a coexisten
also be separated by the spatial distance. Therefore, ffme as
considered model in this paper can still be boiled down to the J= l
model with several LTE SBSs and one WiFi AP. We further n+1
assume that the LTE SBSs belong to different operators, agflere; is the fixed contention window size.
thus they are non-coordinated and asynchronous. Finaly, W Based on the definition of the access overhead, we can
also assume that the LAA Downlink transmission use the sa@gculate the access overhead in a coexistence frame as
backoff mechanism with fixed contention window size as WiFi B B
systems. Ton, = (DIFS +d-slot) +n (DIFS +d - slot + 0.5)

Here, we also assume that when its backoff counter drops = (2 + 1)DIFS +1 - slot + 0.5 2
down to O during a subframe, LAA can use the method

of transmitting dummy packet to hold the channel, and tY§"€résiot is the time slot in the backoff mechanism.
dummy packet should last until the tail of the subframe. The length of the coexistence frame can be described as

1)

T =aTrre + Twiri + Ton (3

Il THE ANALYTICAL MODEL whereTrg is the length of LTE frames, an@ly,;r; is the

Definition 1: The time that cannot be used by the WiFi angverage length of WiFi packets.
LTE systems is called thaccess overhead, which includes  Theorem 2: The average number of LTE frame per WiFi
Distributed Inter-frame Spacing (DIFS) and the suspendingansmission can be calculated as:
time as well as the backoff time.
Theorem 1: The average suspending time per LTE trans- —bAwiri + \/(bAWiFi)Q + 4dnalwiri

mission is0.5ms, i.e. Ts=0.5ms. n= QaNwiri )

Proof: It can be understand that the moment at which, .. _ Tyrp+DIFS+05,b=1-slot+DIFS+Ty:p
the backpff_counter_of_ each LTE SBS drops down to 0 .')?WZ-FZ- is the arrival rate of WiFi packets, andis the number
evenly distributed within a subframe (1ms), the suspendi

i ¢ th t 10 the starti f th t subf LTE SBSs in the considered coexistence scenario.
ime _rom . € moment 1o the _sa_r mg 0 . e ”?X Subirame Proof: Since both WiFi and LTE SBSs use the same backoff
thus is subjected to the even distribution in the intervalJ0

o : . mechanism, the probability of each WiFi packet is thus the
gnd further the average suspending time can be easily euta'nsame as that of each LTE SBS accessing the unlicensed
|.e.'_|'s:0.5ms_[e_nd of proqf] . . channel, and further the number of LTE frames per WiFi

Since the limitless traffic is assumed in the LTE syste

TMransmission completely depends on the ratio of the numiber o

LTE can atways contend W'Fh WIFI users fpr the unllcenseLd].E SBSs to that of WiFi packets in the contention window,
channel. Therefore, we can infer that there is always smrdxrai e

traffic (including WiFi and LTE traffic) over the coexistence’ n

channel. The literature [9] has showed that the instantaeo n= — (5)
throughput temporarily increases over the saturationeydiut AwiriT

ultimately it decreases and stabilizes to the saturatidneva The following equation with respect to can be obtained
in WiFi networks. We can conclude that the average tinfey substituting (2) and (3) into (5) :

interval of the transmission of WiFi packets in the traffic- 9

saturated case is also invariable. Therefore, though the su (Twirs + DIFS +0.5) wirin
of the LTE and WiFi throughput is not always invariable in + (Trre + DIFS +1 - slot) A\wipin —n =0 (6)




The formula method can be used to solve the quation (6),
and the theorem 2 can be obtain@énd of proof]
The occupancy time of WiFi/LTE/access overhead can thus

be described as, respectively, 3
_T 505 WiFi: T, =2,5,8 (ms) |
nlpTE g
Rrre= T (7) £
Twiri fos
RWiFi: T (8) 2 LTE: 7,258 (ms)
0.]
T h Access overhead: T, | =2,5,8 (ms)
Rop=-2%" (9) 0 1
. - . T - . - T : : y : y y - T
After their transmissions end, if the channel is idle for the o i meraesees@ 0 °

duration of DIFS, immediately the LTE SBSs begin to perform

backoff mechanism for the next transmission. It's possiblgy. 2. The comparison of occupancy timejy;; = 0.2/ms
for one LTE SBS to select the same backoff value as other

LTE SBSs. The same backoff value can cause simultaneous

transmission of more than one LTE SBS, which is called 020 —
the transmission collision caused by the backoff mechanism 022} ]|

Because the backoff values are randomly chosen within the
contention windori, we can calculate the collision probability
among LTE SBSs as follows

0.2

0.181

0.161

Collision probabbility per WiFi transmission

c l —(n—-1 " 0.14
prr=1- (%) (10)
Similarly, the transmission collision may also occur begwe o1
WiFi and LTE due to the identical backoff value selected by 008
them. The collision probability between WiFi and LTE can be 006! - - . ; 2
Calculated aS The length of LTE frames (ms)

1 — (7_1 N 1) nMyr I—n AwiriT—nMy) ) ) o y
p%/L =1 (f) <T> (11) Fig. 3. The comparison of collision probabilitky; p; = 0.1/ms
where My, = A - (Trre + 0.5).

The collision probability among WiFi packets due to theverhead (because of the increase of the suspending time),

above mentioned reason can be calculated as which can result in the growth of the access overhead.
] I 1—-1 1-M+1 It can be seen from Figure 2 that it isn’t fair enough for
pww =1-— T 7 (12) the WiFi system in the coexistence scenario where there are
_ multiple LTE SBSs since the WiFi occupancy time can be
where M = )‘WiFiT,__ 1. o _ greatly reduced with the growth of the number of LTE SBSs
The to_tal probability of the collision thgt occurred duringg the length of the LTE frame, though LBT with random
the coexistence frame can thus be described as backoff value can provide the fairest access method among

contending packets/frames.

The growth of the number of LTE SBSs can necessarily
result in the growth of the collision probability (per WiFi
IV. NUMERICAL RESULTS AND PERFORMANCE ANALYSIS  transmission) because of the growth of the number of users

In the paper, we assumed thA/F'S = 34us, [ = 15, contending for the unlicensed channel, as shown from Figure

slot = 9us, Twip; = 2.5ms. 3. ) )

Since both the WiFi systems and the LAA downlink e can also seen from Figure 2 and Figure 3 that the
transmission use the same access protocol in the coexistef@Wth of the length of the LTE frame can result in the
scenario, more LTE SBSs mean more chances to access3ffvth of the LTE occupancy time and the reduction of the
unlicensed spectrum, which can result in the growth of tffo!lision probability and the access overhead. Howevecesi
LTE occupancy time (i.e., the sum of the occupancy time gf€ unlicensed spectrum is its only access spectrum, tigefon
all LTE SBSs) with the increase of the number of LTE sBs&ransmission frame can result in less WiFi occupancy time,
To the contrary, more access chances of the LTE system afdych may be intolerant for some users with WiFi module
mean less access chances of the WiFi system because of oY -
time-sharing nature of the unlicensed spectrum. This csultre
in the decrease of the WiFi occupancy time with the increase V. CONCLUSION
of the number of LTE SBSs, as can be seen from Figure 2.In this paper an analytical model is proposed to evaluate
More access chances of the LTE system also mean more actiesd BT based coexistence performance in the scenario where

p° =DpLr + v + Pww (13)



there are multiple LTE SBSs. The simulation result showed
that the growth of the number of LTE SBSs can bring the
coexistence much harm in every respect (access overhead, th
WiFi occupancy time, and collision probability) except et
LTE occupancy time, while the growth of the length of the
LTE frame can bring the coexistence much benefit in every
respect (access overhead, LTE occupancy time, and callisio
probability) except in the WiFi occupancy time. Therefore,
in order to protect the WiFi system and guarantee unlicensed
spectrum utilization, the number of LTE SBSs and the length
of the LTE frame should be carefully designed.
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