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ABSTRACT

This paper evaluates the coexistence of LTE and Wi-Fi networks in 5 GHz non-licensed bands. It proposes a
model of quality-of-service degradation index on Wi-Fi to measure the performance and latency network.
First, Wi-Fi and LTE in 5 GHz non-licensed bands and the carrier aggregation technique are introduced.
Then, it discusses the LTE-U and LTE LAA deployment scenarios and the coexistence evaluation model.
Further, it provides an indoor coexistence simulation scenario following the recommendations of the 3GPP-
TRO89 for UDP and TCP FTP transmissions with LTE LAA. This paper is concluded by the Wi-Fi operator's
degradation of performance, and network latency was found during its coexistence with the LTE operator.

Keywords: Wi-Fi, LTE, Throughput, Coexistence, Latency.

1. INTRODUCTION

Currently, the LTE transmission initiatives in the
unlicensed 5 GHz band are still a matter of
discussion. They could involve increasing capacity
for LTE mobile operators of almost 500 MHz.
However, also, they could mean a potential
degradation in the performance of technologies that
operate without a license, even though Wi-Fi is a
technology with at least 15 years in the market,
continues to grow.

The increase in mobile data traffic and the number
of devices worldwide is a subject of study by mobile
operators due to the possible shortage of the
spectrum. In 2006 alone, nearly half a billion mobile
devices were added, reaching almost eight billion
worldwide; thus, thirty times more traffic was
generated per month worldwide than last year [1],
[2]. In the face of a potential spectrum shortage,
some operators and manufacturers of LTE solutions,
a wireless technology defined by the 3Gpp
international agency, have led coexistence initiatives
to transmit LTE over the 5 GHz unlicensed band. By
using the coexistence, mobile operators intend to use
almost 500 MHz available in the 5 GHz band, a band
that has been used by Wi-Fi networks for more than
15 years [1], [3]. Certainly, Wi-Fi networks have

been the basis for different massive access strategies
for governments worldwide, including Colombia,
with the “Free Wi-Fi Zones for People” project of
the Ministry of Information Technologies and
Communications [4].

Nowadays, it is required to increase the unlicensed
spectrum use capacity. Alternative technologies to
Wi-Fi have been presented as Licensed Assisted
Access (LAA) and the second called LTE
Unlicensed (LTE-U) as a first approach to increase
the capacity of mobile operators. However, these
proposals have generated concern in the entities that
regulate the use of the electromagnetic spectrum for
the possible impact of this technology's coexistence
with native communications in the unlicensed band,
precisely Wi-Fi.

According to the above, it is required to analyze
the impact on the Quality of Service (QoS) in Wi-Fi
networks coexisting with LTE networks. This paper
shows in detail a series of simulations of this
coexistence, considering possible parameters or
metrics to evaluate the performance and, in general,
the impact of coexistence of these technologies in the
same environment.
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Currently, Wi-Fi networks have had such a degree
of massification that almost all smart devices have
Wi-Fi connectivity at least [1]. It means that any
possible degradation over Wi-Fi networks must be
analyzed to evaluate its impact and, this way, take
the relevant measures of regulation and control. The
present article evaluates Wi-Fi network performance
in coexistence with LTE in the non-licensed band
through the degradation index and network latency
performance. The paper is organized as follows:
Section 2 presents the methodology proposed and a
brief introduction to Wi-Fi and LTE in non-licensed
bands. Section 3 presents the model used in the
simulation to determine the degradation rate of the
network under coexistence; subsequently, it
describes the simulation's configuration and
discusses the results obtained. Finally, section 4
presents the conclusions about the main ideas of this
research.

2. METHODOLOGY

In order to propose a model to evaluate the

coexistence of Wi-Fi and LTE in the non-licensed
band [5], first, it is necessary to understand the exist-
ing technologies and then develop a coexistence
evaluation model considering the degradation rate
for latency and throughput over a Wi-Fi network.

2.1 Background Technology

2.1.1 Wi-Fi technology

Wi-Fi is a registered trademark of the Wi-
Fi Alliance [6] and represents the wireless technol-
ogy operating in the non-licensed ISM (Industrial,
Scientific, and Medical) bands of 2.4 and 5 GHz un-
der the IEEE 802.11 a/b/g/n/ac standards. Wi-Fi has
been located in physical and data link layers of the
OSI [6], [7].

Table 1 summarizes 802.11 standards that
have been massified in the market as of December
2016 [1].

Table 1.Most Popular 802.11 Standards As December 2016. [1]

Feature 802.11n 802.11ac Wave 1 802.11ac Wave 2
Band 24 & 5 GHz 5 GHz 5 GHz
MIMO Single User (SU) Single User (SU) Multi User (MU)
Data rate 300 - 450 Mbps 867 Mbps - 1300 Mbps 2.34 Gbps — 3.47 Gbps
Bandwidth 20 040 MHz 20, 40, 80 MHz 20, 40, 60, 160 MHz
Modulation 64 QAM 256 QAM 256 QAM
Special plots 2-3 2-3 2-4

2.1.2 LTE in non-license band technology

In order to have LTE over non-licensed
band without affecting Wi-Fi networks guaranteeing
the coexistence of these technologies, three large
collaboration groups have been formed to specify
coexistence mechanism: LTE-U Forum, 3GPP for
LAA, and Multefire [8], [9].

v" LTE-U forum
The industry partner forum defines the
specifications for LTE-U (LTE-Unlicensed) based
on the R12 of the 3GPP and focuses on specific
markets.

v' 3GPP
The 3GPP defines global standardization
for cellular network technologies such as LTE,
including LWA (LTE — Wi-Fi Aggregation) and
LAA (LTE License Assisted Access) R13.

v" Multefire alliance:
This international association, formed in
2015, develops technical and product specifications
for Multefire and standards based on 3GPP.

2.1.3 LTE-U

LTE in a non-licensed band (LTE-U) [9],
[10] is focused on specific markets such as the
United States, Korea, and India. LTE-U is perhaps
the first mechanism that was proposed for
coexistence [8], [10] incorporating:

1. Supplemental downlink (SDL) to improve
download or downlink [11], [10].

2. Dynamic channel selection to avoid
collisions with Wi-Fi using adaptive
transmission  techniques by  carrier
detection (CSAT) [12], [13].
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3. Migration support to LTE with access by
assisted license LAA [14].

CSAT uses a time division transmission
(TDM) pattern over an LTE-U secondary cell
(SCell) with a time cycle called TCSAT [15], [16].
This TDM pattern is driven based on measured
transmissions from Wi-Fi access points (APs).

The CSAT technique takes advantage of
the MAC signaling given by the LTE carrier
aggregation.

The Wi-Fi medium usage measurement
takes place during the OFF time of the SCell LTE-U
cell, designed to adjust the ON/OFF duty cycle.

An example of CSAT adaptive times is
shown in figure 1. In the figure, the CSAT technique
described by manufacturer Qualcomm, the ON time
is modified considering the quantity of ON Wi-Fi
AP in the environment. In CSAT, the LTE cell scans
the medium for a period of time, and according to
the observed activity, the algorithm reduces the LTE
activity proportionally.

-— Tesar Ton / Tore

LTE-U ON adaptativo

[ T T 1 [T 1

Figure 1.Qualcomm’s CSAT Description. [17]

R —

LTE-U OFF

The typical cycle length is 80 and 60 ms
(include ON + OFF). For instance: 40/40 and 80/80.
CSAT cycle length over the primary Wi-Fi channel
is usually lower, enabling connection beacon
transmission. Usually, CSAT cycles are constant,
but they could change whether the LTE-U
involvement was reduced, which is sometimes
necessary to adapt to latency-sensitive applications.

Unlike the Wi-Fi’s medium access given by
carrier detection with collision avoidance
(CSMA/CA), LTE-U uses CSAT and OSDL to
access the medium and determine the LTE
transmission opportunity.

2.14 LTE LAA

LAA refers to assisted access given by
licensing, defined in the R13 of the 3GPP. Its
deployment was focused in Europe and Japan on
those regions with specific access procedures with
Listen-Before-Talk (LBT) containment mechanisms
[3], [18]. This feature has increased the attention of
more countries compared with the LTE-U. As LTE-

U does, it has the objective of LTE transmission in 5
GHz Wi-Fi bands [8].

Figure 2 summarizes the LAA technique.
This technique performs channel aggregation
between LTE in a non-licensed 5 GHz band and LTE
in a licensed band which frequencies change
between 400 MHz and 3.8 GHz depending on the
country.

AAA ... A

Figure 2. LAA Technique [8]

LTE in the non-licensed band works only in
the downlink. It means that it only transmits in

moments when there is no active Wi-Fi
transmission, as is shown in figure 3.

Wi-Fi

Figure 3. LAA And Wi-Fi Transmission Coexistence. [§],
[17]

The figure above shows the access
technique “Listen Before Talking” or LBT, which
was standardized in 2015 under the ETSI EN 301
893 [3], [6], [19] with the following considerations:

1. Energy Detect Threshold — it is the typical
threshold for all carrier detection technolo-
gies.

2. Clear Channel Assessment — if no signal
was detected according to the EDT, it starts
the transmission.

3. Extended CCA - if the channel is busy
(CCA), it waits for it to be clean, and once
it happens, it starts waiting for a random
number of additional CCA that indicate that
the channel has remained clean before start-
ing the transmission.

The coexistence analysis is made taking
into account in-house deployments, as observed in
figure 4.
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Laa i

Wi-Fi

Figure 4. Medium Access In LAA. [12]

Next, based on the technologies explained
above, the following model to evaluate the
coexistence of Wi-Fi and LTE in the non-licensed
band is proposed.

2.2 Coexistence Evaluation Model Proposed

The coexistence evaluation model proposes
to assess the degradation rate for latency and
network performance over a Wi-Fi network. The
evaluation scenario for LTE in the non-licensed band
and Wi-Fi coexistence is shown in figure 5a as the
simulation framework of the system. From the
previous scenario, the performance evaluation
model considering a Wi-Fi network in coexistence
with LTE and the interaction between input and
output variables are defined, as shown in figure 5b.

Licensed LTE

%

Non-Licensed
LTE

iy

Wi-Fi

Smar{pihcne

Figure 5.a. Evaluation Scenario For LTE in Non-
Licensed Band And Wi-Fi Coexistence

Wi-Fi Throughput and

latency without degradation rate
Wi-Fi network

performance
model i
|—> with LTE [ b ¢

L4 dati
Wi-Fi Throughput and Latency degradation

rate
latency under

Throughput

Figure 5.b. Performance Evaluation Model Considering
A Wi-Fi Network In Coexistence With LTE

2.2.1 Input variables

The input variables to consider are only
Throughput and Latency since the other QoS
variables, such as signal strength and bit error,

directly affect the throughput and latency parameters
of the network [20].

1. Wi-Fi throughput and latency without LTE
coexistence: Throughput and latency values
are measured in the Wi-Fi interface when
there is not LTE LAA transmission (LTE
OFF).

2. Wi-Fi throughput and latency with LTE
coexistence: Throughput and latency values
are measured in the Wi-Fi interface when
there is active transmission of the LTE
LAA (LTE ON).

Other inherent interferences of the LTE
transmission over unlicensed band are not
considered for the above values.

2.2.2 Output variables

Like output variables, it has the latency and
throughput network degradation index for Wi-Fi and
LTE in non-licensed coexistence.

2.2.3 Relationship between input and output
variables of the model
The relationship between the input and
output variables of the model must be defined to
obtain a unique dimensionless value for both latency
and throughput.

The dimensionless output variable allows
quantitative evaluation of the Wi-Fi network's
performance based on network throughput and
latency. This variable depends on the results
obtained from the LTE LAA transmission in non-
licensed 5 GHz band for downlink (LTE station to
smartphone) as defined in Release 13 of the 3GPP
without carrier aggregation.

2.2.4 Degradation index

The degradation index is a dimensionless
real number, as defined in (1), which shows the
development for throughput (TP) £T. A similar
expression could be defined for latency (L) £L

TP Wi—Fi _ TP WiFiwith coexistence
Degradation index TP WiFi without coexistence

D

The value defined in (1) is only valid when
the Wi-Fi throughput without coexistence is
different from zero.
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- Let £T be the Quality of Service (QoS)
degradation index for Wi-Fi in coexistence
with LTE in the non-licensed band defined
in (2).

- Let TPy be the throughput value obtained
in Wi-Fi when there is not LTE LAA
transmission.

- Let TPy, be the throughput value obtained
in Wi-Fi when co-channel active
transmission with LTE LAA.

Then,
TP
£, = wc
TPy,

; forTR, # 0 (2)

In addition, it is necessary to review
different situations that could arise to define
exceptions:

- £5 = 0 occurs when TP Wi-Fi is null in co-
existence.

- £5 = 1 occurs when there is no degradation
of the Wi-Fi throughput in a coexistence sit-
uation with LAA, the throughput is main-
tained.

- 0<£;<1 occurs when the Wi-Fi
throughput in coexistence condition is
smaller than without coexistence; that is, it
is considered a negative degradation in the
performance of the Wi-Fi network.

- £5 > 1 occurs when the Wi-Fi throughput
in coexistence is greater than when both op-
erators are Wi-Fi, meaning that coexistence
is convenient.

- £ = oo is the degradation index when the
TP Wi-Fi is null without coexistence; how-
ever, this condition does not allow to know
the degradation level; therefore, it is consid-
ered an exception.

Once these exceptions have been reviewed,
it defines the degradation model for the Quality of
Service, as presented in (3):

TP
we when TPy, # 0
TPy,
£r = 1 when TPy, = TP,, )
L Undefined when TPy, =0

Based on the above expression, the results
of the index will be interpreted as follows:

- £;>1, coexistence improves the
performance of the Wi-Fi network.

- 0<£r <1, coexistence degrades the
performance of the Wi-Fi network.

- £; =1, coexistence does not improve or
degrades the performance of the Wi-Fi
network.

The £; index allows evaluating if there is
degradation in the performance of the Wi-Fi network
under coexistence with non-licensed band LTE
networks. In case of significant degradation, the
index £, will have a value well above one. An ideal
result would be £ = 1 or less than one.

Since there are input variables for
throughput and latency, two indicators are necessary
for £ and £; performance evaluation as described
in (3) and (4):

( L
| e whenL, + 0
Ly
EL = 1 WhenLWC = LW (4)
kUndefined whenLy =0
3. RESULTS

The simulation of coexistence conducted
contemplates the recommendations of the 3GPP. It
has been objective to reproduce the Wi-Fi and LTE
in non-licensed band coexistence indoor scenarios,
evaluating the performance impact on the Wi-Fi
network using the simulation tool NS3 [19].

3.1 Simulation Scenario

The scenario simulation is indoors and has
been specified by the TR.36.889 recommendation of
the 3GPP. Table 2 shows the traffic models
implemented in NS3 (using the LTE LAA
coexistence library) [21].
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Table 2.Wi-Fi And LAA Traffic Models Implemented By NS-3 According To 3GPP Recommendation [20]

Traffic model Wi-Fi Model LAA Model
Model 1 FTP 802.11n MIMO 2x2 20 MHz 20 MHz
Files transfer according to a Poisson Maximum Data Rate MCS15 Exponential Backoff according to
arrivals process Channel model D category 4
Lambda arrival rate between 0.5 and Preamble detection -88 dBm LAA ED in -72 dBm (default)
2.5 CCA ED Wi-Fi to LAA signals LAA CCA slot time 9 us

Size file: 0.5 MB -62 dBm CWmin =15, CWmax = 63
DCF (Distribut inati
CF (Distribu e‘d coordination LTE LAA ON (TXOP =8 ms)
function)

default

Beam-forming non-supported

For the coexistence simulation, followed
what is suggested by 3GPP considering two
operators, A and B (BS A and BS B), with a 20 MHz
channel. Then, coexistence is evaluated in two steps:
in step one, both operators deploy Wi-Fi technology.
Next, in step two, operator A changes and deploys
LAA. In both cases, it simulated FTP transmission
by UDP and TCP. As described above, it used an
indoors deployment scenario as recommended by
the 3GPP RANI.

Figure 6 shows the simulation scenario
with both operators, Base Station A and B, and User
End A and B.

Plot of node positions

50 room corners L 2
. BA A
40 pe g ‘ 1 BB A
30 g e m L T LEA =
[ o | | [ L]l 3
Ah _vAA | AA  AA R 2
20 ¢ m " " !
[T
10 + ] = n
[ ] ]
L L}
0

0 20 40 60 80 100 120
Figure 6. NS — 3 Simulation Scenario. [20]

Table 3 presents the variables considered in
the simulation. The arrival rate of user packets is

modeled with the Poisson distribution, four different
values of ED levels, lambda, and LTE-ON time.

EdThresh=-72.0, FtpLambda=0.5, CellA=Laa, UDP

EdThresh=-72.0, FtpLambda=1.5, CellA=Laa, UDP

Table 3.Variables Used In Coexistence Simulation

Variables for

Simulation Value
Energy Detection -62,-72, -82,-90
threshold (ED) dBm
Lambda (A) 0.5,1.5,2.5,35
Operational time or 4,8, 16,20 ms

LTE-ON (TXOP)

3.2 Results of Coexistence Simulation

Figures 7 to 18 show the simulation results
organized by energy detection threshold, lambda
variation and LTE operation time when operator A
transmits in LAA and operator B in Wi-Fi.

There are three scenarios:
- In the first one, lambda variation was made,
- In the second one, the threshold was varied,
- In the third, the TXOP was changed.

3.2.1 Lambda variation simulation

The lambda variation simulation was
developed, setting TXOP at 8 ms and ED LAA at -
72 dBm, while A varied from 0.5 to 2.5. The

Cumulative Distribution Function CDF was
evaluated for FTP-UDP throughput, FTP-TCP
throughput, FTP-UDP latency, and FTP-TCP

latency, as shown in figures 7 to 10.

EdThresh=-72.0, FtpLambda=2.5, CellA=Laa, UDP

08

06

CDF
CDF

04

02

pErator A (LAL) —5—

o o T Herarrs (W) —e ”

1 9 o

CDF

perator A (LAA) —E—

¥ )
o 2 HEE/E’ operator B (W) —e—

E&rator B (Wi-Fi)

0 20 40 60 80 100 120 140 o 20 40 60

Throughput [Mbps]
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Figure 7. CDF For FTP-UDP Throughput Including Different Values Of Lambda

EdThresh=-72.0, FtpLambda=0.5, CellA=Laa, FTP Model 1

EdThresh=-72.0, FtpLambda=1.5, CellA=Laa, FTP Model 1

EdThresh=-72.0, FtpLambda=2.5, CellA=Laa, FTP Model 1

08 08 /
A=05 A=15 A=25
06 0.6
i i
5 8 8
0.4 0.4
02 I.I‘ 0.2
AR — operator A (LAA) —F— % FATLAN) —E
o oo Poperator & (W) —e— rd operator B (W) —e— . 2 4 e i)
0 40 50 80 100 %0 90 80 206 0 20 40 50 80 100
Throughput [Mbps] Throughput [Mbps] Throughput [Mbps]
Figure 8.CDF For FTP-TCP Throughput Including Different Values Of Lambda
EdThresh=-72.0, FtpLambda=0.5, CellA=Laa, UDP EdThresh=-72.0, FtpLambda=1.5, CellA=Laa, UDP EdThresh=-72.0, FtpLambda=2.5, CellA=Laa, UDP
1 0 1 -
08 08
A=0.5 = =2.5
05 s A=15
i i i
4 4 4
g g g
04 04
0.2 0.2
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Figure 9. CDF for FTP-UDP latency including different values of lambda
EdThresh=-72.0, FtpLambda=0.5, CellA=Laa, FTP Model 1 EdThresh=-72.0, FtpLambda=1.5, CellA=Laa, FTP Model 1 EdThresh=-72.0, FtpLambda=2.5, CellA=Laa, FTP Model 1
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i i i
o a o
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Figure 10. CDF for FTP-TCP latency including different values of lambda

Based on the information gathered by the
simulation, it can be highlighted that the TCP
contention window affects Wi-Fi throughput due to
coexistence, which is more remarkable as the packet
arrival rate A increases, as shown above in the
figures. On the other hand, the constant value of
latency confirms its dependence on the threshold
level, being a sensitive parameter that affects the
coexistence indicator.

EdThresh=-62.0, FtpLambda=1.5, CellA=Laa, UDP

EdThresh=-72.0, FtpLambda=1.5, CellA=Laa, UDP

3.2.2 Threshold variation simulation

The threshold variation simulation was
developed, setting TXOP at 8 ms and A at 1.5, while
ED varied from -62 to -82 dBm. The Cumulative
Distribution Function CDF was evaluated for FTP-
UDP throughput, FTP-TCP throughput, FTP-UDP
latency, and FTP-TCP latency, as shown in figures
11to 14.

EdThresh=-82.0, FtpLambda=1.5, CellA=Laa, UDP
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Figure 11. CDF For FTP-UDP Throughput Including Different Values Of ED

EdThresh=-62.0, FtpLambda=1.5, CellA=Laa, FTP Model 1
1 -

EdThresh=-72.0, FtpLambda=1.5, CellA=Laa, FTP Model 1

EdThresh=-82.0, FtpLambda=1.5, CellA=Laa, FTP Model 1
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Figure 12. CDF For FTP-TCP Throughput Including Different Values Of ED
FtpLambda=1.5, CellA=Wifi, UDP EdThresh=-72.0, FtpLambda=1.5, CellA=Laa, UDP EdThresh=-82.0, FtpLambda=1.5, CellA=Laa, UDP
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Figure 13. CDF For FTP-UDP Latency Including Different Values Of ED
EdThresh=-62.0, FtpLambda=1.5, CellA=Laa, FTP Model 1 EdThresh=-72.0, FtpLambda=1.5, CellA=Laa, FTP Model 1 EdThresh=-82.0, FtpLambda=1.5, CellA=Laa, FTP Model 1
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Figure 14. CDF For FTP-TCP Latency Including Different Values Of ED

The above simulations show that increasing

UDP and TCP; an ED threshold of -62 dBm

the ED detection threshold affects latency for both
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3.2.3 TXOP variation simulation

The TXOP wvariation

simulation was

while TXOP

Cumulative

throughput,

developed, setting ED LAA at-72 dBmand A at 1.5,

CDF

CDF

CDF

CDF

08

06

04

0.2

08

06

04

02

08

0.6

0.4

0.2

EdThresh=-72.0, FtpLambda=1.5, CellA=Laa, UDP

EdThresh=-72.0, FtpLambda=1.5, CellA=Laa, UDP

varied from 4 to 16 ms.

The

Distribution Function CDF was
evaluated for FTP-UDP throughput, FTP-TCP

FTP-UDP
latency, as shown in figures 15 to 18.
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Figure 18. CDF For FTP-TCP Latency Including Different Values Of TXOP

For this research, default values kept
containment windows specified in LAA. As it can
be seen above in the figures, the Wi-Fi network
throughput in coexistence with LTE is sensitive to
the transmission time of LTE (TXOP).

In general, the results shown above present
negligible variation when both operators transmit in
Wi-Fi and LAA. However, latency remains constant
below 10 ms for FTP-TCP scenarios.

0,945971
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03 ' 0,921789

3.3 Results of Degradation Analysis

The analysis of results was made based on
the degradation index £T for throughput and £L for
latency. Figures 19 and 20 exhibit the throughput
and latency degradation index when the lambda
value is modified keeping ED and TXOP fixed.
Figures 21 and 22 exhibit the throughput and latency
degradation index when the detection threshold is
modified keeping A and TXOP fixed.
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Figure 19. Throughput Degradation Index For Lambda Variation
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Figure 21. Throughput Degradation Index For Detection Threshold Variation
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Figure 22. Latency Degradation Index For Detection Threshold Variation

According to the figures above, the LAA
ED threshold, which reached the lowest degradation
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index £T was -62dBm; this result is the same used
by Wi-Fi as recommended by the 3GPP TR36.889.

Besides, the simulations and degradation
analysis pointed out a throughput degradation
smaller than one (£T<1) in operator B (Wi-Fi) under
coexistence with operator A (LAA).

0.9300 0,9218
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Figures 23 and 24 exhibit the throughput

and latency degradation index when the TXOP is
modified keeping A and ED fixed.
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Figure 23. Throughput Degradation Index For TXOP Variable
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Figure 24. Latency Degradation Index For TXOP Variable

According to the information in the figures,
the smallest degradation was obtained for a TXOP
of 8 ms, as recommended by the 3GPP TR36.889.

4. CONCLUSIONS

The main contribution of this work is the
fact of being able to define specific metrics of
interest that allow an analysis of the coexistence
between LTE and Wi-Fi, specifically a degradation
index shown in equation (1). This parameter directly
relates the Throughput and Latency with and without

coexistence, simplifying complex models of
previous literature [6][7]. So grant a helpful analysis,
and comparison tool for the study case presented,
leading in a Quality-of-Service model in a simple
equation.

It assessed the Wi-Fi network performance
focused on analyzing network throughput and
latency, considering two operators and an indoor
environment; initially, both operators transmit Wi-
Fi, and then one operator (operator B) changes to
LTE LAA. The degradation model analyzed for
variation of lambda, LTE operational time, and ED
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threshold exhibited degradation in the network
throughput for the Wi-Fi operator in coexistence
with the LAA operator.

The throughput degradation is affected both
the signal level as well as in upper transmission
layers, reflecting different results for UDP and TCP
FTP transmission.

Furthermore, the results of the coexistence
evaluation need to improve the degradation model
considering additional metrics such as jitter, as well
as to be compared with real field measurements,
where could be identified additional metrics.
Unfortunately, LAA tests are only being announced
by some operators in the USA and Korea.

As future work, the authors plan to analyze
LTE access techniques that allow new LTE and Wi-
Fi coexistence mechanisms in non-licensed bands
beyond those given by Qualcomm and Ericsson.
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