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Abstract—LTE over unlicensed band (LTE-U) has emerged as an
effective technique to overcome the challenge of spectrum scarcity.
Using LTE-U along with advanced techniques such as carrier ag-
gregation, one can boost the performance of existing cellular net-
works. However, if not properly managed, the use of LTE-U can
potentially degrade the performance of co-existing Wi-Fi access
points, which operate over the unlicensed frequency bands. More-
over, most of the existing works consider single operator in their
proposals. In this paper, an effective coexistence mechanism be-
tween LTE-U and Wi-Fi systems is studied. The goal is to enable
the cellular network to use LTE-U with CA to meet the quality-of-
service (QoS) needs of its users while protecting Wi-Fi access points
(WAPs) for a network with multiple operators. In particular, the
problem of LTE-U sum-rate maximization is addressed under user
QoS and WAP-LTE-U coexistence constraints. To solve this prob-
lem, a cooperative Nash bargaining game (NBG) and a one-sided
matching game are proposed. Here, the NBG solves the coexistence
issue between LTE-U and Wi-Fi system, while the matching game
solves the resources allocation problem in the LTE-U system. These
two games repeat until convergence. Simulation results show the
quality of the proposed approach over other comparing methods in
terms of the per-user achieved rate, percentage of unsatisfied users,
and fairness. The result also shows that the proposed approach can
better protect the performance of Wi-Fi users, compared to the
conventional listen-before-talk scheme.
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I. INTRODUCTION

R ECENT studies by Cisco [1] have shown that the mobile
wireless traffic will continuously increase over in foresee-

able future, with mobile video traffic constituting the main chunk
of this traffic. As such, cellular network operators (CNOs) and
service providers (SPs) must revisit the design of their network,
in order to meet the quality-of-service (QoS) requirements of
their users. However, despite various advances in cellular in-
dustries, the scarcity of the licensed spectrum will remain a key
limitation for the cellular networks. Consequently, mobile data
offloading from cellular to Wi-Fi has gained recent attention
[1]. In fact, some CNOs have already deployed Wi-Fi access
points (WAPs) to offload part of their cellular traffic and, in
2016, more than 60% of cellular network traffic was offloaded
to the Wi-Fi [1]. But the performance of Wi-Fi technology is not
good with huge number of users and it may lead revenue loss for
CNOs. Thus, CNOs can overcome the deficiencies of offload-
ing process by implementing LTE-A into unlicensed spectra,
known as LTE-U. LTE-U improves the RAN capacity of the
CNOs at minimal cost. However, the communication range of
the unlicensed spectrum is short compared with the licensed one
due to the low power regulation and higher frequency. There-
fore, small-cell base stations (SBSs) are an appropriate option
for LTE-U deployment and CNOs can transform their already
deployed SBSs into co-located ones for this purpose; this can
be technically assured through carrier aggregation (CA) tech-
nology [2]–[4]. LTE-LAA (licensed-assisted-access) is already
introduced as part of LTE Release 13 to allow consumers to
accommodate licensed and unlicensed carriers under a single
LTE network infrastructure [5], [6]. Moreover, inter- and intra-
band CA [7], LAA to the ISM band, TV white space and other
underutilized resources are required for a full 5G network.

One of the main limitations of LTE-U is that it can cause
considerable performance degradation to other existing tech-
nologies like Wi-Fi, Bluetooth, ZigBee, etc. Thus, LTE-U SBSs
should not cause more interference to a WAP than any other
WAP operate over the same unlicensed band. Meanwhile, LTE-
U users are also affected by WAPs and other CNOs because of
their ad-hoc deployment and utilization of the same unlicensed
spectrum. Thus, SBSs for different CNOs and WAPs diminish
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each others’ benefits, including individual benefits, in the unli-
censed spectrum. Hence, coexistence is the main challenge for
LTE-U systems in unlicensed bands.

There are numerous studies [13]–[32] that deal with the coex-
istence issue between LTE-U and Wi-Fi systems. But very few
of them consider effect of multiple CNOs in their coexistence
process. Moreover, very few of these studies guaranteed con-
crete closed-forms for Wi-Fi system protection. Thus, to take
advantage of unlicensed spectra in a dense deployment scenario,
SBSs need cooperation to find orthogonal resources. For fair
coexistence between LTE-U and Wi-Fi systems, a good mecha-
nism for sharing time resources among the contenders is needed,
where a Nash bargaining game (NBG) [40] is one of the best
candidates, which can provide a unique solution. Meanwhile,
SBSs have a preference among LTE-U users for allocating the
available unlicensed resources in order to maximize utility, and
we use a one-sided matching called the house-allocation model
[37], [38] for this purpose. We propose a coexistence mech-
anism that can deal with multiple CNOs while demonstrating
fairness to the Wi-Fi users in the same unlicensed bands. More
specifically, the main contributions of this paper are as follows:

� We formulate of an optimization problem to maximize
the sum-rate of LTE-U users considering the QoS require-
ments of the users and coexistence issues with Wi-Fi users.

� We decompose of the problem into two sub-problems: time
sharing, and resource allocation. The time sharing prob-
lem is solved using a cooperative NBG and the resource
allocation problem for each SBS is solved by utilizing a
one-sided matching game.

� We find a closed-form solution for time sharing between
the LTE-U and Wi-Fi systems, and an algorithm for
resource allocation using one-sided matching.

� We justify the quality of the proposed approach with
extensive simulations.

The rest of the paper is organized as follows. We provide a
literature review in Section II. In Section III, we discuss the
system model and problem formulation. The solution to this
problem is discussed in Section IV. Performance evaluating
criteria and simulation results are discussed in Section V. Finally
the paper is concluded in Section VI.

II. LITERATURE REVIEW

To tackle the spectrum scarcity issue, there is a growing con-
sensus among academia and industries of utilizing unlicensed
spectrum in LTE network. There are noteworthy studies [9]–[11]
that assess the performance of LTE-U in the presence of WAPs.
In [9], the authors presented analytical results of LTE-U and
WLAN by applying a simple fractional unlicensed bandwidth
sharing technique. The authors in [10] noticed that WiFi users’
performance is degraded by about 70% to 100% depending on
if it is sparse or dense deployment in the LTE-U system without
inter-system coordination. A similar finding is also presented
in [11]. There are some potential proposals to mitigate the in-
terference between LTE-U and WiFi networks from industrial
fields. Qualcomm proposed dynamic channel selection (DCS),
carrier-sensing adaptive transmission (CSAT), and opportunis-

TABLE I
SUMMARY OF THE RELATED WORKS

tic SDL (OSDL) for the fair coexistence between LTE-U and
Wi-Fi systems in [12].

For sharing the unlicensed spectrum between the LTE
network and WiFi systems, a time-domain resource splitting
approach is used in [13]. The authors formulated a resource
allocation problem of an LTE system by decoupling the uplink-
downlink and also licensed-unlicensed band with the help of
echo state network. The authors in both [14] and [15] intro-
duced efficient coexistence strategies for inter-operator inter-
ference management based on a collaborative Nash bargaining
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game (NBG). To this end, the work in [14] used a bankruptcy
game for user level resource allocation, whereas a heuristic al-
gorithm is adopted in [15] for the same purpose. In both cases,
the proposed approaches are shown to outperform LBT, in terms
of maintaining a desirable throughput for WiFi. The authors of
[16] proposed a spectrum sharing scheme between LTE-U and
WiFi networks based on cognitive coexistence.

An listen-before-talk (LBT) based mechanism with a dis-
tributed coordination function (DCF) protocol and adaptive
backoff window size has been proposed for the fair coexis-
tence between the LTE-U system and WAPs in [17]. Authors
in [18] also use LBT mechanism in a multi-operators scenario.
They introduce deep reinforcement learning framework in their
model. In [19], the authors addressed the problem of coexistence
between LTE-U and Wi-Fi by employing Q-learning for opti-
mized duty cycle. However, the results in [19] show that the WiFi
throughput will be significantly degraded compared to LBT and
CSAT. The authors in [21] introduced proactive resource allo-
cation for LTE-U using a novel deep reinforcement learning
algorithm that uses long short term memory (RL-LSTM). The
proposed solution in [21] jointly decides channel selection, CA,
and fractional spectrum access for each SBS, while assuring
long-term airtime fairness for WLAN.

Beyond the aforementioned methods, there has been some
recent works for optimizing the coexistence between LTE-U
and Wi-Fi systems using matching theory. The authors in [22]
study CA for the licensed and unlicensed spectra by deploying a
dual-mode LTE MBS by modeling the problem via a matching
game, namely student-project allocation. The authors modeled
the interaction between LTE and Wi-Fi users as a stable marriage
(SM) game in [23].

A bargaining game framework is used to solve the interactions
between LTE-U and Wi-Fi networks in the works [24], [25].
The authors in [24] created a win-win situation for both LTE-U
and WiFi networks by transferring some of the Wi-Fi users to
the LTE-U system with the help of Nash bargaining solution
(NBS). In [25], the authors introduced a hyper access point
(HAP), which provides a contention-free period to LTE-U users
and a contention period for Wi-Fi users to promote coexistence.

In [26], the authors developed a multi-operator multi-user
Stackelberg game for investigating the interplay between CNOs
and UEs in the unlicensed spectrum. For protecting WAPs, each
CNO sets an interference penalty price for each UE in this game.
To mitigate the interference between LTE-LAA and Wi-Fi, the
authors in [27] proposed a coalition game-based approach by
offloading part of the data traffic from LTE-LAA to a nearby
WAP with the help of almost-blank-subframe (ABS). The au-
thors in [28] proposed a coexistence mechanism between LTE-U
and Wi-Fi by formulating it as an AP selection problem using a
centralized coalition formation game. The proposed approach in
[28] gives high priority to the SBS for accessing the unlicensed
channel while WAPs can only access the channel when it is free.
However, this work did not analyze fairness measures related to
LTE-U-WiFi coexistence.

The works in [29], [30] studied cooperative coexistence be-
tween LTE-U and Wi-Fi systems in a fully centralized manner.
The authors implode the management tasks of both LTE-U and

Wi-Fi networks with the help of network function virtualization
(NFV) in [29]. To ameliorate spectrum utilization and expe-
dite coexistence among different networks, the authors used
the software-defined networking (SDN) architecture to support
logical control over the system in [30].

A general framework for fair coexistence between LTE and
WiFi systems is proposed in [31] by leveraging multi-antenna
transmit beamforming technique for spatial reuse. The model of
[31] allocates optimal power to balance the throughput of the
two systems. However, the solution proposed in [31] requires
gathering the CSI of all WiFi users which is practically chal-
lenging. The work in [32] proposed a joint channel selection
and frame scheduling optimization framework for LTE systems
while considering fairness with WLAN. However, the proposed
approach in [32] presents no solution for sharing time between
the two systems in the unlicensed spectrum. Though the coex-
istence of LTE-A and narrowband Internet of Things (NB-IoT)
[34] is important for 5G, the work in [34] does not address the
problem of LTE-U and WiFi coexistence.

Hence, most of the works [13], [17], [22]–[25], [27]–[29],
[31], [32] in the literature do not consider the mutual interfer-
ence between operators, for effective cellular-WiFi coexistence
in the unlicensed band. Meanwhile, the handful of works [16],
[18], [19], [26], [30] that consider this inter-operator interfer-
ence have their own limitations. For instance, the work in [16]
does not provide any solution for time-sharing among multiple
SBSs, whereas the works in [18] and [19] exhibit a low per-
formance in dense deployment scenarios due to their reliance
on LBT. Moreover, the solution proposed in [26] and [30] re-
quire a centralized controller that collects information on every
WiFi and LTE user in the network which yields a large overhead.
Meanwhile, existing works that study time-sharing mechanisms
for LTE-U, such as in [13], [16], and [32] do not provide any
optimal solution for coexistence. Hence, there is a need for a
new approach to ensure a fair coexistence between LTE-U and
WiFi systems considering multiple SBSs belonging to different
operators, while requiring minimum information exchange. As
such, in this work, all these challenges are addressed. If LTE-U
and Wi-Fi use a different unlicensed channel, then there is no ob-
stacle. But given that the number of non-overlapping unlicensed
channels are limited, there must be a situation when LTE-U and
Wi-Fi need to use the same unlicensed channel, which leads the
coexistence problem interesting and challenging.

III. SYSTEM MODEL AND PROBLEM FORMULATION

Consider a cellular network having a set S of S dual-mode
(which can act both in the licensed and unlicensed spectrum)
LTE-A SBSs operated by different operators and a setW of W
non-overlapping WAPs as shown in Fig. 1. Each SBS i ∈ S can
serve, in the downlink, an user set Ui , using a set of orthogonal
licensed subchannels Cil of uniform bandwidth Bl . WAP w ∈
W has a set Vw of Vw active users. Both SBSs and WAPs
operate in the same unlicensed band. Thus, an LTE-U user can be
affected byS − 1 SBSs and one WAP asW are non-overlapping,
whereas a Wi-Fi user will experience interference by S SBSs.
Each SBS divides one traditional WiFi band of 20 MHz into a set
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Fig. 1. Illustration of the system model.

of finite subchannels Cu (e.g., containing 100 subchannels) with
uniform bandwidthBu , e.g., 180 kHz, for efficient management
of resource. For reliable transmission of control signals from
the SBS to the user, each SBS allocates at least one licensed
subchannel to its active users. Actually, LTE-U can be deployed
using either a supplemental downlink (SDL) mode or using
time-division duplexing (TDD) mode. The unlicensed spectrum
is used only for the downlink in SDL, whereas in TDD, the
unlicensed spectrum can be used for both uplink and downlink.
Here, we consider LTE-U as SDL which was supported by
3GPP Release 13 as LAA [5], [6]. 3GPP has already introduced
an uplink access scheme for LTE-U, namely enhanced LAA
(eLAA) in its Release 14 [8] and hence, carrier aggregation
for both uplink and downlink is made possible by using either
licensed TDD or licensed frequency division duplexing (FDD).
To this end, the proposed approach can be extended to handle the
uplink, by adopting a TDD operation mode instead of SDL. All
the SBSs work in the SDL mode using CA. The main parameters
used in this work is represented in Table II.

A. Data Rate of LTE-U User

In our model, each SBS uses an orthogonal frequency divi-
sion multiple access (OFDMA) technique to allocate resources
among its users, there is no intra-operator interference in the
licensed spectrum. When SBS i ∈ S allocates the licensed sub-
channel k ∈ Cil to the user j ∈ Ui , the achieved rate of that user
is as follows:

Rl,k
i,j = Bl log2

(
1 +

xki,jP
l
i |hi,j |2
σ2

)
, (1)

where xki,j indicates the allocation of the licensed subchannel
k ∈ Cil by SBS i ∈ S to user j ∈ Ui with xki,j = 1 when SBS
i ∈ S allocates the subchannel to user and xki,j = 0, otherwise.
P l
i is the transmission power of SBS i for each user, and we con-

sider equal transmit power for simplicity. |hi,j |2 is the channel

TABLE II
SUMMARY OF NOTATIONS

gain from SBS i to user j considering a free space propagation
path-loss model with Rayleigh fading and |hi,j |2 = Gd−αi,j |h0|2,
where G indicates constant power gain factor introduced by the
amplifier and antenna, di,j is the distance between i and j, α is
the path-loss exponent and h0 ∼ CN (0, 1) represents Rayleigh
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fading. The thermal noise has an independent Gaussian distri-
bution with zero mean and variance σ2.

An LTE-A system can employ CA to provide a better rate to
its users for maintaining the QoS if SBS has sufficient unused
licensed subchannels. When SBS i ∈ S allocates more than one
subchannel to user j ∈ Ui , then the achieved rate of that user
over the licensed subchannels will be:

Rl
i,j (xi) =

∑
k∈Cil

xki,jR
l,k
i,j . (2)

IfRl
i,j (xi) is sufficiently large to meet the QoS of user j, then

the network will not need to use the unlicensed spectrum for that
user. However, whenever the rate over the licensed spectrum
band is not able to provide the needed QoS, the associated SBS
will have to allocate unlicensed subchannel(s) to those users.
In that case, the rate obtained by LTE-U user j ∈ Ui over the
unlicensed subchannel k′ ∈ Cu is as follows:

Ru,k
′

i,j = Bu log2

(
1 +

yk
′

i,jP
u
i |hi,j |2

IS\i + σ2

)
, (3)

where yk
′

i,j = 1 when SBS i ∈ S allocates the unlicensed sub-
channel to the specified user j and yk

′
i,j = 0, otherwise. Pu

i

is the transmission power for a cellular user of SBS i in
an unlicensed spectrum. |hi,j |2 is the channel gain between
SBS i and user j in the unlicensed subchannel, and IS\i =∑

s∈S,s �=i
∑

n∈Us y
k
′

s,nP
u
s |hs,j |2 is the interference perceived by

LTE-U user j ∈ Ui from other SBSs in the same unlicensed
subchannel k

′ ∈ Cu . We ignore the interference produced from
WAP because of its’ negligible impact on LTE-U user [10].

However, due to the un-coordinated SBSs deployment of dif-

ferent operators, IS\i >> Pu
i |hi,j |2, and so Ru,k

′

i,j will be neg-
ligible. Thus, to take advantage of this unlicensed band, SBSs
can use a proportional fairness [35] scheme to divide the unli-
censed resources in an orthogonal fashion among themselves.
For this, each SBS i ∈ S sends its additional QoS requirement
(AQRi =

∑
j∈Ui max(Qi,j −Rl

i,j , 0)) to an operator known
as an arbitrator. Following the fairness strategy, the arbitrator
distributes the unlicensed resources among SBSs with the help
of Algorithm 1. Assume the unlicensed subchannels are dis-
tributed among the SBSs as Cu = C1

u ∪ C2
u ∪ . . . ∪ CSu , where

Ciu ∩ Ci ′u = ∅, ∀i, i′ ∈ S. In this way SBSs can avoid the inter-
SBSs’ interference IS\i . Thus from (3), the data rate obtained
by LTE-U user j ∈ Ui in the unlicensed subchannel k

′ ∈ Ciu is
as follows:

Ru,k
′

i,j = Bu log2

(
1 +

yk
′

i,jP
u
i |hi,j |2
σ2

)
. (4)

Similarly, if SBS i ∈ S allocates multiple unlicensed subchan-
nels to user j ∈ Ui , then the achieved rate of that user in this
spectrum is as follows:

Ru
i,j (yi) =

∑
k ′ ∈Ciu

yk
′

i,jR
u,k

′

i,j . (5)

Algorithm 1: Division of Unlicensed Resources among
SBSs.

1: Input: S, Cu , AQR
2: Output: Ciu ,∀i ∈ S
3: Initialization: Ciu = ∅, ∀i ∈ S
4: for each i ∈ S do
5: K = AQRi∑

i
′ ∈S AQRi

′ · |Cu |
6: for s = 1 to K do
7: Ciu = Ciu ∪ {s}
8: end for
9: end for

10: Arbitrator sends Ciu to each i ∈ S

Accordingly, the total achievable rate of user j ∈ Ui in both the
licensed and unlicensed spectrum is as follows:

Ri,j (xi ,yi) = Rl
i,j (xi) +Ru

i,j (yi). (6)

Here, we are considering a set of QoS unsatisfied users
U′i ⊆ Ui who need assistance from the unlicensed spectrum.
Each user j ∈ U′i possesses at least one licensed subchannel for
uninterrupted exchange of control information.

B. Data Rate of Wi-Fi Users

When the unlicensed channel is fully utilized by a WAP, then
it can provide the maximum rate to its users. In this case, average
throughput of each user v ∈ Vw associated with WAP w ∈ W
can be represented as follows:

Rmax
w,v =

Rw

Vw
, (7)

where Rw is the overall downlink throughput of the w ∈ W .
Now, when all SBSs use the same unlicensed band as the WAPs,
the performance of WAPs will be affected. If we consider that
each SBS in the conflicting region acts just like a WAP, then the
normalized throughput for each WAP w ∈ W according to [36]
is as follows:

Rmin
w =

PtrPsE[P ](S + 1)−1

(1− Ptr )Tσ + PtrPsTs + Ptr (1− Ps)Tc . (8)

where Ptr = 1− (1− τ)S+1 is the transmission probability of
at least one SBS or WAP in a time slot with τ denoting the
stationary transmission probability of AP. Ps is the successful

transmission on the channel with Ps = (S+1)τ (1−τ )S

Pt r
and E[P ]

represents the average packet size. Tσ is the duration of an
empty slot time, Ts presents the time duration of a successful
transmission, and Tc illustrates the average time of a collision.
The average downlink rate achieved by each user v ∈ Vw of
WAP w ∈ W is represented as follows:

Rmin
w,v =

Rmin
w

Vw
. (9)

When SBSs use the same unlicensed band, they have to pro-
vide channel access opportunity to WAPs for the sake of fair
coexistence. By that way, WAPs can provide an good through-
put [Rmin

w,v , R
max
w,v ] to its users.
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C. Problem Formulation

We observe that Rmax
w,v is achievable when only WAPs access

the unlicensed channel. But if WAPs and SBSs are deployed
in the same conflicting area and use the same unlicensed band,
then Wi-Fi users will get almost no access in the channel and
have significantly low data rate. Thus, for the fair coexistence
of Wi-Fi and LTE-U systems, they need to share the time slots
such that WAPs can maintain minimum data rates for its users
and SBSs can at least improve some of the users’ QoS. As the
LTE-U system manages the physical resources in a centralized
manner rather than the DCF of WAPs, SBSs need to decide
appropriate portions of time to achieve minimum throughput
for each Wi-Fi user. When SBSs give up a fraction of time slot
τ ∈ [0, 1] of the unlicensed spectrum for WAPs, the achievable
rates of Wi-Fi and LTE-U users (consider xi is fixed for current
time slot) are shown, respectively, as follows:

Rw,v (τ) = Rmax
w,v · τ,∀v ∈ Vw . (10)

Ri,j (τ,xi ,yi) = Rl
i,j (xi) + (1− τ) ·Ru

i,j (yi). (11)

Thus, the sum-rate of SBS i ∈ S when it shares τ time slot with
WAPs is as follows:

Ri(τ,xi ,yi) =
∑
j∈Ui

Ri,j (τ,xi ,yi). (12)

Our problem is now confined by the unlicensed spectrum to
maximize the sum-rate of the SBS after sharing a τ -fraction
of time with the WAPs while maintaining QoS for most of
the users. For this, we need to develop an efficient spectrum
allocation scheme for each SBS i to maximize the utility
function Ui(τ,yi) =

∑
j∈U′i log((1− τ) ·Ru

i,j (yi)) in the un-
licensed spectrum.

max
τ ,yi

Ui(τ,yi),∀i ∈ S

s.t. C1 :
∑
j∈U′i

yk
′

i,j ≤ 1,∀k′ ∈ Ciu

C2 :
∑
j∈U′i

∑
k ′∈Ciu

yk
′

i,j ≤ |Ciu |

C3 : Ri,j (τ,xi ,yi) ≥ Qi,j ,∀j ∈ U′i
C4 : yk

′
i,j ∈ {0, 1},∀k′ ∈ Ciu ,∀j ∈ U

′
i

C5 : Rmin
w,v ≤ Rw,v (τ) ≤ Rmax

w,v ,∀v ∈ Vw
C6 : 0 ≤ τ ≤ 1. (13)

Here, the constraintC1 indicates that one unlicensed subchan-
nel can be utilized by at most one LTE-U user. The limitations
of total resources in this spectrum are represented by constraint
C2 for each SBS. The QoS requirement of LTE-U users are
mitigated by constraintC3. Every element of the allocation vec-
tor yi will be either 0 or 1 as shown by constraint C4. Wi-Fi
users are protected by constraints C5 and C6. The optimization
problem in (13) is a Mixed Integer Non-Linear Programming
(MINLP) problem, which is NP-hard due to its combinatorial
property.

Fig. 2. Solution approach to the problem (13).

IV. NASH BARGAINING AND MATCHING GAME

BASED SOLUTION APPROACH

Now we want to decompose the problem in (13) into two sub-
problems so that individual ones can be solved with appropriate
techniques. First, with fixed τ , unlicensed resources should be
allocated to the users so that the system throughput can be
maximized while satisfying some constraints as follows:

max
yi

Ui(τ,yi),∀i ∈ S

s.t. C1, C2, C3, and C4. (14)

Secondly, with fixed resource allocation (which we get from
(14)), the time sharing problem between SBSs and WAPs can
be represented as follows:

max
τ

Ui(τ,yi),∀i ∈ S

s.t. C5, and C6. (15)

Sub-problems (14) and (15) have the same goal with different
constraints and are connected through the parameters τ and yi .
The solution (yi) of (14) is used to solve (15), while the solution
(τ ) of (15) is used to solve (14) repeatedly until convergence.
This solution approach is shown in Fig. 2. Now, we solve the
problems (14) and (15) with the help of a one-sided matching
game and NBG, which gives an approximation and unique opti-
mal solution, respectively. The details of these two approaches
are in the following section.

A. Solution of Problem (14)

The problem shown in (14) is still NP-hard and cannot be
solved in real time. So, to solve this resource allocation prob-
lem for each SBS i ∈ S, we use the framework of the house
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allocation problem (HAP) [37], [38]. HAP provides a subopti-
mal solution with less complexity. The house allocation problem
is a one-sided matching represented by a tuple (A,H,P), where
A is the set of agents,H is comprised of a set of houses, and P
represents the preferences of agents over the houses. In our con-
text of SBS i ∈ S, unlicensed subchannels Ciu are the agents,
the LTE-U users in set U′i correspond to the houses, and Ciu
have preferences over U′i . The SBSs are assumed to have full
knowledge on their users. In this matching model, if SBS i ∈ S
allocates subchannel k ∈ Ciu to LTE-U user j ∈ U′i , then LTE-
U user j is said to be matched with subchannel k and form a
matching pair (j, k).

A matching is an assignment of subchannels in Ciu to LTE-U
users in U′i , which can be defined as follows:

Definition 1: A matching Ωi for each i ∈ S between Ciu and
U′i is a mapping from the set Ciu ∪ U′i to the set of all subsets of
Ciu ∪ U′i such that for every k ∈ Ciu and every j ∈ U′i : i) Ωi(k) ∈
U′i and Ωi(j) ∈ Ciu , ii) |Ωi(k)| ≤ 1, iii) |Ωi(j)| ≤ qj , where qj
is the minimum number of subchannels to meet the QoS of user
j, and (iv) k ∈ Ωi(j) if and only if j ∈ Ωi(k).

The value of qj is not predefined for each j ∈ U′i , rather SBS
determines it dynamically based on the QoS requirement of the
requested application by the user. Definition 1 states that an
unlicensed subchannel k can only be matched with one LTE-U
user from U′i while one LTE-U user j can be matched with mul-
tiple unlicensed subchannels of Ciu . For allocating unlicensed
subchannels Ciu to the users U′i , each subchannel requires spec-
ifying its preferences over the users depending on its utility
function. The utility of subchannel k while it is utilized by user
j is as follows:

Uk (j) = Ru,k
i,j ,∀j ∈ U

′
i . (16)

Based on the utility function, each subchannel k ∈ Ciu can define
its preference relation Lk over the set of users U′i , such that
for any two users j, j′ ∈ U′i , j �= j′ and two matching Ωi ,Ω

′
i ,

j ∈ Ωi(k), j′ ∈ Ω
′
i(k):

(j,Ωi) k (j′,Ω
′
i)⇔ Uk (j,Ωi) k Uk (j′,Ω′

i). (17)

So, each subchannel k ∈ Ciu builds its preference list Lk by
sorting the utilities that it gets from (16) in descending order. In
the original house allocation problem, one agent is allocated to
only one house but in our problem, multiple subchannels can be
allocated to one user. Therefore, our goal is to find a matching
outcome that is both Pareto optimal and resides in the core. Both
of these are defined as follows:

Definition 2: A matching Ωi is Pareto optimal if there is no
other matching Ω

′
i where at least one of the members of Ciu can

improve its utility without affecting the utilities of others.
Definition 3: A matching Ωi is in the core of the one-sided

matching if there is no coalitionCi ′u ⊆ Ciu and a matching Ω
′
i such

that: (i) Ω
′
i(k) ∈ {j ∈ U

′
i : j = Ωi(k

′
),∃k′ ∈ Ciu ′ },∀k ∈ Ciu ′ , ii)

Ω
′
i(k) �k Ωi(k),∀k ∈ Ci ′u , and iii) Ω

′
i(k) k Ωi(k),∃k ∈ Ci ′u

holds.
Based on the preference Lk ,∀k ∈ Ciu , a one-sided matching-

based resource allocation process for each SBS i ∈ S is shown in
Algorithm 2. The output Ωi of Algorithm 2 can be transformed

Algorithm 2: One-Sided Matching-Based RA for SBS i.

1: Input: τ , U′i , Ciu , Qi , Rl
i

2: Output: Ωi

3: for each k ∈ Ciu do
4: Makes preference list Lk over U′i
5: end for
6: Each user j ∈ U′i informs its demand (QoS requirement

of current application) to the SBS i
7: repeat
8: SBS i takes first elements of Lk ,∀k ∈ Ciu and finds

the set of sub-channels whose most preferred user is
j,∀j ∈ U′i denoted asMj

9: for each j ∈ U′i do
10: SBS sortsMj according to their utility for user j

in descending order and denote it asMsort
j

11: if
∑

k∈Ms o r t
j

(1− τ) ·Ru,k
i,j < Qi,j −Rl

i,j then

12: Holds ∀k ∈Msort
j for j

13: else
14: Keep min |Msort

′
j | for j such thatMsort

′
j ⊆

Msort
j and

∑
k∈Ms o r t

′
j

(1− τ) ·Ru,k
i,j ≥

Qi,j −Rl
i,j and remove others fromMsort

j

15: U′i ← U
′
i \ {j}

16: Remove j from Lk , ∀k ∈ Ciu
17: end if
18: Ciu ← Ciu \Msort

j

19: end for
20: until U′i = ∅ or Ciu = ∅

to a feasible allocation vector yi of problem (14) for each SBS
i ∈ S.

Theorem 1: Algorithm 2 produces a Pareto optimal matching
Ωi ,∀i ∈ S for a given τ .

Proof: We prove this theorem using contraction which is also
used to prove Pareto optimality in the house allocation problem
[39]. We assume that Algorithm 2 generates a matching Ωi that is
not Pareto optimal. That means there can be another matching
Ω
′
i in which at least one subchannel k ∈ Ciu can improve its

utility without affecting the utilities of others. In such a situation,
let j = Ωi(k) and j

′
= Ω

′
i(k). As j

′ k j, so either k resides
in the lower order of Msort

j ′ , which is not necessary to meet

the remaining demand (Qi,j ′ −Rl
i,j ′ ) and has been removed

(line 14), or j
′

is removed from Lk (line 16) due to an other
k
′ ∈ Ciu , k′ �= k, who matched with j

′
before. Thus, k �= Ω

′
i(j

′
)

and hence, Ωi is Pareto optimal. �
Theorem 2: Algorithm 2 produces a matching Ωi ,∀i ∈ S

which is in the core for a given τ .
Proof: We prove this theorem using contradiction. We as-

sume that Algorithm 2 provides a matching Ωi that is not in the
core. That means there is at least two subchannels {k, k′ } ⊆ Ciu
who want to exchange their current matching partners to form
new matching Ω

′
i . In Ωi , let j = Ωi(k) and j

′
= Ωi(k

′
). Now

from definition 2, j
′ k j and j k ′ j

′
. That means either (i) k

stays in the lower order ofMsort
j ′ and is removed (line 14) as it
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is unnecessary to meet (Qi,j ′ −Rl
i,j ′ ), or (ii) j

′
is removed from

Lk (line 16) due to another k
′ ∈ Ciu , k′ �= k, and k

′
is matched

with j
′
before. Similarly, either (i) k

′
remains in the lower order

of Msort
j , is unnecessary to meet (Qi,j −Rl

i,j ) and has been
removed (line 14), or (ii) j has been removed from Lk ′ (line
16) due to another k ∈ Ciu , k �= k

′
that is already matched with

j. Thus, neither k nor k
′

can exchange their current partners to
obtain better utilities. It indicates that there exists no matching
Ω
′
i and hence, Ωi is in the core. �

B. Nash Bargaining Game-Based Solution of Problem (15)

From (15), if we want to maximize Ui(τ,yi) for each SBS
i ∈ S, this can be detrimental to the performance of WAPs due
to the aggressive access mechanism of the LTE-U system. In
this subsection, we will propose a win-win strategy for both
SBSs and WAPs based on the NBG. Specifically, we will find
an effective unlicensed time slot allocation scheme to balance
the benefit between SBSs and WAPs.

Now redefine the problem of (15) to balance the benefits of
both SBSs and WAP as follows:

max
τ

US (τ,y)Uw (τ)

s.t. Rmin
w,v ≤ Rw,v (τ) ≤ Rmax

w,v ,∀v ∈ Vw ,
τ0 ≤ τ ≤ 1. (18)

where US (τ,y) =
∑

i∈S Ui(τ,yi), Uw (τ) = Vw ·Rw,v (τ)
and τ0 is the time necessary for maintaining the Rmin

w,v rate
for each Wi-Fi user v ∈ Vw when only WAPs are using the
channel. This is a multi-objective problem, so we can use the
bargaining game to distribute time resources (τ ) fairly amongst
the players P = {S, w}, where the NBS [40] method is a good
candidate for that. Let R be a closed and convex subset that
represents the set of payoff allocations that the players can
achieve if SBSs share the time slot with WAPs and d is the
set of disagreement payoffs. Therefore, the utilities of this
game are Uw = Rw (τ)−Rmin

w = Vw (Rmax
w,v · τ −Rmin

w,v ) and
US =

∑
i∈S
∑

j∈U′i Ui,j =
∑

i∈S
∑

j∈U′i log(Ri,j (τ,xi ,yi)−
Rl
i,j (xi)) =

∑
i∈S
∑

j∈U′i log((1− τ)Ru
i,j (yi)), respectively,

in each time slice.
Now NBS can give us a unique solution concept [40] from

the set of payoff R that satisfies the following:

r∗(τ) = φ(R,d) ∈ argmax
r∈R

∏
p∈P

Up. (19)

Hence, we need such a τ that will maximize the value of r(τ)
with fixed yi ,∀i ∈ S in (19). If we denote that optimal sharing
time as τ ∗, then that value is given in Theorem 3.

Theorem 3: With a given allocation y, the optimal time
slot allocation for WAPs by a given set of SBSs is

τ ∗ = max{ (α+β+1)−
√

(α+β+1)2−2α(β+δ)
α , τ0} , where α =∑

i∈S |U
′
i |, β =

∑
i∈S
∑

j∈U′i logRu
i,j (yi) and δ = Rm in

w , v

Rm a x
w , v

.
Proof: Taking the first-order derivative of (19) with respect

to τ , we get as follow:

dr(τ)
dτ

=
d

dτ
{UwUS}. (20)

Now substituting the values of US and Uw into (20), we have:

dr(τ)
dτ

=

⎡
⎣∑
i∈S

∑
j∈U′i

log{(1− τ)Ru
i,j (yi)}

⎤
⎦VwRmax

w,v

+ Vw (τ ·Rmax
w,v −Rmin

w,v )

[ −∑i∈S
∑

j∈U′i R
u
i,j (yi)∑

i∈S
∑

j∈U′i (1− τ)R
u
i,j (yi)

]
.

(21)

Taking the derivate of (21) w.r.t. τ again, we get:

d2r(τ)
dτ 2

= −Vw
[
Rmax
w,v −Rmin

w,v

(1− τ)2
+

Rmax
w,v

(1− τ)

]
(22)

As all the terms on the right side of (22) are positive, Rmax
w,v >

Rmin
w,v , and τ ∈ [0, 1], so d2r(τ )

dτ 2 < 0. Therefore, r(τ) is quasi-
concave with respect to τ . Accordingly, when the first derivative
of r(τ) w.r.t. τ is equal to zero, the utility value achieves its
maximum. Hence, we get from (21):

(1− τ)Rmax
w,v

⎡
⎣∑
i∈S

∑
j∈U′i

log(1− τ) +
∑
i∈S

∑
j∈U′i

logRu
i,j (yi)

⎤
⎦

− τ ·Rmax
w,v +Rmin

w,v = 0. (23)

By using the Taylor’s series in case of τ < 1, we get as follows:

log(1− τ) = −τ − τ 2

2
− o(τ) (24)

Now replace the value of log(1− τ) in (23) and rearrange it by
keeping the second-order approximation in τ , we get:

∑
i∈S |U

′
i |

2
τ 2 −

⎛
⎝∑

i∈S
|U ′i |+

∑
i∈S

∑
j∈U′i

logRu
i,j (yi) + 1

⎞
⎠ τ

+
∑
i∈S

∑
j∈U′i

logRu
i,j (yi) +

Rmin
w,v

Rmax
w,v

= 0. (25)

By solving (25), we get as follows:

τ =
(α+ β + 1)±√(α+ β + 1)2 − 2α(β + δ)

α
, (26)

where α =
∑

i∈S |U
′
i |, β =

∑
i∈S
∑

j∈U′i logRu
i,j (yi) and δ =

Rm in
w , v

Rm a x
w , v

. If we take the ′+′ symbol between the two terms of the
numerator, then τ > 1 which is impossible. Thus, we get from
(26) the following:

τ =
(α+ β + 1)−√(α+ β + 1)2 − 2α(β + δ)

α
, (27)

which implies,

τ ∗=max

{
(α+ β + 1)−√(α+β+1)2 − 2α(β+δ)

α
, τ0

}
.

(28)

The right side of (28) depends on the allocation of unlicensed
resource yi ,∀i ∈ S, the number of active users associated with
WAP w ∈ W and the number of SBSs S in the considered
area. �
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Algorithm 3: Alternative Maximization for LTE-U
Throughput.

1: Input: S, δ, τ0

2: Output: yi ,∀i ∈ S and τ
3: Initialize: t = 0, τ t = 0.5
4: repeat
5: Each i ∈ S determines yti by using Alg. 2 with τ t

6: Each i ∈ S determines βti =
∑

j∈U′i logRu
i,j (yi) and

sends βti , and |U ′i | to the arbitrator
7: Arbitrator determines α =

∑
i∈S |U

′
i |, β =

∑
i∈S β

t
i

8: t← t+ 1
9: Arbitrator determines τ t with the help of (28)

considering α, β, δ and τ0

10: Arbitrator informs τ t to ∀i ∈ S
11: until convergence

C. Alternative Throughput Maximization for
LTE-U Coexistence

For a fixed set of SBSs and WAPs (with their associated
users), we can find y∗i and τ ∗ by using the alternative maxi-
mization approach shown in Algorithm 3. With a given τ , each
SBS can allocate (yi) its resources to get a maximum Ui by
using Algorithm 2 (line 5). Now with the given yi and other in-
formation, the arbitrator can find τ t (line 9). The process (lines
5–10) continues until it converges. Algorithm 3 will converge
after a finite number of steps, and it tries to maximize the ob-
jective with limited resources in each step. This algorithm will
converge to some local optimum.

Theorem 4: Algorithm 3 produces a stable and local optimal
solution.

Proof: For a given τ and Ciu , each SBS i ∈ S produces a
stable matching (following Theorems 1 and 2, shows in line 5
of Algorithm 3) at each iteration and thus, the LTE-U system
is stable. Moreover, from Theorem 1, Algorithm 2 gives us
a Pareto optimal matching Ω∗i,t and hence, Ω∗i,t  Ω

′
i,t , where

Ω
′
i,t is any other feasible matching between U′i and Ciu at tth

iteration. Thus, Ui(Ω∗i,t) > Ui(Ω
′
i,t) for every SBS i ∈ S and a

non-decreasing function of binary variable yti . So, every SBS
produces a stable and local optimal solution for each iteration.
Furthermore, the arbitrator finds a new optimal τ ∗ (shown in
line 9 of Algorithm 3) depending on the updated information
from the SBSs, and this process continues until it converges.
Therefore, the outcome of the Algorithm 3 is stable and local
optimal solution for the original problem. �

V. PERFORMANCE EVALUATION CRITERIA AND

SIMULATION RESULTS

We verify the performance of the system based on efficiency
and fairness. The efficiency of each SBS i ∈ S is the ratio of the
total achievable throughput of all of its users to the total number
of users. The system efficiency is the mean of efficiencies over
all the SBSs. To measure the fairness in each SBS i ∈ S, we use
the proportion of unsatisfied users (Uui ), and also Jain’s fairness

TABLE III
VALUE OF THE PRINCIPAL SIMULATION PARAMETERS

TABLE IV
QOS REQUIREMENTS OF MULTIMEDIA APPLICATIONS

index [41]. Both of these cases are outlined as follows:

φi = 1− |U
u
i |
|Ui | .

ψi =

(∑
j∈Ui

Ri , j

Qi , j

)2

|Ui | ·
∑

j∈Ui
(
Ri , j

Qi , j

)2 . (29)

For system level fairness, we use the mean of both φi and ψi
over the SBSs and are represented as follows:

φ =
∑

i∈S φi
S

, ψ =
∑

i∈S ψi
S

. (30)

SBSs and their corresponding users are distributed randomly
in the considered area of radius 150 m. The Wi-Fi network op-
erates based on the IEEE 802.11n protocol over the 5 GHz band
using the request to send/clear to send (RTS/CTS) mechanism.
SBSs also work in the same unlicensed band as WAPs. The main
simulation parameters for the SBSs are shown in Table III and
the Wi-Fi parameters are chosen similarly to [36]. We assume
that SBSs use SDL with the help of CA when the QoS of the
applications is not satisfied with the licensed spectrum. For our
simulation, we use typical QoS requirements for multimedia
applications as indicated in [42] and shown in Table IV. We
have compared the performance of the proposed LTE-U method
with LTE-A, LTE-U with no cooperation among SBSs indi-
cated as LTE-U (NC) and LTE-U with randomly chosen users
namely LTE-U (Random). Fig. 3 clearly shows that Algorithm
3 converges after a finite number of iterations. To compare the
performance, we take 1000 runs for all methods. Fig. 4 also
shows that the objective value for Algorithm 3, with a small net-
work of single SBS, and it is very close to the optimal objective
value. The performance gap between these two values is about
4.18% for 10 users, shown in Fig. 4.

In Fig. 5, we present the empirical cumulative distribution
function (ECDF) of the achieved rate per user for different num-
bers of unlicensed channels. Fig. 5 shows that the achieved rate
per user resulting from the proposed method is higher than the
other methods for all the considered cases. Fig. 5(a) shows that
LTE-A and LTE-U (NC) yield less than 420 kbps in 60% of
the cases, while LTE-U (Random), and LTE-U (Proposed) can
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Fig. 3. Convergence of algorithm 3 for a different number of SBSs in the
same unlicensed band.

Fig. 4. Comparison of objective value of original optimization problem (13).

provide more than 480 kbps in 10% and 60% of cases, respec-
tively. On average, the rate of the proposed method is 2.71%,
13.20% and 13.20% better than that of LTE-U (Random), LTE-
U (NC) and LTE-A, respectively. Fig. 5(b) shows that LTE-U
(NC) results in a rate that is lower than than 420 kbps in 40% of
cases, while LTE-U (Random), and LTE-U (Proposed) can pro-
vide more than 500 kbps in 20%, and 80% of cases, respectively.
On average, the rate of the proposed method is 2.67%, 16.68%
and 17.48% better than that of LTE-U(Random), LTE-U(NC)
and LTE-A respectively. Fig. 5(c) shows that LTE-U (NC) and
LTE-U (Random) result in a rate that is higher than 550 kbps in
30% of cases, while LTE-U(Proposed) can yield more than 550
kbps in more than 60% of cases. On average, the rate of the pro-
posed method is 1.75%, 1.75%, and 24.53% better than that of
LTE-U (Random), LTE-U (NC) and LTE-A respectively. Fig. 5
also indicates that the achieved rate increases for LTE-U (NC),
LTE-U (Random) and LTE-U (Proposed) with an increasing
number of unlicensed channels as each SBS obtains more unli-
censed resources for that. Meanwhile it affects nothing to LTE-A
as it only use the same licensed resources. We also demonstrate
that the differences of the achieved rates between the proposed

Fig. 5. Comparison of per user achieved rate for 5 SBSs. (a) Single unlicensed
channel. (b) Two unlicensed channels. (c) Five unlicensed channels.

method and LTE-U (Random) decrease with an increasing num-
ber of channels because their serving user sets are more common
with more unlicensed resources. The achieved rate increases for
LTE-U (NC) with the increasing number of unlicensed channels
as the number of interferer SBSs decreases. In Fig. 6, we com-
pare of per user achievable rate among the different methods
for varying numbers of SBSs and channels. Fig. 6 reveals that
the proposed method gives a better achieved rate per user than
the other methods in all possible cases. From this figure, we
can also see that, for an increasing number of SBSs, these rates
are the same for LTE-A since it does not use unlicensed chan-
nels. However, for all other methods the rates will decrease as
the amount of unlicensed resources decreases with an increas-
ing number of SBSs. With a fixed number of SBSs, the rates
increase with an increasing number of channels as the SBSs
obtain more unlicensed resources to use. More specifically, the
proposed method achieves 9.64%, 9.54%, and 2.33% better rate
than LTE-A, LTE-U (NC), and LTE-U (Random) respectively
for single unlicensed channel in case of 10 SBSs. The proposed
method also achieves 13.15%, 13.15%, and 2.62% more rate
for two unlicensed channels and 19.02%, 19.00%, and 2.54%
more for five unlicensed channels than LTE-A, LTE-U (NC),
and LTE-U (Random) respectively for 10 SBSs.

In Fig. 7, we present a comparison of unsatisfied users for
different methods. Fig. 7 shows that the number of unsatisfied
users resulting from the proposed method is lower than that of
all other methods for all cases. Fig. 7(a) shows that the median
of unsatisfied users is 60%, 60%, 45%, and 39% for LTE-A,
LTE-U (NC), LTE-U (Random), and LTE-U (Proposed) respec-
tively. In Fig. 7(b), the median of unsatisfied user rates are 60%,
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Fig. 6. Comparison of the achieved rate per user with varying num-
ber of SBSs. (a) Single unlicensed channel. (b) Two unlicensed channels.
(c) Five unlicensed channels.

58%, 37%, and 30% for LTE-A, LTE-U (NC), LTE-U (Ran-
dom), and LTE-U (Proposed) respectively. Meanwhile these
values are 60%, 18%, 18%, and 12% for the same respective
methods as shown in Fig. 7(c). The percentage of unsatisfied
users remains the same in all the three cases for LTE-A, as it
uses only the fixed licensed spectrum. However, the percentages
decrease with an increasing number of unlicensed channels for
the other three methods due to the availability of additional
unlicensed resources for each SBS. Moreover, the differences
among the proposed method, LTE-U (NC), and LTE-U (Ran-
dom) decrease with increasing number of unlicensed channels
as the number of interferer SBSs decreases in LTE-U (NC)
while the probability of serving more users who are common in
LTE-U (Random) and LTE-U (Proposed) increases. In Fig. 8,
we compare of unsatisfied users among the different methods
for varying numbers of SBSs and channels. Fig. 8 also shows
that the number of unsatisfied users increases with an increasing
number of SBSs for LTE-U (NC), LTE-U (Random), and LTE-
U (Proposed) as the unlicensed resource decreases. For a fixed
number of SBSs, the unsatisfied users decreases with an increas-
ing number of channels, as each SBS gets more resources during
the process. Particularly, the proposed method reduces unsatis-
fied users 13.00%, 13.00%, and 4.05% than LTE-A, LTE-U
(NC), and LTE-U (Random) respectively for 10 SBSs and sin-
gle unlicensed channel. The proposed method also decreases
unsatisfied users 20.25%, 20.25%, and 5.61% for two channels
and 33.26%, 33.21%, and 6.59% for five channels than LTE-A,
LTE-U(NC), and LTE-U(Random) respectively for 10 SBSs.

In Fig. 9, we present the ECDF of fairness scores resulting
from the various approaches considered as the number of un-
licensed channels varies. Fig. 9 shows that the fairness scores

Fig. 7. Comparison of unsatisfied users for 5 SBSs. (a) Single unlicensed
channel. (b) Two unlicensed channels. (c) Five unlicensed channels.

Fig. 8. Comparison of the unsatisfied users with varying number of SBSs
and channels.

resulting from the proposed method is higher than all of the
other baselines, for all the considered cases. Fig. 9(a) shows
that LTE-A and LTE-U (NC) can achieve a fairness score of
less than 0.775 are almost sure, whereas LTE-U (Random), and
LTE-U (Proposed) can achieve at least the same fairness score
in 32.7% and 85.4% of cases, respectively. On average, the fair-
ness score of the proposed method is 8.60%, 8.60%, and 3.10%
better than that of LTE-A, LTE-U (NC) and LTE-U (Random),
respectively. Fig. 9(b) shows that LTE-A and LTE-U (NC) must
provide a fairness score lower than than 0.775, while LTE-U
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Fig. 9. Comparison of fairness 5 SBSs. (a) Single unlicensed channel.
(b) Two unlicensed channels. (c) Five unlicensed channels.

(Random), and LTE-U (Proposed) can achieve fairness scores
of more than 0.80 in 28.4%, and 82.90% of the cases, respec-
tively. The mean of the fairness score of the proposed method
is 11.25%, 10.78%, and 3.14% better than that of LTE-A, LTE-
U (NC) and LTE-U (Random), respectively. Fig. 9(c) shows
that LTE-U (NC), LTE-U (Random), and LTE-U (Proposed)
achieve fairness scores of at least 0.85 in 21.40%, 23.10%, and
78.50% of cases, respectively. On average, the fairness score
of the proposed method is 16.04%, 2.93%, and 2.91% better
than that of LTE-A, LTE-U (NC) and LTE-U (Random), respec-
tively. Fig. 9 also indicates that the fairness score increases for
LTE-U (NC), LTE-U (Random), and LTE-U (Proposed) with
an increasing number of unlicensed channels as each SBS ob-
tains more unlicensed resources to be used for it’s unsatisfied
users. Meanwhile it affects nothing to LTE-A as it only de-
pends on the same licensed resources. Moreover, the proposed
method has less difference with LTE-U (Random) in fairness
scores, shown in Figs. 9(a), 9(b), and 9(c), because we choose
the same number of unsatisfied users for LTE-U (Random) as
of the proposed method. In Fig. 10, we compare of fairness
among the users for the different methods for varying numbers
of SBSs and channels. Fig. 10 shows that the fairness score of
the proposed method is higher than that of the other three meth-
ods for all cases. The figure also shows that these scores are
the same for LTE-A in all the cases, but they decrease with an
increasing number of SBSs for different numbers of channels
for LTE-U (NC), LTE-U (Random), and LTE-U (Proposed) due
to the reduced amount of unlicensed resources. However, these
fairness scores increase with an increasing number of channels
for a fixed number of SBSs. Precisely, the fairness scores of

Fig. 10. Comparison of fairness with varying number of SBSs and channels.

Fig. 11. Comparison of Wi-Fi user’s normalized throughput with 5 SBSs and
varying number of unlicensed channels (C).

the proposed method are 3.07%, 3.07%, and 0.25% higher than
LTE-A, LTE-U (NC), and LTE-U (Random) respectively for 10
SBSs and single unlicensed channel. Moreover, the proposed
method is 4.80%, 4.80%, and 0.43% more fair for two chan-
nels and 8.11%, 8.10%, and 0.58% more fair for five channels
than LTE-A, LTE-U (NC), and LTE-U (Random) respectively
for the same number of SBSs. Thus, the difference of fairness
scores of the proposed method with other methods increases
with an increasing amount of unlicensed resources as the pro-
posed method utilize the resources better way to meet the QoS
of their users.

In Fig. 11, we show a comparison of the normalized through-
put of Wi-Fi users between the proposed method and the LBT
method considering 5 SBSs in the conflicting region. Fig. 11
shows that the proposed method protects Wi-Fi users far bet-
ter than the basic LBT mechanism in all the cases. Both the
proposed method and LBT provide a higher rate to the Wi-Fi
users for an increasing number of channels as less APs need to
share the same channel. However, the proposed method achieves
71.70%, 56.53%, and 33.30% higher average rate than LBT
mechanism for single, two, five channels cases respectively. In
Fig. 12, we show a comparison of the normalized throughput
of Wi-Fi users between the proposed method and LBT with



454 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 68, NO. 1, JANUARY 2019

Fig. 12. Comparison of Wi-Fi user’s normalized throughput.

a varying number of SBSs and channels. This shows that the
proposed method shields Wi-Fi users better than LBT for all
possible combinations. With an increasing number of SBSs, the
outputs are reduced for both the proposed method and LBT, as
this increases the competition among APs in a fixed channel.
For a fixed number of SBSs, both methods produce a better
throughput for a growing number of channels, as this reduces
the competition among the APs. The proposed method can guar-
antee 82.98%, 71.68%, and 50.96% higher rates than LBT for
10 SBSs in cases of single, two, and five channels respectively.
Moreover, the proposed method for 10 SBSs achieves 31.54%,
and 15.41% higher wi-fi rate for five channels than its’ sin-
gle and two channels respectively. However, these figures are
76.25%, and 51.15% for the case of LBT. Thus, the proposed
method provides more stable throughput than LBT for resource
constraint situation.

VI. CONCLUSION

In this paper, we have proposed a novel approach to coexist
LTE-U and Wi-Fi networks in the same unlicensed spectrum.
We have formulated it as a sum-rate maximization problem of
LTE-U system and solved with the help of game-theoretic ap-
proach. We have solved the time sharing problem between SBSs
and WAPs by using NBG, whereas the resource allocation prob-
lem of SBS is solved with the help of one-sided matching game.
Simulation results show that the proposed approach provides
better average achieved rates for the users, as well as less unsat-
isfied users, and better fairness than LTE-A, LTE-U (NC) and
LTE-U (Random) methods. Moreover, the proposed approach
protects Wi-Fi users in a far better way than does basic LBT. In
the future, we will try to improve the performance metrics using
a more carefully designed mechanism.
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