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Abstract

The insufficient wireless frequency bands are likely to arise with the increase in mobile traffic demand. Many mobile

operators suffer from a high annual increase in the cost of licensed wireless bands. Unlicensed bands present a

potential opportunity for mobile operators. A single 5-GHz band with a large bandwidth provides faster transmission

for each user. However, interference caused by existing wireless transmissions, such as Wi-Fi in unlicensed bands, is a

serious issue in the effective utilization of unlicensed bands by mobile operators. The Listen-Before-Talk (LBT) was

proposed as a promising method to ensure the coexistence of Wi-Fi and commercial mobile services such as LTE. We

focus on effective control of the contention window (CW) size to maximize the operability of LBT. Control of the CW

size depends on the repetition of extended clear channel assessment (ECCA). We introduce a dual threshold system

that counts the repetition of ECCA. The newly developed NS-3-based unlicensed band network simulator shows the

effectiveness of the proposed control mechanism. The results indicated that the advantage of the proposed method

improves 4.3–7.6% than traditional LBT method. We develop a composite metric of throughput and fairness to

evaluate the performance of LTE-LAA access.
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1 Introduction

The widespread use of mobile devices and various high-

quality contents cause a significant increase in mobile inter-

net traffic. VR/AR media and personal video streaming,

such as Facebook Live, cause an exponential increase in

traffic. A report by Cisco indicates that mobile connections

will reach 11.5 billion and global mobile data traffic will ex-

ceed 24.3 exabytes in 2020 [1]. The explosion of mobile

data traffic increases the need of additional wireless band-

width. Although licensed wireless bands are extremely af-

fordable with respect to guaranteeing service quality, the

usability of licensed bands is strictly limited. Limited

amounts of licensed bands (i.e., 20–40MHz for single-LTE

operators) are allocated to mobile operators under strict

regulations by domestic governments. Specifically, LTE

Licensed-Assisted Access (LTE-LAA) proposes aggregated

carrier utilization between licensed and unlicensed bands

(see Fig. 1). A large unlicensed bandwidth (i.e., 455MHz

bandwidth in Europe and 580MHz in the USA in the 5-

GHz band) can be used as sufficient supplementary carriers

under the assistance of control signaling of licensed bands.

Current unlicensed bands are widely used for various

wireless access systems. Wi-Fi systems, such as IEEE

802.11 ac, present an access method over the unlicensed

bands [3]. Fair radio resource sharing between Wi-Fi access

systems and LTE-LAA is a key issue in the utilization of

unlicensed bands. A traditional LTE system promptly trans-

mits signals without censoring the channel condition (i.e.,

static resource scheduling is applied to LTE systems), and

thus, it is not possible to simply share radio resources with

Wi-Fi wireless access systems. Therefore, a novel technical

standard for the LTE-LAA channel access method is re-

quired to guarantee fair radio resource sharing with Wi-Fi

access systems over unlicensed bands. A study by Dimatteo

et al. proposed an integrated architecture to exploit the op-

portunistic networking paradigm. They built a data traffic

migration method from cellular networks to metropolitan

Wi-Fi access points [4]. Jeon et al. focused on the mutual

effect between LTE and Wi-Fi systems. They developed an

intersystem interference analysis technique based on con-

tinuum field approximation and spiral representation [5].

Liu et al. proposed a simultaneous access framework for
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small cells over licensed and unlicensed bands. A small cell

dynamically arranges its channel access system parameters

for effective coexistence with incumbent unlicensed band

users. The coexistence was analytically modeled and proved

via extensive simulations [6]. Cavalcante et al. compared

performance evaluations of coexistence between LTE and

Wi-Fi systems and pointed out technical challenges with re-

spect to the two different access systems. They focused on

a system-level analysis for specific environments such as an

office or small closed area. The simulation results indicated

that the LTE system performance is slightly affected by co-

existence, while Wi-Fi is significantly affected by LTE trans-

missions [7]. A study by Almeida et al. suggested a simple

coexistence scheme that reused the concept of almost blank

subframes (ABS) in LTE [8]. The use of ABS is an essential

point of LTE unlicensed [9, 10]. Major wireless technology

companies, such as Qualcomm or Ericsson, have focused

on Carrier Sensing Access Technology (CSAT) for LTE

adaptation over unlicensed bands.

The Listen-Before-Talk (LBT) framework is a de facto

standard of LTE-LAA channel access methods to aid in

fair sharing over unlicensed bands. The adjusting LTE

MAC protocols for adopting LBT are proposed [11]. It

concludes that LTE-LAA can gain high-throughput per-

formance without harming Wi-Fi performance with the

proposed MAC mechanisms. The study of Ratasuk et al.

[12] proposed a fairness mechanism for LAA coexistence.

Downlink system performance is analyzed for multi-

operator LAA deployment in an indoor hotspot, an indoor

office, and an outdoor small cell. LBT similar to Wi-Fi

DCF presented good fairness with Wi-Fi. But, they only

hold when the coexistence channel model can accurately

simulate the interference. An analysis by Chen et al.

proved the effective sharing of LTE-LAA and Wi-Fi over

the downlink unlicensed bands [13]. They applied a

Markov chain model to a simple LBT method. Um et al.

investigated the effectiveness of two alternatives, frame-

based equipment (FBE) and load-based equipment (LBE),

as practical implementations for LBT. The results indi-

cated that LBE has an advantage in terms of flexible chan-

nel waiting time on busy periods despite the complexity of

the LBE implementation [14, 15]. The extensive survey of

LBT is provided in the study of Chen et al. [16]. They pro-

vided a holistic study for not only coexistence schemes

but also overall operations of LBT.

The backoff time defined in LTE-LAA plays an important

role in how the traffic will be split between Wi-Fi and LTE-

LAA and, hence, is a factor in how fair the coexistence will

be [17]. The adoption of an extended clear channel assess-

ment (ECCA) for LBE granted flexibility with respect to the

design of a backoff time control algorithm. When a channel

is subject to a highly competitive condition, sufficient back-

off time can be achieved by a sufficient contention window

(CW) while minimizing unnecessary waiting time. In the

study of 3GPP [18], they proposed the design of three LBT

design options: (1) LBT without random backoff, (2) LBT

with random backoff in a contention window of fixed size,

and (3) LBT with random backoff in a contention window

of variable size. Yin et al. [19] presented the minimum CW

size adaptively adjusted according to the available licensed

spectrum. An analytical model was developed to estimate

the collision probability. Tao et al. [20] focus on CW size

adaptively adjusted to an appropriate value by means of

collecting the QoS metric signals from neighbor mobile sta-

tions. They assumed that the information can be exchanged

over the inter-cell interfaces such as X2 interface. Fanrong

et al. [21] determined the CW size based on the slot

utilization. They built the analytical model of LTE-LAA slot

structure and calculated slot utilization rate. Baswade and

Tamma [22] also suggested CW size adjustment based on

Fig. 1 Band aggregation of LTE-LAA [2]
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waiting time that can be directly derived from slot

utilization. Saadat et al. [23] suggested a variety of CW size

control method. They presented LAA-Wi-Fi coexisting

scheme with transmission opportunity (TXOP) backoff

control method. Instead of doubling backoff time for every

unsuccessful transmission attempt, TXOP is reduced by

half. TS37.213 (rel. 15) [24] presents the current LBT im-

plementation of 3GPP LTE-LAA. The basic structure of

3GPP implementation is similar to LBE or FBE. It employs

the CW and a counter. The 3GPP makes a categorization

by the channel access priority. The higher access priority

has smaller CW size. The smaller CW can guarantee the

more opportunity to access channels.

The aforementioned research works have their own im-

portance and try to make meaningful insights. However,

they have some limitations to describe the practical LTE-

LAA operations. First, almost all CW update procedures are

based on LAA user feedback and base station assessment

on a relatively slow time scale. They need the estimation of

available licensed bandwidth and load over the Wi-Fi net-

work. In addition, they assume the adoption of inter-cell in-

terfaces such as X2 interface for the information exchange.

The frequent measurements from the Wi-Fi networks

and information exchange via separated interfaces are

actually unrealistic. The hardware and software limita-

tion of LTE-LAA networks (especially for small cell

LTE-LAA networks) restricts the sufficient inter RAT

(Radio Access Technology) measurements and sepa-

rated physical interfaces between networks. Moreover,

the analytical channel access model such as a Mar-

kovian model considered in the aforementioned works

has only a limited description for contention stage.

The environmental variations over network are not

sufficiently considered.

In the present study, an effective design for the CW

control algorithm of LBT is proposed. The proposed

design suggests a dual threshold structure with respect to

the CW control method to prevent improper ascending or

descending relative to the waiting time. Extensive simula-

tions and intuitive gradient-descending method indicate

that the proposed dual threshold structure achieved high

performance while guaranteeing fair radio resource shar-

ing with Wi-Fi systems. We need only simple counting on

unsuccessful transmission trials. The complicated analyt-

ical model and information exchange between networks

are not required. Note that, we assume that all mobile

nodes have same access priority to estimate holistic

performance of access technologies. The study is or-

ganized as follows: A dual threshold design under the

ECCA structure is suggested in Section 2. The gradi-

ent control of the dual threshold is proposed in Sec-

tion 3. The computational results are analyzed in

Section 4. The concluding remarks are presented in

Section 5.

2 ECCA structure and channel access method
2.1 Background

The ECCA-based channel access method is based on the

European standard LBE [12]. A mobile device performs a

clear channel assessment (CCA) using “energy detect” prior

to a transmission over an operating channel. A mobile de-

vice performs observations over the operating channel with

respect to the CCA sensing time (that typically corresponds

to less than 18 μs). The operating channel is considered as

occupied if the detected energy level over the operating

channel exceeds the predefined level. The mobile device

commences ECCA sensing when the mobile device detects

channel occupation within the CCA sensing time. The

ECCA sensing time is randomly selected within (CCA Sens-

ing Time × (1,⋯, q)), where q denotes the maximum ECCA

sensing time. The mobile device may resume transmissions

(i.e., TXOP state, less than 10ms) over the operating chan-

nel if the ECCA sensing identifies that the operating chan-

nel is not occupied. Following the ending of the TXOP

state, the mobile device continues a short control signal

transmission time (usually equal to CCA sensing time) over

the operating channel, and this provides management and

control frames (e.g., ACK and Block ACK frames). The

LBE estimates channel contention by measuring consecu-

tive repetitions of ECCA sensing. A new ECCA is repeat-

edly activated whenever the operating channel is occupied

by other devices. The state transition diagram shown in Fig.

2 represents the details of the ECCA structure.

2.2 Proposed access control

The ECCA sensing time is denoted by a function of q (i.e.,

CCA Sensing Time × (1,⋯, q)). We introduce two counts to

determine an effective q value, namely an ECCA increase

counter and an ECCA decrease counter. The ECCA increase

counter is used to determine the increasing event of ECCA

sensing time. When the ECCA increase counter reaches

iTH (i.e., ECCA increase threshold), the q value is doubled

and the ECCA sensing time can then be increased. The

ECCA decrease counter is used to determine the decreasing

event of the ECCA sensing time. When a mobile device is in

a high contention environment, the ECCA increase counter

by itself results in an unnecessarily long waiting time to gain

access over the operation channel. The ECCA decrease

counter and dTH (i.e., ECCA decrease threshold) can guar-

antee the minimum accessibility of a device in a high con-

tention environment. The ECCA increase counter simply

increases at the beginning of each ECCA. Whenever ECCA

increase counter equals iTH, the q value is doubled and the

ECCA increase counter resets to 0. The ECCA decrease

counter also increases at the beginning of each ECCA, but it

retains the same value when the q value is doubled. If the

ECCA decrease counter reaches dTH, then the q value re-

sets to the minimum and ECCA decrease counter resets to

0. The ECCA decrease counter is increased by 1 only when
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the value of the ECCA increase counter is smaller than iTH.

Thus, ECCA sensing time only decreases when the ECCA

decrease counter corresponds to dTH. These dual counters

and thresholds allow a simple but effective method of LBT

implementation. Figure 3 shows the access control process

flow chart. Figure 3a represents an overall access control

process in which ECCA sensing time calculation is included

as a submodule. Figure 3b provides a detailed calculation

procedure for the ECCA sensing time.

The maximum ECCA sensing time is determined by the

q value. The maximum ECCA sensing time doubles when

the ECCA increase counter reaches iTH. In contrast, the

maximum ECCA sensing time resets to the minimum

value when the value of the ECCA decrease counter corre-

sponds to dTH. Figure 4 illustrates examples of operational

actions of counters and thresholds. The success of channel

access is strongly dependent on the ECCA sensing time.

An increase in the ECCA sensing time results in a lower

success rate of the LTE channel access. The proposed dual

threshold method presents a mixing strategy of the short

and long ECCA sensing times even over an overloaded

channel. As shown in Fig. 4, the proposed dual threshold

method guarantees that the LTE retains channel occupancy

while permitting sufficient channel access chance to Wi-Fi

devices. It is assumed that iTH and dTH correspond to 4

(i.e., iTH = dTH = 4), and Wi-Fi transmission is occasional.

The #/# form values denote {ECCA increase counter/ECCA

decrease counter} for each ECCA beginning. The red dot-

ted rectangle depicts that ECCA increase counter reaches

iTH. When the ECCA increase counter reaches iTH, the

value of the ECCA increase counter immediately drops

from 4 to 0 (ECCA decrease counter continues to remain

at 3), and the q value is doubled. The blue dotted rectangle

shows the actions of the ECCA decrease counter. When-

ever the value of the ECCA decrease counter reaches dTH,

the value of the ECCA decrease counter decreases from 4

to 0, and the q value decreases to the minimum value. The

operation of the ECCA decrease counter allows more fre-

quent access trials for the LTE over the overloaded channel.

3 Gradient control of dual threshold

The two thresholds (i.e., iTH and dTH) induce a critical im-

pact on the LBT performance over the operating channel.

The ECCA increase threshold, iTH, denotes the consecutive

occurrence of ECCA that is required to double the max-

imum ECCA sensing time (i.e., q value). Higher values of

iTH restrict the increase in the q value, and the ECCA sens-

ing time is then slowly extended. An increase in the ECCA

sensing time results in fewer Wi-Fi access trials. Lower iTH

values cause a frequent increase in the q value. A rapid in-

crease in the q value results in excessive ECCA sensing time

that reduces the access trials of LTE. The behavior of dTH

can be interpreted in a similar manner. Higher values of

dTH restrict the possibility of initializing the q value, and

subsequently, the channel access of LTE is excessively

limited. Lower dTH values result in the frequent

initialization of the q value. The excessively short ECCA

sensing time poses a serious disadvantage for Wi-Fi access

trials. Performance metrics are typically designed as a com-

bining function of throughput and fairness for the two given

thresholds. The throughput is easily obtained by a summa-

tion of the traffic throughputs of the LTE and Wi-Fi while

the fairness is indirectly estimated by the weighted differ-

ence between the traffic throughputs of the LTE and Wi-Fi.

throughput iTH ; dTHð Þ

¼
X

i

rLTEi þ
X

j

rWi−Fi
j ð1Þ

fairness iTH; dTHð Þ ¼ w �
X

i

rLTEi −

X

j

rWi−Fi
j

�

�

�

�

�

�

�

�

�

�

ð2Þ

where rLTEi denotes the ith traffic throughput of LTE flow

and rWi−Fi
j denotes the jth traffic throughput of Wi-Fi flow.

Fig. 2 State transition diagram
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Additionally, w denotes the applied weight of the throughput

difference. The theoretical bases of LTE unlicensed band and

Wi-Fi 5 GHz are similar. They both use OFDM and LBT

technology. The performance difference is only originated

from the bandwidth allocation. The allocated bandwidth is

directly related to its throughput. The throughput is essential

resource to users. The users share the total system

throughput. The fair bandwidth allocation guarantees the fair

system throughput between two technologies where two

user groups of two technologies can share the throughput.

Therefore, the throughput difference between two technolo-

gies directly presents the fairness between two technologies.

Note that the throughput (1) and fairness (2) calculation

are performed by simulations. We build a simulation

(a)

(b)
Fig. 3 Flow chart for access Control. a Overall access control process. b ECCA sensing time calculation
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environment and then extract representative simulation re-

sults to calculate throughput and fairness (Table 3 in the

Appendix shows the abstracted simulation results).

Both the throughput and fairness functions have two in-

dependent variables of iTH and dTH. Figure 5 shows an ex-

ample of the LTE throughput and Wi-Fi throughput. The x-

axis and y-axis denote iTH and dTH, respectively, and the

z-axis denotes the throughput (in Mbps). The system setup

is described in the following Section 4.1. The throughput

function (1) is directly illustrated as the uppermost gray sur-

face in Fig. 5. The fairness function (2) can be estimated by

the weighted difference between LTE throughput (denoted

by the light red surface) and Wi-Fi throughput (denoted by

the light blue surface). The value of the fairness function is

close to zero when the throughput difference between the

LTE and Wi-Fi converges to a minimum value.

The determination of proper iTH and dTH values is an

essential part of the proposed CW control method to main-

tain a balance between LTE and Wi-Fi. Function (3) shows

a functional model to obtain proper values of iTH and dTH

as follows:

arg iTH ;dTHð Þ max f iTH ; dTHð Þ ¼ f iTH ; dTHð Þj f iTH ; dTHð Þ

¼ throughput iTH ; dTHð Þ

−fairness iTH; dTHð Þg

ð3Þ

It is hard to model the f(iTH, dTH) as a closed form due

to the irregular discreteness of f(iTH, dTH). However, the

functional form can be approximated by behavioral pattern

analysis for the dual threshold (iTH, dTH). Figure 5 shows

the typical behaviors of LTE and Wi-Fi throughputs. The

Wi-Fi throughput linearly increases with respect to dTH

and exponentially decreases with respect to iTH. The LTE

throughput logarithmically increases relative to iTH and

exponentially decreases relative to dTH as follows:

Wi‐Fi throughput ¼ θ1dTH þ θ2e
iTH þ θ3 ð4Þ

LTE throughput ¼ θ4 log iTHð Þ þ θ5e
dTH þ θ6 ð5Þ

f iTH ; dTHð Þ ¼ θ1dTH þ θ2e
iTH þ θ3 þ θ4 log iTHð Þ þ θ5e

dTH þ θ6
� �

−w θ1dTH þ θ2e
iTH þ θ3−θ4 log iTHð Þ−θ5e

dTH
−θ6

� �

¼ 1−wð Þ θ1dTH þ θ2e
iTH þ θ4 log iTHð Þ þ θ5e

dTH þ θ3 þ θ6
� �

ð6Þ

To determine proper (iTH, dTH), the parameters θi(i = 1,

⋯, 6) should be estimated appropriately. The gradient de-

cent method [25] is very useful for multivariate function

parameter estimation. The function, f(iTH, dTH), has a good

presentation to apply the gradient decent method (Fig. 5

shows a typical decent direction to optimize the function

f(iTH, dTH)). The selected results of LTE and Wi-Fi

throughput are already gathered by the carefully designed

network simulator (see Table 3 in appendix). For efficient

application of the gradient decent method, we slightly mod-

ify the function f(iTH, dTH)(Eq. (6)) as follows (Eq. (7)).

hξ xð Þ ¼ ξ0 þ ξ1x1 þ ξ2x2 þ ξ3x3 þ ξ4x4 ð7Þ

where x1 = dTH,x2 = eiTH,x3 = log(iTH),x4 = edTH,ξ0 = (1

−w)(θ3 + θ6),ξ1 = (1 −w)θ1,⋯,ξ4 = (1 −w)θ4.
The cost function, J(ξ0,⋯, ξ4), which present the defer-

ence between functionally estimated and actually simu-

lated performances, is given as Eq. (8).

J ξ0;⋯; ξ4ð Þ ¼
1

2m

X

m

i¼1

hξ x ið Þ
� �

−y ið Þ
� �2

ð8Þ

where x(i) = (dTH, eiTH, log(iTH), edTH)(i) (i.e., variables

from the ith dual thresholds(iTH, dTH)) and m is the num-

ber of simulated performances in Table 3 in Appendix.

The value, y(i), is obtained from the ith simulated

performance ofthroughput(iTH, dTH) − fairness(iTH, dTH)

Fig. 4 Example of Action: iTH = dTH = 4
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(see Table 3 in Appendix). The gradient decent for param-

eter ξj’s are described as following (9).

ξ j≔ξ j−α
1

m

X

m

i¼1

hξ x ið Þ
� �

−y ið Þ
� �

x
ið Þ
j for j ¼ 0;⋯; 4f g

ð9Þ

where α is the learning rate (i.e., the smaller α denotes

slower learning and vice versa).

The training data set (x(i), y(i)) determines the proper pa-

rameters of function (7). Table 3 in the Appendix shows

the examples of training data set. The input instances, x(i),

are obtained from(iTH, dTH), and output values, y(i), can be

obtained from the small number of simulations. After de-

termining the parameters, ξ0, ⋯ξ4, we can estimate the hol-

istic behavior of function (6) for every dual threshold (iTH,

dTH) (i.e., we calculate θ1, ⋯, θ6 of function (6) using ξ0,

⋯ξ4). However, the nonlinearity of function (6) given as

(iTH, dTH) cannot guarantee a proper finding of dual

threshold. A search method is applied as follows:

iTHkþ1
; dTHkþ1

� �

¼ iTHk
; dTHk

� �

þ δ
k
∇ f iTHk

; dTHk
� �

ð10Þ

∇ f iTHk
; dTHk

� �

¼

−1; 0ð Þ if f iTHk
−1; dTHk

� �

− f iTHk
; dTHk

� �

> 0

þ1; 0ð Þ if f iTHk þ 1; dTHk
� �

− f iTHk
; dTHk

� �

> 0

0;−1ð Þ if f iTHk
; dTHk

−1
� �

− f iTHk
; dTHk

� �

> 0

0;þ1ð Þ if f iTHk
; dTHk þ 1

� �

− f iTHk
; dTHk

� �

> 0

0; 0ð Þ otherwise

8

>

>

>

>

>

<

>

>

>

>

>

:

ð11Þ

It is necessary to update the kth dual threshold, (iTHk,

dTHk), by the increasing direction of function f. The in-

creasing direction, ∇f, has a unit vector form (i.e., (±1, 0) or

(0, ± 1)). The difference in the function values between kth

dual threshold and its one step neighbors (i.e., f(iTHk ± 1,

dTHk) − f(iTHk, dTHk) or f(iTHk, dTHk ± 1) − f(iTHk, dTHk)

(a) (b)
Fig. 5 3D Throughput analysis. a Throughput summation. b Fairness

(a) (b)
Fig. 6 Simulation environments. a Low interference environment. b High interference environment
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determines the increasing direction,∇f. Additionally, δ
k

denotes a step size for the kth dual threshold. The k + 1th

dual threshold (iTHk+ 1, dTHk+ 1) is determined by the

product of the kth increasing direction and the step size.

The operation commences with a wide step size for fast im-

provement, and the step size is then gradually reduced for

minor calibration. The dual threshold update ends without

any significant improvement with respect to function

f(iTH, dTH). If f(iTHk+ 1, dTHk+ 1) − f(iTHk, dTHk) < ε, then

the threshold update is stopped and the current dual

threshold, (iTHk, dTHk), is reported as the best threshold.

Note that, the solution processes of optimization prob-

lem are derived by an offline application. The active

code of proposed gradient decent method is very simple

to activate in small cell eNB. We check the capability of

commercial eNB. The installed CPU of small cell eNB is

Intel SoC T3300(2Core, 2 GHz). The computing over-

head of proposed gradient descent method is less than

1% of T3300.

4 Computational results
4.1 A system model for simulations

The test analysis was performed using NS-3, which is a

C++–based discrete event simulator. Both LTE and Wi-Fi

operate over 5180MHz of center frequency with a band-

width of 20MHz. The transport protocol is dedicated to

UDP for pure data rate measurement. The Wi-Fi oper-

ation is dictated by IEEE 802.11n. The CCA time is

assigned as 18 μs to implement the proposed dual thresh-

old method. The q value has a variable range

corresponding to 5–30. Additionally, the single-channel

occupation time (i.e., TXOP time) for the transmission is

assigned as 8ms. The simulation time is set to 30 s, and

the analysis is performed for the following environments

(as shown in Fig. 6).

Two interference environments are constructed for test

cases. Figure 6a shows a low-interference environment in

which 1 eNodeB and 1 Wi-Fi AP are co-located at the

center position. The Wi-Fi stations (STAs) and LTE user

equipment (UE) are circularly located at a distance of 10m

from the center. The 8UEs/8STAs and 12UEs/12STAs are

tested for the low-interference environment. A more com-

plicated environment, namely a high-interference environ-

ment, is tested in Figure 6b. The center co-location of 1

eNodeB and 1 AP is identical to that in the low interference

environment. However, additional Wi-Fi APs are installed

to ensure additional interference. Furthermore, LTE UEs

Wi-Fi STAs are closely located to maximize their interfer-

ence. Moreover, 8UEs/8STAs and 12UEs/12STAs are also

tested. Table 1 shows other system model for the

simulations.

In addition, we show the modification of NS-3 for

simulations. Table 2 shows NS-3 modifications.

4.2 Simulations

To define the parameters of function (6) for each inter-

ference environment, we use a small number of training

data obtained from simulations. The Table 3 in the

Table 1 Basic LTE/WI-FI system model

Parameters Values

Center frequency 5180 MHz

LTE bandwidth 20 MHz

LTE transport protocol UDP

Wi-Fi bandwidth 20 MHz

Wi-Fi standard IEEE 802.11n

Wi-Fi transport protocol UDP*

Path loss model IEEE 802.11 ax Indoor
Propagation Loss Model

Transmit Power BS TxPower 18 dBm

TxGain 5 dB

RxGain 5 dB

NoiseFigure 5 dB

UE TxPower 18 dBm

TxGain 0 dB

RxGain 0 dB

NoiseFigure 9 dB

Mobility None

Sensing thresholds for LTE and Wi-Fi − 62.0 dBm

MIMO None

*By applying TCP instead of UDP, we can observe small throughput degradation

over both of LTE and Wi-Fi

Table 2 Modified NS-3 modules

Module name Modified contents

laa-wifi-simple.cc Parameter setup

scenario-helper.cc Scenario setup

laa-wifi-coexistence-helper.cc Traffic setup, LBT operation
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Appendix shows the extensive simulation results for

every dual threshold (iTH, dTH). The only small selected

simulations are sufficient to define the function (6). Ap-

proximately 8~10 simulations for each interference en-

vironment are applied to define the parameters of

function (6). This applicability gives a strong advantage

to define function (6) for various inference environments

those are not exploited in our test experiments.

After the defining the function (6) for test environments,

we apply the dual threshold update procedure presented in

Section 3. With respect to each test environment, the oper-

ation commences with a randomly selected dual threshold,

and the aforementioned threshold update procedure is then

applied. Figure 7 shows the effectiveness of the procedure.

The proper dual threshold could be determined for each

weight within a very small time bound. The highest conver-

ging time of the dual threshold corresponds to within 2000

ms, and the maximum number of procedure steps corre-

sponds to less than 18. The x-axis in Fig. 7 denotes the

obtained {iTH, dTH} pairs and their weights.

Now, we demonstrate that the obtained dual thresh-

old is close to the optimal value. Numerous search

graphs are illustrated for test environments to identify

the optimality. Figure 8 illustrates the enumerative

space for dual threshold pairs. The x-axis and y-axis

denote iTH and dTH, respectively. The lowest plane

corresponds to the highest weight for function f(iTH,

dTH) (i.e., assigned weight is 1.0), and conversely, the

highest plane corresponds to the lowest weight.

Balanced points can be determined from the 3D per-

formance illustration. Both LTE and Wi-Fi could only

obtain balanced throughputs under similar values of

iTH and dTH. Specific pairs of iTH and dTH obtain a

good performance in all the test cases. The pairs of

(iTH, dTH) = {(3, 3), (4, 4), (7, 7), (7, 8)} indicate a

good balance of LTE and Wi-Fi. The dual threshold

pair (7, 7) shows the smallest throughput difference

between LTE and Wi-Fi in the “Low Interference:

12UEs/12STAs” case. The same dual threshold is ob-

tained in Fig. 7a in which the value is obtained by the

proposed threshold update procedure as described in

Section 3. The proper iTH and dTH as the similar

values (i.e., (iTH, dTH) = (3, 3), (4, 4), (7, 7), (7, 8)) de-

notes that the repetitive extension of ECCA sensing

(a) (b)

(c) (d)
Fig. 7 Convergence of thresholds. a Low interference: 12UEs/12STAs. b High interference: 12UEs/12STAs. c Low interference: 8UEs/8STAs. d High

interference: 8UEs/8STAs
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time is not appropriate to achieve good performance.

In traditional random backoff mechanism, the sensing

time is exponentially extended by the repetitive chan-

nel access failure. However, the iTH and dTH as the

similar values prevent the repetitive extension of sens-

ing time. Within a small number of access failures

after the extension of ECCA sensing time, the max-

imum ECCA sensing time resets to the minimum

value by the action of dTH (the dTH has a similar

value of iTH). Remember the example of Action: iTH

= dTH = 4 in Fig. 4. The same value of iTH and dTH

restricts the repetitive extension of sensing time to

only a single time.

Figure 9 shows the performance comparison be-

tween the proposed dual threshold control method

and the well-established random backoff algorithm.

The random backoff algorithm is applied to both the

LBE and FBE with variable size CW. It should be

noted that the difference between LBE and FBE is

not significant. The results indicated that the advan-

tage of the proposed method improves in the case of

a high-interference environment. The high interfer-

ence: 12UEs/12STAs case shows a maximum en-

hancement of 7.6% for the weight 1.0 (the average

enhancement for every weight corresponds to 6.6%).

The other cases show enhancement in the

(a) (b)

(c) (d)
Fig. 8 3D Performance graph. a Low interference: 12UEs/12STAs. b High interference: 12UEs/12STAs. c Low interference: 8UEs/8STAs. d High

interference: 8UEs/8STAs
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approximate range of 4.3–7.2%. Note that, we add the

results of random backoff with fixed size CW. The

performance of fixed size CW is not considerable for

comparison.

Figures 10 and 11 present separate figures of the

throughput and the fairness metric. We can observe that

the fairness metric is the more dominant factor for

performance enhancement of the proposed dual thresh-

old access control method.

5 Concluding remarks

It is necessary for wireless service operators to build the

best service portfolio strategy for each user by focusing

on the maximum benefit for network convergence while

(a) (b)

(c) (d)
Fig. 9 Performance comparison. a Low interference: 12UEs/12STAs. b High interference: 12UEs/12STAs. c Low interference: 8UEs/8STAs. d High

interference: 8UEs/8STAs

Fig. 10 Throughput comparison
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maximizing the overall network utilization. The LTE-

LAA is one of the best methods to obtain a connection

set for every user in multiple access networks. The pro-

posed channel access method improves the balance be-

tween LTE and Wi-Fi for the LTE-LAA. The number of

consecutive ECCAs is counted, and the dual threshold is

applied to obtain a proper CW size. The dual threshold

mechanism guarantees sufficient opportunities to ac-

cess shared channels to the LTE-LAA while maintain-

ing fair resource sharing between coexisting Wi-Fi

users.

The study involved developing a fast and efficient

converging scheme for a dual threshold. A gradient

climbing method was adopted to update the dual

threshold. The extensive enumerative simulations

demonstrate the near optimality of the proposed ap-

proach. The overall decision process is unique and

useful for unlicensed bands. The utility of the pro-

posed dual threshold and the updating method in an

LTE-LAA operation framework provides opportun-

ities to design fair sharing for unlicensed resources.

The network effect of a newly designed access

scheme can be tested and adapted to any given net-

work environment even under very serious interfer-

ences. The simple and practical design scheme

demonstrated in the present study provides an ap-

propriate decision-making process for new LTE-LAA

adaptation in a network service.

6 Appendix

The results of the four scenarios are listed in Table

3. The range of iTH and dTH is set as 2–8 for the

simulation in the study. Table 3 shows simulated re-

sults of proposed dual thresholds. The figures in the

Table 3 are the throughput of LTE and Wi-Fi (per

network). Each throughput value is calculated from

the (iTH, dTH). Figure5 shows the holistic through-

put pattern. We can roughly find the balance points

of total throughout and fairness in the Fig. 5. How-

ever, the generic form of gradient descent method

needs detailed throughput data of LTE and Wi-Fi.

The data of Table 3 can be useful input of the gen-

eric form of gradient descent method.

(a) (b)

(c) (d)
Fig. 11 Fairness comparison. a Low interference: 12UEs/12STAs. b High interference: 12UEs/12STAs. c Low interference: 8UEs/8STAs. d High

interference: 8UEs/8STAs
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