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ABSTRACT

Increasing spectrum resources in cellular networks are always needed to carry the
exponential data traffic growth in wireless cellular networks. Limited spectrum resources in
the licensed band have necessitated Long-Term Evolution (LTE) to explore available unli-
censed spectrum where an incumbent WiFi system already exists. With the deployment of
Licensed Assisted Access (LAA) that utilizes Listen Before Talk (LBT) for channel access in
the unlicensed spectrum along with an incumbent WiFi, the coexistence of LAA and WiFi
with acceptable fairness is a major challenge. In this work, we address the issues of licensed
assisted access coexisting with incumbent WiFi in an unlicensed spectrum and provide so-
lutions to dynamically tune system parameters of LAA stations to achieve maximum total
throughput from the overall system taking into account fair allocation of throughput and
airtime across different networks and stations. One major system parameter we study is
the contention window size for back-off. Using the method of coupled Markov Chain, we
show how an inherent trade-off between throughput and airtime fairness can be managed
by adjusting the CW size of LAA. For single-channel, we show how coexistence with WiFi
can be managed better with LAA-Cat3 than LAA-Cat4 when total throughput and fairness
are to be taken into account. For multi-carrier sensing, we establish better coexistence by
optimizing contention window sizes of each LA A station separately using an assignment tech-
nique based on a genetic algorithm. We extend our work into dual-carrier aggregation where
some stations have the ability to combine two independent channels into a single aggregated
channel to achieve higher performance. We show that in such a dual-carrier aggregation
scenario, the distribution of stations (partition) over an individual and aggregated channel,
and the system parameters (contention window size and load intensity) could be optimized

to ensure fair allocation of resources without affecting the secondary channel too much.
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CHAPTER 1
INTRODUCTION

Third Generation Partnership Project (3GPP) has recently introduced a feature in
release 13 as a part of Long Term Evolution (LTE) Advanced Pro that leverages the unli-
censed 5 GHz band in combination with licensed spectrum to provide better data rates and
a better user experience. The exploration of unlicensed band by LAA has caused degrada-
tion of performance of incumbent systems such as WiFi operating in the same unlicensed
band. It is desirable for LAA to utilize the unlicensed band without significant impact on
WiFi’s performance, without modifying WiFi’s system parameters and basically treating it
as a legacy system. Even with the introduction of Listen Before Talk (LBT) channel access
mechanism that is much similar to WiFi’s Distritributed Coordination Function (DCF), a
fair and harmonious coexistence between LAA and WiFi still remains a major challenge.
Most of the previous works that address this coexistence issue have mainly concentrated
on the throughput performance of LAA and WiFi networks, and the throughput fairness
achieved between two networks. This has rather put the importance of airtime fairness
under the shadows.

Our study on the coexistence of LAA and WiFi shines some light on the importance
and benefit of considering airtime fairness in addition to throughput fairness to achieve
better coexistence. We model the contention between LAA and WiFi using a Markov Chain
(MC) model and define a fitness metric that achieves maximum throughput performance
from the coexistence system ensuring both throughput and airtime fairness. We show that
by leveraging the adjustable contention window (CW) size of LAA to control its access to the
channel, it is possible to control both the throughput and airtime of different networks, but
there exists an inherent trade-off in achieving both throughput fairness and airtime fairness.
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We show that by optimizing our defined fitness metric, we can make a compromise between
both fairness. We also show that LBT-Cat3 coexists better than LBT-Cat4 with WiFi when
total throughput and combined throughput-airtime fairness are taken into account. Previous
studies have studied the coexistence of LAA and WiFi under the assumption that the data-
rate of LAA remains constant which is not the case in practice. Every LAA evolved Node B
(eNB) has a different data-rate on different channels depending on the channel conditions,
Multiple In Multiple Out (MIMO) antennae technology available and the Modulation and
Coding Scheme (MCS) used for communication. Our work proposes adjusting the CW size of
each LAA on each channel in a multi-carrier coexistence with WiFi to achieve the best fitness
we described earlier. We solve the coexistence problem using Genetic Algorithm (GA) based
assignment technique. We show that GA based assignment achieves higher total throughput,
higher airtime fairness and thus higher fitness at the expense of some throughput fairness
in comparison to the equal CW assignment technique. Such technique provides means to
achieve better coexistence in real scenarios where the data-rates of LAA are always changing
depending on channel conditions.

Further, there is no clear theoretical understanding how the fairness can be achieved
in the case of the carrier aggregation where multiple frequency blocks (called component
carriers) are assigned to the same user to increase the data rate of the user. This will
clearly impact users that do not have such carrier aggregation capability. In our study,
we categorize users into three separate groups: a) that can only sense primary channel, b)
that can only sense secondary channel and c) that sense primary channel first and then can
aggregate the secondary channel if it is also available. We model the problem using a coupled
Markov Chain between different groups of users. We consider the users on the secondary
channels as incumbents which need to be protected in the process of aggregating primary
and the secondary channel. We explore the effects of partition (dividing available stations
into primary channel sensing or dual-channel sensing) and system parameters of LAA: load

intensity and CW size. We measure the effects on the total throughput of the system, fairness



achieved between groups and the impact this has on the secondary users based on maximizing
different objectives: a) total throughput, b) airtime fairness, c¢) throughput fairness and d)
combined fairness. We show that the combined fairness that takes into account both airtime
and throughput fairness is still the best criteria, even for dual-carrier aggregation scenario,
that ensures protection of the secondary users at the expense of some total throughput. We
show that the partition plays a dominating role than adjusting system parameters: CW size
and load intensity. Hence, throughout this study we highlight the importance of airtime
fairness along with throughput fairness in managing the fair coexistence of heterogeneous
networks between LAA and WiF1i in single-carrier, multi-carrier and dual-carrier aggregation

scenarios.

The unlicensed spectrum
_ (L sub-channels)

LTE-U user

B .9 &

WiFi user

2

CH

WiFi user

Figure 1.1: Coexistence of heterogeneous networks

1.1 Literature Review

1.1.1 Coexistence between homogeneous networks: WiFi-WiFi or LTE-LTE

Coexistence between two similar networks either WiFi-WiFi or LTE-LTE have been
studied in the literature for both single and multi-carrier use of the spectrum as shown in

Table 1.1. Effects of channel access mechanism and system parameters such as Contention
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Window (CW) size for various WiFi and LTE density on coexistence performance such as

throughput, idle time, collision time and risk factor have been studied under simulation and

analytical models: Markov Chain (MC) and game theory.

Table 1.1: Coexistence between WiFi-WiFi or LTE-LTE

Number Study Parameter Method Performance

of carriers metric

Single- Wi-Fi density [1-3] Analytical Throughput [1-3]

Carrier CW size [1] - MC [1] Idle time [1]

WiFi/WiFi | No. contention stages [1] Simulation [2,3]| | Collision time [1]
Channel access mechanism: Risk Factor [2,3|
1]

Multi- Wi-Fi Density: [3] Simulation [2,3| | Throughput |2, 3]

Carrier No. of Channels: [3] Risk Factor |2, 3]

WiFi/WiFi | Channel sense: [3]

Single- LTE Density: [4] Simulation [4] Throughput [4]

Carrier

LTE/LTE

Single- CW adaptation: [5] Analytical Throughput [5]

Carrier - Game Theory

LAA/LAA 5]

Study on coexistence between WiFi-WiFi started with analytical evaluation of the

saturation throughput based on 2D Markov chain model in [1] for finite number of terminals

in ideal channel conditions using basic and RT'S/CTS access. Studies in |2, 3| have evaluated

the coexistence between single carrier WiFi-WiFi and single carrier LTE-LTE using simula-

tions to benchmark the base performance under homogeneous network coexistence in terms

of the throughput and risk factor. Same studies have also been extended to a multi-carrier

WiFi-WiFi coexistence. Single-carrier LAA-LAA coexistence have been studied in [5] us-

ing a game theory approach which adapts the CW sizes under buffer length constraint and

leverages difference of buffer status for collision alleviation and throughput improvement.




Table 1.2: Coexistence between WiFi-LTE without modification

Number Study Parameter Method Performance
of carriers metric
Single- Impacts on WiFi and | Analytical Throughput [6-9,11,12]
Carrier LTE MC [11] SINR [11]
Wi-Fi/LTE Density: [6,7] Stochastic  Ge- | SINR Coverage Proba-
Carrier Sense |7, 8] ometry [10] bility [10]
Packet Arrival Rate [9] Simulation Sucessful Links [10]
Sensing Threshold [10,11] 6,7,9,10] Rate Coverage Probabil-
No. of Antenna [12] Measurement | ity [10]
Indoor-Outdoor |7] [12] Airtime [6]

Fairness Issue
Proportionate Fairness [§]

Multi- Impacts on WiFi and | Simulation |[6, | Throughput [6,7]
Carrier LTE 7] Airtime [6]

No of Channels: [6,7]
Wi-Fi/LTE Density: [6,7]

1.1.2  Coexistence between heterogeneous networks: WiFi-LTE without modification

Impacts of LTE on WiFi without LBT and much modification to LTE system have
been investigated for single and multi-carrier coexistence as shown in Table 1.2. For single-
carrier, the effects of channel access mechanism [7,8] and system parameters such as packet
arrival rate [9] and carrier sensing threshold [10,11] have been studied. Study in [11] pro-
vides an analytical framework based on MC that characterizes interference of WiFi and LTE
for dense deployment scenarios with spatially overlapping coverage and demonstrates that
WiFi is significantly degraded by a nearby LTE system without any modifications, while
LTE degradation is minimal as long as the WiF1i system is within carrier sense range. Other
analytical methods include study in [10] where stochastic geometry is leveraged to char-
acterize throughput and Signal to Interference Ratio (SINR) where locations for the WiFi
APs and LTE eNBs are modeled as two independent homogeneous Poisson point processes.
Studies based on simulations in [6, 7] show the impact of LTE on WiFi throughput and

airtime for single and multi-carrier whereas |9, 10| show their impact on throughput, SINR
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coverage probability, number of successful links and rate coverage probability. Measurement
study in [12] leverages LTE and WiFi antennas already available on smartphones to let LTE
and WiFi transmit together and successfully decode the interfered signals. Most of these
study [6-9,11,12] focus on the throughput performance of each LTE and WiFi network to
see how much LTE throughput gain is achieved at the expense of WiFi throughput. Propor-
tionate fairness between LTE and WiFi throughput have also been investigated in [8]. For
multi-carrier, only a few studies based on simulations |6, 7] have reported the throughput and
airtime performance over a number of available channels for various density of LTE-WiFi

stations.

1.1.3 Coexistence between heterogeneous networks: WiFi-LTE-U

Numerous studies as shown in Table 1.3 and Table 1.4 have been done regarding the
coexistence of LTE-U and WiFi where LTE does modify some system parameters to impact
the WiFi network as little as possible.

In single-carrier, to minimize the degradation of WiFi performance due to introduc-
tion of LTE-U, analytical studies in [35,35] have proposed modifying the LTE ON period.
Study in [42] have adjusted the carrier sensing threshold and evaluated the effect of WiFi-LTE
density on throughput performance based on analytical game theory models and decision
tree based learning model. Decision models in [31] have proposed introducing muting period
in transmission whereas transmit power have been adjusted in [21]. Study in [40] evaluate
the airtime fraction and Jain’s fairness using a coalition formation game framework based on
Shapley value. Measurement studies based on transmit power [37|, duty cycle patterns and
packet size [28, 37|, duty cycle [24,26] have also been reported. Other parameter modifica-
tions include introduction of blank sub-frames [13,29,30], changing time duration for which
LTE can send frames after it has gained contention for the transmission medium termed
Transmit OPportunity (TXOP) [31], carrier sensing threshold [7,10,15,27|, channel sensing

time [30], transmission time [30], number of iteration in strategic game theory evolution [33],



Table 1.3: Coexistence between WiFi-LTE-U (Single-Carrier)

Study Parameter Method Performance

metric
Impact on WiFi and LTE | Analytical Throughput [2, 3,7, 13, 15-19,
Wi-Fi/LTE Density | MC [35, 36] 21-23,25,28-31,34-39, 41|
2,3,7,13-21] Game theory | Airtime Fraction [40]
Duty cycle [2,7,10,21-27] [33,39,40] SINR [37]
Duty cycle Patterns [28| Stochastic ~ Geome- | Latency [23,34]
Blank sub-frames [13,29, 30| try [10,15,18] Jitter [28]
Muting period [31,32] Others [14, 16, 19, 26, | Packet Loss [28§]
Transmit opportunity | 37| Spectrum utility [5]
(TXOP) [31] Simulation Channel access probs. [14]
Carrier sensing thresh- | [2, 3, 7, 10, 13, 15, | Mean Back-off Delay [14]

old [7,10,15,27|
Sensing Time [30]
Transmission time [30]
No of Iteration [33]
LTE ON

119, 23,26,3436|

Tx Power [7,13,17, 21, 24, 28,
37,38]

Packet Size [14, 28]
Modulation  and
Scheme (MCS) [24, 28]
Indoor Outdoors [7,17|
Spectral Efficiency [20]
Fairness Issue
Fairness in Throughput [2, 39|
Proportional Fairness [16]

period

Coding

17,22,23,25,27,29, 30,
32,35,36,38,40,41]
Measurement

[24, 26,28, 37|
Learning

Decision
[21,31,39]

Tree

SINR Coverage probs [10]
Sucessful Links [10]

Rate Coverage probs [10]
Served load [32]

Channel Utilization [25]
Jain’s Fairness [40]
Entropy [40]

No of beacons [26]
Collision Probability [35, 36|
Energy Efficiency [21]
Others [33]




Modulation and Coding Scheme (MCS) [24, 28|, indoor-outdoor scenarios [7,17| and spec-
tral efficiency [20]. Throughput still remains the most dominant metric to be studied for
WiFi-LTE-U coexistence. Other important metrics include latency [23,34], jitter |28], packet
loss [28], spectrum utility |5], channel access probability [14], mean back-off delay [14], SINR
coverage probability [10], number of sucessful links [10], rate coverage probabilities [10],
served load [32], channel utilization [25], Jain’s fairness [40], entropy [40], number of bea-

cons [26], collision probability [35,36] and energy efficiency [21] as listed in Table 1.3.

Table 1.4: Coexistence between WiFi-LTE-U (Multi-Carrier)

Study Parameter Method Performance
metric
Impact on WiFi and LTE | Simulation (3,7, 13, | Throughput [3,7,15,43,44]
Wi-Fi/LTE Density [7,15] 15,45]
Duty cycle [7,43] Learning

Channel Selection [13,44,45] Q learning [34, 43, 44|
Blank sub-frames [13,45]
No of Channels [3,7,15,43]
Channel sense [3]

Sensing thresholds [7] [15]
Indoor Outdoors |7]

Tx Power [7]

In multi-carrier, effects of channel selection [13,44,45], changing channel access mech-
anisms [3], channel sensing thresholds [7,15], and system parameters such as duty cycle [7,43],
transmit power |7| and introducing blank-subframes [13, 45| have been studied as shown in
Table 1.4. Q-learning based coexistence models have been popular recently. Study in [44]
utilizes distributed Q-learning mechanism that exploits prior experience for channel selection
functionality. [43| proposes alternating transfer data in LTE-U and WiFi taking into account
both the fairness and the performance of the system to optimize the duty cycle, and [34]
takes into account the latency imposed on WiFi activity by employing carrier sensing at the
base station and aims to maximize it while maximizing unlicensed LTE utilization of the

idle spectral resources.



1.1.4 Coexistence between heterogeneous networks: WiFi-LTE-LAA

Numerous studies as shown in Table 1.5 and Table 1.6 have been done regarding the

coexistence of LTE-LAA and WiFi where LTE tries to sense the channel before transmission

using LBT similar to WiFi’s DCF and modifies some system parameters to impact the WiFi

network as little as possible.

Table 1.5: Coexistence between WiFi-LTE-LAA (Single-Carrier)

Wi-Fi/LTE density [2,3,7,17-
19,42, 46-48]

Duty cycle [2,7,10,27,49,50|
Reference sub-frame [51]

Tx Power [7,17]

Carrier sensing threshold |7,
10,27]

Wi-Fi energy detection thresh-
old [47,50,52]

LAA transmission time [53]
LBT category-types [41,42,48,
51]

CW size [32,47,48,51,54 58]
Retry count [51]

Contention levels [47]

Max Delay [57]

COT [59]

Channel Idle time [59]

TXOP [47]

Data rates [47]

Indoor Outdoors [7,17]

TON [19]

Channel Bit Rate [59]
Preamble Detect [60]
Fairness Issue

Fairness in Throughput [2]
Jain’s Fairness [61]
Throughput and Airtime Fair-
ness [48]

Study Parameter Method Performance
metric
Impact on WiFi and LTE | Analytical Throughput (2, 3,7, 18, 19, 23,

MC [42,46-48, 51, 55—
57,59]
Stochastic
try [10,18]
Others [19]
Simulation
[2,3,7,10,17,23,32, 41,
51,52,54,57,58,61,62]
Measurement
[47,59,63]

Learning

Q learning [49, 53]
Algorithmic [61]

Geome-

41,42, 46,4861, 63, 64]
Fractional airtime [48,61,62]
WiFi-Throughput [48,56]
Latency [23,42,50,51,58,63|
Success tx prob [46,65]
Channel Access prob [59]
Carrier Utilization rate [65]
SINR [49, 63]

QoS [57]

SINR Coverage
10]

Sucessful Links [10]
Rate Coverage Probability [10]
Served Load [32]

Collision Avoidance [62]

DOA [62]

TXOP [63]

Resource Block allocation [63]

Probability




In single-carrier, some additional parameters with respect to WiFi-LTE-U coexis-
tence have been studied for WiFi-LAA coexistence such as WiFi energy detection thresh-
old 47,50,52|, LBT category-types [41,42,48,51|, CW size [32,47,48,51,54-58|, contention
levels [59], data-rates [47|, preamble detect [60] etc. as shown in Table 1.3. From fairness
point of view, study in [2] and [61] have discussed the throughput fairness and Jain’s fair-
ness index respectively. Analytical study include works in [10] which leverages stochastic
geometry for LTE-LBT and random backoff to adopt short transmission duty cycle, lower
channel access priority and more sensitive CCA thresholds to improve density of success-
ful transmissions and rate coverage probability. Most of the analytical studies are based
on MC [42,46-48, 51, 55-57,59]. Study in [46] introduces a MC for a simple LAA with
two stages: high and low data rates to evaluate the coexistence performance in terms of
channel access and successful transmission probabilities. Study in [42] extends the model
in [46] to LAA-LBT Cat3 and Cat4 models at different packet arrival rates and discusses the
throughput and delay performances. Study in [56] proposes optimizing the CW size of LAA
for maximizing LAA throughput while guaranteeing WiFi throughput above a predefined
threshold. Study in [55] also analyses the effect of CW size on throughput performance.
Using MC, [59] establishes frame based equipment MAC protocol that is a good trade-off
for throughput compromise between WiFi and LAA. Work in [57] guarantees the QoS for
the users by optimizing the LTE-LAA transmission time, sub-carrier assignment and power
allocation. Work in [47]| explores the impact of various network parameters such as energy
detection threshold, contention levels, CW size and data-rates on LTE and WiFi throughput
whereas [51] redesigns the CW doubling policy and explores the maximum CW size retry
count to analyze their effect in latency. Effect of other parameters such as reference sub-
frames [51], transmit power and indoor-outdoor scenarios [7,17] have been studied under
simulation. Performance metrics such as SINR coverage probability, number of successful
links, rate coverage probability [10], number of served load [32], collision avoidance [62] have

also been explored under simulation. Performance metrics such as channel access probabili-
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ties [59], throughput [47,59], latency [63] and number of resource block allocation [63] have
been studied using measurements. Study in [61] evaluate the fractional airtime performance
based on algorithmic procedure of detecting WiFi traffic saturation and adapts the Channel
Occupancy Time (COT). Q-learning based approaches such as in [49] adapt the duty cycle

to manage throughput and SINR whereas [53] adapts the LAA transmission time.

Table 1.6: Coexistence between WiFi-LTE-LAA (Multi-Carrier)

Study Parameter Method Performance
metric
Impact on WiFi and LTE | Analytical Throughput [3,4,7,64,66-70]
LTE-WiFi Density [3,4,7, 66, | MC [67,69] Airtime [66,67, 69]
67] Simulation [3,4,7,27, | Distribution of aggregated car-
Channel Selection [64-66,68| | 64,65, 70| riers (68|
No. of Channel [3,7,66| Learning
Channel Aggregation [66] Q learning [64]
Carrier sense [3,7] LSTM [66]
DTX [64] Algorithmic [68]
TPC |7,64, 68|

LBT Category [64]

CW size [65,69]

Indoors Outdoors |7]

Duty Cycle [7]

Transmission mode [65]
Energy Detection [65]

Access Priority [65]

Fairness Issue

Fairness in Throughput [2, 66|
Fairness in Airtime [66]
Carrier Sensing [70]

Carrier Grouping [68|
Throughput-Airtime Fairness
[67,69]

In multi-carrier, study based on algorithm [68] proposes a hybrid design of two LBT
types and divides carriers into multiple groups with a guard band in between to avoid
power leakage among groups and selects the primary carrier of each group to maximize

LAA’s carrier aggregation capacity. Simulation studies in [3,4,7, 65| show the dominant
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effect of carrier sense mechanism, CW size and availability of number of channels over other
parameters such as transmit power control and duty cycle on throughput performance of both
LTE and WiFi. Study in [64] proposes a Q-learning mechanism for learning unlicensed band
activity and proposes a double Q-learning method for carrier selection that takes into account
both Discontinuous Transmission (DTX) and Transmit Power Control (TPC). Study in [66]
utilizes Long Short Term Memory (LSTM), a recurrent learning based model, and proposes
enabling LTE-LAA to proactively perform dynamic channel selection, carrier aggregation
and fractional spectrum access while guaranteeing fairness with existing WiFi networks and
other LTE-LAA operators.

In extension to studies of coexistence between LTE and WiF1i presented from Table 1.1
to Table 1.6, surveys in [71-78| also address the impact of various parameters on performances

of both LTE and WiFi, and highlight the fairness issue associated with it.

1.1.5 Coexistence of WiFi with other technologies

Besides LTE, coexistence of WiFi with other technologies have also been studied.
Study in [79] examines the unlicensed spectrum splitting between femto-cell and WiFi by
proposing a fair and QoS-based strategy. Coexistence of small-cells and WiFi in [62] shows
that with direction of arrival estimation and null steering, LTE-LAA small-cells can transmit
simultaneously with nearby WiFi devices without causing significant interference. Survey
in [80] discusses how key features in next-generation WiFi are being designed to leverage the
additional unlicensed bands, and sheds light on the foreseeable challenges that designers of

unlicensed radio access technologies might face in the near future.

1.2 Motivation and Objective

LTE-U is known to severely degrade the performance of the incumbent WiFi system
which relies on decentralized channel access with Carrier Sense Multiple Access-Collision
Avoidance (CSMA-CA) protocol in single or multi-carrier unlicensed spectrum as shown in

studies in Table 1.3 and Table 1.4. LTE-LAA has a mechanism of sensing the channel before
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transmission similar to WiFi’'s DCF, and is more courteous towards the incumbent WiFi and
is known to lower the degradation of WiFi performance as shown in studies in Table 1.5 and
Table 1.6.

For LTE-LAA to coexist with WiFi in a way that maximizes its own performance and
minimizes WiFi performance degradation, it needs to fairly access the common unlicensed
spectrum so as to give equal opportunity to WiFi. This brings us to a discussion of fair
access to the channel. While most of the previous studies analyze the effect on individual
LTE-LAA and WiFi throughput, very limited studies have been conducted to examine the
effect on airtime or Channel Occupancy Time (COT) defined as the time percentage that a
system occupies the channel. We believe airtime is also an equally important performance
metric from the fairness point of view. The fair coexistence system should be able to achieve
the highest possible overall throughput maintaining both throughput and airtime fairness.
While some studies have discussed the fair coexistence in terms of throughput fairness and
proportional fairness metric, studies accounting the airtime fairness metric is limited. There
have also not been any studies that extend this notion of fair access in terms of both through-
put and airtime between LTE and WiFi in the case of Multi-Carrier LBT and Component
Carrier (CC) aggregations. The capability of LTE to sense multiple free carriers in the unli-
censed spectrum and having the ability to aggregate them to achieve higher bandwidth for
transmission necessitates the extension of study of LAA-WiFi coexistence in multi-carrier
LBT and aggregation scenarios.

The overall objective of our work is to ensure the maximum performance in LAA-
WiFi coexistence taking into account the throughput and airtime fairness in single-channel,
multi-channel and aggregated channel scenarios. Therefore, we aim to accomplish following

tasks.

1. Establish contention window (CW) size as a key parameter that LAA stations can
dynamically adjust to balance the channel access with WiFi and depict the inherent

trade-off in achieving throughput fairness and airtime fairness.
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2. Define a performance metric (fitness function) that takes into account total throughput

and combined throughput-airtime fairness.

3. Compare adjustments of CW sizes for LAA-Cat4 and LAA-Cat3 to find which performs

better fairness.
4. Find a better CW assignment technique for multi-channel scenario.

5. Find an optimal station distribution and system parameters (CW size and load inten-

sity) for the dual-channel aggregation scenario.

1.3  Contributions and Outline

Chapter 2 introduces the concepts for the coexistence of heterogeneous wireless net-
works and channel access principles, discusses differences in channel access methods in
LTE/WiFi and provides details on differences in WiFi CSMA-CA and LAA LBT proto-
col. It also describes the principles of multi-carrier LBT and component carrier aggregation.

Chapter 3 first demonstrates the unfair advantage to LAA when LAA (both LAA-
Cat3 and LAA-Cat4) and WiFi coexist in a single channel without any CW size adjustments.
It then establishes the CW size of LAA as an important system parameter that enables LAA
to coexist fairly with WiFi. The main contribution of this chapter is to show that there exists
an inherent trade-off while optimizing CW size for LAA for throughput and airtime fairness.
We define a fitness function that takes into account both total throughput and combined
fairness metric which can ensure fair coexistence. We compare the performances of LAA-
Cat4 and LAA-Cat3 coexisting with WiFi on the basis of this fitness function.

Chapter 4 builds on the framework of Chapter 3 to optimize the coexistence of LAA
and WiFi in the case of multi-carrier LBT with different data-rate specifications for each
station in each channel. The main contribution of this chapter is to show that both total
throughput and combined fairness metric in the case of multi-carrier LBT can be improved

by optimizing the CW sizes of each LAA station separately. We show that adjusting these
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CW sizes for each station could be done using a Genetic Algorithm (GA)-based assignment
technique. We compare the performances of the GA assignment with the equal assignment
and show that GA based assignment performs considerably better in terms of both total
throughput and combined fairness.

Chapter 5 extends the coexistence study in Chapter 3 and Chapter 4 to a dual-carrier
aggregation scenario. The main contribution of this chapter is to show that by configuring
system parameters (CW size and load intensity) along with distribution of stations (partition)
over the individual and aggregated channels, fair coexistence between different groups of
stations can be achieved.

Finally chapter 6 concludes our work.

15



CHAPTER 2

COEXISTENCE OF HETEROGENEOUS WIRELESS NETWORKS

In this chapter, we introduce the concepts for the coexistence of heterogeneous wireless

networks, their need and channel access principles.

2.1 Licensed and Unlicensed Spectrum

Radio spectrum is generally categorized into a) licensed and b) unlicensed spectrum.
Licensed spectrum is a part of the radio spectrum that is assigned exclusively to operators
for independent usage and cannot be used by others. In the licensed spectrum, an operator
can exercise more flexibility in deploying networks without worrying about interference from
other operators or systems. However, since the licensed spectrum is dedicated, no one else
other than the licensee has the right to utilize the channel. This reservation of the spectrum
makes it a scarce resource that other operators cannot use. Long-Term Evolution (LTE)
bands and Fifth Generation-New Radio (5G-NR) frequency range FR1 and FR2 are some
examples of wireless licensed spectrum.

On the contrary, an unlicensed spectrum is a part of the radio spectrum that is not
exclusively assigned to any operators and is free to use for anyone. The channel usage
in the unlicensed spectrum is uncoordinated with no regulatory restrictions other than a
restriction in the transmission power. This makes interference management more difficult
and requires some channel sensing mechanisms to coordinate. Bluetooth, WiFi, Near Field
Communication (NFC) devices using Industrial, Scientific and medical (ISM) bands and

WiGig (Gigabit WiF1i) are examples of technologies in the unlicensed spectrum.
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2.2  Centralized and Decentralized Channel Access

Depending on how a system allocates spectrum for data transmission, the channel ac-
cess mechanism can be categorized into a) Centralized and b) Decentralized. In a centralized
channel access mechanism, a central authority controls the channel assignment and has full
control over the allocation of specific channels to specific users at a specific time. Whereas in
a decentralized channel access mechanism, there is no central authority and everyone must
contend with each other for channel access. Channel sensing methods such as Carrier Sense
Multiple Access-Collision Avoidance (CSMA-CA) is required by each user to sense the empty

channel before initiating a transmission.

2.2.1 Channel Access in LTE
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Figure 2.1: LTE Resource Block and Frame Structure, Courtesy (Techplayon)

LTE utilizes centralized channel access where a central entity allocates channel re-
sources in terms of a basic Resource Block (RB). Each RB consists of 12 sub-carrier and
180 kHz bandwidth for a time period of one slot (0.5 ms) as shown in Fig. 2.1. Each time
slot includes 7 Orthogonal Frequency Division Multiplexing (OFDM) symbols. Altogether
84 resource elements are allocated in a RB. LTE operates in a licensed band and schedules

these resources to the users individually such that there is never a contention for resources.
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2.2.2 Channel Access in WiFi

WiFi utilizes 802.11 protocol based on the CSMA-CA to access the medium. The
re-transmission of collided packets is managed according to binary exponential backoff rules.
The basic access mechanism in this protocol is characterized by the immediate transmission
of positive acknowledgment (ACK) by the receiver when the packet sent by the transmitter
is successfully received. Fig 2.2 briefly summarizes the Distributed Coordination Function

(DCF) protocol described in 802.11 standard [81].
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Figure 2.2: Exponential backoff

Clear Channel Assessment (CCA) is a mechanism to determine whether a channel
is idle or busy using channel sensing and energy detection. Any station trying to transmit
packet into the channel first checks if the channel is empty for Distributed Inter Frame
Space (DIFS) using CCA. If the channel is sensed busy during DIFS, the station monitors
the channel until the channel is empty for DIFS. If the channel is not busy during DIFS,

the station generates a random backoff interval from a Contention Window (CW) size before
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transmission to minimize the probability of collision with packets being transmitted by other
stations. If the channel is not busy after the backoff timer expires, the packet gets transmitted
and the receiver sends an ACK signal after Short Inter Frame Space (SIFS). The same
procedure has to be followed for consecutive packet transmissions.

Any other station trying to transmit packet must also wait for DIFS and have a
random backoff timer. If this station senses the channel to be busy within the backoff time,
it must defer the countdown process until the channel is free and again wait for DIFS before
resuming the countdown process as shown in Fig 2.2(a). After the countdown is over, if
it finds the channel empty it will transmit otherwise it will re-generate the random backoff
interval with twice the period as before. This exponential backoff would keep on happening
if the channel is busy until a max CW size is reached and will stay at max until successful
transmission occurs as shown in Fig 2.2(b). The CW size at each stage is twice that of the

previous stage and ranges from the minimum to the maximum CW size.

2.2.3 Licensed Assisted Access

Access to higher spectrum such as 5G spectrum give opportunity to provide wider
bandwidth for higher data-rates and support the exponentially increasing mobile traffic data
demand. But much of these higher spectrum are reserved as licensed spectrum for either
cellular, military or civil use worldwide. It is getting much harder and expensive for even
the cellular operators to acquire such a limited and scarce resource. This has led licensed
cellular operators such as Long-Term Evolution (LTE) and 5G to expand their operation into
the unlicensed spectrum with LTE-LAA (LTE-Licensed Assisted Access). Other examples
of such heterogeneous coexistence include: a) coexistence between IoT, Bluetooth and WiFi
in 2.4 GHz b) coexistence of 5G/6G and WiFi-6E in 6 GHz and c) coexistence of New
Radio-Unlicensed (NR-U) and Gigabit WiFi (WiGig) in 60 GHz.

LTE-LAA is a feature of Rel-13 [82] in 3GPP which uses carrier aggregation in the

downlink to combine LTE in the licensed band with 5 GHz unlicensed band as shown in
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Figure 2.3: Licensed Assisted Access

Fig. 2.3. This aggregation of the spectrum provides a fatter pipe with faster data rates and
more responsive user experiences. For each LTE eNB, in addition to using maximum 20
MHz bandwidth obtained using licensed band, aggregation can explore additional 100MHz
bandwidth in unlicensed band. This allows operators to distribute traffic between licensed
and unlicensed bands freeing up capacity on the licensed spectrum and offering faster LTE

by utilizing chunks of unlicensed band opportunistically.

2.2.4 Listen Before Talk

Listen Before Talk (LBT) is a traffic driven contention-based channel sensing mech-
anism for LAA that is much similar to DCF of WiFi designed to address the coexistence
issues described in Chapter 1. This protocol makes it possible for multiple stations to share
the same channel and can also be used to find a free radio channel. LBT is considered as
a global standard for LAA channel sensing and has been mandated in many parts of the
world. This mechanism allows LTE to share an unlicensed spectrum with WikFi maintaining

the performance of individual systems. There are four different categories of LBT.

e LBT-Catl (No LBT): No LBT is performed before any transmission, such as LTE-U

system.

e LBT-Cat2 (LBT without random backoff): The duration of time between when the

channel is sensed to be idle and when a station transmits is deterministic.
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e LBT-Cat3 (LBT with random backoff contention window of fixed size): The duration
of time between when the channel is sensed to be idle and when a station transmits is

a random number within a fixed contention window size.

e LBT-Cat4 (LBT with random backoft CW of variable size): The backoff mechanism is
similar to WiFi where a random number is drawn within a CW size and this CW size
doubles every time the station finds the channel busy after countdown timer expires.
This exponential backoff may happen for several stages until a maximum CW limit is
reached. At this stage, the CW size will remain at the maximum size until the channel
is sensed idle. Cat-4 takes a longer time and has a lower success rate as compared to

other LBT procedures, but offers fairness with other unlicensed network nodes.

2.3  Multi-Carrier LBT

CH#0 DATA T BACKOFF DATA
CH#1 DATA T BACKOFF DATA
CH#2 DATA K—T,— BACKOFF DATA

CH#3 DATA K—T—> BACKOFF DATA
CH#4 DATA K—T—> BACKOFF DATA

Figure 2.4: Multi-Carrier LBT

Multi-Carrier LBT is a process by which a station having an ability to sense multi-
ples carriers can run LBT procedure in each channel and can utilize portions of whichever
spectrum it finds free for transmission of data. Fig. 2.4 shows that in a multi-carrier LBT, a
transmitter runs an independent backoff process for each carrier and can thus explore each
channel opportunistically. After a carrier is sensed idle for DIF'S period T}, a different random
backoff is generated for each carrier and the data transmission starts when the countdown

expires and the corresponding channel is idle. A hybrid design of LBT that realizes carrier
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grouping and can determine division of carriers into multiple groups with a guard band in

between has been studied in [68].

2.4 Carrier Aggregation of Component Carriers
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-

Figure 2.5: Carrier Aggregation of two carriers in Unlicensed Band

User Equipment
LTE eNB

Carrier Aggregation (CA) is a feature of LTE-Advanced which allows LTE eNB to
combine two or more LTE component carriers into a single data channel, which increases the
overall capacity by exploiting fragmented spectrum. Each aggregated carrier is referred to
as a Component Carrier (CC). Fig 2.5 shows a case where an LTE eNB is able to aggregate
two 75 Mbps channels into a single 150 Mbps channel to provide two times faster speeds.
There are two types of carrier aggregation as shown in Fig. 2.6. Type of carrier aggregation
possible is limited by the transceiver design in the LTE and the availability of free CCs in

single or different bands.

1. Intra-Band Carrier Aggregation: This type of carrier aggregation uses only a single

band and can be further divided into:

e Continuous: In this type of aggregation, CCs (for example two each with 5 MHz
band) are adjacent to each other in a single-band (20 MHz), requiring only a

single transceiver.

e Non-Continuous: In this type of aggregation, CCs are not adjacent to each other

in a single-band, requiring two transceivers which increases complexity and cost.
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Figure 2.6: Carrier Aggregation

2. Inter-Band Carrier Aggregation: This type of carrier aggregation combined two CCs
from two different bands (each 20 MHz) and also requires multiple transceivers to

transmit /receive signals which increases cost, complexity and creates space constraints.

Basic LTE component carriers can have a bandwidth of 1.4, 3, 5, 10, 15 or 20 MHz.
LTE-Advanced can aggregate a maximum of five component carriers with a maximum band-
width of 100 MHz. Using five aggregated CCs, Multiple Input Multiple Output (MIMO)
and 256 Quadrature Amplitude Modulation (QAM) allows theoretical data rates up to 2
Gbps. The capability of carrier aggregation is also utilized in the deployments of 5G and

WiGig networks.
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CHAPTER 3
THROUGHPUT AND AIRTIME/COT TRADE-OFF

We saw in Chapter 1 and Chapter 2 that LAA operating in an unlicensed band
severely impacts the incumbent WiFi and figuring out how to obtain optimal coexistence
between LAA and WiFi with acceptable fairness is a primary challenge. In this chapter, we
lay out the necessary analytical framework for coexistence based on a steady-state analysis
of the Markov Chain. We will show how a contention window size is an important parameter
for LAA systems to adjust throughput and airtime fairness. We will show how an inherent
trade-off exists between throughput fairness and airtime fairness while trying to adjust the
contention window size parameter of LAA and that both fairness could not be met simulta-
neously. We will also show the extent of this trade-off for different cases and compare the
performances of LAA-Cat4 and LAA-Cat3 coexisting with WiFi.

Section 3.2 models the coexistence of LAA and WiFi as a coupling between two MCs of
LAA and WiFi. Section 3.3 derives the throughput and airtime of LAA and WiFi networks
and describes different fairness metric to analyze the coexistence. Section 3.4 states the
coexistence problem of optimizing the CW size of LAA stations to obtain a maximum fitness
that accounts for total throughput and combined throughput-airtime fairness. Section 3.5
introduces the scenario under which the fair coexistence between LAA and WiFi is analyzed.

Finally, the results are discussed in Section 3.6.

3.1 Terminologies

3.1.1 Throughput

A typical LTE that utilizes 10 MHz with 64 QAM modulation has a maximum data
rate of 75 Mbps in downlink. LTE-Advanced with 3 component carrier aggregation with
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same modulation can achieve a peak data rate of 300 Mbps in the downlink. Throughput
refers to the amount of effective data that can be transferred in a given amount of time. In
other words, even if the data is transmitted at a higher data rate, due to several factors like
congestion, collision and channel quality, the perceived rate, i.e., the throughput, might be

much less.

3.1.2  Airtime/COT

We define airtime or Channel Occupancy Time (COT) to be the percentage of time
that a carrier occupies the channel for the successful transmission of the packets. Generally,
WiFi APs have lower data-rates than LAA eNBs so that eNBs require a much shorter time
duration than APs to transmit the same data packet size, resulting in much lower airtime

for LAA than WiFi to transmit the same packet size.

3.1.3 Fairness Index

Jain’s fairness index is one of the fairness metrics that determines whether users are

receiving a fair share of system resources. In networking, the Jain’s fairness index (3.1)
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rates the fairness of a set of values where there are n users, z; is the throughput for the *®
user. The result ranges from + (worst case) to 1 (best case), and is maximum when all users
receive the same allocation i.e. x;’s are close to each other. The notion can be extended to

incorporate not just throughput but also other measures of performance such as airtime.

3.2 System Model

We consider a scenario where N; LAA eNBs and N,, WiFi APs share a channel in
an unlicensed band as shown in Fig. 3.1. We further assume that each node can detect
the presence of other nodes within a carrier sense threshold and there is no hidden node
problem. As described in Section 2.2, LTE and WiFi systems adopt different channel access
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schemes. WiFi uses the CSMA mechanism with exponential backoff counter to sense and
yield the channel before any transmission. We consider two access mechanisms LBT-Cat3
and LBT-Cat4 for LAA. We consider two broad cases: 1) LAA-Cat4 eNBs coexisting with
WiFi and 2) LAA-Cat3 eNBs coexisting with WiFi.
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Figure 3.1: System Model for a Single Carrier

Throughput analysis of WiFi-DCF and LAA using Markov Chain (MC) steady-state
analysis is well studied in the literature [1| [46] [42]. We will use the same model to analyze
the effect of LTE CW size on throughput and airtime of individual WiFi and LTE network

and determine the fairness achieved in different scenarios.

3.2.1 Markov Chain of WiFi

The channel access mechanism for WiFi as described in Section 2.2.2 is modeled as a
2D Markov process as shown in Fig. 3.2(a) characterized by states (w(t), b(t)) [1], where w(¥)
represents the current contention window size and b(t) the backoff counter. Parameter g,
denotes the probability of packet availability for transmission and is used to indicate traffic
load intensity. ¢, = 1 refers to maximum load with transmit buffer always full and ¢, = 0

refers to no load. py, is the probability of packet failure due to collision. The random
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backoff starts with an initial contention window size of W, and increases exponentially at
each stage W; = 2W;_; to a maximum of W,, = 2"W, at the final backoff stage m. The AP
at the final backoff stage m will remain at the highest backoff stage in case of packet failure,
or returns back to first stage in case of success.

With steady-state analysis described in (3.2), the probability that an AP transmits

in a randomly chosen slot time is given by (3.3).
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Figure 3.2: Markov Chain for WiFi and LAA-Cat4

3.2.2 Markov Chain of LAA-Cat4

Fig 3.2(b) shows the Markov Chain model for LAA-Cat4 channel access mechanism

as described in Section 2.2.4. The LAA-Cat4 MC is similar to that of WiFi MC in the sense

of having multiple stages with exponential backoff. But in contrast to WiFi which has a fixed

initial contention window size of Wy = 16, the initial contention window size W of LAA can

be varied. Total number of stages m for LAA-Cat4 is still fixed at 6 similar to WiFi.

Similar to that of WiFi, the probability that an LAA-Cat4 eNB transmits in a ran-

domly chosen slot time is given by (3.4).
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3.2.3 Markov Chain of LAA-Cat3

Fig 3.3 shows the Markov Chain model for LAA-Cat3 channel access mechanism as
described in Section 2.2.4. In contrast to LBT-Cat4, there is no exponential backoff in

LBT-Cat3. Similar to LAA-Cat4, the contention window size W can also be varied.

Q
success m
dl

e
1-py
Ps L a
failure W w

Figure 3.3: Markov Chain for LAA-Cat3

bwait = (]- - pf,l)bO + (1 - QZ)bwait
1 —pg

bwait -

bo

bi = pyibi + Pbwair + %bo + (1 =pr)biya ,i=12,...,W—1 (3:5)
B _ Wi b
b, = bW—(W—i) =W (1*;f,l)
WwW-1
1 = bwait + bo + Zbl

\ i=1

Using the steady-state analysis of the MC from (3.5), the probability that an LAA-

Cat3 eNB transmits in a randomly chosen slot time is given by (3.6).

2q,(1 — pyy)
2(1 —pro)? +2q(1 —pgy) + (W = 1)

(3.6)

T =
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3.3 Performance Analysis

3.3.1 Probability of Transmission Failure

The probability of transmission failure for LAA and WiFi when both coexist is cal-
culated from (3.7).

Pfw = 1— (1 — Tw)N’”_l(l — Tl)Nl
(3.7)

pri=1—(1—7)N71 (1 —7,)Ne

Equations (3.4), (3.3) and (3.7) need to be solved iteratively to find the values of both
transmission and failure probabilities in case of coexistence between LAA-Cat4 and WiFi.
Similarly equations (3.6), (3.3) and (3.7) need to be solved for the coexistence between
LAA-Cat3 and WiFi.

The iteration starts with an initial guess of 7, = 7, = 0.1 and ps,, = ps; = 0.1.
At each iteration, value of 7 is refined with known value of p; and value of p; is further
refined with new calculated value of 7. This is carried out for multiple iterations until the
values of all unknown variables converge. The convergence and uniqueness of the solution is

guaranteed by a monotonic function described in [1].

3.3.2 Probabilities of events

The throughput and airtime that a station eNB or AP achieves in a coexistence
scenario can be characterized by what events take place in a randomly chosen slot time.

Three events need to be considered.

1. Idle: The channel is not utilized by any eNB or AP.

2. Success: The channel is utilized for successful transmission if only one station; either

an eNB or a WiFi, accesses the channel.

3. Collision: The channel is utilized for transmission but the packet fails due to collision;
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either within WiFi network itself, or within LAA network itself, or between WiFi and

LAA.

Given the transmission probability of LAA from (3.4) or (3.6) and WiFi from (3.3),

the corresponding probability for
e channel being idle P,
e channel occupied by successful transmission by LAA (or WiFi) P;; (or Ps,,),

e channel contains packet collisions within own system P.; (P..,), and collision between

WiFi and LAA P,

are calculated from (3.8).

Pr=(1—7,)Nv (1 —7)N

P,y = NyTy(1 — Tw)Nw_l(l — TZ)NZ

Poy = Nm(1— 7)Mo (1 — 1)

Pow=0-1)M1 - (1 —7,)" — Nyrp(1 — 7, )V 1)

Pc,l = (1 — Tw)Nw(l — (1 — TZ)NZ — NlTl(l — Tl)lel)

Pc,wl:1_PI_Ps,w_Ps,l_Pc,w_Pc,l

3.3.3 Average Time Duration of events

Fig. 3.4 shows the average duration of successful transmission and collision when
average payload size E[P] along with the headers are transmitted in a channel according to
the protocol as described in Section 2.2.2.

The average time that the channel is occupied due to successful transmission by LAA
(or WiFi) T, (or Ts,,) and the average time that the channel is busy due to transmission
collision T..; (T..,) is given by (3.9). T.,; denotes the time duration of event when there is
a collision between WiFi and LAA.
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Figure 3.4: Average Time for successful transmission and collision in basic access
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PHY ;. + MA E[P] + ACK
T, =it ch+ PITACK | 5 L SIFS + DIFS + 6
PHY ;. + MA E[P
Ty = her RC"‘“"JF Pl prrs 1 s
PHY ,;, + MAC,,. + E[P] + ACK
Ty = hdr + ’;Jr [P+ + 6+ DIFS +6 (3.9)
l
PHY,,, + MAC)y, + E[P
T, = hr nir + EIPL | yipg s
R
Tc,wl = maX(Tc,wa Tc,l)
\

where ¢ is the propagation delay and R; and R,, are the peak data rates used by LAA and
WiFi stations to transmit the data. The values for these system parameters differ depending
on the access mechanism (basic or RT'S/CTS) and modulation chosen. Table 3.1 shows a
typical value of the system parameters we chose for our coexistence setup which is further
discussed in Section 3.5.

LAA is assumed to use the same frame structure as WiFi but the ACK is sent

immediately when the receiver receives the packet.

3.3.4 Throughput and Airtime

Having calculated the event probabilities in Section 3.3.2 and average time duration

of the events in Section 3.3.3, the average event time duration F[T] is calculated from (3.10).
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ingly.

3.3.5

E[T] = PIU + Ps,lTs,l + Ps,wTs,w + Pc,ch,l + Pc,ch,w + Pc,wch,wl

Throughput of LAA and WiFi is given by (3.11).

Ps ! Ps w
= —F|P = ——F|P,
Sl E[T] [ l] ] Sw E[T] [ ’UJ]
Airtime of LAA and WiFi is given by (3.12)
Ps lTs l Ps wTs w
A === A, =—"—=
"Bl YT E[]

(3.10)

(3.11)

(3.12)

where E[P] and E[P,] denote the average packet size for LAA and WiF1i correspond-

Fairness Metric

As described in Section 3.1.3, fairness in channel access and performance output of

different stations is measured in terms of Jain’s fairness index (3.1). We consider three

different fairness indices:

1. Throughput fairness Fs determines the fair share of throughput between LAA and

WiFi

2. Airtime fairness Iy determines the fair share of channel airtime between LAA and

WiFi
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Throughput-Airtime fairness Fis4 which is a harmonic mean between two metrics Fg
and F4, captures the notion of trade-off optimization of both fairness in combination.
The harmonic mean cannot be made arbitrarily large by changing some values to
bigger ones while having at least one value unchanged. Jain’s fairness index ensures

that all throughput (or airtime) are similar while the harmonic mean ensures that both



throughput and airtime fairness are high. All fairness metrics have a maximum value

of 1 and a higher value indicates a better fairness.

For only two networks LAA and WiF1i, these are calculated from (3.13).

B (SL+Sw)2

T 2AST SR
_ (At Aw)® 3.13

. FSXFA

\FSA_2F5+FA

3.3.6 Fitness Metric

Besides fair sharing resources, we also want to get maximum throughput achievable
in a given coexistence scenario. Hence, we define a fitness metric J in (3.14) which takes

into consideration both fairness and overall throughput.

J:FSA(Sw+SL) (314)

3.4 Problem Statement

For a fair coexistence of LAA (Cat4 or Cat3) with WiFi, we want to find the optimized
value of contention window size W, from different choices W = [Wy, Wa, ..., Wj] that

maximizes the fitness metric in (3.14) which depends on number of LAA eNBs and WiFi
APs.

Wope = arg m%iel%ize J(Ng, Ny, W) (3.15)

Since the search space is small, we use exhaustive brute-force to search for the best

CW size with time complexity O(|W)]).
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Table 3.1: System Parameters

Packet Size, E[P,| = E[P)] 12800 bits
MAC header 272 bits
PHY header 128 bits
ACK 112 bits + PHY header
Wi-Fi Bit Rate, R, 40 Mbps
LAA Bit Rate, R, 75 Mbps
Slot Time o 9 us
SIF'S 16 us
DIFS 34 us
Propagation Delay, ¢ 1 pus
CW-Cat4 [8:1:24]
CW-Cat3 [8:1:80]
Initial CW size Wi-Fi, W, 16
CW Stages Wi-Fi & Cat4, m 6
load intensity, ¢ 1.0

3.5 Scenario-Setup

We consider two scenarios: 1) when LAA-Cat4 coexist with WiFi and 2) when LAA-
Cat3 coexist with WiFi. In both scenarios we consider N; = {1,2,...,7} LAA eNBs con-
tending with V,, = 3 WiFi APs on a single channel with system parameters from Table 3.1.
Different choices for CW sizes are W = {8, 9, ..., 24} and W = {8, 9, ..., 80} for LAA-Cat4
and LAA-Cat3 respectively. Since Cat3 is linear and Cat4 is exponential in back-off nature,
the maximum value for Cat3-CW size of 80 is chosen to be much higher than the maximum

value for Cat4-CW size of 24.

3.6 Results and Discussion

3.6.1 Coexistence of LAA-WiFi without CW adjustment

We first establish a baseline with reference to which we will compare our optimized
results. With no CW adjustments, both LAA-Cat3 and LAA-Cat4 would contend on a
channel with incumbent WiFi, with a CW size of 16 which matches WiFi’s initial CW size.

For LAA-Cat4-WiFi coexistence, with fixed number of WiFi APs N,, = 3, increase
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in the number of LAA eNBs N; improves both the throughput and airtime of LAA at the
expense of WiFis performance as shown in Fig. 3.5(a). For lower values of N, than N,,, LAA
has both low airtime and throughput, and has low impact on WiFi. But for higher values of
Ny, the channel is significantly occupied by LAA transmissions and the WiFi performance
degrades further. Since we are not adjusting the CW sizes, all stations are similar and the

network that has more number of stations dominates the channel.
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Figure 3.5: Throughput and Airtime of LAA-WiFi coexistence
without CW adjustment for N, = 3
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For LAA-Cat3-WiF1i coexistence with similar setup, we observe similar impacts on the
performance of WiFi as shown in Fig. 3.5(b). Since LAA-Cat3 doesn’t have any exponential
backoff stages, it is more aggressive in accessing the channel and degrades the performance
of WiFi even greater than LAA-Cat4. For the case of contention without CW adjustment,
it is known in the study that LAA-Cat4 coexists with WiFi more fairly than LAA-Cat3 [42].
This is also evident from Fig. 3.6 where the combined fairness performance from (3.13)

remains fairly high for LAA-Cat4 than LAA-Cat3 for higher ;.

0.95
<
)
w 0.90
&‘ 0.85 A1 —& J-Cat4
) —4— J-Cat3
g 0.80 -
©
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Figure 3.6: Performance of LAA-Cat4 and LAA-Cat3

3.6.2 Coexistence performance for specific scenario (N;, N,,) with adjustable CW sizes

We analyze the performance of coexistence when the CW is dynamic and adjustable
depending upon the scenario (IV;, N,,). We consider a coexistence scenario (N; = 4, N,, = 3)
where CW size W can be varied among different choices VW for LAA-Cat4 and LAA-Cat3
respectively as discussed in Section 3.5. The CW size for LAA-Cat3 is longer since it only
has a single stage for linear backoff while LAA-Cat4 has exponential backoff with m stages.

We first consider a scenario where N; = 4 LAA-Cat4 eNBs contend with N,, = 3 APs
using various adjustable CW sizes. Fig 3.7(a) shows the throughput and airtime achieved for

this scenario. Smaller values of CW sizes give more chance for LAA than WiFi to access the
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channel which in turn increases the airtime and throughput for LAA and decreases both for
WiFi. Larger values of CW sizes give more opportunity for WiFi to access the channel which
increases the airtime and throughput of WiFi but the LAA network is not able to access the
channel enough to maintain its airtime and throughput. There exists an optimized value of
CW which gives more or less equal access to channel for both LAA and WiFi. This equal

access to channel could be defined either in-terms of similar throughput or similar airtime.
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Figure 3.7: Throughput and Airtime of LAA-WiFi coexistence
with CW adjustment for Ny =4, N, =3
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It can be seen from Fig. 3.7(a) that throughput for WiFi and LAA is similar at a CW
size of 21 whereas airtime for WiFi and LAA is similar at a CW size of 12. This happens
mainly because of the higher data rate for LAA in comparison to WiFi. LAA obtains higher
throughput at a relatively lower time than WiFi. Hence there inherently exists a trade-off
while trying to optimize the CW size for throughput and airtime fairness between LAA and

WiFi. Both fairness cannot be achieved generally at the same CW size.
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Figure 3.8: Fairness of LAA-WiFi coexistence
with CW adjustment for N; =4, N, =3
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This is also evident from Fig. 3.8(a), where we can see the maximum value of through-
put fairness and airtime fairness from (3.13) does not occur at the same CW size. Thus we
consider the fitness metric from (3.14) which takes into account both fairness and total
throughput. Thus an optimized CW size of 16 is chosen to be the best CW size for scenario
(N, = 4, N, = 3) that maximizes the fitness and is shown in Fig 3.9(a). Optimization of
CW for general scenario (V;, NV,, = 3) is further discussed in Section 3.6.3.

A similar trade-off for choosing the best CW size is also observed in LAA-Cat3-WiFi
coexistence. Throughput-Airtime in Fig. 3.7(b), fairness in Fig. 3.8(b) and fitness in Fig.
3.9(b) show that the best values of CW sizes that maximizes the throughput fairness, airtime

fairness and overall fitness are achieved at 32, 21 and 22 respectively.

3.6.3 Optimization of CW for different scenarios

We find the best CW size for different scenarios (N;, N, = 3), N, = 1,2,...,7
similarly as was done for specific scenario (N; = 4, N,, = 3) in Section 3.6.2. The best CW
sizes for Cat4 and Cat3 are tabulated in Table 3.2. Fig. 3.9 shows fitness performances of
Cat4 and Cat3 for various CW sizes for three specific scenarios (N; = 2,3,4, N, = 3). It
is observed from the Fig. 3.9(a) that depending on scenario (N;, N,), the best CW size
that maximizes the fitness changes. It is also observed that the best CW size 16 for larger
number of LAA eNBs(N, = 4, N,, = 3) is higher than the best CW size 8 for smaller
number of LAA eNBs (N, = 2, N,, = 3). This happens because for smaller N;, LAA tries
to aggressively access the channel more with smaller CW size and for larger N;, LAA gives
more opportunity for WiFi to access the channel with larger CW size. LAA does this to
obtain maximum fitness. It is to be noted that smaller CW sizes of LAA do decrease the
fairness but yield higher total throughput effectively causing higher fitness, which is defined

to incorporate both fairness and total throughput.
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Table 3.2: Optimized CW for different scenarios (N;, N,, = 3)

N,; | CW-Cat4 | CW-Cat3

1 8 8

2 8 11
3 11 16
4 16 22
5 21 27
6 24 32
7 24 38
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3.6.4 Improvement on the impact of LAA on WiFi by adjusting the CW size

With best CW size determined for a scenario (N;, N,,) as described in Section 3.6.3,
we are able to optimize the fitness for any number of LAA eNBs coexisting with WiFi APs.
Figs. 3.10, 3.11 and 3.12 show the improvement of fitness, throughput and airtime we get

by optimizing the CW size with respect to the case without CW adjustments.
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Figure 3.10: Fitness improvement of optimizing CW size for various scenarios (N;, N, = 3)
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It is seen from Fig. 3.10 that both LAA-Cat3 and Cat4 achieve more fitness when
we optimize the value of CW size in comparison to the case without CW adjustment. LAA-
Cat3 achieves more stable fitness than LAA-Cat4. This happens mainly because the CW
adjustment is linear in Cat3 and exponential in Cat4. This gives Cat3 more granular control

over the adjustment of CW.
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Figure 3.11: Throughput improvement for various scenarios (N;, N, = 3)
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Figs. 3.11 and 3.12 show that by optimizing CW size as obtained from Table 3.2,
LAA-Cat4 and Cat3 balance out the throughput and airtime of both LAA and WiFi with

respect to the case without CW adjustment.
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3.6.5 Comparison of LAA-Cat4-WiFi coexistence with LAA-Cat3-WiFi coexistence

For a given same scenario (NV;, N,, = 3), we compare the coexistence of LAA-Cat3-
WiFi and LAA-Cat4-WiFi. Fig. 3.13 shows that LAA-Cat3 achieves a higher fitness value
than LAA-Cat4. It is seen from Fig. 3.14(a) and Fig. 3.15(a) that throughput fairness for
Cat4 is higher than Cat3. Whereas the airtime fairness for Cat3 is higher than Cat4 as can
be seen from Fig. 3.14(a) and Fig. 3.15(b). Also, the total throughput of the combined LAA
and WiF1i is higher for Cat3 than Cat4 as can be seen from Fig. 3.14(b). The net cumulative
effect of total throughput and combined fairness is that the fitness for LAA-Cat3 is higher

than LAA-Cat4 as seen in Fig. 3.13.
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Figure 3.13: Fitness Comparison when Cat4 or Cat3 coexist with WiFi

In this chapter, we established that CW size is an important parameter in the LAA system for
both LAA-Cat3 and LAA-Cat4 that enables LAA to coexist fairly with WiFi. We discussed
the trade-off that exists while trying to optimize the throughput and airtime fairness. We
defined a fitness function that takes into account total throughput and both fairness and
tried to find out the best CW size that maximizes the fitness. We showed the effects of
LAA on WiFi with and without CW size adjustments. We compared the performances of
LAA-Cat4 and LAA-Cat3 coexisting with WiFi, and determined that even though LAA-
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Cat4 achieves better throughput fairness, LAA-Cat3 does a better job in obtaining a higher

fitness by having higher airtime fairness and total throughput.
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CHAPTER 4
COEXISTENCE IN MULTI-CARRIER LBT

Multi-Carrier LBT, as described in Chapter 2 Section 2.3, is a process by which a
station having an ability to sense multiples carriers can run LBT procedure in different
channels and can utilize portions of whichever spectrum it finds free for use. LAA stations
use various modulations (QPSK, 16QAM, 64QAM, 128QAM) and MIMO (SISO, MIMO 2x2,
MIMO 4x4) techniques to vary the transmission-rate depending on the channel conditions.
In this chapter, we will study the coexistence of LAA especially LAA-Cat3 with WiFi in a
multi-channel scenario. We will show how an optimized CW size can be configured for each
station at each channel to get the best throughput out of the combination of channels taking
into account the throughput and airtime fairness. We will compare two CW assignment
techniques based on equal CW size and Genetic Algorithm (GA).

Section 4.1 formulates the multi-carrier LBT system with LAA eNBs with specified
data-rates and configurable CW sizes coexisting with WiFi APs on multi-channels. Section
4.2 derives the total throughput and total airtime of different stations based on Section 3.3
in Chapter 3. Section 4.3 describes the fairness indices in multi-carrier LBT which is similar
to Section 3.3.5 in Chapter 3. Section 4.11 states the problem of optimizing the CW sizes
of all LAA stations over all channels to maximize the combined throughput-airtime fairness.
Section 4.5 describes the equal and genetic algorithm based CW assignment technique that

ensures maximum fairness. Lastly the results are discussed in Section 4.7.

4.1 System Model

We consider a model as shown in Table 4.1 where N; LAA-Cat3 eNBs contend with

N, WiFi APs for channel access on N, different channels. WiFi being a legacy system
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Table 4.1: System Model: Different Data Rates and Contention-Window sizes

H Channels eNB-1 eNB-2 ‘ ‘ eNB-N, WiFi-AP H
CH-1 rPY i [ gV w2 | [ RPN gy Ry, W
CH-2 rPU o wei | gPA w2 [ gPN pyN Ry, W

: : : . : Ry, Wy
CH-N, Rl[NC’l], WNe 1] RZ[NC’z], WwiNe2 [ RZ[NC’NZ] WINeN] R, Wo

has a fixed CW size W, and fixed data-rate R, across all channels. Each LAA station as
mentioned before can employ different data-rates R}h’j ], for different channels h = 1,2,..., N,
and different stations j = 1,2,..., N;. Wl is a configurable CW size of each eNB on each
channel which needs to be optimized to obtain best possible total throughput of the system
with fair allocations.

We assume both LAA-eNBs and WiFi APs have the ability to sense all channels
simultaneously, use an independent back-off processes in each channel and utilize portions
of whichever spectrum it finds free for use. WiFis employ CSMA-CA as described by the
WiFi Markov chain in Section 3.2.1 on all channels. LAAs also employ LAA-LBT-Cat3
procedure as described by the LBT-Cat3 Markov chain in Section 3.2.3 on all channels.
The only difference is that each WiFi runs the backoff process with the same CW size W,
and fixed data-rate R, across all channels whereas each LAA runs the backoff process with
configurable CW size Wl on each channel given specified data-rates Rgh’ﬂ, for different
channels h = 1,2,..., N, and different stations j = 1,2,..., N;. Wl needs to be optimized
to obtain best possible total throughput of the system with fair allocations that ensures joint
fairness of throughput and airtime.

We evaluate the performance of the coexistence in multi-channel as an aggregation
of performances in each individual channel. A set of equations (3.6) and (3.7) have to
be modified to (4.1) and (4.2) to describe the coexistence in single-channel with different

CW sizes for each LAA station. Both of these equations are solved iteratively to find the
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transmission probability for each WiFi station 7,, and LAA station 7;; for a single channel.

(

\

Tw =

2¢w(1 = prw)(L = 2pjw)

2(1 = prw)* (1 = 2ppw) + qulWopsw(l = (2pgw)™) + (1 + Wo = 2ppu)(1 = 2psu)]

Ny

Praw =1~ (1 —7,)N"! H(l - Tlm)

j=1
(4.1)
0 _ 2¢/ (1 —p))
I : - " - -
21— pi)? + 247" (1 = p}) + g (WU — 1) -
N; .
ph=1— J[ a=aHa-r) . j=12...N
k=1,k#j

4.2 Performance Analysis

We evaluate the performance of the coexistence in multi-channel as an aggregation

of performances in each individual channel.

4.2.1 Single Channel

The event probabilities (idle, success and collision) in (3.8) and subsequent event

average time duration in (3.9) discussed in Section 3.3 needs to be modified to (4.3) and

(4.4) to account for different CW size of LAA WUl for station j in a single channel. The

subscripts w, [ and wl denote WiFi, LAA and combination. The subscripts I, s and ¢ denote

idle, success and collision events. Given these two quantities, the average event duration,

throughput and airtime from (3.10), (3.11) and (3.12) have to be modified to (4.5), (4.6) and

(4.7) respectively.
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Throughput of individual LAA and WiFi stations in a single channel h,
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P
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4.2.2  Multiple Channel

(4.6)

We aggregate the performance of LAA and WiFi stations across all channel h =

1,2,..., N, to find the aggregated throughput (4.8) and aggregated airtime (4.9) of each

LAA and WiFi station.

sPl = ZS[’”] L i=1,2,....N,

SM ZS’” . i=1,2,...,N,

A“] ZA’” . j=1,2...,N

A[’] ZA[’“] . i=1,2,...,N,

4.3 Fairness and Fitness

(4.8)

(4.9)

Different to fairness between LAA and WiFi networks as described in Section 3.3.5,

we explore the fairness across stations. The throughput, airtime, combined fairness and

overall fitness are calculated in (4.10) using Jain’s fairness index described in Section 3.1.3.

23



. N 2
i (2 sP 4+ 520 i)
S N N Ny Sm 2 Ny SM 2
L+ N | ( 22521057)% + 2220 (Sw)
. N\ 2
i (o AP+ o Al
= : - 4.10
(M N ) (2 (A2 + 3 (al)?) )
FS X FA
Fop=2———
4 Fs+ Fy
\J:FSA(SW‘FSL)

4.4 Problem Statement

For a fair coexistence of N; LAA eNBs with N,, WiFis , given different transmission
data-rates of LAA stations in different channels R}h’j], we want to find the optimized value
of CW size W/ for cach LAA eNB station j in each channel A from different choices

opt

W = [Wy, Ws, ..., W] that maximizes the fitness metric J in (4.10).

[Wopt] = arg m%(ierélvize J(Np, Ny, W) (4.11)

Nex N,

For example, fair coexistence between N; = 4 eNBs and N, = 3 APson N, = 3
different channels with each eNBs data-rate specification on each channel Rs,, as described
in Table 4.2 should produce an optimized CW size of each eNB on each channel [Wopt] -
as shown in Table 4.4.

The time complexity for searching over all possible configurations of CW sizes is
O(|W|NexNi) which is exponential in N. and N;, and cannot be brute-forced exhaustively.
The optimization problem is non-convex and requires some clever CW assignment technique

to achieve this optimization. We utilize the Genetic Algorithm (GA) to find the optimized

CW size for the optimization problem.
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4.5 CW Assignment Technique
4.5.1 Equal CW Assignment

Equal assignment technique is a simple technique where an equal value of CW size
is configured for all LAA stations in all channels. We will use this technique as a base to
compare our results later.

Wil = constant Vh,Vj

4.5.2 GA Assignment

Population

v

Fitness Calculation

v
Mating Pool

v
Parents Selection

Y

v Crossover
Mating v
Mutation

Y

Offspring

Figure 4.1: Genetic Algorithm

The Genetic Algorithm (GA) is a method for solving both constrained and non-
constrained optimization problems that is based on natural selection, the process that drives
biological evolution. The genetic algorithm repeatedly modifies a population of individual
solutions. At each step, the genetic algorithm selects individuals at random from the current
population to be parents and uses them to produce the children for the next generation.

Over successive generations, the population evolves toward an optimal solution.
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GA assignment utilizes three main rules to create new generations of CW sizes from
the current population. GA assignment starts with an initial population of CW sizes. In each

iteration, it uses these three main rules to modify the population for the next generation.

1. Selection: Based on the fitness value, individuals called parents are selected which

contribute to the population at the next generation

2. Crossover: Parts of CW sizes of two parents are combined to form children for the next

generation
3. Mutation: Applies a random change in CW sizes of individual parent to form children.

4.6 Scenario-Setup

We consider a scenario where N; = 4 LAA eNBs contend with N, = 3 WiFi APs
on Nc¢ = 3 different channels with full traffic load ¢, = ¢, = 1. The transmission data-
rates of each LAA station on each channel Rl[h’ﬂ is specified as in Table 4.2. Note that the
transmission data-rate for WiF1i is fixed. The system parameters for LAA-Cat-3 and WiFi
are same as that in Table 3.1 with different choices for CW sizes W = [8:1:128].

Table 4.2: Data-Rate (Mbps) specification for LAA eNBs and WiFi APs

H Channels \ eNB-1 \ eNB-2 \ eNB-3 \ eNB-4 \ WiFi-AP H

CH-1 I0) 100 50 25 40
CH-2 25 20 5 25 40
CH-3 100 150 5 25 40

4.7 Results and Discussion

4.7.1 Equal Assignment

For equal assignment, the maximum fitness occurs at an optimal CW size of Wy;;j [
27 as shown in Fig. 4.2. We use this technique as a base to compare our results from GA
later.
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Figure 4.2: Optimal CW size for Equal Assignment

4.7.2 GA Assignment

Fig. 4.3 shows the improvement of both mean and best fitness (penalty = - fitness)
in different generations. The parameters of GA iteration are tabulated in Table 4.3. We
see that in each generation GA generates a new population that has better fitness than the
previous generation. The iteration is stopped at a max generation of 500. At the end of the

iteration, we get optimal CW sizes for each station in each channel as shown in Table 4.4.

Table 4.3: GA Parameters

H Parameter ‘ Value H
Max Generations 500
Max Stall Generations 200
Population Size 1000
Function Tolerance le-6
Crossover Fraction 0.8

57



20 - Best: -90.1663 Mean: -80.9678

Bost ponalty value
Maan penalty value

72 F
74 |t
76

78 F
)

T o p 8 IS NN i P

Penalty value
8

-84
L)
-86
-
-
8 &
-
-
-90 & Il 1 1 —— I L n I
0 50 100 150 200 250 300 350 400 450 500
Generation

Figure 4.3: Fitness improvement of GA over generations

Table 4.4: Optimal CW size configuration using GA

H Channels ‘ eNB-1 ‘ eNB-2 ‘ eNB-3 ‘ eNB-4 H

CH-1 o4 8 113 128
CH-2 101 112 8 128
CH-3 18 17 20 41

4.7.3 Comparison of Equal and GA Assignment

Table 4.5 shows the comparison of performances between equal CW = 27 and GA

assignments in terms of Fitness (J), Total Throughput (S), Throughput Fairness (Fy),

Airtime Fairness (F4) and combined Throughput-Airtime Fairness (Fg4).

Table 4.5: Comparison of Equal and GA Assignment

Assignment | J S Fy Fy Fgy
Equal 73.0 | 80.63 | 0.999 | 0.828 | 0.905
GA 90.3 |1 95.85 | 0.924 | 0.96 | 0.942
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Table 4.5 and Fig 4.4 shows the total throughput and fairness achieved by the system
for equal and GA assignments. It is seen that GA achieves a higher fitness, total throughput
and combined fairness (Fs4). It seems in Fig. 4.4(b) as though the throughput fairness for
equal assignment is higher than GA but it happens only because the equal assignment is
not able to achieve higher throughput for LA As effectively causing it to lose throughput and
become much similar to that of WiFi stations. This is also evident in throughput distribution
of 4 LAA eNBs (indexed 1, 2, 3, 4) in Fig. 4.5(a). Throughput and airtime for station #4 is
significantly lower since the specified data-rate for station #4 is the least in all channels in
Table 4.2. The equal assignment does particularly worse in-terms of airtime-fairness as can
be seen from Figs. 4.4(b) and 4.5(b).

It is to be noted that the aggregated data-rate of individual LAA from Table 4.2 is
(200, 300, 200, 75) Mbps. This reflects on the aggregated throughput distribution of LAA
stations in Fig. 4.5(a). It can also be seen from Fig. 4.5(b) that the airtime for low data
rate LAAs are penalized due to airtime fairness scheme.

On the other hand, GA performs better in terms of the total throughput and its
airtime-fairness is far better than the equal assignment. GA also performs reasonably well
in terms of throughput-fairness. Overall, GA sacrifices some throughput fairness in order to
achieve better combined fairness and yields higher total throughput. This effectively causes
GA to have higher fitness value than equal CW assignment.

It is to be noted in Fig. 4.5 that regardless of the assignment, throughput and airtime
are equal for all stations in WiFi. It is because we consider WiFi to be a legacy system so
there is no difference between any WiFi stations and every station acts similarly. For the
equal assignment, throughput for individual stations in LAA are the same but airtime varies.
In the GA assignment, both throughput and airtime for individual stations in LAA vary. By
configuring the optimal CW size of each station in each channel, the GA assignment is able
to vary the throughput and airtime of individual stations in such an optimized way that the

total throughput and combined fairness of the system are higher than equal assignment.

61



Moreover, the analysis assumes that LAA knows the number of WiFi N, in the
system, which can be achieved either in cooperative sensing or having a WiFi-interface in
LAA eNB station. We also ignored the number of users associated with each eNB and AP

since the dominant transmission in a wireless network is through WiFi-AP or LAA-eNB.

In this chapter, considering the coexistence of LAA-Cat3 and WiFi, we showed that a dy-
namic contention window size assignment based on combined fairness of throughput and
airtime achieves better fairness than equal contention window size assignment for coexis-
tence in a multi-channel scenario. We utilized the genetic algorithm to assign the optimized
contention window size of each LAA station in each channel based on the fitness function
that takes into account the total throughput and joint fairness. Fair coexistence with WiFi
802.11ac, 802.11ax capable of variable Modulation and Coding Scheme (MCS) needs to be

further studied.
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CHAPTER 5
COEXISTENCE IN DUAL CARRIER AGGREGATION

Carrier Aggregation (CA) is a feature of LTE-Advanced which allows LTE eNB to
combine one or more LTE component carriers into a single data channel which increases
the overall capacity by exploiting fragmented spectrum as described in Chapter 2 Section
2.4. CA allows stations in primary channel to be able to sense the secondary channel and
use it in aggregation to primary channel to boost its throughput if the secondary channel is
empty. In this chapter, we will discuss the coexistence of LAA stations with CA ability with
those without CA ability. By modeling the coexistence using Markov Chains, we will first
see how dual-channel sensing stations affect the performance of other single-channel sensing
stations and then secondly we will see how we can find an optimal distribution (partition)
of stations with system parameters including CW size and load intensity that maximize
different fairness indices and their effects on secondary CH-2 throughput.

Section 5.1 models the dual-carrier aggregation as a coupling between MCs and Sec-
tion 5.2 formulates it to derive the individual throughput and airtime of different groups of
stations, including a) sensing only primary channel CH-1, b) sensing only secondary channel
CH-2 and c) sensing both channels CH-1 and CH-2 for channel aggregation opportunity.
Based on this, the total throughput and different fairness indices similar to those described
in Section 3.3.5 of Chapter 3 are analyzed. Section 5.3 describes the effect of partition (dis-
tribution of stations in primary and aggregated channel) in the dual channel coexistence.
Section 5.3.3 describes the optimization problem with fixed CW size and load intensity but
configurable partition, and analyses the distribution of optimized partitions, throughput
and airtime over different fairness metrics. This section also describes the effect of different
fairness metrics on the total throughput and the secondary CH-2 throughput. Section 5.4
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describes the effect of CW size and load intensity on the single and dual channel coexistence.
Section 5.4.3 states the final optimization problem of optimizing the partition, CW size and
load intensity in combination to achieve a fair coexistence between different groups in dual

carrier aggregation.

5.1 System Model

-~

N, stations
(only scan CH-1)

N, stations
(only scan CH-2)

N, stations

(scan CH-1, can also aggregate
CH-2 when CH-2 is empty)

N J

Figure 5.1: System Model: Dual Carrier Aggregation

We consider a pool of stations that have the capability of sensing either a single

channel or multiple channels as shown in Fig. 5.1. We consider a scenario where

e N group consisting of N; stations that only sense primary channel CH-1.
e N, group consisting of N, stations that only sense secondary channel CH-2.

e N, group consisting of N, stations that sense primary channel CH-1 normally as N;
stations but also have the capability of sensing secondary channel CH-2 for dual-carrier

aggregation.

Note that N, stations cannot separately use only secondary channel CH-2 without using the
primary channel CH-1.

The Markov Chain for LAA-LBT Cat3 channel access as described in Section 3.2.3
is still valid for each individual station but coupling between two channel access will have to

be modified which is discussed in Section 5.2.2.
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There are a couple of differences between this model and the models which were

described in previous chapters.

1. Coexistence: We only consider the coexistence between LAA eNBs assuming no WiFis

are present.

2. Contention Window CW: We assume that CW is fixed for the entire system such that

each LAA eNB will be configured to exactly the same CW size.

3. Load Intensity ¢q: We assume that ¢ is fixed for the entire system such that each LAA
eNB will be configured to exactly the same value. In previous models, we always
assumed a full traffic load. But for this model, we assume that after a packet has been
transmitted successfully, we deliberately make stations wait with probability ¢ before
allowing them to actively participate in the contention again. Along with the CW size
W, load intensity ¢ will also play a significant role in reducing the contention in the

channel whenever there are too many stations in the channel.
5.2 Performance Analysis in Dual-Carrier Aggregation

5.2.1  On Primary Channel: CH-1

Since stations in A and N, all sense primary channel CH-1, the transmission prob-
ability (71,7,) and the failure probability (ps1,p.) of each group is given by (5.1) from
Sections 3.2.3 and 3.3 of Chapter 3.

29(1 — py1)
2(1 = pp1)? +29(1 — pp1) + (W — 1) (5.1)

T = Tgq —

pfl = pfa = ]_ —_ (1 J— Tl)Nl“l’Na*l

The channel probabilities are given by (5.2).
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(
Idle: p;; = (1 — 7p)Mitha

Success per station: pg = 71(1 — 7p)MHNa—1 (5.2)

Collision: py =1 —pp — (N1 + Ny)pst
\

It is to be noted here that p,; describes the probability of successful transmission for
a single station unlike py; in previous chapters which denoted the successful transmission for
all LTE stations. From equation 5.2, the total successful transmission for all LTE stations in
CH-1 would be given by (N7 + N,)ps1. This had to be done so as to condition the probability
of successful transmission of a single LAA on an event Y which will be further described in
Section 5.2.2.

Let X denote the event that at least one station in N5 transmits in CH-2 with
p(X) =1— (1 — 7). The associated throughput and airtime for the stations in A and

N, groups are given by (5.3).

(51|X =9 = % , single primary channel mode for N; stations
A X =A = —NlEﬁ;1]7151
Sa|X = Na§+TE][P] , single primary channel mode for A, stations
Al X = Ny psi aTs1
E[T\] (5.3)

Sq|X¢=285,]X , carrier aggregation mode for N, stations
Ay X = A, X
Sa = E[Sy|X] = S.|X P(X) 4+ S,|X¢ (1 —P(X)) , Average Throughput

A, = E[A.|X] = Al X P(X) 4+ Ay X (1 —P(X)) , Average Airtime
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5.2.2  On Secondary Channel: CH-2

Stations in N5 and N, all sense secondary channel CH-2. Stations in A, can use
secondary channel CH-2 in standalone while stations in N5 cannot. Stations in N, only use
secondary channel CH-2 opportunistically when primary and secondary are both empty. If
Y denote the event that at least one station in N, transmits in CH-2 such that p(Y) =
1 — (1 —7,)™. Then the transmission probability 7, and failure probability pf, for stations

in N; is given by (5.4).

2q(1 — py2)
2(1 — pp2)? + 2q(1 — pya) + q(W — 1) (5.4)

P2 = ppajye P(Y) 4+ ppoy P(Y)=(1— (1 — 1) 1) P(Y°)+1 P(Y)

To =

Equations (5.1) and (5.4) describe the coupling of two Markov chains in CH-1 and
CH-2. These equations represent non-linear and dependent relationship between one another
and needs to be calculated using numerical iterations.

The channel probabilities are given by (5.5).

7

Idle: pro = (1 — 7)™ P(Y?)

Success per station: pg = psojye P(Y¢) = mo(1 — )21 P(Y) (5.5)

Collision: peo =1 — pra — (No)ps2
\

The associated single channel throughput and airtime for the stations in N, group is

given by (5.6).

Gy = Ny pgo E[P]
E[T2] (5.6)
A, — N pso Tso
’ E[T]
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The average time duration F[T}], E[T,] and E[T3] are given by (5.7) and time duration

for idle, success and collision events are same as described in previous chapters.

E[Ti] = pnThn + NipaTst + paTe (5.7

E[TZ] = pI2T12 + p32T32 + pc2T02

5.3 Results: Effect of number of stations, partition
5.3.1 In Single Channel

As we saw in the previous chapters, both the throughput and airtime for a single
channel first rises with increase in total number of stations because the channel is under-
utilized and more stations can be accommodated. But after a certain number of stations
(Ny = 5 in Fig. 5.2), both throughput and airtime begin to decline because of the over-

utilization of the channel and collision.
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Figure 5.2: Effect of stations in single channel
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5.3.2 In Dual Channel with partition (N, N, N>)

To understand the effect of partition of stations, we consider N; = 5 stations in CH-
1 and Ny = 5 stations in CH-2 with fixed CW size W = 32 and load intensity ¢ = 1.0.
Depending on the scenario we analyze different cases when stations in N, start migrating to
N, such that we have different scenarios (N7, N, Na): {(5, 0, 5), (4, 1, 5), (3, 2, 5), (2, 3,
5), (1, 4, 5), (0, 5, 5)}.

100 +
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(5,0,5) (3,2,5)
Partition (N, Na Nz
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g o o

Throughput (Mbps)

N
o

Airtime (%)
o = = = =
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o
o
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0.0-

Partition (N1, N, N>)

Figure 5.3: Partition effect of stations in dual carrier aggregation

The results for the effect of partitions are shown in Fig. 5.3 and Table 5.1. Starting
from the scenario (5, 0, 5), there are no users in N, group so that the carrier aggregation
does not happen and the distribution of throughput and airtime for Ny = 5 and Ny = 5
stations in CH-1 and CH-2 are the same as can be seen in the first row of the table.

For the scenario (4, 1, 5) as shown in second row of the table, since there is only one
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Table 5.1: Partition effect of stations in dual carrier aggregation

N|NI|Na| N2 | W/|q]|J S1 Sa S2 Al | Aa | A2 |S A

2 |5 0 3 321106744410 4441108 |0 0.8 |88.82 | 1.6
5 | 4 1 5 3211086 |3553 | 1588 | 37.17 | 0.64 | 0.16 | 0.67 | 88.58 | 1.47
o |3 2 5 321 11]097|26.65 | 31.89 | 31.45 | 0.48 | 0.32 | 0.57 | 89.99 | 1.37
o |2 3 5 32 |11091 | 17.77 | 48.02 | 26.85 | 0.32 | 0.48 | 0.48 | 92.64 | 1.28
5 |1 4 5 32 |1(0.72 888 |64.27 |23.09|0.16 | 0.64 | 0.42 | 96.24 | 1.22
5 |0 ) 3 3211105310 80.64 | 19.98 | 0 0.8 |0.36 | 100.62 | 1.16

station in V,, the station is able to aggregate both channels to achieve a throughput of 15.88.
It is seen that throughput for both N; and N, groups have reduced compared to earlier case
(5, 0, 5) but the throughput is reduced more for A; than A, because of lesser number of
stations in AV; than As. Similar behavior is also seen for the airtime distribution. For the case
(N1, No, No) = (4,1,5), the airtime distribution of (A, A,, A2) = (0.64,0.16,0.67) indicates
that N group is able to utilize CH-1 64% of time, N3 group is able to utilize CH-2 67%
of time and N, group is able to utilize both channels CH-1 and CH-2 only 16% of time for
successful transmission of their packets.

For the rest of the scenarios, migration of stations in N; into N, allows for more
number of stations to exploit the aggregated band to achieve higher overall throughput. But
this aggregation by N, stations has negative impact on N, stations as their contribution
shrinks because of packet collision with A/, stations. This is also particularly bad from the
perspective of fairness. For the extreme case scenario (0, 5, 5), we can see that the stations
in NV, have been heavily impacted by stations in N, raising an issue of fair allocation among

stations in different group.

5.3.3 Optimizing Partitions: Problem Statement

For a system that has fixed N, number of LAA stations in secondary channel, we
want to find the optimal partition {(Ny, N,)|N1 + N, = N} for given N which maximizes
our objective J. We consider results for different objectives a) Total Throughput, b) Air-

time Fairness, ¢) Throughput Fairness and d) combined Throughput-Airtime Fairness. We
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consider a fixed CW size W = 32 and fixed load intensity ¢ = 1.0. For the limited search

space of (N7, N,), we find the optimal solution through exhaustive brute force search.

maximize J
NN (5.8)
subject to Ny + N, =N

5.3.3.1 Optimizing Total Throughput

Optimizing the total throughput forces all stations to be assigned in N, and no station
in NV so as to obtain maximum throughput irrespective of impact that N, has on N, as
shown in Fig. 5.4. The behavior of total throughput is similar to single channel case in Fig.

5.2 but the behavior of airtime is different.
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Figure 5.4: Optimizing Total Throughput

It is observed from Table Al in the Appendix, with increase in the total number of
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stations N, more stations keep on being assigned to N, group causing the throughput and
airtime for stations in secondary channel CH-2 to decline as can be seen for cases N =1 to
15. Beyond N = 15, the collision impact on CH-2 is so severe that it is more beneficial to
have all the stations in N, transferred to N;. This forces all the stations in A, to only sense
CH-1, which lowers the collision in CH-2 and increases the airtime for N, stations, hence

yielding more total throughput.
5.3.3.2  Optimizing Airtime Fairness

Optimizing the airtime fairness ensures that the airtime distribution across different

groups (N, N, N3) are similar but the distribution of throughput is quite different as shown

in Fig. 5.5.
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Figure 5.5: Optimizing Airtime Fairness

An interesting pattern for optimal partition (N7, N,) is observed in Table A2 where an
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additional station is first assigned to A, group and then other additional station is assigned
to N7 group. For example, when N = 6, equal number of stations N; = 3, N, = 3 are
assigned. When N = 7, the optimal partition is (3, 4) and for N = 8, the optimal partition
s (4, 4). Similar behavior is observed for higher values of N. This hints at the possibility of

greedy assignment that is equivalent to optimizing airtime fairness.
5.3.3.3  Optimizing Throughput Fairness

Optimizing the throughput fairness ensures the throughput distribution across dif-
ferent groups (N7, N, N3) are similar but the distribution of airtime is slightly different as

shown in Fig. 5.6.
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Figure 5.6: Optimizing Throughput Fairness

In contrast to the optimizing airtime fairness, optimizing throughput fairness would

add the stations in N, very conservatively as shown in Table A3. Additional stations are first
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added to N group as can be seen in scenarios N = 5, 6. Extra stations are added to N, only
when they can be accommodated as can be seen in scenario N = 7. The pattern continues
for higher values of N. This conservative assignment into A, group happens because any
introduction of additional station into N, group would give that station ability to aggregate

channel and obtain higher throughput and further imbalance the throughput fairness.
5.3.3.4  Optimizing Throughput-Airtime Fairness

Optimizing the combined fairness ensures the fair distribution of both throughput

and airtime across different groups (N7, N, N2) as shown in Fig. 5.7,
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Figure 5.7: Optimizing Throughput-Airtime Fairness

Optimizing combined fairness would also add the stations in N, conservatively as
shown in Table A4 but not as conservatively as for the case of optimizing throughput fair-

ness. For example, for N = 9, the optimal partitions for airtime, throughput and combined
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fairness are (4, 5), (6, 3) and (5, 4) respectively. Assignment based on airtime fairness is the
most liberal in assigning new stations in N, group while the fair throughput assignment is
the most conservative. Assignment based on combined throughput-airtime fairness offers a

compromise between the throughput and airtime trade-off.

5.3.3.5 Optimizing Partition: Effect on secondary channel
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Figure 5.8: Effect on secondary channel

It is seen from Fig. 5.8 that even though optimizing total throughput achieves high-
est throughput than other objectives, it causes the most severe impact in secondary channel

throughput compared to the individual case where there are no stations in N,. Optimiz-
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ing throughput fairness impacts the secondary channel the least but yields the lowest total
throughput. Optimizing airtime fairness yields higher total throughput than any other fair-
ness optimization but still significantly impacts the secondary channel. The compromise
is obtained with optimizing combined throughput-airtime fairness where a reasonable total

throughput is obtained with acceptable impact to secondary channel.

5.4 Results: Effect of CW size W and load intensity ¢
5.4.1 Effect of W and q in a single channel

For a single channel, as the number of stations N increases, the system throughput
initially rises, saturates and then starts to decline as shown in Fig. 5.9. This happens for
any contention window size W and load intensity g because for low N, the channel is under-
saturated and increasing N gives more chances to transmit. But as N increases further,

collision starts dominating and then the throughput declines.
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Figure 5.9: Impact of CW and load intensity on Single Channel

Contention window size W has a higher impact on throughput than load intensity.
For a given ¢ = 1.0, at lower N, larger W yields lower throughput. This is because when
contention is low, increasing CW size results in stations waiting significantly on countdowns.

However at larger N, larger W yields higher throughput. This is because when contention
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is high, increasing CW gives extra waiting periods for stations not to collide during trans-
mission.

Load intensity ¢ has lower impact in throughput. For a given W = 32, at lower N,
q = 1.0 yields higher throughput than ¢ = 0.1. This happens because at lower N, there is
less contention for channel access and increasing ¢ increases throughput. But at higher NV,
there is already high contention for channel access and decreasing ¢ to 0.1 lowers contention
in the channel leading to slightly higher throughput. This also happens for W = {64,128}

but is not shown in the Fig. 5.9 to reduce clutter.

5.4.2 Effect of W and q in dual channel

Effect of CW size and load intensity on total throughput, combined fairness and
secondary CH-2 throughput are shown in Fig. 5.10. Higher CW sizes lower the contention
in the channel so that higher load intensity can be utilized. Conversely in lower CW size the
contention is too high so that load intensity has to be lowered. For this purpose we analyze
load intensity ¢ = {0.1,1.0} for lower CW sizes W = {16,32} and ¢ = 1.0 for higher CW
sizes W = {64, 128}.

e For too small CW size such as W = 16, lower value of load intensity (¢ = 0.1) reduces
the contention in the channel and thus yields higher total throughput in any partition.
For large CW sizes such as W = 32 and above, the load intensity ¢ has opposite effects
in low and high aggregation scenarios. In low aggregation scenario such as in (4, 1,
5), a higher value of ¢ = 1.0 gives more opportunity to aggregate and hence increases
the throughput while in high aggregation scenario such as in (1, 4, 5), a lower value of
q = 0.1 reduces the contention. From CW point of view, maximum total throughput is

generally achieved at moderate CW size W = 32, neither the smallest nor the largest.

e The CW size and load intensity don’t seem to affect the fairness index too much at

low aggregation but has some noticeable effect at high aggregation scenarios. From
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fairness point of view, for high aggregation scenarios, larger CW sizes with reduced

load intensity are preferred to reduce contention as much as possible.

CH-2 throughput seem to be impacted similarly in lower and higher values of load
intensity for low aggregation scenario such as (4, 1, 5). But at high aggregation scenario
such as (1, 4, 5), having a lower load intensity protects secondary stations from over
contentions and impacts the CH-2 throughput the least compared to individual (I)
case where there are no stations in N, group. From the perspective of CW size, at
low aggregation scenario, small values of CW sizes give more opportunity for stations
in N5 group causing CH-2 throughput to not degrade too much. At high aggregation
scenario, large values of CW sizes reduces the chance of collision between stations in

N, and N, group which also causes CH-2 throughput to not degrade too much.

Hence apart from partition, other system parameters CW size and load intensity

also affect the fairness in the system and can also manage the impact of N, stations to the

secondary channel group N.

5.4.3 Optimizing Partitions, CW and load intensity: Problem Statement

For a system that has fixed N, number of LAA stations in secondary channel, we

want to find the optimal partition {(Ny, N2)|Ny + N, = N}, system parameters: CW size

W € [16 : 1 : 128] and load intensity ¢ € [0.1 : 0.1 : 1.0] for given N which maximizes our

combined fairness objective J. The search space of (Ny, N,, W, q) is still limited enough to

find the optimal solution through exhaustive brute force search.

maximize J
N1.Na, W (5.9)

subject to Ny + N, =N

Table A5 shows the results for optimizing combined fairness with partition, CW size

and load intensity. Compared to the optimization without CW and load intensity in Table

A4 it can be seen that the partition (/NVq, V,) plays a dominant role than the CW size and
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load intensity. The partition is more or less similar to that of case without W and ¢q. CW
plays the least role with all values set at W = 16. System would rather adjust the partition
and load intensity than CW size. The effect of load intensity ¢ is seen only at higher values

of N > 17, where the channel is saturated as was seen in Section 5.4.2.

In this chapter, we saw the effects of the partition and system parameters: contention
window size and load intensity on total throughput, combined fairness and secondary channel
throughput in case of dual-channel aggregation. It was shown that while optimizing the
partition, maximizing total throughput objective impacts the throughput of the stations in
secondary channel the most. Ensuring the combined throughput-airtime fairness protects
the secondary channel users at the expense of some total throughput. It was also shown
that the partition plays a dominating role than CW size and load intensity in maximizing
the combined fairness. The effect of CW size is the least and the load intensity parameter
only affects at channel saturation cases. Fair coexistence with dual carrier aggregation in

presence of WiFi APs needs to be further studied.
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CHAPTER 6
CONCLUSION

The main goal of this study was to address the importance of airtime/COT fairness
along with the throughput fairness in the coexistence of LAA with incumbent WiFi in an
unlicensed spectrum. We looked at the effects of groupings of users and system parameters
such as CW size and load intensity on the performance of the coexistence system in terms
of total throughput, throughput fairness and airtime fairness. We provide solutions to dy-
namically change system parameters of LAA stations to achieve maximum total throughput
from the overall system taking into account fair allocation of throughput and airtime across
different networks and stations.

In chapter 3, for the case of single-carrier LBT, we saw how LAA (both LAA-Cat3 and
LAA-Cat4) implemented in an unlicensed spectrum along with WiFi without any contention
window adjustment, would give an unfair advantage to LAA over WiFi. We established that
adjusting the CW size of LAA plays an important role that enables LAA to coexist fairly
with WiFi. We discussed the trade-off that exists while trying to optimize the throughput
and airtime fairness. We showed that a fitness function that takes into account both total
throughput and fairness metrics can ensure fair coexistence between LAA and WiFi. We
compared the performances of LAA-Cat4 and LAA-Cat3 coexisting with WiFi and deter-
mined that even though LAA-Cat4 achieves better throughput fairness, LAA-Cat3 does a
better job in obtaining a higher fitness by having higher airtime fairness and overall total
throughput.

In chapter 4, for the case of multi-carrier LBT, we showed that the total throughput
and fair allocation of resources among the LAA and WiFi stations in the case of multi-carrier
LBT can be made better by optimizing the CW sizes of each LAA stations separately, which
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was accomplished using a genetic algorithm based assignment technique. We compared the
performances of the GA based assignment with the equal contention window assignment
and showed that GA based assignment performed considerably better in terms of both total
throughput and combined fairness.

In chapter 5, for the case of dual-carrier aggregation we explored the effects of sys-
tem parameters: contention window size and load intensity parameter, and the partition of
stations in different groups: single and dual channel sensing on total throughput, combined
fairness and secondary channel throughput. It was shown that while optimizing the parti-
tion, maximizing total throughput objective would impact the throughput of the stations in
secondary channel significantly. Ensuring the combined throughput-airtime fairness protects
the secondary channel users at the expense of some total throughput. It was also shown that
the partition plays a dominating role than contention window size and load intensity in max-
imizing the combined fairness. The effect of contention window size is the least and the load

intensity parameter only affects at channel saturation cases.

Hence in this study, it was shown that the LAA would be able to fairly allocate re-
sources while coexisting with WiFi in a common unlicensed spectrum by dynamically chang-
ing its system parameters, mainly contention window sizes, in case of single and multi-carrier
LBT. For dual-carrier aggregation it was shown that the partition played the major role in
affecting the fairness and secondary channel throughput. Load intensity and contention

window contributed only a little in comparison to the partition.
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We tabulate the results for optimization of partitions, CW size and load intensity in

Chapter 5.
Table Al: Optimizing Total Throughput

N [N1|Na|N2|J S1 Sa S2 Al | Aa | A2 | S A
110 1 10 | 93.777 0 56.38 | 37.4 | 0 0.61 | 0.67 | 93.78 | 1.28
2 |0 |2 10 | 101.3227 | 0 68.33 | 32.99 | 0 0.73 |1 0.59 | 101.32 | 1.33
3 10 |3 10 | 102.3114 | 0 72.83 1 29.49 | 0 0.78 | 0.53 | 102.31 | 1.31
4 |0 4 10 | 101.4186 | O 74.79 | 26.63 | O 0.79 | 0.48 | 101.42 | 1.27
5 |0 |5 10 ] 99.8842 | 0 75.62 | 24.26 | 0 0.8 |0.44 |99.88 | 1.24
6 |0 |6 10 | 98.1418 | 0 75.87 | 22.27 | 0 0.8 |04 [98.14 |12
710 |7 |10 |]96.365 0 75.8 | 20.56 | 0 0.79 | 0.37 | 96.37 | 1.16
8 |0 |8 10 | 94.6276 | 0 75.54 | 19.09 | 0 0.79 | 0.34 | 94.63 | 1.13
9 [0 |9 10 | 92.9603 | 0 75.16 | 17.8 | 0 0.78 1 0.32 19296 | 1.1
1010 10 | 10 [ 91.3745 | 0O 74.7 | 16.67 | O 0.78 1 0.3 |91.37 | 1.08
1110 11 | 10 | 89.8722 | 0 74.2 | 15.67 | O 0.77 | 0.28 | 89.87 | 1.05
1210 12 | 10 | 88.4509 | 0O 73.68 | 14.77 | O 0.76 | 0.27 | 88.45 | 1.03
1310 13 | 10 | 87.1063 | O 73.14 | 13.97 | O 0.75 1 0.25 | 87.11 |1
1410 14 | 10 | 85.8332 | 0O 72.59 | 13.24 | 0 0.75 | 0.24 | 85.83 | 0.98
1510 15 | 10 | 84.6265 | 0O 72.05 | 12.58 | 0 0.74 |1 0.23 | 84.63 | 0.96
16 |16 |0 | 10 | 83.7494 | 40.64 | O 43.11 1 0.73 | O 0.78 | 83.75 | 1.51
1717 |0 | 10 | 83.3593 | 40.25 | O 43.11 [ 0.72 | O 0.78 | 83.36 | 1.5
18 |18 |0 | 10 | 82.9785 | 39.87 | 0 43.11 1 0.72 | O 0.78 | 82.98 | 1.49
19 (19 |0 |10 |82.6072 |39.5 |0 43.11 | 0.71 | O 0.78 | 82.61 | 1.49
20120 |0 10 | 82.2456 | 39.14 | O 43.11 1 0.7 |0 0.78 | 82.25 | 1.48
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Table A2: Optimizing Airtime Fairness

N | NI | Na|N2|]J S1 Sa S2 Al | Aa | A2 | S A

1 10 1 10 | 0.665 |0 56.38 | 374 |0 0.61 | 0.67 | 93.78 | 1.28
2 |1 1 10 | 0.9113 | 20.36 | 33.95 | 37.65 | 0.37 | 0.37 | 0.68 | 91.96 | 1.41
3 |1 2 10 | 0.9087 | 14.39 | 48.27 | 33.37 | 0.26 | 0.52 | 0.6 | 96.02 | 1.38
4 |2 2 10 | 0.9571 | 22.06 | 36.98 | 33.71 | 0.4 |04 |0.61 9275 |14
5 |2 3 10 | 0.9571 | 17.77 | 44.89 | 30.34 | 0.32 | 0.48 | 0.55 | 92.99 | 1.34
6 |3 |3 10 | 0.9749 | 22.19 | 37.36 | 30.71 | 0.4 | 0.4 | 0.55 | 90.26 | 1.35
713 |4 10 | 0.9759 | 18.93 | 42.69 | 27.95 | 0.34 | 0.45 | 0.5 | 89.57 | 1.3
8 |4 |4 10 | 0.9846 | 21.93 | 37.07 | 28.33 | 0.39 | 0.39 | 0.51 | 87.33 | 1.3
9 |4 |5 10 | 0.9855 | 19.33 | 41.01 | 26.01 | 0.35 | 0.43 | 0.47 | 86.35 | 1.25
10 | 5 ) 10 | 0.9905 | 21.55 | 36.55 | 26.38 | 0.39 | 0.39 | 0.47 | 84.48 | 1.25
115 6 10 |1 0.9909 | 19.41 | 39.64 | 24.39 | 0.35 | 0.42 | 0.44 | 83.44 | 1.21
1216 |6 10 | 0.9942 | 21.14 | 35.96 | 24.75 | 0.38 | 0.38 | 0.45 | 81.84 | 1.21
13 | 6 7 10 | 0.9943 | 19.32 | 38.48 | 23.02 | 0.35 | 0.41 | 0.41 | 80.81 | 1.17
147 |7 10 | 0.9967 | 20.72 | 35.35 | 23.35 | 0.37 | 0.37 | 0.42 | 79.43 | 1.17
157 |8 10 | 0.9963 | 19.15 | 37.46 | 21.83 | 0.34 | 0.39 | 0.39 | 78.44 | 1.13
16 |8 |8 10 | 0.9983 | 20.32 | 34.75 | 22.15 | 0.37 | 0.37 | 0.4 | 77.22 | 1.13
1718 |9 10 | 0.9975 | 18.94 | 36.55 | 20.79 | 0.34 | 0.38 | 0.37 | 76.28 | 1.1
1819 19 10 | 0.9993 | 19.94 | 34.17 | 21.1 | 0.36 | 0.36 | 0.38 | 75.2 | 1.1
19 19 10 | 10 | 0.9982 | 18.71 | 35.74 | 19.87 | 0.34 | 0.37 | 0.36 | 74.32 | 1.07
20| 10 {10 | 10 | 0.9998 | 19.57 | 33.61 | 20.16 | 0.35 | 0.35 | 0.36 | 73.35 | 1.07
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Table A3: Optimizing Throughput Fairness

N | NI | Na|N2|]J S1 Sa S2 Al | Aa | A2 | S A

1 |1 0 10 | 0.657 | 33.8 |0 43.11 | 0.61 | O 0.78 | 76.91 | 1.38
2 |1 1 10 | 0.9445 | 20.36 | 33.95 | 37.65 | 0.37 | 0.37 | 0.68 | 91.96 | 1.41
3 |2 1 10 | 0.965 | 28.78 | 23.99 | 37.87 | 0.52 | 0.26 | 0.68 | 90.64 | 1.46
4 |2 2 10 | 0.9589 | 22.06 | 36.98 | 33.71 | 0.4 |04 |0.61 9275 |14
5 |3 2 10 | 0.9901 | 26.65 | 29.77 | 34.02 | 0.48 | 0.32 | 0.61 | 90.43 | 1.41
6 |4 2 10 | 0.983 |29.59 | 24.78 | 34.3 | 0.53 | 0.27 | 0.62 | 88.67 | 1.42
7 |4 3 10 1 0.99 25.24 | 31.86 | 31.05 | 0.45 | 0.34 | 0.56 | 88.15 | 1.35
8 |5 3 10 | 0.9961 | 27.42 | 27.67 | 31.37 | 0.49 | 0.3 | 0.56 | 86.45 | 1.35
9 |6 3 10 | 0.9888 | 29 24.38 | 31.67 | 0.52 | 0.26 | 0.57 | 85.05 | 1.35
106 |4 10 | 0.9971 | 25.86 | 29.11 | 29.01 | 0.47 | 0.31 | 0.52 | 83.98 | 1.3
1117 |4 10 |1 0.9978 | 27.17 | 26.2 | 29.32 | 0.49 | 0.28 | 0.53 | 82.68 | 1.3
1217 |5 10 |1 0.994 | 24.66 | 29.84 | 27.05 | 0.44 | 0.32 | 0.49 | 81.55 | 1.25
13 | 8 ) 10 | 0.9993 | 25.76 | 27.26 | 27.36 | 0.46 | 0.29 | 0.49 | 80.38 | 1.24
14 19 ) 10 | 0.9984 | 26.65 | 25.05 | 27.66 | 0.48 | 0.27 | 0.5 | 79.35 | 1.24
1519 6 10 | 0.9973 | 24.63 | 27.88 | 25.71 | 0.44 | 0.3 | 0.46 | 78.21 | 1.2
16 | 10 | 6 10 | 0.9999 | 25.4 | 25.87 | 26 0.46 | 0.27 | 047 | 77.26 | 1.2
17 |11 | 6 10 | 0.9985 | 26.05 | 24.1 | 26.27 | 0.47 | 0.26 | 0.47 | 76.42 | 1.2
18|11 | 7 10 | 0.9987 | 24.37 | 26.39 | 24.57 | 0.44 | 0.28 | 0.44 | 75.32 | 1.16
19 (12 |7 10 |1 24.95 | 24.75 | 24.84 | 0.45 | 0.26 | 0.45 | 74.54 | 1.16
20113 |7 10 | 0.9985 | 25.44 | 23.29 | 25.1 | 0.46 | 0.25 | 0.45 | 73.83 | 1.16
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Table A4: Optimizing Throughput-Airtime Fairness

N | NI | Na|N2|]J S1 Sa S2 Al | Aa | A2 | S A

1 |1 0 10 | 0.657 | 33.8 |0 43.11 | 0.61 | O 0.78 | 76.91 | 1.38
2 |1 1 10 | 0.9276 | 20.36 | 33.95 | 37.65 | 0.37 | 0.37 | 0.68 | 91.96 | 1.41
3 |2 1 10 | 0.9241 | 28.78 | 23.99 | 37.87 | 0.52 | 0.26 | 0.68 | 90.64 | 1.46
4 |2 2 10 | 0.958 | 22.06 | 36.98 | 33.71 | 0.4 |04 |0.61 9275 |14
5 |3 2 10 | 0.964 | 26.65 | 29.77 | 34.02 | 0.48 | 0.32 | 0.61 | 90.43 | 1.41
6 |3 3 10 | 0.967 |22.19 | 37.36 | 30.71 | 0.4 | 0.4 | 0.55 | 90.26 | 1.35
7 |4 3 10 | 0.9761 | 25.24 | 31.86 | 31.05 | 0.45 | 0.34 | 0.56 | 88.15 | 1.35
8 |4 |4 10 |1 0.9703 | 21.93 | 37.07 | 28.33 | 0.39 | 0.39 | 0.51 | 87.33 | 1.3
9 |5 4 10 | 0.9804 | 24.17 | 32.66 | 28.68 | 0.43 | 0.35 | 0.52 | 85.5 | 1.3
1016 |4 10 | 0.9777 | 25.86 | 29.11 | 29.01 | 0.47 | 0.31 | 0.52 | 83.98 | 1.3
11 | 6 ) 10 | 0.9817 | 23.29 | 32.89 | 26.72 | 0.42 | 0.35 | 0.48 | 829 | 1.25
1217 |5 10 | 0.9823 | 24.66 | 29.84 | 27.05 | 0.44 | 0.32 | 0.49 | 81.55 | 1.25
137 |6 10 | 0.9814 | 22.54 | 32.85 | 25.08 | 0.41 | 0.35 | 0.45 | 80.47 | 1.2
14 | 8 6 10 | 0.9841 | 23.69 | 30.18 | 25.4 | 0.43 | 0.32 | 0.46 | 79.27 | 1.2
1519 6 10 | 0.9816 | 24.63 | 27.88 | 25.71 | 0.44 | 0.3 | 0.46 | 78.21 | 1.2
16 | 9 7 10 | 0.9843 | 22.86 | 30.29 | 23.99 | 0.41 | 0.32 | 0.43 | 77.14 | 1.16
17110 | 7 10 | 0.9839 | 23.68 | 28.22 | 24.28 | 0.43 | 0.3 | 0.44 | 76.18 | 1.16
18 110 | 8 10 | 0.9836 | 22.15 | 30.27 | 22.76 | 0.4 | 0.32 | 0.41 | 75.17 | 1.13
19 |11 | 8 10 | 0.9847 | 22.87 | 28.39 | 23.04 | 0.41 | 0.3 | 0.41 | 74.3 | 1.12
20112 | 8 10 | 0.9829 | 23.48 | 26.71 | 23.32 | 0.42 | 0.28 | 0.42 | 73.51 | 1.12
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Table A5: Optimizing Throughput-Airtime Fairness with CW and load intensity

N |Nl|Na| N2 Wi|q |]J S1 Sa [S2 | Al | Aa | A2 |S A

1 |1 0 10 | 16 | 0.4 | 0.667 | 40.0 | 0.0 | 40.0 [ 0.72 | 0.0 | 0.72 | 79.9 | 1.44
2 |1 1 10 |16 | 1.0 | 0.967 | 22.6 | 34.6 | 33.3 | 0.41 | 0.41 | 0.6 | 90.5 | 1.41
3 |2 1 10 |16 | 1.0 | 0.945 | 30.3 | 23.1 | 33.7 | 0.54 | 0.27 | 0.61 | 87.1 | 1.42
4 12 2 10 |16 | 1.0 | 0.977 | 224 | 346 | 29.3 | 04 | 0.4 | 0.53 | 86.2 | 1.33
5 |3 2 10 |16 | 1.0 | 0.977 | 26.4 | 27.1 | 29.8 | 0.47 | 0.32 | 0.54 | 83.2 | 1.33
6 |3 3 10 |16 | 1.0 | 0.979 | 21.5 | 33.5 | 26.4 | 0.39 | 0.39 | 0.47 | 81.4 | 1.25
7T 14 |3 10 |16 | 1.0 | 0.985 | 24.0 | 28.0 | 26.9 | 0.43 | 0.32 | 0.48 | 79.0 | 1.24
8§ |4 |4 10 |16 | 1.0 | 0.979 | 20.6 | 32.3 | 24.2 | 0.37 | 0.37 | 0.44 | 77.1 | 1.18
9 |5 |4 10 |16 | 1.0 | 0.987 | 224 | 28.1 | 24.7 | 04 | 0.32 ] 044 | 75.2 | 1.17
1016 |4 10 |16 | 1.0 | 0.982 | 23.8 | 24.8 | 25.2 | 0.43 | 0.28 | 0.45 | 73.7 | 1.16
1116 ) 10 |16 | 1.0 | 0988 | 21.2 | 27.8 | 23.0 | 0.38 | 0.32 | 0.41 | 72.0 | 1.11
1217 |5 10 |16 | 1.0 | 0.986 | 22.2 | 25.0 | 23.4 | 04 | 0.29 | 0.42 | 70.6 | 1.11
13[7 |6 10 |16 | 1.0 | 0.987 | 20.2 | 27.4 | 21.6 | 0.36 | 0.31 | 0.39 | 69.1 | 1.06
14 | 8 6 10 |16 | 1.0 | 0.988 | 21.0 | 25.0 | 22.0 | 0.38 | 0.28 | 0.4 | 68.0 | 1.06
15 | 8 7 10 |16 | 1.0 | 0.986 | 19.3 | 26.9 | 20.4 | 0.35 | 0.3 | 0.37 | 66.6 | 1.02
16 |9 7 10 |16 | 1.0 | 0.988 | 20.1 | 24.8 | 20.8 | 0.36 | 0.28 | 0.37 | 65.7 | 1.02
17110 | 7 10 |16 | 1.0 | 0.986 | 20.8 | 23.1 | 21.2 | 0.37 | 0.26 | 0.38 | 65.0 | 1.02
18 | 10 | 8 10 |16 | 0.6 | 0.988 | 194 | 24.8 | 19.8 | 0.35 | 0.28 | 0.36 | 64.0 | 0.98
19 | 11 |8 10 | 16 | 0.5 | 0.987 | 20.0 | 23.2 | 20.2 | 0.36 | 0.26 | 0.36 | 63.4 | 0.98
20111 |9 10 |16 | 0.4 | 0.987 | 18.8 | 24.7 | 19.0 | 0.34 | 0.28 | 0.34 | 62.5 | 0.96
21112 |9 10 116 | 0.3 | 0988 | 19.3 | 23.3 | 194 | 0.35 | 0.26 | 0.35 | 62.0 | 0.96
22112 |10 |10 |16 | 0.3 | 0.986 | 18.3 | 24.6 | 18.3 | 0.33 | 0.27 | 0.33 | 61.2 | 0.93
23113 |10 |10 |16 | 0.2 | 0.988 | 18.7 | 23.3 | 18.6 | 0.34 | 0.26 | 0.33 | 60.6 | 0.93
24114 |10 |10 |16 [ 0.2 | 0987 | 19.1 | 22.1 | 189 | 0.34 | 0.25 | 0.34 | 60.2 | 0.93
25|14 |11 |10 |16 | 0.2 | 0.987 | 183 | 23.3 | 18.0 | 0.33 | 0.26 | 0.32 | 59.6 | 0.91
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