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1. Introduction (QoS) [5-8]. Due to LTE has been applied for years, the operating
frequency spectrums will continue to become more crowded with

With the rapid development of mobile communication tech- the increasing mobile devices. Some original equipment manufac-
nology and widespread popularity of portable intelligent devices,  turers (such as Qualcomm, Huawei, Ericsson) and cellular mobile
the interpersonal communication has entered a new era of mul- network operators (such as AT&T, T-Mobile, Verizon) propose

timedia data transmission. There is no doubt that they greatly (o extend the LTE system from existing licensed spectrums to
facilitate people’s daily life and make the communication more unlicensed spectrums [9-13].
convenient. Although the current mobile communication tech-
nology has developed to the fifth generation (5G), limited by
cost, reliability of technology and other factors, LTE (Long Term
Evolution) will remain the dominant technology for some time
and will be further developed.

However, the worldwide popularity of portable intelligent de-

However, unlicensed spectrums have been occupied by some
other wireless systems, such as Wi-Fi system operating in 2.4 GHz
and 5 GHz [14]. Different from LBT (Listen before Talk) mecha-
nism (Before data transmission, it is necessary to detect whether
the channel is idle or not, and only transmit data when the
vices has led to an explosion of mobile traffic, which can result chagqel is idl?) in CSMA/CA (Carrie.r Sepse MulFiple Access Wi.th
in low communication quality of LTE [1-4]. At present, more and  Collision Avoidance) protocol applied in Wi-Fi system, Carrier
more researchers and mobile operators have focused on expand- ~ Sense Adaptive Transmission (CSAT) allows LTE to access the

ing the data transmission of LTE to ensure high quality of service channel without considering potential ongoing transmissions. If
LTE try to compulsively occupy unlicensed spectrums for com-

* . munication, the interests of Wi-Fi's users will be damaged. The
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result. In consequence, a new challenge of ensuring the commu-
nication quality of LTE and Wi-Fi systems in the same unlicensed
spectrum has appeared. Due to the collision avoidance of Wi-
Fi system relies on contention-based access and carrier-sensing,
they make Wi-Fi difficult to compete with LTE system using
schedule-based in the same channel and lead to Wi-Fi trans-
mission at a disadvantage without taking some actions [15].
Therefore, how to realize the fair coexistence of the two systems
in unlicensed spectrums by taking some efficient measures has
become an urgent problem.

CCN (Content Centric Networking), as a hot proposal of ICN
(Information Centric Networking), is expected largely to replace
the traditional host-centric networks [16,17]. In CCN architecture,
instead of accessing the data from a specific location, users can
request and retrieve the data they need from any networked
devices that is storing it. Based on our precious work [18], we
propose a novel mechanism over CCN in this paper to enable
LTE-U and Wi-Fi systems fair coexistence in unlicensed spectrums
via communication between Wi-Fi's AP (Access Point) and LTE'’s
eNodeB (evolved Node B). In the beginning, LTE's UE (User Equip-
ment) broadcast spectrum sharing request to nearby APs, and
they can join in the coexistence network provided by the AP that
returns the response. Then, two modes of communication, direct
or indirect, can be adopted according to the distance between Wi-
Fi's AP and LTE’s eNodeB. In addition, we take the fair coexistence
between LTE-U and Wi-Fi systems as a resource allocation prob-
lem and formulate a constraint optimization problem with the
goal of maximizing the amount of data transmitted by different
systems in a communication cycle, which can be solved by two
approaches presented in this paper.

The main contributions of this paper are described as follows:

e A mechanism over CCN is proposed in this paper, it makes
LTE's UE conveniently and speedily join in a coexistence
network by requesting unlicensed spectrum sharing from
any Wi-Fi’s AP that is willing to share spectrums.

e The proposed mechanism makes fair coexistence possible
that LTE-U system can communicate with Wi-Fi system by
direct or indirect communication. Direct communication is
suitable for short distance between Wi-Fi's AP and LTE's
eNodeB, and indirect communication is suitable for long
distance.

e A constrained optimization problem is formulated to enable
the fair coexistence between Wi-Fi and LTE-U, with the goal
of maximizing the amount of transmitted data by adjusting
the transmission time of different connections when the
minimum amount of transmitted data of each network can
be guaranteed in a communication cycle.

e Two approaches are also presented to solve the above con-
strained optimization problem and the calculative process
can be carried out on the AP of Wi-Fi system.

e Some experiments and simulations are conducted and the
results can demonstrate the feasibility and validity of the
proposed mechanism and approaches.

The rest of this paper is organized as follows: In Section 2,
some current research works on coexistence of LTE and Wi-Fi
systems in unlicensed spectrums are described. Then, the mech-
anism over CCN of enabling LTE-U and Wi-Fi to directly or in-
directly communicate is proposed in Section 3. In Section 4, we
present a constrained optimization problem to enable LTE-U and
Wi-Fi fair coexistence, and propose two approaches to solve this
optimization problem. In Section 5, the proposed mechanism and
approaches are validated via some experiments and simulations.
Finally, we conclude this paper and forecast the future work in
Section 6.

2. Related work

Due to the current licensed spectrums are difficult to meet the
needs of bandwidth. Industry and academia have all concentrated
on the unlicensed spectrums that can relieve the congestion
by data assignment [19-23]. Nonetheless, the competition be-
tween Wi-Fi and LTE systems is inevitable to arise in the unli-
censed spectrums. To relieve the LTE communication pressure
in licensed spectrums, Verizon worked with some equipment
manufactories to develop LTE-U technology based on Release 12
published by 3GPP (3rd Generation Partnership Project). LTE-U
can take licensed spectrums as the main carrier and use CSAT to
seek unlicensed spectrums to transmit data together by carrier
aggregation. Since LBT mechanism is not adopted, LTE-U has more
advantages in unlicensed spectrums occupancy compared to Wi-
Fi. Therefore, LTE-U has raised concerns among Wi-Fi providers
due to it may interfere with Wi-Fi transmission and lead to a
decline in service quality of Wi-Fi.

To decrease the possibility of conflicts between LTE and Wi-
Fi systems in unlicensed spectrums, some recent studies focused
on maintaining the performance of Wi-Fi system in the LTE and
Wi-Fi coexistence network by adjusting associate settings of LTE
system. Zhang, et al. proposed a new MAC protocol based on
LBT to ensure LTE coexist with Wi-Fi system friendly [24]. Cano,
et al. considered the channel access probability of LTE network
in the CAST mechanism which can ensure the fairness between
Wi-Fi and LTE [25]. Abinader, et al. proposed a novel approach
by performing duty cycle for LTE-U without interrupting the
communication of Wi-Fi networks [26]. Nihitil, et al. found the
interference from LTE might affect Wi-Fi transmission that could
lead to a remarkable decrease of Wi-Fi throughput, then they
proposed a muting scheme of LTE which can ensure LTE and Wi-
Fi access to a same medium [27]. Bairagi, et al. formulated an
optimization problem with the goal of maximizing the sum-rate
of LTE-U users to ensure LTE-U coexist with Wi-Fi, and proposed
a cooperative Nash bargaining game to solve the coexistence
between LTE-U and Wi-Fi systems and presented a one-sided
matching game to solve the resource allocation problem in LTE-U
[28]. Rastegardoost et al. developed a model that LTE-U estimated
and used the white space of Wi-Fi transmission to transmit
data on unlicensed spectrums [29]. These studies can ensure the
coexistence for Wi-Fi and LTE systems while guaranteeing the
transmission quality of Wi-Fi networks but without considering
the service quality of LTE-U.

Besides, several research works concentrated on the coordi-
nation mechanisms that the fair coexistence can be implemented
and the performance of these two systems can keep high qual-
ity. Chen, et al. proposed a contention-free period to LTE users
based on a novel hyper access point and it also allowed a con-
tention period to original Wi-Fi users [30]. Li, et al. leveraged
stochastic geometry to measure the main performances of neigh-
boring LTE and Wi-Fi networks in unlicensed spectrums [31].
Kwan, et al. designed LBT mechanisms for LTE LAA to ensure
it could operate at least as fairly as Wi-Fi in unlicensed spec-
trums [32]. Ko, et al. proposed a fair LBT algorithm for co-existing
of WLAN and LTE-U in unlicensed spectrums [33]. Maglogiannis,
et al. combined Q-learning technology and previously proposed
mLTE-U scheme to provide the fair coexistence between LTE and
Wi-Fi in unlicensed spectrum by automatically selecting the op-
portune combinations of variable transmission opportunity and
muting period [34]. Ali et al. proposed a new mechanism ReLBT
(Reinforcement Learning-enabled LBT) to make LTE and Wi-Fi co-
existence by using a channel collision probability to optimize the
channel access parameters [35]. In Addition, many other studies
have also done some significant works about this issue [36-41].
These studies allowed LTE and Wi-Fi to coexist in unlicensed
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Fig. 1. The process of spectrum sharing request over CCN.

spectrums and guaranteed their respective transmission quality
to some extent. However, none of them permit LTE-U and Wi-Fi
systems to communicate with each other momentarily in order
that adjust their transmission time accordingly in unlicensed
spectrums.

In order to adapt to the continuous development of wireless
communication technologies, we suggest a novel mechanism over
CCN without altering relevant protocols. Moreover, we take the
fair coexistence in unlicensed spectrums as a resource allocation
problem on the application layer and propose approaches to solve
it.

3. The mechanism over CCN to make the communication be-
tween Wi-Fi and LTE-U systems

The proposed mechanism over CCN includes two phases. In
the first phase, An LTE’s UE broadcasts spectrum sharing request
to nearby Wi-Fi's APs and joins in the coexistence network pro-
vided by any AP that returns the response. Then in the second
phase, Wi-Fi system can directly or indirectly communicate to
LTE-U system in the coexistence network. The specific description
is as follows.

3.1. Spectrum sharing request over CCN

When an LTE’s UE has difficulty receiving sufficient data from
nearby eNodeBs over licensed spectrums, it needs transmit data
in unlicensed spectrums. However, to ensure fairness, the UE
needs to be approved by a Wi-Fi system that is willing to share
spectrums with LTE-U. Therefore, we design a spectrum sharing
request over CCN for LTE-U in the first phase of the proposed
mechanism.

Based on CCN architecture, the UE broadcasts an interest
packet to all nearby Wi-Fi’s APs to request unlicensed spectrums
sharing in the beginning. After receiving the interest packet,
APs check whether they have idle time or channels that can be
provided to LTE-U for transmission. Any AP that is willing to share
spectrum if they have idle time or channels will return a data
packet by the same route. Then, the UE can communicate with
the eNodeB in the unlicensed spectrum provided by the Wi-Fi's
AP that returns the data packet, and the coexistence network of
Wi-Fi and LTE-U is formed. The whole process is shown in Fig. 1.

Table 1
Symbols and definitions.

Symbol Definitions

T Total number of timeslots in a communication cycle

T The number of timeslots of Wi-Fi connection i in a
communication cycle

Tj’ The number of timeslots of LTE-U connection j in a
communication cycle

nl The number of Wi-Fi connections

n2 The number of LTE-U connections

s Throughput of Wi-Fi connection i during timeslots T;

s} Throughput of LTE-U connection j during timeslots Tj[

Dy Data transmitted in a communication cycle of Wi-Fi
connection i

DJ’. Data transmitted in a communication cycle of LTE-U
connectionj

5;” Minimum transmitted data of Wi-Fi connection i in a
communication cycle

— . . L

D; Minimum transmitted data of LTE-U connection j in a
communication cycle

£1, & Preset ratios of the transmitted data between Wi-Fi system

and LTE-U system in a communication cycle as the fairness
parameters, &1 < &;

3.2. A symbolic description of the coexistence problem

After an LTE-U system joins in a coexistence network, there are
two different systems in the coexistence network. A Wi-Fi system
may contain several APs, and an AP may also connect to many
stations. Similarly, an LTE-U system may contain several eNodeBs,
and an eNodeB may connect to some UE. For convenience, we
set only one AP in the Wi-Fi system and only one eNodeB in the
LTE-U system. Moreover, the AP can connect to some stations, a
connection between the AP and a station can be regarded as a Wi-
Fi connection, and suppose there are n1 connections in the Wi-Fi
system. Similar setting for LTE-U system, and suppose there are
n2 connections in the LTE-U system.

During the process of communication, a timeslot is the min-
imum transmission time unit for each connection, and T is the
number of timeslots in a communication cycle. For Wi-Fi connec-
tioni (i =1,...,n1), s denotes its throughput, T} denotes the
number of timeslots that it transmits in a communication cycle,
Dy is the transmitted data of it in T and it can be calculated
by s x T{. Similar definitions apply to LTE-U connection j (j =
1,...,n2). In addition, &; and &, are the preset ratio of the data
transmitted in a communication cycle between LTE-U system and
Wi-Fi system to ensure the two systems fairly coexist. Table 1
shows the symbols and their definitions that will be used in this
paper.

In view of the distance between Wi-Fi's AP and LTE’s eNodeB,
the proposed mechanism contains two modes: direct communi-
cation and indirect communication. When the distance between
Wi-Fi's AP and LTE’s eNodeB does not exceed the wireless trans-
mission range of Wi-Fi's AP, Wi-Fi’s AP can directly communicate
to LTE's eNodeB by wireless communication. When the distance
exceeds the range, a repeater is needed to ensure the commu-
nication between them, such as APs provided by LTE operators.
They can communicate to Wi-Fi’s AP by wireless transmission and
communicate with LTE's eNodeB by wire transmission no matter
how far apart they are.

3.3. Direct communication between Wi-Fi and LTE-U systems
Given that the AP of Wi-Fi system provided by a Wi-Fi

provider, the eNodeB of LTE-U system provided by an LTE opera-
tor (Wi-Fi provider and LTE operator are different). Although the
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Fig. 2. The direct communication mode between Wi-Fi’ AP and LTE's eNodeB.

AP and the eNodeB provided from different providers, we believe
they can transmit the data to each other with the improvement
of compatibility technology between different systems.

When LTE’s eNodeB is located in the transmission range of Wi-
Fi's AP, (in general, LTE system has broader coverage than Wi-Fi
system.) the direct communication between Wi-Fi's AP and LTE’s
eNodeB can be adopted (see Fig. 2). The Wi-Fi’s AP connects to
several stations simultaneously, and it may transmit the data to
these stations in any communication cycle. Similarly, the LTE'’s
eNodeB connects to some UE, and it may also need to transmit
to them in any communication cycle. They can communicate
normally if they are not sharing the same channel, but they
need communicate in turn in a communication cycle once they
are sharing the same channel. Therefore, we propose a direct
communication mode to make Wi-Fi's AP communicate with
LTE's eNodeB about the assignment of transmission time in a
communication cycle.

The thresholds €1 and ¢, are preset as the fairness parameters
to control the data transmitted in a communication cycle of
the two system to ensure fairness coexistence between the two
systems. The whole process of direct communication between
Wi-Fi’'s AP and LTE’s eNodeB can be explained as: If the ratio of
data transmitted in a communication cycle between Wi-Fi system
(including all the Wi-Fi connections) and LTE-U system (including
all the LTE-U connections) is not in the range [&1, &3], the AP will
send a wireless data packet to LTE's eNodeB which contains the
assignment of transmission time in next communication cycle for
each connection. LTE's eNodeB will return an ack packet after
receiving the data packet so that Wi-Fi’s AP can know the com-
munication between them is successful. Then, each connection
will transmit its data according to the transmission time setting
of the data packet in the next communication cycle. Thus, it can
enable the ratio of the transmitted data between the two systems
to maintain in the range of fairness thresholds.

3.4. Indirect communication between Wi-Fi and LTE-U systems
The direct communication between LTE-U and Wi-Fi systems

can save some time and construction cost. However, the trans-
mission range of wireless communication is limited, the data
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Fig. 3. The indirect communication mode between Wi-Fi’ AP and LTE’s eNodeB.

cannot reach the destination when the distance between Wi-Fi’'s
AP and LTE's eNodeB exceeds the range. Therefore, the indirect
communication between LTE’s eNodeB and Wi-Fi's AP needs to be
adopted to ensure the smooth communication when the distance
is long.

In this condition, another AP which provided by LTE operator
(many LTE operators also provide paid Wi-Fi services in areas of
high passenger volume, such as subway stations, shopping malls,
campuses, but their signals are weak in many places and difficult
to use for continuous data transmission) will be introduced as
a repeater between Wi-Fi's AP and LTE's eNodeB (see Fig. 3).
Since it is easy to build a wire transmission between two de-
vices provided by the same provider, and the wire transmission
between LTE's AP and LTE’s eNodeB theoretically ensures that
the transmission distance can be infinite. Hence, we propose an
indirect communication mode to make Wi-Fi's AP communicate
with LTE’s eNodeB between two communication cycles. The net-
work settings and the communication in a communication cycle
of the two systems are similar to the direct communication mode
between them, the only difference is Wi-Fi's AP communicates
with LTE’s eNodeB via LTE's AP.

The whole process of indirect communication between Wi-
Fi's AP and LTE’s eNodeB can be explained as: If the ratio of
transmitted data in a communication cycle between the two
systems is not in the range of [e1, &;], Wi-Fi's AP will send a
wireless data packet to LTE's AP which contains the assignment
of transmission time in next communication cycle for each con-
nection, and the packet is forwarded to LTE's eNodeB in the
form of wire transmission. Then, LTE’'s eNodeB will return an
ack packet via LTE's AP again after receiving the packet. In the
next communication cycle, each connection will transmit its data
according to the transmission time setting of the packet. Similar
to the direct communication mode, the indirect communication
between Wi-Fi's AP and LTE’s eNodeB via LTE’s AP can also enable
the ratio of the transmitted data between the two systems to
maintain in the range of fairness thresholds [e1, &;].

4. The optimization problem to ensure the fairness between
Wi-Fi and LTE-U

4.1. The optimization problem description

The above only mentions the mechanism which can enable
Wi-Fi and LTE-U coexistence by communication between Wi-Fi’s
AP and LTE’s eNodeB. However, the key of the communication
is to assign the transmission time for each connection in the
next communication cycle. In other words, the coexistence of
Wi-Fi and LTE-U in unlicensed spectrums can be regarded as a
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resource allocation problem of transmission time. Moreover, how
to maximum the amount of data transmitted in a communication
cycle of all the shared connections is the main objective of data
transmission.

In order to describe the above problem, we formulate a con-
strained optimization problem P:

nl n2
Max » "D}’ + > D (1)
i=1 j=1

nl w
sit.g; < Zln:; '1 < (2)

Zj:] i

nl n2

w 1 w4l

Yoy T =12, T (3)

i=1 j=1
D" >D;, i=1,....nl (4)

—I .
Dj>D;, j=1,....,n2 (5)
DY =s¥xt’, i=1,...,nl (6)
Di=sixt, j=1,...,n2 (7)

In optimization function P, Eq. (1) as the objective function is
to maximize the amount of transmitted data in a communication
cycle of all the connections. Constraint condition Eq. (2) can
be regarded as the fairness condition that the ratio of the data
transmitted in a communication cycle between all the Wi-Fi and
LTE-U connections is limited to the range of [¢1, £;]. Constraint
condition Eq. (3) is used to ensure the total of timeslots number
for each connection less than or equal to the number of timeslots
in a communication cycle. Eqs. (4) and (5) are used to ensure the
participation of each Wi-Fi or LTE-U connection by presetting the
minimum transmitted data in a communication cycle. Egs. (6)
and (7) show the transmitted data equal to the product of the
throughput and the transmitted time for each connection.

4.2. The approaches to solve the optimization problem

The result of the above optimization problem will be the
content of data packet in the direct communication or indirect
communication from Wi-Fi's AP to LTE’s eNodeB. Because of the
improved hardware and computing power of equipment, the
calculative process of optimization function P can be carried out
on the AP of Wi-Fi system.

If the transmitted time is not limited to an integral multiple
of a timeslot, the optimization problem P is a linear constrained
optimization problem. the Lagrangian multiplier method can be
used to solve it. The function is:

(T T, s 11, 1, 6)

nl n2 nl n2
_ wrw [l wrw Il
= —E s'T; —E szj + A E si'T; —SE szj
i=1 j=1 i=1 j=1

nl n2
— : —
| T T | (D}“ - s}"T{‘) +E (Dj - s}Tj’)
i=1 =1

(8)

According to the KKT (Karush-Kuhn-Tucker) conditions of
Eq. (8), the maximum value of the objective function Eq. (1) can
be obtained as follow:

nl n2
max ZD:” + ZDJ'
i=1

j=1

(1+¢) 221 S }21 Sjl'T 9)
T n2 Zﬂl st + enl ZJ":zl sJ’-

However, the problem P may be a NP-complete problem if the
timeslot is deemed to the minimum time unit of the transmitted
time for a connection. We have two approaches that can be used
to solve the problem P in this case. Approach 1 is based on the
exhaustive algorithm, it needs to enumerate all the connection
combinations that can meet all the constraint conditions, then
the combinations with the largest amount of transmitted data
can be selected from them and that is the optimal solution.
The global optimization can be obtained by using this approach.
However, the time complexity of Approach 1 is O(T™*"?), its
implementation will be very difficult with the increasing number
of shared connections.

Approach 2 is based on dynamic programming. At first, the
initial connection combination can be defined according to the
minimum transmitted data of each connection, and the current
ratio ¢ of the transmitted data between the two systems can
be calculated. Then, the remaining timeslots of a communication
cycle are assigned one by one to the connection which has the
largest throughput on the premise of meeting the current ratio
& which is always located in the range of [e1, &;]. Repeat the
process until the number of remaining timeslots turns into 0. This
approach is described in detail as follow:

Algorithm 1: The approach based on dynamic programming
Input: s, s}, D, D}, T, i=1,..,n1, j =1,..,n2;
Output: T}, T]-’, £

1. foreach i =1:n1, j=1,..,n2 do

2 TV =[DY /s!'1; le = [5}/5}];
3. end for
4. initialize & = ¥, sPTY /XT2 ] T T =T —

ni Tw n2 gl
i=1Ti _Zj=1’[}"

5. while T # 0 do

6. if T, >0 and € <& do

7. for each i = 1:n1 do

8. (D) = (B sPTY + s¥)/ N2, /T
9. end for

10. k = arg max(e¥ (i), ¥ (i) < &);

1. TY=T¢ +1; T =Tp — 1, € = eV (k);
12. continue

13.  endif

14. if T,>0 and € > ¢, do

15. for each j =1,..,n2 do

16. e'() = D sYTY /(SF2, s/ T+ s);
17. end for

18. k = arg max(e!(j), e'(j) = &1)

19. TE=TE+1; To=Tg — 1; € = €l (k);

20. continue

21.  endif

22, if Tg>0 and g <e<¢, do

23. foreach i =1:n1, j=1,..,n2 do

24, (D) = (U sPTY + 1)/ $2, 51T
25. () = X s /( }‘315}711 +Sjl);
26. end for

27. k = arg max(e(i), e(j), & < (i), () < &3);
28. TY'=TY ! 41, Ty =Ty — 1; & = £"/1(k)
29. continue

30. endif

31. end while

32. return T}, le, £
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Table 2 Table 4
The settings of Wi-Fi and LTE connections in CN. 1. The settings of Wi-Fi and LTE connections in CN. 3.
ID Std. MCS Short GI D (Mbit) &1 & ID Std. MCS Short GI D (Mbit) 1 &
w1 802.11n 3 1 240 w1 802.11n 3 1 60
w2 802.11n 5 0 220 15 19 w2 802.11n 5 0 90
w3 802.11n 7 1 230 w3 802.11n 6 0 100
L1 - - - 400 w4 802.11n 7 1 200
L2 - - - 250 w5 802.11ac 4 1 100
W6 802.11ac 5 1 90 12 15
w7 802.11ac 7 0 120
Table 3 L1 - - - 100
The settings of Wi-Fi and LTE connections in CN. 2. L2 - - - 80
) std. MCS Short Gl D (Mbit) & & L3 - - - 150
W1 802.11n 4 1 100 551 - - - ggo
w2 802.11n 5 0 100
w3 802.11n 6 1 230
W4 802.11ac 7 - 180 13 16
w5 802.11ac 7 - 200
L1 - - - 100 Throughput of LTE and Wi-Fi in 802.11n
12 - - - 150 140 ' ; : ‘ '
L3 _ _ _ 120 +Throughput-wifi(ZOMHz,GI=0)
—O— Throughput-wifi(20MHz,G1=1)
120  |—A— Throughput-wifi(40MHz,GI=0) &
Throughput-wifi(40MHz,GI=1)
—%— Throughput-Ite
The time complexity of Approach 2 is O(T(n1+4n2)). Obviously, 100 % % * % * % 4
it can save more time compared to Approach 1. However, it may Q
plunge into local optimum because each step needs to ensure the g oL |
ratio ¢ is limited to the defined range, the global optimization =
cannot be assured even if all the constraints can be satisfied. £
From the above, Approach 1 is difficult to be applied in prac- %’
tice because of its high time complexity. However, it can serve as ‘5
a benchmark to verify the results by Approach 2.
5. Performance evaluation
5.1. Setup
0 . s s ‘ . s
We conduct some experiments and simulations on the net- 0 ! 2 I\S/ICS Valui ° 6 !
work simulator software NS-3 to evaluate the performance of
proposed approaches. Three coexistence networks (CN. 1, CN. 2 Fig. 4. The throughput of LTE and Wi-Fi in 802.11n.
and CN. 3) of Wi-Fi and LTE-U are built as the experimental
subjects. CN. 1, CN. 2, and CN. 3 severally includes 3, 5, 7 Wi-
Fi connections and 2, 3, 5 LTE-U connections. Table 2, Table 3,
and Table 4 shows the basic settings of connections included in 500 Throughput of LTE and Wi-Fi in 802.11ac
CN. 1, CN. 2, and CN. 3, respectively. (Wi-Fi connections can be —%— Throughput-wifi(20MHz,G1=0)
customized by users with Modulation and Coding Scheme (MCS) 450 [ | —o— Throughput-wifi(20MHz,GI=1) ]
value, communication channel width (All the Wi-Fi connections ¥ Throughput-wifi(40MHz,GI=0)
. 400 |- | —©— Throughput-wifi(40MHz,GI=1) 1
here are 40 MHz), short GI et al. and LTE connections are de- Throughput-wifi(80MHz GI=0)
fault setting because it is operated by the LTE operators. Other 350 Throughput-wifi(80MHz,Gl=1) 1
parameters, such as the pre-set minimum transmitted data and g Throughput-wifi(160MHz,GI=0)
thresholds, are artificial.) S 300 | Througneuli(To0MHz GI71) 1
= Throughput-lte
The process of simulation can be divided into three parts: In 5 050l ]
the first part, the timeslots in a communication cycle are assigned g:
equally to all the connections so that the actual throughput 3 200 1
of each connection can be obtained. Then, the solution of the =
optimization problem P can be calculated by Approach 1 and Ap- 150 1 p
proach 2, the assigned time for each connection is encapsulated
in the data packet and sent from Wi-F's AP to LTE' eNodeB by
direct or indirect communication. In the last part, each connection
transmits data according to the assigned time in the data packet.

At first, we need to obtain the throughput of each connection
on the basis of its setting by NS-3. Fig. 4 shows the throughput
of Wi-Fi using IEEE Std. 802.11n and LTE connections in different
settings and Fig. 5 shows the throughput of Wi-Fi using IEEE Std.
802.11ac and LTE connections.

5.2. Theoretical calculation results

In order to verify the proposed approaches in solving the
optimization problem P, we conduct three experiments for each

MCS Value

Fig. 5. The throughput of LTE and Wi-Fi in 802.11ac.

coexistence network: (1) timeslot = 1 s, T = 20; (2) timeslot =

1s, T = 25;(3) timeslot = 1.5 s, T = 30. For each experiment, we



K. Chi, X. Du, G. Yin et al. / Future Generation Computer Systems 112 (2020) 297-306 303

Table 5 Table 6
The solution solved by the approaches in the first experiment. The solution solved by the approaches in the 2nd experiment.
Network Solution € Total data Network Solution 3 Total data
b= =3 19225 H=55=3
Approach 1 5" =5, 17429 yrpic Approach 1ty =8, 1.8047 l%/sziZA
CN.1 =4t =3 th+t=09,
ty =516 =3, CN.1 th>4,1>3
Approach 2w _ g 1.7429 I]V?bzlis (ulv . zw— )
3 g ty =6t =4,
T ,
h=45=3 Approach 2t =6 16705 24063
W —2 (v —2 Mbit
1 =265 =2 th+th=09,
ty =3,
Approach 1 3 1.4734 2];.2'2 (t, = 4.t, > 3)
=21t =3, Mbit =21t =2
1o+ =38 v_3
t, + = w
CN.2 1ThTh ’ ty =3,
(=16 =21 >2) Approach 1 1.5829 274.7'1
> >2,d > =2t =6 Mbit
=2t =2, th4th 4+t =10
w3, CN.2
Approach 2 i Y i/l]t?lzél (th>1,6>21t>2)
=2t =2, 1.3386 =2, =3,
H+6+t =09 =3 2676
(th > 1.6 > 2.6, >2) Approach 2, 5 w a, 14296 e
=21 =1, o+t +t =11,
Approach 1 t3 - t}i Y 14333 20457 (21622522
bp =216=1 ' Mbit t=21=1,
tw = ‘l )
L 5=14=6 26158
ttdrd+el+el =38 Approach 1 v =3 (v =1, 12873\t
CN3 =1 6>16> W,
2621622) G+t 4+t =11
w w 1 2 3 4 5 ’
=21t =1 ! 1
w1 w3 CN.3 Gzl =1,
37 4 T 1 1 1
Approach 2 p — 3 v — 1, 1.4884 ]1/?5132 22421622
o= =2 =1
e+t +th el =8, =11 =5
Ry Approach 2 v —3 gw — 1 13274 23634
(tIZL t221,t32 5 =2 — Mbit
=1,

2,6y > 1,6l >2)

can obtain the solution of problem P by Approach 1 and Approach
2, respectively.

1. timeslot = 1s, T = 20;

According to the parameters and the settings of the two sys-
tems, we can obtain the assignment of the transmitted time for
each LTE and Wi-Fi connection in the next communication cycle.
Table 5 shows the solution solved by the two approaches for CN.
1, CN. 2 and CN. 3 in the first experiment. In CN. 1, Approach 2 can
obtain the same solution as approach 1, and the optimal solution
of the total amount of transmitted data is 1922.5 Mbit. In CN. 2
and CN. 3, Approach 2 cannot obtain the optimal solution, but
its solution 2107.4 Mbit and 1993.2 Mbit of the total amount of
transmitted data is very close to the optimal solution 2142.2 Mbit
and 2045.7 Mbit.

2. timeslot =1, T = 25;

Table 6 shows the solution solved by the two approaches for
CN. 1, CN. 2 and CN. 3 in the second experiment. In CN. 1, the
optimal solution of the total amount of transmitted data is 2527.4
Mbit, and the solution solved by Approach 2 is 2406.5 Mbit. In CN.
2 and CN. 3, Approach 2 can obtain the solution 2676 Mbit and
2563.4 Mbit of the total amount of transmitted data, and it is very
close to the optimal solution 2747.1 Mbit and 2615.8 Mbit.

3. timeslot = 1.5, T = 30;
Table 7 shows the solution solved by the two approaches for
CN. 1, CN. 2 and CN. 3 in the third experiment. In CN. 1, the

d+o 4+t +eh+id =11,
H=15=1

t>2,t>11t>2)

optimal solution of the total amount of transmitted data solved by
Approach 1 is 4698.5 Mbit, and the solution solved by Approach
2 is 4297.6 Mbit. In CN. 2 and CN. 3, although Approach 2 cannot
obtain the optimal solution, its solution 4873 Mbit and 4782.9
Mbit of the total amount of transmitted data is very close to the
optimal solution 5165.5 Mbit and 4831.1 Mbit.

Due to the number of connections in the experiments is small,
the difference in time efficiency between the two approaches is
not significant. However, with the increasing number of coexist-
ing connections, the advantage in time efficiency of Approach 2
can be reflected because of its linear time complexity. In addition,
as an exhaustive method, Approach 1 is difficult to be applied in
reality.

5.3. Simulation results

At first, we test the effect of the distance between Wi-Fi's
AP and LTE's eNodeB on the communication time of direct and
indirect communication. The communication time always stays in
0.0148 s when the communication mode is direct communication
and the distance is less than 20 m between the AP and the
eNodeB. In addition, the communication time stays in 0.0202 s
when the mode is indirect communication and the distance is less
than 100 m.
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Fig. 6. The comparison among the experimental calculation results and simulation results by Approach 1 and Approach 2 in each experiment.

Then, we take the solutions solved by Approach 1 and Ap-
proach 2 in each experiment as inputs and simulate the Wi-Fi
and LTE coexistence network on NS-3, the outputs are the sim-
ulation results. Fig. 6 shows the comparison of the four values
(experimental calculation results by Approach 1 and Approach 2,
and simulation results by Approach 1 and Approach 2) in each
experiment. Although the theoretical calculation results and the
simulation results are closed, the tiny difference still exist. There
are two possible explanations of the difference between them:
One is the throughput of each connection cannot be determined
during initialization, and it may increase gradually to reach a sta-
ble value. The other one is that the possible interference between
different connections can cause the simulation results lower than
the theoretical calculation results.

6. Conclusions

In this paper, a novel mechanism over CCN is proposed to
enable Wi-Fi and LTE-U fair coexistence in unlicensed spectrums.
The mechanism contains two phases: In the first phase, based
on CCN architecture, LTE's UE broadcast spectrum sharing re-
quest to nearby Wi-Fi’'s APs and coexist with Wi-Fi willing to
share unlicensed spectrums. In the second phase, Wi-Fi’s AP can
communicate to LTE’ eNodeB to assign the next transmission
time of each Wi-Fi and LTE-U connection. Two modes of the

communication can be adopted: direct communication is suitable
for the short distance between Wi-Fi's AP and LTE's eNodeB with
rapid response, indirect communication is applicable for the long
distance between Wi-Fi's AP and LTE’s eNodeB.

In addition, we take the coexistence between Wi-Fi and LTE-
U systems as a resource allocation problem and formulate a
constraint optimization problem to ensure fairness between the
two systems. The objective function is to maximize the amount
of transmitted data in a communication cycle by adjusting the
transmission time of different connections. We also propose two
approaches to solve the optimization problem and make the
results as the content of the communication between Wi-Fi’'s AP
and LTE's eNodeB.

Finally, we verify our mechanism and approaches with the-
oretical calculations and simulations on NS-3. The results show
that our mechanism and approaches can effectively enable the
fair coexistence between Wi-Fi and LTE-U systems and improve
the overall channel utilization in unlicensed spectrums.

In the future, we will continue to search the global optimal
solution with low time complexity and verify our mechanism
with actual devices. Moreover, we will further consider the fair
coexistence of more wireless systems in heterogeneous wireless
networks.
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Table 7
The solution solved by the approaches in the third experiment.
Network Solution e Total data
ty =5t =3,
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