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Abstract—Load Based Equipment (LBE) mechanism is a
category of Listen-Before-Talk (LBT) protocol adopted by LTE
to access unlicensed channels to realize fair coexistence between
LTE and Wi-Fi networks. However, most LBE optimization
methods fix Channel Occupation Time (COT) in LBE neglect-
ing its influence on network throughput and fairness. In the
paper, considering the influence, we propose an optimal COT
adjustment method for the LBE mechanism to maximize the
throughput of LTE while satisfying the LTE users’ data rate
demands and ensuring the fairness coexistence between LTE
and Wi-Fi networks. To this end, we first propose a method
to separately calculate the throughput of LTE network and Wi-
Fi network on the coexistence unlicensed spectrum considering
the synchronous of LTE on licensed and unlicensed spectrum,
and then utilize a virtual Wi-Fi network construction method to
assure the used fairness criterion. Based on the aforementioned
methods the problem of throughput maximization of LTE is
formulated as a constrained non-linear optimization problem
solved by an optimal algorithm. Simulation results prove our
proposed throughput calculation method is valid, and then
demonstrate the LBE mechanism using our proposed method
optimizes the throughput of the SBS network and ensures
fairness.

Index Terms—Unlicensed spectrum sharing, LBT, LBE, fair-
ness criterion, throughput maximization.

I. INTRODUCTION

HE penetration of smart devices has led to the existing

cellular systems facing the challenge of scarce spectrum
resource [1], [2]. To solve the problem, 3rd Generation
Partnership Project (3GPP) and some leading companies such
as Qualcomm, Huawei, Verizon propose to extend the new-
generation of LTE systems to the unlicensed SGHz spectrum
[3], [4]. However, the unlicensed spectrum has been used
by Wi-Fi networks, which utilize contention-based Medium
Access Control (MAC) through Carrier Sensing Multiple Ac-
cess (CSMA) and Distributed Coordination Function (DCF)
protocols to resolve packet collision. Extending LTE with
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centralized user admission and MAC protocol to the unli-
censed spectrum will largely decrease the performance of
Wi-Fi networks [5]-[7]. Therefore, 3GPP proposes Licensed
Assisted Access (LAA) technology, in which Listen-Before-
Talk (LBT) approach is adopted by each Small Base Station
(SBS) to access unlicensed channels to realize fair coexistence
between LTE and Wi-Fi networks in the 5GHz unlicensed
spectrum.

LBT as a channel accessing mechanism used to realize fair
coexistence, it has two categories: Frame Based Equipment
(FBE) and Load Based Equipment (LBE) illustrated in Fig. 1.
FBE: Frame structure is divided into periods with a fixed
length. Before transmitting on a channel the device performs
a Clear Channel Assessment (CCA) check based on energy
detection lasting at least 20us at the end of the fixed period.
If the channel is idle during the CCA check period, the
device transmits immediately for a duration that equals to
Channel Occupancy Time (COT) and then it should have
an idle period which is more than 5% of COT; otherwise,
the device defers transmission and repeats the CCA check
at the end of the next frame. LBE: before every burst of
transmission a device shall perform a CCA check where it
observes the channel for a defer duration. If the channel is
sensed idle and the current transmission is not immediately
after a successful transmission, the device starts transmission;
otherwise it reverts to the extended CCA (eCCA) which is a
back-off procedure (the back-off counter is decremented by 1
every eCCA slot time), and starts to transmit when the back-
off counter becomes O.

teea = 20pus 1ms <COT < 10ms Idle> 5%COT

[e)
Idl |r‘1
coT | e 2

time

ol
=]
=1

0

=

e

E

I'.l

IW

s

@

&

I A

S5

Channel Busy eCCA
== = =
LBE gl;ata Transmission| Ij’ >l:[[l] Data Transmission

time

Fig. 1. Two categories of the LBT mechanism.

In 3GPP Rel. 13 [8] LAA is mandated to implement the
LBE as a coexistence protocol, and what’s more, comparing
with FBE which will wait for a long fixed frame period if
one CCA check fails, LBE allows for more channel access
opportunities because the transmitter can continuously detect
the channel [9]. Hence, in the paper we enforce the SBS
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using LBE mechanism to access unlicensed spectrum. The
final standardized frozen Technical Specification (TS) 36.213
of 3GPP release 13 and 14 fix the COT in LBE mechanism
based on priority class number [10], for example, when the
LBE priority class number is 1, the allowed COT is 2ms.
However, [11], [12] point out the fixed COT is inefficient
under the varying traffic load of the coexistence network.
Intuitively, when the throughput of Wi-Fi network becomes
small, the efficiency of the spectrum decreases if COT is still
set too short. Therefore, how to adjust the COT of SBS in
LBE to optimize the efficiency of the unlicensed spectrum is
an important issue.

The fairness is an important constraint in the process of
adjusting the COT of SBS on unlicensed spectrum. How-
ever, there is no standard to reach a consensus. The now
existing work evaluates fairness based on their requirements
using different standard. For example, [13] evaluates fairness
regarding the amount of time of each entity accessing the
wireless channel, and [14] uses the throughput to quantify the
fairness. Recently, a new fairness criterion based on 3GPP
proposed fairness in Rel. 13 [8] is proposed in [15], [16]. The
definition is an LTE network does not impact the performance
of the Wi-Fi network on a carrier more than an additional Wi-
Fi network operating on the same carrier and offering the same
level of traffic load of the LTE network. None of the existing
LBE optimal methods adopts the criterion to evaluate fairness.
In the paper, we use the criterion.

Therefore, in this paper, we focus on adaptively adjusting
COT of every SBS user in different unlicensed channels
to maximize the throughput of the SBS on the unlicensed
spectrum while ensuring fair coexistence between SBS and
Wi-Fi networks on every unlicensed channel and satisfying
the SBS users’ data rate demands. The problem is formulated
as a non-linear programming problem, and we use the interior
method to solve it. The proposed COT adjustment method is
in fact based on centralized scheduling on each SBS. Our
major contributions are summarized as follows:

o Modeling: to the best of our knowledge, this is the
first work using the new proposed criterion to evaluate
fairness in the procedure of adjusting COT of SBS in
unlicensed channels.

o Parameter calculation: we propose a method to sep-
arately calculate the throughput of SBS and the Wi-
Fi network on a coexistence unlicensed channel. In the
calculation, we consider the synchronization of SBS on
licensed and unlicensed spectrum. What’s more, to satisfy
fairness, we use a method proposed in our former paper
[17] to construct a virtual Wi-Fi network.

o Performance evaluation: we first prove our proposed
throughput calculation method for the LTE and Wi-Fi
coexistence network is valid, and then simulation results
prove the performance of LBE using our proposed COT
adjustment method outperforms other two COT adjust-
ment methods from the aspects of LTE users’ throughput
and fairness assurance.

The remainder of this paper is organized as follows. In
Section II, we describe the network model and the problem
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formulation. In Section III, we present the methods of cal-
culating related parameters in problem formulation. Section
IV shows the optimal algorithm, and the performance of
the proposed method is evaluated in Section V. We describe
related work in Section VI and conclude the paper in Section
VIL

II. NETWORK MODEL AND PROBLEM FORMULATION

We consider coexisting LTE and Wi-Fi networks. The
unlicensed spectrum is divided into non-overlapped channels,
for example, channels 1, 6, 11 in the 2.4GHz band and
channels 36, 40, 44, ..., 64 in the 5GHz spectrum. We assume
different Wi-Fi AP uses different unlicensed channel to avoid
strong co-channel interference, and every Wi-Fi network is in
the coverage range of other Wi-Fi networks to avoid hidden
node problem which is the collision produced by undetected
nodes. In the coexistence network, the set of Wi-Fi networks
W is in the coverage of a single LTE Small Base Station
(SBS) with users U(|U| = m), as shown in Fig. 2, where
the circle with solid line represents the coverage range of the
SBS; the circle with dotted line represents the coverage range
of the Wi-Fi network and lines with arrow represent used
unlicensed channels of Wi-Fi networks. Let C' represent the
set of unlicensed channels accessing by Wi-Fi networks W
and the Wi-Fi AP accessing the unlicensed channel i € C' is
represented by AP;, which constructs the network w; with its
served n; stations.
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Fig. 2. The network model.
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Comparing with the Wi-Fi AP using one channel to serve
its stations, the SBS by Carrier Aggregation (CA) technology
can aggregate multiple non-contiguous unlicensed channels as
complementary channels. ¢;; represents the time duration of
the SBS user j € U occupying the channel ¢ and its range is
shown in (1). The problem of the paper is to help the SBS
adaptively adjust ¢;,(Vj, Vi) to maximize the throughput of
the SBS on unlicensed spectrum while ensuring the fairness
between the SBS and Wi-Fi networks on every unlicensed
channel and satisfying SBS users’ downlink data rate de-
mands. In this paper, we assume the unlicensed spectrum can
satisfy SBS users’ downlink data rate demands. The problem
can be formulated as:

Maximize: ZiEC ZjeU TPj,;
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Subject to:
tj,i Z O,Vj,Vi, (1)
> ti < Teot, Vi, )
JjeU
> TP;; > R;,Vj, 3)
e
TP. >TPyi, Vi, 4)

where T'P; ; represents the throughput of the SBS user j on
the unlicensed channel i. (2) constrains the allowed maximum
COT 7T, of the unlicensed channel. (3) represents the SBS
users’ data rate requirements are guaranteed, where R; is the
minimum required downlink data rate of the SBS user j on
unlicensed channels for reaching his/her data rate demand. (4)
represents the fairness criterion, where TPL,/ is the throughput

of the Wi-Fi network w; under the influence of the SBS, TPf,fj
is the throughput of w; under the influence of w; offering the
same traffic of the SBS on the channel 7, and the detailed
definition is illustrated in Section III-C.

III. PARAMETERS CALCULATION

In this section, we first derive R;, then calculate the
throughput of the SBS and the Wi-Fi network on the coexis-
tence unlicensed channel, last elaborate on the expression of
the fairness criterion.

A. The Derivation of R;

In LAA, the downlink data rate of user j consists of two
parts. The first is on the licensed spectrum, and the second
is on the unlicensed spectrum. Therefore, user j needed data
rate on unlicensed channels is

Rj = ’I"j — ’I“jL (5)

where r; is the downlink data rate requirement of j, and
TjL is the maximum downlink data rate of 7 on the licensed
spectrum. In our scenario, there is only one SBS, which
uses OFDMA technique to allocate spectrum resources to its
users and shares the unlicensed spectrum with Wi-Fi APs in
time-division multiple access (TDMA) way, and Wi-Fi APs
use different unlicensed channels to transmit data. Therefore,
there is no interference among SBS users, among Wi-Fi APs,
between the SBS and a Wi-Fi AP. The maximum downlink

data rate of j on the licensed spectrum can be expressed as

L 1L
Pspsh;

L _ pL
’I’j = Bj lng(l + W

) (6)
where B]-L is the downlink bandwidth of the licensed spectrum
allocated to 7, PSLB g is the transmission power of the SBS,
hf is the channel gain between j and the SBS on the licensed
spectrum, and Ny is the noise power. What’s more, the
maximum data rate of j on the unlicensed channel can be
expressed as

UL UL
Psgsh;

UL _
r; " = Bcloga(1 + BN,

) )

where B, is the bandwidth of the unlicensed channel, P§ 2y is
the transmission power allocated to the SBS on the unlicensed
spectrum, hg-JL is the channel gain between j and the SBS on
an unlicensed channel.

B. The Throughput of the SBS and the Wi-Fi Network

In the section, we calculate the throughput of the SBS
and the Wi-Fi network on a coexistence unlicensed channel,
and we assume all SBSs and Wi-Fi networks are in the
saturated condition that means SBSs and Wi-Fi stations will
immediately have a packet available for transmission after the
completion of each successful transmission.

The SBS: it accesses the unlicensed channel based on the
LBE described in the final specification of LTE-LAA TS
36.123 [10]. Before transmitting, the SBS performs CCA us-
ing energy detection where it observes the channel for a defer
period. The defer period depends on the access priority class
number of the transmitted LBE frame. If sensed idle and the
current transmission does not immediately follow a successful
transmission, the SBS starts transmission; otherwise the SBS
performs an eCCA check based on the exponential back-off
strategy, i.e., it selects a back-off counter and decreases the
back-off counter every slot. The process continues until the
counter reaches zero, and then the SBS has a transmission
opportunity. When a collision happens in the transmission
process, the SBS re-enters the back-off procedure, and the
back-off number is selected randomly from a contention
window [0, 2°Wy — 1] where c¢ is the time of retransmission,
and W, is the minimum contention window size. When ¢
exceeds the maximum retransmission time m, it stays at the
maximum window size for e; times; then c resets to 0.
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Fig. 3. Synchronous LBE frame

In the process mentioned above, the SBS senses the channel
based on the Wi-Fi slot (¢, = 9us), but it begins its
data transmission based on the LTE slot ;. To maintain
synchronization with the licensed LTE frame, the SBS will
reserve the channel until the start of the next LTE slot via
sending a reservation signal, when it gets a data transmission
opportunity [18] as illustrated in Fig. 3. In the paper, we
assume the SBS station is in saturated condition, hence, the
SBS always performs the eCCA check since there are always
data pending for transmission. The Markov chain of LBE
mechanism for the saturated SBS is shown in Fig. 4. Let
{s(t) = r,b(t) = k} denote the possible states in the Markov
chain, where s(t) is the retransmission stage, b(t) is the back-
off counter. The one-step transition probabilities are:

p{r klr,k+1} =1,k € (0,W; —2),r € (0,m +e¢;), (8)

1—9pl
Pi ke (0,Wo—1),7 € (0,m+er), (9)
Wo

p{0,k|r,0} =
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where p! is the probability that a transmitted packet of
the SBS encounters a collision in the unlicensed channel
i, and W; = 2°W, is the contention window size at the
retransmission stage c. (8) is the transition probability of
the back-off counter from (k + 1) to k; (9) represents the
transition probability after successful transmission; (10) is the
transition probability after unsuccessful transmission; (11) is
the transition probability after unsuccessful transmission in
(m+ e;)th retransmission stage. In the steady state, we derive
(12) from [19], where b, ;(k € (0,W; —1),r € (0,m + €;))
is the stationary distribution of the Markov chain; Til is the
probability that the SBS transmits during a genetic slot time
in the unlicensed channel <.

m-e;
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2
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The Wi-Fi network: Wi-Fi stations access the unlicensed
channel based on 802.11 by the Distributed Coordination
Function (DCF) — a distributed slotted medium access scheme
based on Carrier Sensing Multiple Access Collision Avoid-
ance (CSMA/CA) protocol and the corresponding request-to-
send/clear-to-send (RTS/CTS) access mechanisms. Based on
the Bianchi model [20], the probability 7;* that a Wi-Fi station
in w; occupies the channel i to transmit in a randomly chosen
slot time is expressed in (13).

2

T = - , 13
DT Tt e g Y
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where cw;’ is the minimum size of contention window of wj,
m; is the maximum retransmission stage of w;, and p;’ is
the probability that a transmitted packet of a station in w;
encounters a collision.

The probability Til that SBS transmits data during a slot in
the channel ¢ is calculated using (12). The SBS shares the
unlicensed channel ¢ with the Wi-Fi network w; composed
of n; stations. In the scenario, in a random slot the collision
probability of the SBS with at least one of Wi-Fi stations is
calculated by (14), and the collision probability of a Wi-Fi
station with at least one of other remaining Wi-Fi stations or
the SBS is calculated using (15).

ph=1- (17",
pr=1—(1—-7)(1—7)" "

(14)
5)

pl,pW, 7}, 71 can be calculated by jointly integrating (12)-
(15), since other used parameters such as m,e;, Wy, cw;’
are known. To compute the average throughput of SBS or
the Wi-Fi network on a channel, the average time duration
of a transmission is needed. It should contain events of
successful transmission of the SBS, successful transmission
of the Wi-Fi station, the confliction among Wi-Fi stations and
the confliction between the SBS and the Wi-Fi station. The
average time duration in channel ¢ is:

tai = Diitw + P54+ pith, + plt® + plite (16)

where

pis = (1= 7)(1 = 7)™,
P = nam (L= 7)1 (1 = 7)),
t% = RT'S/C + CTS/C + (H + Eu,[p))/C+
ACK/C 4 3SIFS + DIFS + 4o,

pfn = Tl(]' - Tiw)nia

?
th =t + Z tji + to,
JEU
i

ktw,
k=0

th, = ——
T \‘LJ
tw
Py =0- 0= = (L =7y (1 =),
#% = RTS/C + DIFS + o,
Pei =T (1— (1 =7)").

pi; 1s the probability that ¢ is idle in a slot. ¢,, is the duration
of the Wi-Fi slot because the SBS and Wi-Fi stations compete
a channel based on the Wi-Fi slot. p¥; is the probability of
a successful transmission of a station of w; on 4, and tY; is
the time duration of the transmission, where FE,,,[p] is the
transmitted packet size of a Wi-Fi station, H is the packet
header, C' is the channel data rate, o is the propagation delay,
and RTS,CTS,ACK,SIFS,DIFS are parameters in the
RTS/CTS mechanism of the Wi-Fi network.

pl; is the probability of a successful transmission of the
SBS on 4, and t.; is the time duration of the transmission
that contains the channel reservation time t.; after getting
the transmission opportunity and the data transmission time
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of SBS users on ¢ and a boundary slot ¢; followed by the
data transmission. ¢, is the average value of all possible
reservation time. p%; is the probability that the channel is
conflicted by Wi-Fi stations, and ¢t is the duration of the
confliction. p, is the probability that the SBS and a Wi-Fi
station conflict the channel, ¢.; represents the conflict duration
determined by the larger value between t.; and t%. ¢\, is the
time duration of a failure data transmission of the SBS, which
is the same with the time of the successful data transmission
t'. because the SBS gets the failure message until the end of
the data transmission. t3; is the time duration of a failure data
transmission of a Wi-Fi station. Based on 802.11 standards,
RTS is 304bits and DIFS equals to 34us. The maximum value
of ¢% is approximately equal to 186us when the data rate of
the Wi-Fi network is minimum (2Mbps) and o = 0.1us. The
value is much smaller than t., with a constraint of at least
Ims. Thus, in the paper t.; = t., = t.,. We use a function
with variable ¢ ; to express t,; where b;q, b;2, b3 are constants
shown as follows:

tai = bi1 + bia(bis + Z tii)
jeu

a7

where
bir = piitw + ity + peites
bio = phi + Pl
biz = th; + .
The methods of calculating the throughput T'P;; of the
SBS user j on i, the throughput T'P! of SBS on i and the

throughput TPfUi of w; under the influence of the SBS are
respectively illustrated as follows:

! UL
TP, = PgiT tj,i’
tlll
TPl =) TP,
JjeU
Tpw — Py B, [p} .
! tai

C. The Fairness Criterion

O SBS coverage

-
( ) Wi-Fi AP coverage

-~

» An unli d ch

Fig. 5. The w; shares the unlicensed channel ¢ with SBS.

Some SBS users are assigned to share the unlicensed
channel ¢ with Wi-Fi network w;, as shown in Fig. 5, where

the line with arrow represents the used unlicensed channel
1; the circle with solid line represents the coverage range of
SBS; the circle with dotted line represents the coverage range
of w;. In the paper, the adopted fairness criterion is the LTE
network does not impact the throughput of the Wi-Fi network
on a carrier more than an additional Wi-Fi network operating
on the same carrier and offering the same level of traffic load
of the LTE network. Therefore, the fairness criterion on the
coexistence channel 7 is the throughput TPqi}i of w; under
the in,ﬂuence of the SBS should be larger than the throughput

TP;,’} of w; under the influence of another network w; which
offering the same traffic load of the SBS and occupying the
same channel of w; illustrated in Fig. 6, where the circle with
dotted line represents the coverage range of the Wi-Fi network,
and the line with arrow represents the two networks use the
same unlicensed channel.
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= The unlicensed channel i
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Fig. 6. The w; shares the unlicensed channel 7 with w,.

Considering the scenario that on the channel ¢ the Wi-
Fi network offering the same traffic of SBS may not exist,
a virtual network w;» with n; users is constructed. We set
the size of its contention window cw;’ and its maximum
retransmission times m, are same with w;. Bianchi model
[24] proposed a method to calculate the throughput of w;,
when w; occupies a channel alone, illustrated as follows:

PiriPsi B, [Pl
TPw; == (1 _ w,.)t + w/‘ w/ tu{, + w/(l - w/ )twl
Piri)tw ptrzpsz st ptm Pg; 01(18)

where

t = RTS/C + CTS/C + (H + E,/[p)) /C+

ACK/C + 3SIFS + DIFS + 4o,
t2 = RTS/C + DIFS + o,
'LU/ 2
7- =

’ i ’ b
L w4+ p el S (200 )
’

P =1 (-

K3
’

Piri = 1= (L=7" )",

’ ! ’ ’
romr (L= )t

wo__
bsi = ’
w
Piri

7% is the probability that a Wi-Fi station in w; transmits
in a slot time, where p}" represents the probability that a

transmitted packet of a station in w, encounters a collision;
Dy, pY respectively represent the probability that there is
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at least one transmission in a slot time and the successful
transmission/on channel ¢; t,, is the duration of an empty
slot time; ¢t is the average time that the clllannel is sensed
busy by each station during a collision; ¢}, is the average
time that the channel is sensed busy because of a successful
transmlssmn E, [p] is the average size of the delivery packet

in w Accordlng to (18) the specific throughput of a Wi-
Fi network can also be got by changing the size of the
delivery packet besides changing the number of stations, and
the feasibility has been proved in Section V-C. Therefore, to
achieve the throughput of the SBS on the channel i (T'P!) the
average delivery packet size of w; with n; stations is:

’ ’ ’ /

{ ((1*P$-i)tw+P;i(1,*Pm ey + YC}TPI
E o = PiriPs; 19
w [Pl TP (19)
where
Y =RTS/C+CTS/C+ H/C+ ACK/C+
3SIFS + DIFS + 4o.

When w; occupies the same channel of w;, the throughput
of the hybrid network is similar to a Wi-Fi network with (n; +
n;) stations occupied the channel alone. The throughput of the
hybrid network is:

ptmpsz Ehw[ ]

+ptmp3lwt?zw +p?7:u7,)(1 _psz )Iégg)

TP

5 =
w,--i—wi

(1 - p?’rz)

where

Enw [p]

b

ni By, [p] + 1, B, [p)
n; + n;
o 2
b T ew? +pirew Yo (200 )F

P = 1= (1= gyt
hw)n—&-n;
7 )

i =1-(1-r

hw _ i TNy (1 — o
. o ’
thi = RTS/C + CTS/C + (H + Epu[p))/C+
ACK/C +3SIFS + DIFS + 4o,

thv = RTS/C + DIFS + o.

)m—i—n;—l

Therefore, the throughput TP,/ of the Wi-Fi AP w; under
the influence of w; is transformed to (21) by integrating
(19), (20), in which ay1, @49, ;3,4 are constants, since
the some parameters used to calculate them are known
such as C,n;,n;, Ey,[p],tw,Y,t"", and other parameters
can be calculated based on above-listed equations such as

hw hw
ptm’pm 7ptm ) Psi -

_ niEwi [p]
i B, [p] + 1, E,/ [p]

a1+ ;2T P}
witw,; Qs + ai4TPil
2D

TPY:
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where

hww

o = Cnippipls pmpgl Ewi [p],
DD Y B ),
iz = Ot (mi+n)((1

Y+ preplitY) + anp?fﬁp?fp%pw Eu,[p),
1 p )t

Q2 = —N

7ptm) w +ptm(l 7pf;liw)*

g :Cnvp?ﬁp’lf”((l — Dt + O

Coiint Y) — piyp¥ {(ni +n) (1 = Pl tw+
ptrz(l - psz )thw +ptr7,phwy) + n’bptmphwEwl [p]}

IV. THE OPTIMAL ALGORITHM

According to the calculation of parameters, the problem
formulation can be concretely written as:

Lo PsiT; tj,i
Maximize: ZiGC ZjeU birtbi2(bisto ey 1)
Subject to:

tj,i Z Ovvj7 VZ,
Z tj,i S TcotaVia
jeu

l ULt

PgT .
> va )
Zbl-f—b 3+ZjeUtj,i)_ i VI

pszE’wl [p] >

bir + bi2(bis + X e tii)
it (bin + biz(bis + X e ta) + iz ey Doty
aiz(bin + bia(biz + 3 e i) + Qia 3oy Dhyry Fty
where all parameters such as pl;, rY'", pt are constants except
that ¢;; is variable. The formulated problem is a non-linear
programming problem. In this paper, we directly use the
interior point method to solve the problem. The method

proposes to construct a barrier function (22) to transform the
problem into an optimization problem with no constraint.

7Vi’

bzl +b12 13+Z]€U ]Z)

eC jeU
DD logtji+ > loggi(t) + Y log(—ki(t) — Li(1)))
ieC jeU jeu ieC
(22)
where
FUL
pary .
(1) = — R,
gl( ) ic bil + sz( i3 + ZjeU t]}i) !
Z tj i cota
jeu
l; ( ) pszE’uh [p]{aZS( i1+ b'LQ i3 + Z tj %
Jjeu
Qg Zpls,-TJULtj,q:} — (bi1 + bia(bis + Z tji))*
jeu jeu
{auz(bir + bi2(biz + Z tji)) + s Zpiﬁ%j,i}-
JEU jeUu
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w1 is a predetermined constant. Since the linear function,
quadratic and log functions are all convex, the constructed
barrier function (22) is convex either and the local minimum
value is the minimized value. Therefore, the value of t*, which
is the solution that the gradient of the objective function equals
to zero showed in (23) (j € U,i € C), is minimum.

Vi) = (Vf(tja) =0 (23)
where
_ 9
V() = .

The Newton iteration method illustrated in the (24) can be
used to effectively solve the transformed problem (22), where
H is the derivative of 7 f(t). In the iteration, the parameter y
is constant, and the stop condition is 3/ f(¢*) is smaller than a
predefined error value €. The detailed process is illustrated in
Algorithm 1. In this paper, considering the integer constraint
of COT of SBS, the value of ¢* is rounded down.

a1 =t —H ' 7 f(1) (24)
where 5
H = [\ﬁ,ww] .
atj_’i

Algorithm 1 The interior algorithm

Input: the objective function, constraints, y, €, (o)
Output: t*

1. t* = t(0); //the initial value
22 n=1;

3: while (7 f(t*) > ¢) do

4 tppr=t, — H Ly f(b);
5: = tn—i—l;

6: n=n-+1;

7: end while

8: return t*;

V. THE PERFORMANCE EVALUATION

In this section, we evaluate our proposed method from three
aspects. The first is to demonstrate the influence of the COT
of LTE on the throughput and fairness of the network. Then,
we prove our proposed throughput calculation method for
the LTE and Wi-Fi coexistence network and the used Wi-
Fi network construction method is valid. At last we evaluate
the performance of our proposed method from aspects of LTE
users’ throughput and fairness.

A. The Influence of the COT of LTE

To demonstrate the influence of the COT of LTE on the
throughput and fairness of the network, we construct the Wi-
Fi and LTE coexistence network based on the LTE/Wi-Fi
coexistence model [21] in an event-driven network simulator
(NS3). The constructed network has one SBS, and three Wi-
Fi networks. In the Wi-Fi network, Wi-Fi stations transmit
uplink traffic to the AP based on IEEE 802.11n protocol

TABLE I
THE WI-FI NETWORK PARAMETERS

A data item

Wi-Fi The number Dz}ta Packet transmission Throughput
network of stations Size/Bytes d L /Mbps
uration/ms
1 5 1500 0.22222 30.853
2 10 1200 0.17778 27.699
3 15 1000 0.14815 25.016
TABLE I
NS3 SIMULATION PARAMETERS
parameters values comments
cwy. . 15 The minimum size of Wi-Fi contention window
CWE e 1023 The maximum size of Wi-Fi contention window
m 6 The maximum back-off times of Wi-Fi CW
ACK 364bits The size of ACK frame
CTS 352bits The size of CTS frame
RTS 304bits The size of RTS frame
SIFS 16pus Short interframe space
DIFS 34us Distributed interframe space
H 416bits The header size of transferred Wi-Fi packets
o 0 The propagation delay
Tw Ius The Wi-Fi slot time
T; Ims The LTE slot time
Ty 0.5ms The LTE boundary slot time
Cerm'n 15 The minimum size of LTE contention window
CWh ow 1023 The maximum size of LTE contention window
e 5 The time of staying the maximum CW
Teot 8ms The COT of LTE

operating at an unlicensed channel with RTS/CTS mechanism,
whereas the LTE SBS accesses the same channel scheduling
downlink transmissions to its associated user based on the
synchronized LBE and it can access multiple unlicensed
channels by carrier aggregation. The data rate of the channel is
54Mbps. Every Wi-Fi station generates a packet at an interval
of 200 microseconds to make sure that saturation conditions
exist at 54Mbps data rate and below.

The parameters of Wi-Fi networks are illustrated in TABLE
I, and other NS3 simulation parameters are listed in TABLE II.
First, we evaluate the throughput of SBS, the Wi-Fi network
and the total throughput of SBS and Wi-Fi on an unlicensed
channel with the change of COT of SBS. As shown in Fig. 7
a-c, the throughput of SBS increases with the increase of its
COT and at the same time the throughput of the Wi-Fi network
occupied the same channel decreases, since the increase of
the occupation time of a network will lead to the decrease
of another network when the total time is fixed. The total
throughput of the channel increases, because the increased
throughput of LTE is larger than the reduced throughput of
the Wi-Fi network.

Then, we evaluate whether fairness is satisfied with the
change of the COT of SBS. The measured fairness criterion is
the throughput of a Wi-Fi network w; under the influence of
SBS (TPfUi) is larger than the throughput of the Wi-Fi network
under the influence of the constructed virtual Wi-Fi network

w; with 5 stations offering the same traffic of the SBS (T'Pyy, ),
and it can be expressed by TP, > TP, (i € {1,2,3}).
In Fig. 7 d, the solid line represents TP}UI,, and the dotted

line with same marker represents TP, . The solid line shows
that with the increase of the COT of SBS, the throughput
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Fig. 7. The throughput of networks with the change of COT.

/

TPLL, decreases. The dotted line show the throughput TP,
also reduces with the increase of the COT of SBS since the
transmitted packet size of the constructed Wi-Fi network w;,

4 45 5 55 6
COT of the SBS network/ms

(¢) Wi-Fi network 3
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COT of the SBS network/ms

(d) Fairness satisfaction

TABLE III
TESTIFY THE USED WI-FI NETWORK CONSTRUCTION METHOD

: ) ; Throughput/Mbps 10 12 14 16 18
increases to satisfy the increased SBS throughput. However, Packet size/Bytes 256 322 395 475 564
! Throughput/Mbps ~ 10.648  12.933  14.218  15.551  16.998

the reduced value of T'P,’ is small comparing with the
reduced value of TPfui. Therefore, as the increase of the COT
of SBS, the fairness criterion will not be satisfied gradually.
As shown in Fig. 7 d, the fairness of Wi-Fi network 1 is not
satisfied when COT of SBS increases to 7ms. Although the
fairness is satisﬁpd for Wi-Fi network 2 and 3, the gap between
TP, and TP, continuously decreases with the increase of
COT of SBS. In conclusion, the COT of LTE will influence
the throughput and the fairness of networks.

B. The Coexistence Network Throughput Calculation Method

2
8
2
ot

&
=

=

=

=

—4&— The proposed method
—w— NS-3 simulation

s

the saturation condition. Other simulation parameters are set
based on TABLE II.

We first compare the Wi-Fi and SBS throughput of our
proposed method with simulation results with the change of
the Wi-Fi packet size. The COT of SBS is set to 5Sms. In
the proposed method, all parameters are set based on NS3
simulation parameters. As illustrated in Fig. 8 a and b, the
calculated throughputs of the Wi-Fi network and SBS network
throughput are similar to the NS3 simulation results.

Then, we compare the Wi-Fi and SBS throughput of the
proposed method with simulation results with the change of
the COT of SBS. The transmission packet size of the Wi-Fi
network is set to 1500 bytes. As illustrated in Fig. 8 ¢ and d,
the calculated throughput of the Wi-Fi and SBS network are
similar to the NS3 simulation results. Therefore, our proposed
coexistence network throughput calculation method is accurate
enough to calculate the throughput of the coexistence network.

Throughput of Wi-Fi Network/Mbps

Throughput of SBS network/Mbps
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5
500 1000 1500 2000
The Wi-Fi Packet Size/Bytes

(a) Throughput of Wi-Fi vs Wi-Fi packet size

2500

500

1000 1500 2000
The Wi-Fi Packet Size/Bytes
(b) Throughput of SBS vs Wi-Fi packet size

2500

S FE 8B & = _

5

8
3

2
S

3

=

¢

C. The Wi-Fi Network Construction Method

The Wi-Fi network construction method aims to get the size
of the delivery package of a Wi-Fi network to achieve the
specific throughput. It is based on our former paper [17]. To
testify the feasibility of the method in the paper, we compare

Throughput of Wi-Fi network/Mbps

—4&— The proposed method
—¥— NS-3si i

Throughput of SBS network/Mbps

—4— The proposed method
—¥— NS-3 simulati

the throughput of a Wi-Fi network in NS3, whose packet size

®

&

45 5 55 6 6.5 7
COT of the SBS network/ms

(¢) Throughput of Wi-Fi vs COT of the SBS

75

8

I
IS

45 5 55 6 6.5 7
COT of the SBS network/ms

(d) Throughput of SBS vs COT of the SBS

75

8

is got through our used method, with the specified throughput.
In the NS3 simulation environment, we set the Wi-Fi

Fig. 8. Comparing the proposed throughput calculation method with NS3
simulation.

To prove the validity of our proposed throughput calculation
method, we set up a single hop Wi-Fi network with one AP
and 5 Wi-Fi stations, co-existed with an SBS with one user
using NS3. Wi-Fi stations transmit uplink traffic to the AP
by the unlicensed channel 36 (5.180 GHz), and SBS uses
the same channel to download data to its user. The data
rate of the channel is 54Mbps. Every Wi-Fi station generates
a packet at an interval of 200 microseconds to make sure

0018-9545 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

network with one AP and five stations. Every Wi-Fi station
generates a packet with an interval of 200 microseconds, and
the data rate of the channel is 54Mbps. Other parameters are
same with TABLE II. The simulation results are illustrated in
TABLE III.

In TABLE III, the first line is the specific throughput. The
second line is the calculated delivery packet size by the used
Wi-Fi construction method to reach the throughput of the first
line, and the third line is the throughput of the Wi-Fi network
using the calculated packet size in NS3 simulation. The results
show the throughput of the Wi-Fi network in NS3 is similar
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TABLE IV
THE SBS USERS

The number of SBS users  The contained SBS users
u1
U, u2
U1, U2, U3
U, U2, U3, usg
UL, U2, U3, U4, U5

[ O S

to the specific throughput. It proves the specific throughput
can be achieved by our used Wi-Fi construction method.

D. The Performance of the Proposed Method

In this section, we compare the performance (throughput) of
LBE mechanism using our proposed COT adjustment method
with other two mechanisms: the LBE mechanism based on
continuous COT and the standard LBT mechanism in TS
36.213 [10] in two simulation scenarios. All parameters such
as CWY.  CW2 . are the same in these three channel access
mechanisms except for the COT. The first scenario is changing
the number of SBS users, and the second scenario is changing
the number of Wi-Fi networks.

LBE with Continuous COT (CCOT): The SBS network
accesses the channel using LBE, and continuously occupies
unlicensed channels to only satisfy its needed COT without
considering the fairness. However, the COT of SBS should
not exceed the allowed maximum COT. The method serves as
the lower bound. In 3GPP Release 13 [8], when the counter
reaches zero, the transmitter can occupy the channel for a
maximum amount of time of ¢(13/23)ms, where ¢ is defined
by the manufacturer in the range of [4, 32]. Therefore, in the
paper, we set the maximum COT is 13ms.

The standard LBT: the COT of the mechanism is based
on the priority class of the transmitted data, for example, the
data transmission time is 2ms when the priority class number
of the data equals to 1; and the transmission time is 8/10ms
for the data with priority class 4. In our simulation, we set the
priority number of transmitted data is 4, and the corresponding
transmission time of the data is 10ms.

The first simulation environment: It has one SBS, and
three Wi-Fi networks. As the number of Wi-Fi networks
is small, the Wi-Fi networks can use different unlicensed
channels. Wi-Fi network 1, 2, 3 occupied unlicensed channels
are channel 1, 2, 3, respectively. The SBS accesses these three
channels. The data rates of Wi-Fi networks are 54Mbps, and
other parameters of the Wi-Fi networks are same with TABLE
I. We evaluate the performance of methods with the change
of the number of SBS users. The contained SBS users and
related parameters are illustrated in TABLE IV and V.

First, since our proposed method aims to maximize the
throughput of the SBS network with the constraint of fairness
criterion, and COT of the SBS of accessing the unlicensed
channel is fixed in the standard LBT method (10ms), these
two methods don’t consider the number of SBS users in
the process of accessing the unlicensed channel. Hence, the
throughput of SBS, Wi-Fi networks, the total throughput of
SBS and Wi-Fi networks, and the reduced throughput of Wi-

TABLE V
THE PARAMETERS OF SBS USERS

The SBS user  The demands of COT/ms  The data rate/Mbps

ul 2.5000 54
u2 2.0000 54
u3 4.4000 54
U4 1.5000 54
us 5.0000 54

Fi networks will not be changed with the increase of SBS
users in these two methods as illustrated in Fig. 9.

2
g

a
2

8
*
<>
2
2

3

s
>
>
>

14
w
g

—4— LBE with porposed method
—@— LBE with CCOT
—— Standard LBT
2 3 4 5
The number of SBS users

—4&— LBE with proposed method
—&— LBE with CCOT
—w— Standard LBT

B

The total throughput of SBS/Mbps
8

Throughput of Wi-Fi networks/Mbps
2
4
4
4

2 3 4
The number of SBS users

(a) The throughput of SBS network (b) The throughput of all Wi-Fi networks

2
2

v
2

*
<
*

w B
g 3

0
o S

—4— LBE with proposed method
—&— LBE with CCOT
—w— Standard LBT

—4&— LBE with proposed method
—@— LBE with CCOT
—w— Standard LBT

>

Total throughput of SBS+Wi-Fi/Mbps
e

%
g
"Reduced throughput of Wi-Fis/Mbps

2 3 4 5
The number of SBS users

2 3 4
The number of SBS users

(c) The total throughput of SBS and Wi-Fi networks (d) The reduced throughput of Wi-Fi networks

Fig. 9. The throughput of networks in the first simulation environment.

In comparison to the standard LBT method, the throughput
of SBS using LBE with our proposed method is smaller shown
in Fig. 9 a, since our proposed method considers the fairness
in the process of adjusting the COT of SBS. It directly leads
to larger throughput of all Wi-Fi networks shown in Fig. 9 b
and smaller reduced throughput of all Wi-Fi networks of than
the standard LBT method shown in Fig. 9 d. What’s more, the
influence of varied COT of SBS on the throughput of SBS is
larger than its influence on the throughput of Wi-Fi networks.
Hence, the total throughput of SBS and Wi-Fi networks of
our proposed method is smaller than the standard LBT shown
in Fig. 9 c.

The COT of our proposed method is the maximized
value satisfying the fairness constraint. The values are
10ms, 5ms,6ms on channels 3, 2, 1 respectively. For the
standard LBT method, since its COT is set to 10ms, the
fairness is only satisfied on channel 3, and the throughput
of Wi-Fi 3 is the same with our proposed method illustrated
in Fig. 10 a. The solid line represents the throughput of Wi-Fi
network w3 under the influence of SBS (TP}U ,)> and the dotted
line with the same marker represents the throughput of Wi-Fi
network ws under the influence of wé o/ffering the same traffic

of SBS accessing the channel 3 (T'P,,?). In Wi-Fi network 2
and 1, since the COT of SBS in the standard LBT method
is larger than our proposed method, the fairness criterion is
not satisfied and the throughputs of the Wi-Fi networks are
smaller than our proposed method shown in Fig. 10 b, c.
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Fig. 10. The fairness of Wi-Fi networks in the first simulation environment.

TABLE VI
THE CONTAINED WI-FI NETWORKS

The number of Wi-Fi networks The contained Wi-Fi networks

‘Wi-Fi network 1, 2, 3
Wi-Fi network 1, 2, 3, 4
‘Wi-Fi network 1, 2, 3.4,5

Wi-Fi network 1, 2, 3,4, 5,6
Wi-Fi network 1, 2, 3,

~N O R W

Second, since the LBE with CCOT method aims to satisfy
COT demands of SBS users, the throughput of SBS and
the total throughput of SBS and Wi-Fi are smaller than
the LBE with our proposed method and the standard LBT
method, and the throughput of the network will be changed
with the increase of SBS users. According to the access
mechanism the SBS first chooses to occupy the channel of Wi-
Fi network whose throughput is minimum. In this scenario,
it first occupies channel 3. If the allowed maximum COT of
channel 3 still can not satisfy the SBS users demands, then the
SBS occupies channel 2, at last occupies channel 1. When the
number of SBS users is smaller than 5, COT demands can be
satisfied by occupying channel 3. Therefore, the throughputs
of Wi-Fi network 2 and 1 do not change with the increase of
SBS users shown in Fig. 10 b, c. The SBS needed COT is
8ms to satisfy the COT demands of 4 users, it is smaller than
fairness constraint 10ms on channel 3. When the number of
SBS user is up to 5, its data rate demands can be satisfied by
occupying channels 3 and 2. The assigned COTs are 13ms
on channel 3 and 3ms on channel 2. Therefore, for the LBE
with CCOT method, the fairness cannot be satisfied on Wi-Fi
network 3 shown in Fig. 10 a and can be satisfied on Wi-Fi
network 2 and 1 shown in Fig. 10 b, c.

The second simulation environment: it has one SBS and
five SBS users. The SBS users’ COT demands and their
maximum data rates on unlicensed channels are same with
TABLE V. We evaluate the performance of methods with the
change of the number of Wi-Fi networks. The contained Wi-Fi
networks are illustrated in TABLE VI, and the corresponding
parameters of the Wi-Fi networks are separately listed in
TABLE VII. Wi-Fi network 1, 2, 3, 4, 5, 6, 7 occupied
unlicensed channels are channel 1, 2, 3, 4, 5, 6, 7 respectively.

For the CCOT method, since it aims to satisfy SBS users’
data rate demands and they are satisfied when the number of

The number of SBS users
(b) The fairness of Wi-Fi network 2

Throughput of Wi-Fi network1/Mbps
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TABLE VII
THE PARAMETERS OF WI-FI NETWORKS

The number  Data packet size ~ Throughput

of stations /Bytes /Mbps
Wi-Fi network 1 5 1500 30.853
Wi-Fi network 2 10 1200 27.699
Wi-Fi network 3 15 1000 25.016
Wi-Fi network 4 20 800 21.873
Wi-Fi network 5 25 500 15.976
Wi-Fi network 6 30 500 15.848
Wi-Fi network 7 35 200 7.6240
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Fig. 11. The throughput of networks in the second simulation environment.

Wi-Fi networks is 2, the throughput of SBS and the reduced
throughput of Wi-Fi networks will not change with the number
of Wi-Fi networks shown in Fig. 11 a, d. However, the
throughput of all Wi-Fi networks and the total throughput of
SBS and Wi-Fi networks will increase with the increase in the
number of Wi-Fi networks. What’s more, since the throughput
of SBS of the continuous COT method is minimized, its
throughput of Wi-Fi networks is the largest shown in Fig.
9b.

The COT values of our proposed method on channels 1-7
are 5ms, 6ms, 10ms, 13ms, 13ms, 13ms, 13ms respectively.
These values are the maximum values of satisfying the fairness
criterion. Comparing with the standard LBT method, which
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sets COT of all channels to 10ms, the throughput of the SBS
of our proposed method is smaller than it and the throughput
of all Wi-Fi networks of our proposed methods is larger than
it when the number of Wi-Fi networks is 3, but the gap
gradually decreases with the increase of the number of Wi-
Fi networks illustrated in Fig. 11 a and b. In a channel, the
increase of COT of the SBS will increase the throughput
of the SBS, at the same time the throughput of the Wi-Fi
network using the channel to transmit data will be reduced.
However, the increased throughput of SBS is larger than the
reduced throughput of Wi-Fi networks. Therefore, in Fig. 11
c, at first the total throughput of the standard LBT method is
larger than our proposed method, but the throughput of our
proposed method is gradually larger than the standard LBT
method with the increase of the number of Wi-Fi networks.
The total throughput of these two methods is larger than the
CCOT method.

We use Wi-Fi network 2 to evaluate the influence of the
number of Wi-Fi networks on the fairness illustrated in Fig.
12. For our proposed method, the COT of channel 2 is 6ms. It
is the maximum value of satisfying the fairness criterion and
will not change with the number of Wi-Fi networks. In the
standard LBT method the COT is fixed to 10ms, therefore, the
fairness is not satisfied in channel 2 and at the same time it will
not change with the number of Wi-Fi networks. For the CCOT
method, it occupies channel 2 2ms to satisfy the SBS users’
COT demands, hence, the fairness is satisfied. What’s more,
since SBS users’ demands do not change, the throughput
of Wi-Fi network 2 will not be influenced with the change
of the number of Wi-Fi networks in these mechanisms. In
conclusion, the LBE mechanism using our proposed method
optimizes the throughput of SBS while ensuring the fairness.
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Fig. 12. The fairness evaluation of Wi-Fi network 2 in the second simulation
environment.

VI. RELATED WORK

Nowadays there are lots of work studying the LBE an-
alytical framework for the coexistence of Wi-Fi and LTE
networks. [19] characterizes when the 3GPP notion of fairness
in the coexistence is achievable. [22] explores the impact of
energy detection threshold on Wi-Fi and LTE coexistence.
[23] establishes different Markov chain models for Cat. 4
LBT scheme, Cat. 3 LBT scheme classified by 3GPP [8],
Wi-Fi DCF, and evaluates the performance of LTE, Wi-Fi in
terms of throughput and transmission delay. All these works

aim to analyze the performance of the coexistence network
without considering performance optimization. To improve
the performance of the coexistence LTE and Wi-Fi networks,
most existing papers propose to adjust access parameters (the
contention window size of the back-off procedure, energy
detection threshold of the CCA check) of LBE.

Adjusting the contention window: [24] proposes a mathe-
matical framework to find the optimal size of cellular base sta-
tions, which maximizes the total throughput of both networks
while satisfying the required throughput of each network. In
[25] LTE adjusts the CW size to an appropriate value using
sensing, calculating and comparing the slot utilization in a
period of time to gain higher throughput. [26] proposes a
Fair Downlink Traffic Management (FDTM) scheme to tune
the minimum CW value of LTE which is fixed in the back-
off procedure of the Cat. 3 LBT scheme and assign feasible
weights for LTE with different traffic loads to ensure the
throughput fairness for Wi-Fi networks. In [27], the SBS
adaptively adjusts the back-off window size according to the
available licensed spectrum bandwidth and the Wi-Fi traffic
load to satisfy the quality-of-service requirements of small cell
users and minimize the collision probability of Wi-Fi users.

Optimizing the energy detection threshold: [28] applies
the optimal stopping theory that LBE should stop listening and
transmitting once the channel quality exceeds an optimized
energy detection threshold to study the throughput optimal
transmission strategy. [29] enhances the overall system capac-
ity and satisfies the 3GPP fairness criterion from the aspect
of spectrum reuse. It combines the advantages of transmission
start time alignment and energy detection threshold adaption
into a unified access framework, in which the alignment
reference interval is adaptively adjusted to control the channel-
access probability for LAA and Wi-Fi systems.

The aforementioned papers ignore the influence of the
parameter COT in LBT on the throughput of network. [11]
points out that the conventional LBT mechanism fixing the
Channel Occupation Time is inefficient under the varying
traffic load in Wi-Fi and LTE systems. It proposes an adaptive
LBE-LBT mechanism composed of on-off adaptation for the
COT of LTE and short-long adaptation for idle time. [30]
proposes a hybrid MAC protocol that combines the best
features of LBE MAC and FBE MAC. By jointly optimizing
the sleep period and the CW size of LTE, the best co-existing
performance regarding the total network throughput and the
throughput fairness of LTE and Wi-Fi can be achieved, with
minimal reservation overhead. Besides fairness, [31] proposes
a model for the distribution of the MAC delays experienced
by the Wi-Fi packets and LTE frames, which can be used to
dynamically adjust the LBE parameters including the duration
of LTE frames, the average initial LTE contention window not
only to achieve channel-time fairness but also to guarantee
MAC-delay bounds with a specific probability. However, since
there is not a fairness standard reached a consensus, these
papers use different standards to evaluate fairness. None of
them considers the fairness criterion used in our paper. The
fairness is the LTE network does not impact the performance
of the Wi-Fi network on a carrier more than an additional
Wi-Fi network operating on the same carrier and offering the
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same level of traffic load of the LTE network.

VII. CONCLUSION

In this paper, we proposed a channel occupation time
adjustment method for the LBE mechanism to maximize the
throughput of LTE while ensuring the fairness coexistence and
satisfying the LTE users’ data rate demands. In the process
of calculating the throughput of LTE and Wi-Fi networks
on a coexistence unlicensed channel, we propose a new
method considering the synchronization of SBS on licensed
and unlicensed spectrum. In addition, to satisfy fairness, we
propose a virtual Wi-Fi network construction method to deal
with the situation that the Wi-Fi network offering the same
level of traffic load of the LTE network does not exist
on the carrier. The NS3 simulation results first prove our
proposed throughput calculation method for the LTE and Wi-
Fi coexistence network is valid, and then, it demonstrates that
the proposed method optimizes the throughput of the SBS
network and ensures fairness. In the future, we will study
how to adjust the size of contention window or jointly adjust
the size of contention window and COT to maximize the
throughput of LTE network while satisfying the used fairness
criterion.
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