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Abstract

Deploying LTE in the unlicensed spectrum (LTE-U) is regards one of the most promis-
ing solutions to face significant data demand in the neardutiAccording to regional
regulations to access the unlicensed spectrums, LTE-U eaivitled into two types: with
listen-before-talk (LBT) and without LBT. The former typeregarded as the most promis-
ing global solution for LTE-U networks coexisting with Wiketworks and is a key feature
in the Release 13 of 3GPP, denoted as licensed-assistessgt@eA). While, the latter
employs a duty cycle-based access scheme, which requives fieodifications on the LTE
side, enabling it to be deployed in the short term. The coence and performance opti-
mization between LTE-U and Wi-Fi is the major scope of thissik.

In Chapter3, the performance of LAA coexisting with WiFi is explored. & first major
contribution is the more precise and comprehensive MarkioaifCmodels developed to
model the performance of baseline LBT and distributed doated function (DCF), which
overcomes the limitations of current Markov Chain modelse $econd contribution is the
contention window (CW) size based optimization scheme tgimize the LAA system
throughput while guaranteeing minimum WiFi throughput. eTthird contribution is the
reinforcement learning-based algorithm developed towipé the initial CW size according
to the environment, e.g., the number of cellular users,riféd demand of WiFi users, etc.

In Chapter4 RRM between LTE-U without the LBT scheme, i.e., duty cycleduh
scheme, and WiFi networks is studied. We are the first to ftataihe RRM problem as
a many-to-one matching with incomplete preference listse ajor contribution is the 2-
step matching-based algorithm proposed to obtain Pariitceet energy efficiency of each
CU in a computational complexity efficient manner.

In Chapter5, the context is extended: CU can be allocated either anamded band
or licensed band while WUs are allocated unlicensed bankls.nTajor contribution is the
matching-based algorithm, which is extended to integnationany-to-one and one-to-one
matching to optimize the utility of each CU while guarantgeminimum throughput of
each CU and WU under various pricing strategies.
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Chapter 1

Introduction

1.1 Scope of this Thesis

Deploying LTE on the unlicensed spectrum is regarded as t& promising solution to
meet the cellular traffic explosion in the near future. Wiflg the unlicensed spectrum
can effective enhance the network throughput. Howevelogie LTE on the unlicensed
spectrum will affect the performance of Wi-Fi, which is thajor player on the unlicensed
spectrum. This thesis studied the fairness and optimalresallocation problem between
Wi-Fi and LTE-U technologies. List of Abbreviations can lo&ifid in Tablel.1

1.1.1 Organization of this Thesis

The thesis is organized as follows. Chafeeviews the background, literature review of
LTE-U technologies and the methodologies used in this sheShaptei3 focuses on the
coexistence of LAA and Wi-Fi in terms of performance evalatCW-based performance
evaluation and self-organizing. Markov chain models areeligped and exploited through-
out these three topics. Chaptestudies the resource management problems in ABS-based
LTE-U and Wi-Fi networks coexisting scenarios. Matchiragéd algorithms are developed

to optimize every CU'’s energy efficiency and utility. We spuadtraffic offloading between
unlicensed and unlicensed bands problem in an ABS-based Laid Wi-Fi networks co-
existing scenarios in Chaptér We conclude the thesis and discuss future directions in
Chapter6.
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Table 1.1 List of Abbreviations

5G the 5-th Generation

ABS Absolute Blank Subframe

ACK Acknowledgement

AP Access Point

ARQ Automatic Repeat-reQuest

BS Base Station

Cat 3/4 Catogary 3/4

CCA Clear Channel Assessment

CoMP Coordinated Multi-Point

CSAT Carrier Sense Adaptive Transmission
CSMA/CA Carrier Sense Multiple Access with Collision Avo
CuU Cellular User

Cw Contention Window

D2D Device-to-Device

DCF Distributed Coordinated Function

DL Downlink

ECCA Enhanced Clear Channel Assessment
elCIC enhanced Inter-Cell Interference Coordination
eLAA enhanced License-Assisted Access
eNB evolved Node Base station

ETSI European Telecommunications Standards Instity
FBE Frame-based Equipment

GHz Giga Hertz

GS algorihtm| Gale-Shapley algorithm

HARQ Hybrid Automatic Repeat-reQuest
ICIC Inter-Cell Interference Coordination
ILP Integer Linear Problem

ISM Industrial Scientific Medical

KPI Key Performance Indicator

LAA License-Assisted Access

LBE Load-based Equipment

LBT Listen Before Talk

LTE-U LTE-unlicensed

LWA LTE-WLAN Aggregation

d
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MBS
NP

Macro Base Station
Non-deterministic Polynomial

OFDMA

Orthogonal Frequency Division Multiple Acce

12

OSDL

Opportunistic Supplemental Downlink

PCC

Primary Component Carrier

PDCP

Packet Data Convergence Protocol

QoS

Quality of Service

RAT

Radio Access Technology

RB

Resource Block

RRM

Radio Resource Management

RTS/CTS

Request To Send/Clear To Send

SCBS

Small Cell Base Station

SCC

Secondary Component Carrier

SDL

Supplementary Downlink

SM

Stable Marriage

SPA

Student Project Allocation

UE

User Equipment

UL

Uplink

Wi-Fi

Wireless Fidelity

WLAN

Wireless Local Area Network

wu

Wi-Fi User
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1.2 Contributions

In Chapter3, we focused on LAA. First, we extended the work to evaluageithpact of
Cat 3 and 4 coexisting with Wi-Fi in terms of throughput arehsmission delay of LAA
and Wi-Fi. To overcome the limitations in transition probigpin previous Markov Chain
modelsp], we established 3 comprehensive Markov chain models fo4QaBT scheme,
Cat 3 LBT scheme, and Wi-Fi DCF to evaluate LAA and Wi-Fi periance in coexisting
scenarios. A lot of work has been done to optimize the LAA@aniance in LAA-WiFi co-
existence scenarios and optimization algorithms have pesgposed while the complexity
of these algorithms has not studie3] 4]. Then, we derive the explicit expressions for the
relationships between Wi-Fi (LAA) throughput and Wi-Fi & 18Ainitial CW sizes, which
have not been achieved by existing works. Based on the estpnss we developed an opti-
mization algorithm to find the optimal LAA and Wi-Fi CW comlaition to maximize LAA
throughput while guaranteeing Wi-Fi throughput above gatethreshold. The proposed al-
gorithm showed great accuracy and effectiveness compatedmwexhaustive-search based
algorithm. Further, we extended our work to develop a sej&nizing optimization scheme
based on RL to solve the above optimization problem in reaétiwhich has not been s-
tudied in existing works. Simulations results have shovat the complexity of finding the
LAA and Wi-Fi CW combination to achieve maximum LAA throughtpvhile guaranteeing
minimum Wi-Fi throughput is further reduced, which enabtegotential implementation
in real communications systems.

In Chapter4, we aim to solve the unlicensed resource allocation proliletween CUs
(cellular users) and WUs (Wi-Fi users) by adaptively turtimg ABS ON/OFF ratio to opti-
mize the EE of each CU on the uplink while guaranteeing mihthmaughput of each WU.
We are the first to formulate the RRM problem as a many-to-oating with incom-
plete preference lists. We develop a hovel matching-baseadiwvork to solve this problem.
Different from the current matching-based models aiminghtain optimal system perfor-
mance as a whole for resource allocation problesag]| we aim to optimize the QoS (such
as throughput) of each user. In addition, another limitatibthe above works is that prefer-
ence lists are complete. This is because in the real wordptéference lists of these CUs
are incomplete because some bands may fail to achieve a @G$g€Quirement, due to its
availability and channel variation, meaning that some baar@& not acceptable to certain
users. To solve the matching with incomplete preferends (@ne of the major contribu-
tions of this framework), we develop a semi-distributedé&snatching-based algorithm,
which is the major contribution of this chapter. The 1-spsta many-to-one matching
based on the Gale-Sharply algorithm and the 2-nd step isdibsa reallocation scheme
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containing a re-matching stage which enables more CUs teved. The stability, Pareto
efficiency, and convergence of each step are proved.

In Chapter5, we study resource allocation and traffic offloading probleran LTE-U
and Wi-Fi coexistence scenario, where CUs can access betiskd and unlicensed bands.
We are the first to formulate a multi-objective optimizatfmoblem in the Wi-Fi and LTE-
U coexistence scenario. In the previous traffic offloadingpopems, the objective function
is the sum throughput or other KP8410], while in this chapter, the offloading problem
is studied with respect to each UE. We aim to maximize théywidlefined as a function
of CU’s throughput and corresponding monetary cost) of &adhwhile guaranteeing the
throughput requirements of both CUs and WUs. CUs and thade® & unlicensed bands
form two agents, and the constraints of the optimizatiorbjenm are transformed into the
preference lists of these two agents. The potentially diffeprices that a CU may have to
pay for accessing the unlicensed and licensed bands aveléttin our problem formulation.
We prove the stability, Pareto optimality, and convergewifdie proposed matching-based
algorithm and evaluated its performance through simutatio

1.2.1 List of Publications

Publications

[1] Gao, Yuan, Haonan Hu, Yue Wu, Xiaoli Chu, and Jie Zhang)éigy efficient and
fair resource allocation for LTE-unlicensed uplink netksrA two-sided matching ap-
proach with partial information,Transactions on Emerging Telecommunications Tech-
nologies 29, no. 10 (2018): e3500.

[2] Gao, Yuan, Yue Wu, Haonan Hu, Xiaoli Chu, and Jie Zhanggéhsed and Unlicensed
Bands Allocation for Cellular Users: A Matching-based Aggeh," IEEE Wireless
Communications LetterSep. 2018.

[3] Gao, Yuan, Bolin Chen, Xiaoli Chu, and Jie Zhang, "Reseullocation in LTE-LAA
and Wi-Fi coexistence: a joint contention window optimiaatscheme,’2017 IEEE
Global Communications Conference (GLOBECQp)). 1-6. , 2017.

[4] Gao, Yuan, Xiaoli Chu, and Jie Zhang, "2016 IEEE Perfanoeanalysis of LAA and
Wi-Fi coexistence in unlicensed spectrum based on Markaingh2016 IEEE Global
Communications Conference (GLOBECQ. 1-6. IEEE, 2016.
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[5] Hu, Haonan, Yuan Gao, Xiaoli Chu, Baoling Zhang, and Jmeg, "On the Perfor-
mance of LTE-LAA Networks Coexisting with Wi-Fi Networks &ting Multiple Unli-
censed Channels.”

[6] Chen, Bolin, Jiming Chen, Yuan Gao, and Jie Zhang, "Cstexice of LTE-LAA and
Wi-Fi on 5 GHz with corresponding deployment scenarios: Avey," IEEE Communi-
cations Surveys & Tutorial$9, no. 1 (2017): 7-32.

Submitted

[7] Gao, Yuan, Xiaoli Chu, and Jie Zhang, "Coexistence of {I&A and Wi-Fi: a Re-
inforcement Learning Based Contention Window Approa2018 IEEE International
Communications Conference (IC@ct. 2019.



Chapter 2

Literature Review and Methodology

2.1 LTE-U Technologies

In recent years, we have seen the number of connected uspmeqi (UE) growing expo-
nentially, which is expected to reach 50 billion at the end@20 [L1]. How to provide such
a huge number of UEs with particular services requiring idigequality of service (Qo0S),
especially bandwidth-hungry service types, such as higblugon live steam, remains a
critical problem for the fifth-generation (5G) cellular netrks. Several new technologies
have been proposed to provide UEs with massive data semviteraploying the industrial,
scientific and medical (ISM) spectrum is one of them. The ioledeploying LTE in unli-
censed spectrum is first proposed by Qualcomm in 2@2Bdnd in the next year, LTE-U
forum was created by Verizon together with Qualcomm, Ednsélcatel-Lucent, and Sam-
sung. In 2015, Ericsson created the concept of licensastedsaccess (LAA), which was
adopted in the standardization of 3GPP Rel. 13 mainly fofdhrecoexistence of LAA and
Wi-Fi [13]. In 2016, LTE-WLAN radio level aggregation (LWA) is alsodluded in 3GPP
Rel. 13, and enhanced LAA and enhanced LWA are included istdredardization of 3GPP
Rel. 14.

The reasons why deploying LTE in the unlicensed spectrumattascted worldwide
attention to meet the explosive traffic increase can be agidn three aspects:

» The first reason is the abundant resource available in thdSualicensed spectrum.
Among the major markets, approximately 300 to 580 MHz sp@ctresource in 5
GHz spectrum is open to access. Other unlicensed spectmenagsa under consid-
eration, including 60 GHz and 2.4 GHz. However, the range®{6z spectrum
is quite limited to be used by the industry or public, and 2HzGs already heavily
congested14].
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» Unlicensed spectrum can be exploited by LTE in a wide rarfigeenarios, covering
both indoor and outdoor. Licensed spectrum and unlicensectisim are aggregated
for a higher data rate in most scenarios, while in areas wiwenesed spectrum is not
available, communications are carried out in unlicensedtspm alone]].

» As the two major players in the wireless communicationsedaling-based LTE and
contention-based Wi-Fi apply different frame structusgnnel access schemes, in-
terference management algorithms, and retransmissiaciggylmaking LTE provide
more reliable and predictable service than Wi-Fi does. Al3& outperforms Wi-Fi
in spectral efficiencyq4, 1].

2.1.1 Available Spectrum In 5 GHz Unlicensed Spectrum

The ISM spectrum under current consideration of deployif Is the 5 GHz because there
is a substantial amount of unlicensed spectrum availalite weiry similar band plans: 325
MHz in China, 580 MHz in U.S. & Canada, 455 MHz in Europe, 480 #lH Korea and
425 MHz in Japan. 5.15-5.35 GHz (200 MHz bandwidth) spectisiopen for access in
major markets, e.g. China, U.S., Canada, Europe and Kanda txansmission power limit
of 23 dBm is imposed. The usage of 5.15-5.35 GHz spectrumsbaredalso regulated for:

* indoor usage only in China and Japan;
* both indoor and outdoor usage in the U.S. and Canada;

* indoor usage only (5.15-5.25 GHz) and both indoor and autdsage (5.25-5.35
GHz) in Europe and Korea.

The availability of the 5.47-5.85 GHz spectrum varies framrmtry to country:
» only 5.725-5.85 GHz spectrum is open to both indoor and mutdisage in China,
125 MHz in total;

* the whole spectrum is open to both indoor and outdoor usatieeiU.S. and Canada,
380 MHz in total;

» only 5.47-5.725 GHz spectrum is open to both indoor and aartdisage in Europe
and Japan, 225 MHz in total;

» only 5.47-5.65 GHz and 5.725-5.825 GHz spectrum are opénttoindoor and out-
door usage in Korea, 280 MHz in total.

The detall of the available bandwidth, usage and power ditiibs for accessing the 5
GHz spectrum in major markets can be found in Table. 1.1 [
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Table 2.1 An overview of 5GHz spectrum in major markéis [

Country 5.15- 5.25- 5.47- 5.65- 5.725- 5.825-
(available | 5.25 5.35 5.65 5.725 5.825 5.85
bandwidth)| GHz GHz GHz GHz GHz GHz
China Indoor Indoor/outdoor
(325 MHZ) 23 dBm NA NA 30 dBm
U.S. Indoor/outdoor Indoor/outdoor
(580 MH2z) 23 dBm 30 dBm
Canada Indoor/outdoor Indoor/outdoor
(580 MH2z) 23 dBm 30 dBm
Europe Indoor | Indoor/out- Indoor/outdoor NA NA
(455 MHz) | 23 dBm | -door 23 dBm 30 dBm
Korea Indoor | Indoor/out- Indoor/out- NA Indoor/out- NA
(480 MHz) | 23 dBm | -door 23 dBm| -door 30 dBm -door 30 dBm
Japan Indoor Indoor/out-
(425 MH2) 23 dBm _door 30 dBm NA NA

2.1.2 Scenarios for LTE Exploiting 5 GHz

In Fig. 2.1, typical scenarios for exploiting the unlicensed spectbythe cellular network-
s are presented. The most common scenario generally con$ighe macro base station
(MBS) and multiple small cell base stations (SCBSs) prawgdicensed bands and Wi-Fi
access points (APs) or base stations (BSs) providing urdex bands. Variations of this
scenario can be further extended to scenarios without MB8rage or (and) SCBSs cover-
age, the allocation of licensed bands in the MBS and SCB8s] @ non-ideal backhauls,
which are summarized as follows:

» Scenario X The licensed spectrum is provided by an MBS while the unkeel spec-
trum is provided by a Wi-Fi AP or BS. The MBS and Wi-Fi AP or B& @onnected
with ideal backhaul link (e.g., optical fiber). The MBS caverlarge area thus guaran-
teeing mobility management. This scenario is considereddth indoor and outdoor
deployment.

» Scenario 2 The licensed spectrum is provided by an SCBS while the $iedrspec-
trum is provided by a Wi-Fi AP or BS. The SCBS and Wi-Fi AP or B8 eonnected
with ideal backhaul link (e.g., optical fiber). This is a caation scenario, which is
suitable for indoor deployment in absence of MBS coverage.
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e Scenario 3 Both an MBS and an SCBS provide the same licensed bands and th
unlicensed spectrum is provided by a Wi-Fi AP or BS. The SCB& \Wi-Fi AP are
collocated and connected with ideal backhaul. The MBS aa&tbBS are connected
with ideal or non-ideal backhaul. This scenario is suitétdoth indoor and outdoor
deployment.

» Scenario 4 An MBS and an SCBS use different licensed bands, the urdextepec-
trum is provided by a Wi-Fi AP or BS. The SCBS and Wi-Fi AP ardamated and
connected with ideal backhaul. The MBS and the SCBS are cboeshavith ideal or
non-ideal backhaul. This scenario is suitable for both ardmd outdoor deployment.

e Scenario 5 Only unlicensed spectrum is available in this scenaridchvis called
'stand-alone’. This is suitable for situations lackingelsed spectrum, cable opera-
tors, wireless internet service providers or hotspot nétwperators.

2.1.3 Strengthes of LTE over Wi-Fi

Apart from the abundant spectral resource in 5 GHz, expipitihe unlicensed spectrum by
the cellular networks have the following advantages:

* Frame Structure: As shown in Fig.2.2, in LTE systems, time is slotted into frames,
consisting of 10 sub-frames, each lasting 1 ms. The spectsaurce can be further
divided into resource blocks (RBs), which consists of a @latf a sub-frames of 0.5
ms) and 12 sub-channels of 180 kHz. Continually LTE transiois are scheduled
over RBs among multiple user&q, 16]. The detail of the LTE frame structure can
be found in L7-19]. While Wi-Fi systems can only occupy the channel based on
the traffic demand and channel condition, which means thargids not always
occupied. Wi-Fi networks are expected to be impacted grdmticoexisting LTE
networks, while the performance of LTE networks is much kféscted. This is due
to the fact that Wi-Fi networks keep backoffing when the LTEteyns are transmitting
continuously.

» Channel Access Schemd.TE has a centralized controller in the BS for scheduling
and managing DL/UL links and resource allocation. The adrgignaling carried
by licensed channels has the highest priority accordindi¢oQoS Class Identifier
[20], which provides high spectrum efficiency and reliable parfance. While Wi-Fi
applies distributed coordination function (DCF) for chahaccessing based on carrier
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sense multiple access with collision avoidance (CSMA/CAe performance of Wi-
Fi is contention-based and a Wi-Fi device keeps backofifdimannel is sensed to be
busy or a collision is observed, which means that Wi-Fi penfince will be affected
by heavy traffic loadZ1, 17, 16].

* Interference Management Advanced interference management schemes, such as
inter-cell interference coordination (ICIC), enhancedd@elCIC) and coordinated
multi-point (CoMP), have been developed in LTE to cope wittei-cell, cross-tier
interference to provide better service quality for celijedisers22, 23]. With elClI-
C, cell-edge users are better served by avoiding co-chamtesference from MBS
using ABS or increase received by coverage expansion. VMR, coordination be-
tween multiple BSs enables cell-edge users to be serveddgrtmore adjacent base
stations jointly, which increase the received signal poamd throughputg3, 24].
Wi-Fi users, especially edge users, suffer from hidden apdsed node problems,
leading to interference or waste of spectrum resourcesuédtdo-send/clear-to-send
(RTS/CTS) in CSMA/CA has been proposed to solve the former on

» Retransmission LTE systems employ a hybrid automatic repeat request (HARQ
transmission scheme which combines the failed transnmigkita with the retransmis-
sion data 19. Upon receiving data packets with error, a re-transmisseguest for
the same copy is made. Once receiving the retransmissiarpdakets, the receiver
tries to decode the retransmission combining the first @arsiAn ACK (acknowl-
edge) message is sent to the eNB if the decoding is succesesffiekwise, another
retransmission request is set]. This procedure is repeated until the packets are
decoded successfully with cumulated information. While single loop automatic
repeat request (ARQ) in Wi-Fi networks simply discards thekets with error and
request for retransmission until the transmission is ss&faéor a maximum retrans-
mission number (6 in 802.11 a29]) has been reache@, 27]. Clearly, ARQ is
less effective than HARQ because no cumulated informasamsed for the decod-
ing. HARQ outperforms ARQ in retransmission, especiallpaor radio link quality
scenarios.

The above differences demonstrate the strengths and @d$avftdeploying LTE in the un-
licensed spectrum while leaving the design of coexisteneehanisms a huge challenge.
Research also showed that without properly designed deexis mechanisms, Wi-Fi per-
formance experiences significantly degradat@sj[[29][ 30][ 31].
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2.2 Literature Review

In Fig. 2.3, various of coexistence mechanisms proposed to suit eiffedeployment sce-
narios and regional regulations are summarized as follows:

 Licensed-assisted access (LAAAs a key feature in 3GPP Rel. 13, it combines li-
censed primary component carriers (PCCs) and one or nailtiglcensed secondary
component carriers (SCCs) by using carrier aggregatioriffierdownlink in LTE.
Listen-before-talk (LBT) scheme, which is regulated in &e and Japan to access
the ISM spectrum, is considered in the design of the LAA saheiithough modifica-
tions are required in LTE air interface to apply LBT schem&Alis still considered as
the most promising global solution for exploiting 5 GHz sppem in LTE [32]. LAA
can be applied in both the collated and non-collocated smenaEnhanced LAA
(eLAA) standardized in 3GPP Rel. 14 allows uplink transmissn the unlicensed
spectrum 81].

* LTE-U: LTE-U is proposed in countries without mandatory LBT regments for
accessing the unlicensed spectrums, such as U.S., Chid&Kaea. LTE is able
to exploit the unlicensed spectrums based on the versiangiv3GPP Rel. 10-12,
which means that no changes in LTE air interface have to bemettkerefore, LTE-U
is expected to be the first commercial version of deploying loh the unlicensed
spectrum. LTE-U can also be applied in both collated andcwiocated scenarios.
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* LWA : LTE-WLAN aggregation (LWA) is also included in 3GPP Rel., Mhich is
suitable for areas with Wi-Fi infrastructure deployed byigiors. LTE SCBS has the
control of Wi-Fi APs and can control the load balancing onlth& and Wi-Fi links
by offloading UEs or traffic from the licensed spectrums touhkcensed spectrums.
Protocol (PDCP) aggregation is performed on UE to combit&gta transmitted via
LTE and Wi-Fi links. No modifications are required on eithellglar infrastructure
and UE hardware. LWA can be applied in collocated and reguaps, link in non-
collocated scenario$8, 34].

* MulteFire : MulteFire scheme proposed by Qualcomm is expected to biedpp
scenarios where licensed spectrum coverage is not awgiledl, stand-alone. 1t is
solely operated in the unlicensed spectrum without licersehor based on 3GPP s-
tandards. From December 2015, MulteFire Alliance forme®bglcomm and Nokia
is dedicated to developing a global deployment of Multe [3&.

2.2.1 Access schemes with LBT

In Europe and Japan, LBT scheme is mandated to access the biiekensed spectrum.
With LBT, an equipment is required to perform clear chansskessment (CCA) based on
energy detection to detect the availability of the chanrithe energy detection level is
above a pre-defined threshold (generally -60 dBm for 20 Mizspm), the channel would
be considered as occupied and can not be accessed. LBTgneedor a fair share of the
unlicensed spectrum and is a key feature for LAA as a globplogenent of LTE on the
unlicensed spectrum.

LBT schemes are standardized by the European Telecomntionis&tandards Institute
(ETSI) and load-based equipment (LBE) and frame-basegewnt (FBE) are two major

types [B6].

[1] LBE-based LAA

LBE-based LAA (Fig.2.4) is a traffic-driven contention-based medium access mecha-
nism and requires an equipment detect the availability dfeanel. If a clear channel is
identified by the equipment during a CCA slat R0us), it transmits immediately. Oth-
erwise, LBE-based LAA enters extended CCA (ECCA) stage @ imitial contention
window (CW) sizeCWp = 16. The channel energy level is observed for a duration of
an integeN multiplied by the duration of a single ECCA slot 20us). N is random
number chosen froni, 2,...,CWe|. The counter numbeX is decremented by one if
the channel is sensed to be idle during an ECCA slot and fsgé#tee channel is busy.
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[2]

[3]

When the counter reaches zero, the equipment transmitsamgies the channel for
a maximum amount of time dfl x (12/32) ms. If the transmission is successful, the
equipment enters an idle state and will perform CCA when thé packet arrives; oth-
erwise, the equipment enters the backoff procedure. Thiereva types of LBE-based
LAA, which differ in backoff procedure:

» Category (Cat) 4 If atransmission is failed, the ECCA stage increases byidqu
6) and the CW size doubles (up to the maximum CW size of 1024 éNB fails
to deliver a packet when reaching the maximum ECCA stagés @A stage and
CW size will be reset to their initial values (ECCA stage 0 &W size of 16).

» Cat 3: Different from Cat 4, in Cat 3 LBE-LAA scheme the CW size issfikand
there is only one ECCA stage.

FBE-based LAA (Cat 2)

Different from LBE, FBE is not traffic-driven. In FBE, a fixeciime period (duration of
10 ms) is applied, which consists of a channel occupancy(@@d) and an idle period.
Prior to transmissions, the FBE equipment performs a CCAlclassting at least 2(1s.
If the channel is sensed to be idle, the equipment can tramsmmediately during the
COT, which is between 1 ms to 10 ms, along with an idle sloirigsat least 5 % of
COT. Otherwise, the equipment is muted during the next fixaché period.

A comparison

LBE-based LAA and FBE-based LAA are compared in the follayéspects:

» Modification effect: Compared with LBE-based LAA, fewer modification changes
are required in FBE-based LAA.

* Measurement and Coordination Measurement and coordination, such as syn-
chronization, can be easily performed in FBE-based LAA.

» Channel access chanceCoexisting with Wi-Fi users or LBE-based equipment,
FBE-based LAA will be muted for the whole fixed frame periocifCCA fails,
which means less chance to access the unlicensed spectrum.

» Resource efficiency and delayA lower resource efficiency and larger delay are
expected because the arriving traffic is often blocked femthole frame period if
the channel is sensed to be busy during the CCA period.

e Power Consumption of UEs After a failed CCA/ECCA check, FBE will wait
for the whole long fixed frame period, while LBE may sense thanmel multi-
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ple times to access the channel, resulting in a higher poargswmption in LBE
compared with FBE.

[4] Related Works

Analysis and performance enhancement of LAA access scheavesattracted world-
wide attention and research mainly focuses on two primgrg&s.

1) Control of the CCA/ECCA procedure: The frame structur€BE fixed frame and
the backoff procedure in Cat 3 and 4 are critical factors ecibexistence between LAA
and Wi-Fi networks. A FBE-based algorithm applying backasfd ECCA strategy is
proposed in37], LBT with synchronous frame structure performs poorenttieat with
asynchronous LBT due to the increase interference imposadig=i due to reserva-
tion signal and overhead. 11838], a FBE-based scheme is proposed to enhance Wi-Fi
performance at the expense of a slight degradation of dexisAA performance by
adjusting the DL & UL frame numbers based on LTE TDD. Howeteeg, numeric re-
sults are obtained via simulation results. An enhanced LAKReme based on Cat 3
LBT is proposed to enable fair coexistence between LAA and-Wiy adjusting CW
size. The proposed approach reduced Wi-Fi latency and eatdawi-Fi throughput
while sacrificing a little LAA performance. However, the cpuatational complexity
of finding the optimal CW size is not analyze89. In [2], Markov chain models are
developed to evaluate the coexistence of Wi-Fi and Cat ¢eb&a#\A-LTE, showing
that by applying the LBT-based scheme Wi-Fi performancenfsaaced. However, the
developed Markov chain models are too simplified and Wi-Ffggenance gain in p-
resence of LBT is much lower than the LAA performance degiada In [3], a Cat
4-based LAA-LTE is adapted in terms of CCA threshold and C¥¢ $0 enable fair
coexistence with Wi-Fi, however, the numeric results ataioled by simulation results.
A four-state Markovian model is developed to capture thesna@ssion process of an
LAA-BS applying Cat 3 and Cat 4 LBT and closed-form of effeetsystem capacity
is derived. The expression of capacity is proved to be canaad the optimal capacity
is obtained, which has enhanced the system capacity angyeeiiciency significant-
ly [4]. It also revealed that Cat 3 outperforms Cat 4 in networkif \wass number of
LAA users and stations. However, the computational comyl@x obtaining the maxi-
mum system capacity is not analyzed, which may affect thetiged application of the
proposed framework.

2) Control of the CCA Sensing Algorithm: The CCA sensing $ifv@d should be care-
fully considered to enable fair coexistence between LAA ®ieFi. If a higher CCA
threshold is adopted in LAA, Wi-Fi performance is less pected because ongoing Wi-
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Fi transmission will not be detected if the received Wi-Rinsmission power is lower.
LAA transmission will be scheduled, which may lead to a highebability of colli-
sion. However, if the CCA threshold is lower, the channekasing probability of LAA
[3]. A tradeoff between frequency and interference avoidamodserved by changing
the CCA energy detection threshold of LBE-based LAA schentkan adaptive LBT
scheme is developed to enhance LAA performance while gtessng Wi-Fi perfor-
mance by adjusting CCA energy detection threshd@j. [

Novel frameworks are introduced into the wireless netwarstrol and scheduling,
machine learning is one of them with great potential. An Rprapch is developed in

[41] to find the optimal duty cycle period to enable fair coexnste. However, the com-
plexity analysis of the proposed scheme is missing, whickemavhether this scheme
can be practically efficient in doubt. 142], a multi-agent RL learning framework is
developed to enable Cat 4 LAA eNBs by tuning the minimum C\Woese to maxi-

mize sum LAA throughput and guaranteeing Wi-Fi throughpidwever, the learning

process of the proposed algorithm is not analyzed and théeuai iterations to obtain

converge Q-table is not presented, which is a limitatiorhaf paper.

2.2.2 Access schemes without LBT

Duty cycle-based LTE-U scheme is proposed in markets withBO requirements to en-
able resource sharing and fair coexistence with Wi-Fi netaioln Fig. 2.5, a 3-step mech-
anism centralized by carrier sense adaptive transmis€8ATY) is proposed by Qualcomm
as shown43]. The first step is channel selection, in which LTE-U implersea scanning
procedure on the conditions of different unlicensed spettrbased on energy detection.
If one or several clear channels is observed, the clearesineth to avoid the potential in-
terference to and from Wi-Fi or other LTE-U transmissiorfd.TIE-U detects interference
above a predefined threshold, it will switch to another ctdeannel it detects one. Channel
selection enables fair coexistence between Wi-Fi and LTiketworks, however, in a dense
deployment scenario, where no clear channel can be obs&@®AT is proposed. The pri-
mary mechanism of CSAT is duty-cycle, which access the enfied spectrums based on
a ON/OFF manner. LTE-U BSs stations fist sense the channal ltmrger time, generally
10s of msec to 200 msec, than that of LBT or CSMA. Based on tkerghtion of medium
occupancy, an ON/OFF cycle is set. The BSs transmit on a logleplevel during the ON
period, and transmit on a lower power level or even being thdteing the OFF period so
as to avoid interference to Wi-Fi transmission. Opportimsupplement downlink (OSDL)
is utilized based on demand. If the demand of the small cblbis and there are active users



2.2 Literature Review

20

Periodical
Channel

Selection

Secondary
Cell Off

Traffic
Demand High?

Clear
Channel?

Full Duty
Cycle

Duty

CSAT

Cycle

Fig. 2.5 Coexistence Scheme Centralized by CSAT



2.2 Literature Review 21

accessing the unlicensed spectrum, SDL transmissionisdun for higher throughput. If
the demand of the small cell is low, or there are no activecenked spectrum users, the
SDL transmission is turned off to avoid co-channel intesfere to Wi-Fi and other LTE-U
users.

Almost blank sub-frame (ABS) scheme, which is similar to TS#an also be used for
LTE-U by muting LTE-U transmissions on some sub-frames michaccessing the same
channel at the same time with Wi-Fi. The concept of ABS waswically proposed in
3GPP Rel. 10 as part of elCIC for cross-tier interference agament 20, 44]. To be
specific, MBS transmissions are muted during the blank sainds so that the small cell or
picocell edge users can be served better with much loweafénemce from MBS. Similarly,
in a coexistence scenario, ABS-based LTE-U will be mutedséveral sub-frames, during
which Wi-Fi devices can access the channel without interfee from LTE-U 45].

CSAT scheme is more adaptive than the ABS scheme but reaquicedination between
different access technologies. In scenarios where caatidimcannot be performed among
devices from different operators, ABS is simpler to impletéBS is also more flexible to
exploit the channel during Wi-Fi backoff period in a compieti-intense situatiord6, 47].

[1] Related Works
Researches on LTE-U focused on the following aspects:

1) Duration and Ratio of ON/OFF period: Clearly, the dunataf a duty cycle and
the ratio of ON/OFF period has a significant impact on thegrerince of Wi-Fi and
LTE-U. The duration of a duty cycle, being the summation ofC and OFF period,
strikes a trade-off between LTE-U and Wi-Fi performanceergtis still no authoritative
specifications that set the limit of duration of duty cycle @hd OFF period. LTE-U
forum requires the ON and OFF period to be less than 504@|s \vhile the duration
of a duty cycle is proposed to be great than 200 ms to enableasurement for the
shared medium49]. A longer duration effectively enhances LTE-U performangth
less overheadd], while a shorter duration makes Wi-Fi transmissions suffem a
smaller latency]].

2) Resource Allocation: Resource allocation problem in Tk defined as the alloca-
tion of the unlicensed channels and/or licensed chann&&/®and WUs to maximize
or minimize an objective function. Such optimization pel is generally NP-hard
to obtain global optimal solutions. Various novel algomith have been proposed to
solve the resource allocation problems with reduced coatimmal complexity. Game
theory-based frameworks have been applied in resourceatibm problems by con-
sidering UEs or BSs as the players choosing strategies tonmmextheir own inter-
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est, such as throughpud}-53]. However, an agent (such as a UE or BS) needs the
actions of other agents to make its own decisions in gameyhedich requires in-
formation exchange between agents, which limits its distron applicationsg4]. To
overcome these limitations, matching theory has beenegbpdi solve future wireless
resource allocation problems. To maximize the sum systéenimaa full duplex OFD-
MA network, UL and DL user pairing and sub-channel allocasi@re modeled as a
three-sided one-to-one matchirg).[ In [6], an uplink-downlink user decoupled asso-
ciation problem in multi-tier full-duplex cellular netwks is formulated as a two-sided
many-to-one matching. A near optimum solution of this peoblis obtained by using
a stable marriage-based algorithm with much lower compjekian that of a conven-
tional coupled user decoupled association approach. M sblresource allocation
problem for device-to-device (D2D) communications ungiag cellular networks, a
two-sided many-to-many matching scheme with externalitseproposed to find the
sub-optimality [f]. The student-project model is used to study the resoutoeadion
problem in an LTE-U scenario, in which students (cellulagra¥ apply for projects
(unlicensed bands), and the decisions are made by lectuagss Etations) to achieve
maximal system (both LTE-U and Wi-Fi) throughp®g]. Based on this framework,
the same optimization problem with user mobility is studie{b6].

3) Adaptivity of ON/OFF ratio: The ON/OFF ratio should be ptige according to
channel utilization conditions so as to optimize LTE-U pemfiance and guarantee Wi-
Fi performance. The adjustment of ON/OFF ratio could be dwas®d on the measure-
ment carried out at UEs and BSK[ 57]. Also, collision is more likely to occur where
the ABS ON frames are not adjacent as Wi-Fi transmissionbu@fered during these
periods f44]. Such problem can be solved by coordination between LTEw) \&i-Fi
networks so that Wi-Fi transmissions are confined in the AB% @eriod [L]. A coor-
dination scheme is proposed to solve the information exphan CSAT-based scheme
between LTE-U and Wi-Fi network®8§], but the procedure consists of 7 steps, which
is quite complicated and is not always piratical in everynse® especially LTE-U and
Wi-Fi BSs belong to different operators. As the network fogaes (hnumber of UES)
and conditions (traffic load of each UE) varies from time todj the ON/OFF ratio and
resource allocation scheme is expected to change acctrdorgnaximum spectrum
efficiency and UE QoS.
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2.3 Motivation

Based on the above research we identify the following reteahallenges in respect to
LAA and LTE-U, respectively.

2.3.1 Research Challenges for LAA

Based on the above research, 3 research challenges haviel&etified:

» Performance Evaluation Many researches have been done to evaluate the coexis-
tence of Wi-Fi and LAA, however, in most of the above worksfpenance analysis
is based only on simulation results and focuses only on VieFiormance. The coex-
istence performance of LAA and Wi-Fi should be evaluatedfath Wi-Fi and LAA
performance. Moreever, Markov chain model is applied to eh&Wdi-Fi distributed
coordination function (DCF) performance B9, which showed a great effectiveness
of modeling DCF scheme with great tractability. Markov ¢hhas also been devel-
oped to analyze the performance between LAA and Wi-F2]nHowever, the model
is too simplified to capture LAA backoff procedure and theumacy of numeric re-
sults is limited.

» Performance Optimization: Previous studies on DCF scheme showed that it is not
always optimal. Modified DCF models under unsaturated &r§®®, 61], non-ideal
channel conditionsg2] and retry limits B3] have been developed for Wi-Fi system-
s. Various improvements of DCF have been proposed througlophimization of
contention window (CW)§4-66]. The coexistence between Cat 3 (Cat 4) LAA and
Wi-Fi faces unfairness in terms of resource utilizatié][ Such unfairness has been
mitigated by changing the signal/energy threshold apgietd AA-LBT nodes [69],
and by adaptively changing the CW size of LAA-LBT schen@3{1]. However, all
the above works focus on the change on adaptive LAA-LBT s@sawhile keeping
Wi-Fi unchanged. Moreover, ir6f)], performance evaluation was based only on nu-
meric results. InT0, 71], optimization problems, which were formulated as several
integer linear programming (ILP) problems with differerjectives (e.g. minimal
collision probability, minimal required unlicensed speat), are NP-hard.

» Learning Approach: Reinforcement learning has been attractive in wireless-co
munications to solve real-time resource allocation an@daling problems in a self-
organizing manner, enabling SCBSs or UEs choose the opé#atigin based on the
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wireless environment. It has been applied to optimize théopmance of LAA co-
existing with Wi-Fi [41, 42], however, the computational complexity of training the
above learning-based algorithms are not analyzed, whalekea gap from theory to
reality.

2.3.2 Research Challenges for LTE-U

Based on the above research, 2 research challenges haviel&etied:

» Fairness in Unlicensed Bands AllocationFair coexistence in an LTE-U and Wi-Fi
coexisting scenario is defined as that the deployment of Tie-Wll system should
not affect the performance of the Wi-Fi system more thantaolVi-Fi system does
[1, 72, 73]. Max-min fairness is another fairness definition to protbe user which
is allocated the least resource by maximizing the minimusouece allocation.a-
fairness is also used by evaluation the resource allocdéioness by developing
o-fair utility functions. Both of max-min fairness ara-fairness are used to study
throughput fairness in7H], where time division access and channel sharing between
Wi-Fi and LTE-U proposed along with a criterion choosing afi¢he two schemes
according to different network scenarios. Recently, tleaidf quality of experience
(QoE) has attracted increasing interest in wireless conncations and QoE fairness
has been proposed to quantify fairness by means of QoE ofezathserT5).

» Unlicensed & Licensed Bands Allocation How to efficiently allocate CUs and traf-
fic across the licensed and unlicensed spectrums has attradot of research inter-
est. In [76], a centralized user association and resource allocatioense across the
licensed and unlicensed bands with different RATs was d@esl to minimize the
average packet delay of all queues in the network. As the lexitillity of the cen-
tralized scheme, a distributed resource allocation scheaseproposed for software-
defined cellular networks to maximize the total utility of tle CUs accessing both
the licensed and unlicensed spectrums7d.[ In [78], a learning-based downlink
traffic balancing scheme was proposed to maximize the eredfigyency of a smal-
| cell while guaranteeing its fair coexistence with Wi-Fitwerks. In [79], a joint
band selection across the unlicensed and licensed banu$tlaig was proposed to
minimize the sum interference that both cellular and Wi-&tiworks suffer from D2D
communications. Ing], duty-cycle based spectrum sharing between CUs and Wi-Fi
users (WUs) was developed to maximize the minimum througbip@Us by offload-
ing CUs to the unlicensed spectrums. 8j, [a self-organized user association and
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resource allocation scheme was proposed to maximize thettmamghput of CUs
and Wi-Fi users using an echo state-based learning apprdsemote that most of
the above works mainly focused on the optimization of ovesydtem performance,
such as sum throughput, average packet delay, etc., ignbnfairness among CUSs.

It has been shown that pricing strategies are effectiveaffi¢trload balancing among
base stationslf0]. However, pricing strategies have not been sufficientlygistd for
traffic balancing between different radio access technefo@perators may use pric-
ing strategies to set various prices for CUs accessing temdied and unlicensed
spectrums because operators paid higher price for usinlictdresed spectrum. We
study the traffic offloading ratio from the licensed spectrianunlicensed spectrum
by setting different prices for accessing the unlicensealband licensed bands and
evaluate the traffic offloading ratio.

2.4 Methodology

In this section, Markov chain model and matching theory are@duced briefly. In Chapter

3, Markov chain is quite powerful to capture the performantthe procedure of DCF in
Wi-Fi and LAA scheme in LAA, including traffic buffer, trangassion success and failure,
backoff counter, etc. Closed-form expression of transimmssuccess and failure probability
can be easily obtained based on the models and be used ttatalk®Is, such as through-
put and transmission delay to evaluate the performance d#i\&hd LAA in coexistence
scenarios. In Chaptdrand5, matching-based frameworks are developed to solve resourc
allocation problems between Wi-Fi and LTE-U, which are galig NP-hard to solve. The
resource allocation obtained by using the matching appreae proved to be stable and
Pareto optimal.

2.4.1 Markov Chain

Markov Chain is a stochastic model describing a sequencetgssand the state transition
probability, which satisfy Markov property: the transiiprobability from current state to
another depends only on the current st&@.[ The transition probability from one state
to another is defined as the event. An example is shown inZR®). The transition of the
market state is listed as follows:

» The probability that the market keeps in the bull market;
P(bull|bull) =0.9



2.4 Methodology 26

The probability that the market transits from the bull nedrikto the bear market;
P(bearbull) = 0.075

» The probability that the market transits from the bull nerikto the stagnant market;
P(stagnantbull) = 0.025

» The probability that the market keeps in the bear market;
P(bearbear) = 0.8
» The probability that the market transits from the bear ratikto the bull market;

P(bull|bear) = 0.15

» The probability that the market transits from the bear raaikto the bull market;

P(stagnantbear) = 0.05

» The probability that the market keeps in the stagnant nbarke
P(stagnanistagnanj = 0.5

» The probability that the market transits from the stagmaaiket into the bull market;
P(bull|stagnan} = 0.25

» The probability that the market transits from the stagmaaitket into the bear market;
P(bearstagnanj = 0.25

We obtain the following relation equations in steady state:

( Poult = 0.9ppyi + 0.15ppear + 0.25pstagnant
Poear = 0.075ppui + 0.8 Ppear+ 0.025Pstagnant

Pstagnant= 0.025ppy|| + 0.05ppear+ 0.5Pstagnant
| Normalization condition ppyii + Pbear+ Pstganant= 1

2.1)

By mathematical calculation, it is quite easy to obtain @etbform solution for this Markov
chain, to get the probability of each state in steady state:

Pounl = 0.625
Poear = 0.3125 (2.2)
Pstagnant= 0.0625
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Fig. 2.6 Markov Chain model: stock market

The expected revenue in the stock market can be calculateddaegly.

Similarly, DCF in Wi-Fi and LBT scheme in LAA can be modelleg blarkov Chain,
which could be used to calculate the transmission protigloilia Wi-Fi AP or an LAA eNB
in a given scenario with easy mathematical calculation. ddtail of Markov Chain models
and corresponding calculations are expressed in Chapter

2.4.2 Matching Theory

The matching theory was first used in economics to study a allytbeneficial relation
between two disjoint set8]]. The stable marriage (SM) problem is a typical one-to-one
matching problem and is stated as follows: given same nuwit@en and women, where
each person has a preference list containing all the ogpssitin order of preference. One
member of the two sex groups form a pair and the pair is deeraddiesif there are no
two people of the opposite sex who would both have each o#tker than their current
partners. Gale Shapley (GS) algorithm (also known as theraef-acceptance algorithm)
was proposed and proved to solve such SM probl?h [GS algorithm for SM problem is
stated as follows:

It has been proved that the matchingis stable and Pareto efficient by using GS algo-
rithm.
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Algorithm 2.1 GS algorithm

1: Input: Men WomenPL™Me" pwomen

2: Output: Matchingpy

3: Stage 1:Proposing:

4:  All free Menpropose their favourite women in their preference listsl @move the
women from the list.

5. Stage 2:Accepting/rejecting:
Womenaccepts the most preferred man based on her preferencéhéistest are

rejected.

7. Termination Criterion:

If all the men and women are paired.

Otherwise Stage landStage 2are performed again.

o

© ®

SM problem can be extended to a many-to-one problem, sucheastudent project
allocation (SPA) probelm. Each student has a preferenteflikie projects that they can
choose from, while the lecturers have a preference list udesits for each project or a
preference list for student-project pairs. The maximum benof students that can be
assigned to each particular project is limited and is dehatethe quotag3]. The GS
algorithm for SPA problem is stated as follows:

Algorithm 2.2 SPA Matching

1: Input: StudentProject, PLStudent p| project

2: Output: Matchingus

3: Stage 1:Proposing:

4.  All free Studentpropose their favourite project in their preference liats] remove
project from the list.

5. Stage 2:Accepting/rejecting:
Eachpro jectaccepts the most preferragproposers based on its preference list, the

rest are rejected.

7. Termination Criterion:

8: If every Students allocated with a project, this algorithm terminates vathoutput

u.
9: Otherwise Stage landStage 2are performed again.

o

It has been proved that the matchipgis stable and Pareto efficient by using the GS
algorithm,

Inspired by the SPA problem, resource allocation problermeitular networks can be
transferred into a many-to-one matching problem.

» Matching theory can model the interactions between twordissets of players with
different or even conflicting interests (Matching theory fisture wireless networks:
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fundamentals and applications,). For example, in an LTEhkpietwork, UE aims
to achieve its QoS (mainly throughput) with minimal energynsumption while the
objectives of small cell base stations (SCBSs) are servaggsuwith certain QoS
requirements and maximizing its capacity.

» Compared with game theory, a UE does not need other UEsTretib make decisions.
A preference list in terms of performance matrix, such asughput and EE, is set
up based on the local information including channel condg&i UEs made proposals
according to this list. The only global information requirfom a centralized agent
is the rejection/acceptance decision of each UE’s proséblocking pair.

However, our resource allocation matching game differsiftbe SPA game in the fol-
lowing aspects:

* Maximum throughput as the 'quota’: The 'quota’ or the maximum number of CUs
can be served s limited by the capacity of a UB. The capatiéydB is the maximum
achievable throughput the UB can provide for CUs after r@sgmecessary resources
to meet the minimum required WU throughput in TDD mode.

* Incompleteness of preference listsThe SCBSs sense the availabilities of UBs and
keep the CUs updated. Any UB that is not able to fulfill a CU’'sximal throughput
requirement will be deleted from the preference list of thé &d the CU will also
be removed from the preference list of that UB. Only a sub&é&iBs (CUs) are in
the preference list of a CU (UB), i.e., the preference listsiacomplete.

The GS algorithm is modified according the the above diffeesnand similarities in
Chapterd and5.



Chapter 3

Coexistence Between LAA Networks and
Wi-Fi Systems: Performance Evaluations
and Optimization

3.1 Introduction

Remind in ChapteR.2.1and2.3.1 as the first global deployment LTE in the unlicensed
spectrum, LAA is a key feature in 3GPP Rel. 13 and its perfoiceahas attracted world-
wide interest. In this chapter, we study 3 topics on LAA.

The performance evaluation of LAA and Wi-Fi in a coexisticgsario has been studied
by using analytical models, and Markov Chain models is onthefmost popular ones.
Markov chain models capture the back-off procedure andsomfi avoidance mechanism
with great tractability to calculate the performance of LAAd Wi-Fi, such as throughput
[2]. However, exiting Markov chain models neglect importaadtbrs of the LBT scheme
in LAA [ 2] and DCF in Wi-Fi systems39], which affects the accuracy of the performance
evaluation results. Also, existing works mainly focus on-RViperformance evaluation
rather than LAA performance or overall performance. To owere the above limitations,
in section3.2, We developed comprehensive Markov chain models for Wi-EFDCat 3
and Cat 4 LBT-LAA to overcome the limitations of Markov mosléi [2, 59]. We evaluated
throughput and mean transmission delay of coexisting LAfwoeks and Wi-Fi systems,
respectively, which gives insights on the coexistence oALand Wi-Fi. This work has
been published in our papesT].

DCF applied in Wi-Fi has been proved to be inefficient in cldnusage and multiple
modifications have been proposed to enhance Wi-Fi perfarenay reducing channel idle
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period and collision probabilityg4—66]. Similar collodion avoidance scheme and back-off
procedure in DCF is applied in LBT, the inefficiency problelsoaexists in LBT schemes.
Such problems tend to affect the coexistence of LAA and WAk spectral efficiency of
the unlicensed spectrum. In secti®i3, we aim to maximize LAA system throughput while
guaranteeing minimum Wi-Fi system throughput by tuning”Nand LAA CW sizes and

it is formulated as an NP-hard nonlinear optimization peobl(NLP). To solve the opti-
mization problem with reduced complexity we propose a j@hY optimization scheme
based on the mathematical derivations of the relationdtepseen Wi-Fi (LAA) through-
put and Wi-Fi & LAA initial CW sizes, which has not been acheehby any existing works.
The performance of the proposed algorithm in terms of LAAtlghput and computation-
al complexity is evaluated through simulation comparecwait exhaustive-search based
algorithm. This work has been published in our wasK][

Reinforcement learning is a promising framework to sohad-tene CW optimization
problem concerning ever-changing and unpredictable Witieiughput requirements. Al-
though reinforcement learning-based algorithms have bgphed in Wi-Fi and LAA co-
existing problems41, 42|, their computational complexity is not analyzed. In sec3.4,
we develop a reinforcement learning based algorithm to fiedoptimal CW combination
of LAA and Wi-Fi to solve the same problem in secti8r8. We analyze the computation-
al complexity of this approach and overcome the limitatio{84], which based on the
assumption being solid in dense networks only. The perfooaaf the proposed algorith-
m is evaluated through simulations and comparisons betwaezxhaustive-search based
algorithm.

3.2 Performance Evaluation

In this section, we evaluate the performance of both LAA meks and Wi-Fi systems in
coexisting scenarios by using Markov chain-based models.d&velop Wi-Fi model fol-
lowing Wi-Fi DCF, two LAA models following LAA Cat 3 and Cat £keme, respectively.
We calculate the transmission probabilities of Wi-Fi sysdeand LAA networks in coex-
isting scenarios, which is a key to the performance matnegvaluate, performance and
transmission delay. We apply the definition of fairness leetwlLAA networks and Wi-Fi
systems coexistence as an LAA network should not affect &\&ystem more than another
Wi-Fi network [72, 85, 86]. Therefore, we also evaluate the performance of a Wi-fy-on
scenario as a comparison. Our models overcome the limtafi@ver-simplified models
in [2, 59] and our results demonstrate a trade-off between Wi-Figatain and LAA-Wi-Fi
system performance enhancement.
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3.2.1 System Model

Carrier sense mechanisms and corresponding thresholdiff@rent for Wi-Fi and LAA-
LBT. Wi-Fi devices can detect a minimum -82 dBm energy lewelWi-Fi signal with 20
MHz bandwidth and a minimum of -62 dBm energy level for a nonrRsignal with the
same bandwidth. LAA-LBT energy detection threshold is -&mdwith 20 MHz band-
width for both Wi-Fi and non-Wi-Fi signals3p]. Recent research has shown that applying
the same carrier sense threshold in Wi-Fi and LAA-LBT netsprand enabling Wi-Fi
preamble detection in LAA-LBT would enhance Wi-Fi performea in coexistence scenar-
ios [87, 88]. Therefore, also for analytical tractability, we applyeteame carrier sense
threshold settings in our system model. We consider a lastalark with a limited number
of Wi-Fi APs and LAA eNBs sharing the same unlicensed banuaid,adl the nodes in the
coexistence scenario can detect the signal from any oneaittter nodes above the carrier
sense threshold.

3.2.2 Cat4LBT-LAA

With Cat 4 LBT scheme, upon a new transmission buffered atlarLiAA eNB, it performs
a clear channel assessment (CCA) to detect the availabildyan unlicensed band. If the
band is sensed to be idle, the LAA eNB transmits immediatélZCA fails to detect an
idle band, LAA-LBT enters the extended-CCA (ECCA) stage thvan initial CW size
of 16 with a back-off counter. Every time an unsuccessfuignaission occurs, the ECCA
stage increases by 1 and the CW size doubles (up to the maxB@OA stage of 6 and
the maximum CW size of 1024, respectively). The counterevaduan integer randomly
chosen from the rang®, CWy, — 1) related to ECCA stagen. The counter is decremented
by 1 if the band is sensed to be idle for the whole time slot,famekzes if the band is busy.
When the counter reaches 0 the eNB starts transmission.ell8nfails to deliver a packet
when reaching the maximum ECCA stage, the ECCA stage wikkbetito stage 0 and CW
size to the initial CW size. The eNB enters idle state afterttansmission is completed
successfully and ECCA and CW will be reset to their initidlaes, respectively.

The above Cat 4 LBT LAA mechanism is formulated as Markov ehanodel as fol-
lows. The state of an LAA eNB is represented by a 2-tuple ststit processs(t), z(t)),
where (-1, 0) denotes the state after a successful GEZA< (0, 1---m— 1 m) denotes the
ECCA stage and(t) denotes the counter value in the corresponding back-afest&€W
size of stages(t) is calculated a€Wy) = CWiin25t). Under unified transmission failure
probability ps, the channel busy probability, and packet arrival ratq, state transition
probabilities in the Cat 4 LBT Markov chains model in F&ylare as follows:
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The probability that an eNB is idle, i.e, no pending transsion, is:
P(wait|wait) =1—q

» The probability that an eNB transits from the idle state-10Qq) state with a successful
CCA is: P(—1, Ojwait) = (1— pp)q

» The probability that an eNB enters ECCA stage from (-1,8)estfter a failed trans-
mission is:
P(0, k| — 1,0) = ps /M, k € (0, Wp — 1) whereWg is the initial CW size, i.e. 16.

» The probability that an eNB enters backoff stage from the sthte with a unsuccess-
ful CCA is : P(0, kjwait) = qpy/Wo,k € (0, Wp — 1)

» The probability that the non-zero counter is decremented kfter the channel is
sensed to be idle for a time slot is:
P(i,k—1Ji,k) =1—pp,i € (O,mand € (1, W — 1)

» The probability that the counter freezes because the @hasensed to be busy is:
P(i, k|i, k) = pp, i € (0,m)andke (1L, W — 1)

» The probability that the ECCA stage increases by 1 due tstngssion failure is:
P(i, kli—1,0) = pr/W,i € (L mUke (O,W —1)

» The probability that the backoff stage reacheand is reset after a transmission fail-
ure is:
P(0, kjm, 0) = ps /Mb, k € (0,Wp — 1)

» The probability that an eNB returns to idle state after aceasful transmission is:
P(w|i,0) =1—ps,i€ (=1, m)

We consider the stationary distribution of the Markov mdsigl= tIln P(s(t) =i, b(t) =

k), i € (—1,m) andk € (0,W —1). We obtain the following relation equations in steady
state:
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Duai = (1= Qs+ (1= pr) 3 bioii€ (~1m)

b_1,0 = 0(1 - Po)bwait

bowe—1 = g Pobu+ i35 (01,04 bmo) + Poboip 1

bo.j = v Pobwait + i (01,04 bmo) + Poboj + (1= Po)bo j+1, j € (1, Wo— 1)
boo = i Pobwait + g (0_1,0+ bmo) + (1— py)boa

biw-1= Gbi-10+ Pobiw-1,i € (L,m—1)

bi,j = {rbi-1.0+ Pobij + (1= po)bijua,i € (Lm—1), j € (1L, W —2)
bio=bi-10+(1—po)bia,i € (1,m—1)

(3.1)

b1 = o (Bm-1.0) + Pobmwg-1
bm,j = %(bm—l,O‘F Bm,o) + Pobm j + (1 — pb>bm,j+17 je(LWn—2)
bmo = w-bm 1.0+ (1~ Po)bma

m W
Normalizationconditionbyait+ y Y bij=1
L i=—1j=0

Wherebyajt is the probability of a Cat 4 LBT LAA eNB being idle, and nornzaltion
condition means that the probabilities of all the statesigutb 1.

By solving 3.1), we get the probability that a Cat 4 LBT LAA eNB transmits in a
randomly chosen slot time as follows:

=1 (3.2)
20(1-pp)(1-2p¢)R
Q+gWoP(1—ps)(1—(2ps)™ ) +PR(1-2py) (1-2p¢ ) +2R(1—pp)*(1—ps ) (1-2ps )]

whereQ = 2(1— pp)(1— ps)(1—2ps), P= (pp+ pr — PoPs) andR = (1 — p™1).

3.2.3 Cat3LBTLAA

As shown in Fig. 3.2, Cat 3 LBT scheme is similar to Cat 4 LBT scheme except for the
fixed CW size in Cat 3 LBT scheme. Similarly to that of Cat 4 LREheme, we obtain the
following relation equations in steady state for Cat 3 LBheame:
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0 W
Normalizationconditionbyait+ y Y bi,j=1
L i=—1j=0

Whereby,jt is the probability of a Cat 3 LBT LAA eNB being idle, and nornzaition
condition means that the probabilities of all the stateswgutb 1.

By solving 3.3), we get the probability that a Cat 3 LBT LAA eNB transmits in a
randomly chosen slot time as follows:

E= (3.4)
29(1—py)
(1—py) (1 Pt)+0[(1—Po)*(1— Pt )+ (Wo+1) (Pt +Po—Po Pt )]
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3.2.4 Wi-Fi DCF

Different from the above two LAA LBT schemes, there is (r6l,0) state in Wi-Fi DCF,
and an AP at the highest backoff stage that fails to delivexcket will remain at that stage.
The Markov chain model for Wi-Fi DCF is shown in Fig.3.
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Fig. 3.3 Wi-Fi DCF

Accordingly, we obtain the following relation equationssiieady state:
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Duat = (1= )ui+ (1= Pr) 3 bio.i € (0.m)

bowy—1 = Vivobwait‘f‘ Pobo,wy—1

bo,j = g Pwait + Pobo,j + (1~ Po)bo,j+1, j € (1, Wo—1)
bo,0 = V\—C}Obwait(l— Po)Po,1

biw 1= wbi-1,0+ Pobiw 1,1 € (1,m—1)

bi.j = \grbi—1,0+ Pobi j + (1= Po)bi o1,
ie(ILm=1),je(L,W-2)

bi.o = bi-1.0+(1—po)bis, i€ (1, m-1)

(3.5)

b -1 = o (Bm-1,0+ brm 0) + Pobm w1
bm,j = %(bm—l,o—f— bm,O) + pbbm,j +(1- pb)bm,j+1a j € (1, Wn—2)
bmo = - (Bn-1,0+ bm0) + (1= Po)bm1

m W
Normalizationconditionbyait+ 3 5 bij=1
\ iZ0j=0

By solving 3.5), we get the probability that an AP transmits in a randomlgsan slot
time as follows:

o m
H¥V|—F| — %bip —_
i=

2q(1—pp)(1-2p¢)
2(1—pp) (1—ps) (1-2p5 ) +aMbps (1—(2pf)™) +(1+Wo—2pp ) (1-2p1 )]

(3.6)

3.2.5 Transmission Probability

We consider 3 scenarios: Wi-Fi-AP only, the coexistence BFiWAPs and Cat 4 LBT eNBs,
and the coexistence of Wi-Fi APs and Cat 3 LBT eNBs.

* Wi-Fi-AP only System For a Wi-Fi AP in a Wi-Fi-AP only systefvith n APS), if the
channel is occupied by transmission(s) from other AP(€)ctiannel is sensed either
to be busy or a collision occurs. Thus, the probabFFﬁff/that the channel is sensed to
be busy and transmission failure probabil?ﬁ‘/ are identical for a Wi-Fi AP because
all APs experience the same channel condition. Thus, we have

PV =P =1 (1Rt (3.7)
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We get the transmission probability of a Wi-Fi AP in a Wi-FRAonly network by
solving @.6), (3.7) numerically.

* Wi-Fi & Cat 4 LBT scheme LAA Assuming that channel busy prbitity and trans-
mission failure probability is identical for all APs and aNBs, respectively. For a
hybrid-RAT network withi Wi-Fi APs andj LAA eNBs we have:

Pk\)NT:P¥VT:1—(1_Pt¥Vi—Fi)i—l(1_|:>t(r:at4)j 9
Pyl =P =1 (1R i1 Rga)i

By solving 3.2), (3.6) and @.8) numerically, we get the transmission probability of a
Wi-Fi AP and Cat 4 LBT eNB in a coexistence network.

* Wi-Fi & Cat 3 LBT scheme LAA Similar to the calculation for Wi & Cat 4 LBT
system, the transmission probability of a single AP and ClaBB eNB can be ob-
tained by solving3.4), (3.6) and @3.8) numerically.

Intuitively, the transmission probability of an LAA Cat 3 OBeNB is the highest due to
its fixed backoff stage, while that of a Wi-Fi AP is the loweHltshould be noted that the
transmission failure probabilities and channel busy podhees in (3.7) for a Wi-Fi AP or
LBT, (3.8) are different from those of a system perspective. The sybtesy probability and
transmission failure probability will be defined in sectidirto calculate system throughput
and transmission delay.

3.2.6 System Throughput Analysis

The system throughput can be calculated as the expectesititéed packet size over the
expected transmission timg9):

s=EPR (3.9)

whereE|[P] is the average packet siz&,denotes the successful transmission probability
in a random slot time, anB[T] is the average length of a time slot.

Wi-Fi-AP only System

For a Wi-Fi system witi APs,

E[T] = (1—R,)0+PVTW 4 pVTW (3.10)
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where
P;N =nR/ i—Fi(l_ H¥Vi—Fi>n—l
R = 1 (LR
and theT\V is the average time that the channel is occupied due to assfotérans-

mission andTC—W is the average time that the channel is busy due to transmissilision
[59]:

TW = HEP) | 5 SIFS+ 2 | DIFS+5

TW = (EP) | 5 1 DIFS+ &N DIFS+5

where, SIFSis the short interframe space (SIF®IFS is the DCF interframe space
(DIFS), d is a slot timeH is the size of MAC and PHY headéd/P] is packet sizeACK is
the size of an acknowledgment frame d&Rda is the bit rate of Wi-Fi.

Thus, the system throughput is given by:

(3.11)

_ PE(Ry)
Sw = (1-Py) 3+ PVTW { PN TW (3.12)

Wi-Fi and LAA Coexistence

For a system with Wi-Fi APs andj LAA eNBs, the system throughput for Wi-Fi and
LAA can also be calculated b (9), respectively. HoweveE[T] is different from that in a
Wi-Fi-AP only system, and contains the following events:

« the probability that the channel is idle is-B, , whereR, = 1— (1— BV=F))i(1 — RLBT)],
and the corresponding time in a time slodis

* the probability that the channel is occupied by a succéssfusmission of a Wi-Fi
AP isPV = ipVi=Fi(1 — pWi-Fi\i-1(1 _ BLBT)i "and the corresponding time in a time slot
is TV,

* the probability that the channel is occupied by a succéssfusmission of an LAA
eNB isP: = (1— RYi-FI)ijpLBT(1 _ pLBT)i-1 and the corresponding time in a time slot
is TL,

* the probability that the channel is occupied by a colliddetween Wi-Fi transmission-
SisPV = (1—P:BT)i(1— (1— RV=F)i —ipWi-Fi(1 _ pWi-Fi\i-1) "and the corresponding
time in a time slot isTV,
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* the probability that the channel is occupied by a collidietween LAA transmissions
isPL = (1—RV=F)i(1— (1—RLBT)i — jPLBT(1— PLBT)i-1) and the corresponding time
in a time slot isTL,

* the probability that the channel is occupied by a collidi@ween LAA and Wi-Fi

transmissions i®V-=1-R, - PY - PV —pPL — PL, and the corresponding time in a
time slot is maxT\V, TL);

Thus, Wi-Fi and LAA throughput are calculated as:

(

Swi-Fi =
PWi FiE(RNl FI)
(1—Py) 0+ PVTW 4 PLTL + PV TW L PLTL 4 PWLmax(TW TL) (3.13)
Saa=
_ PVER _
L (1-Pp)+PWTW - PLTE+PWVTW 4+ PLTE+PW L maxTW, TE)

For simplicity, assuming that the LBT LAA scheme employs saene frame structure
as Wi-Fi DCF scheme does, except for the ACK frame, whichasdmitted immediately
after the destination node receives the packet in the LBT IsBAeme 36]. Thus, we have

L _ (H+E[P]) ACK
To =g +0+ g/, +DIFS+0 (3.14)

TE= R 5y DIFS+ AK L DIFS+5

where, R aa is the bit rate of LAA, TV and TV are given in 8.11).

3.2.7 Transmission Delay

Transmission delay is another important indicator for teemork performance and is de-
fined as the time spanning from the beginning of an availabtket until it is successfully
received by its destination node. In a queuing system, douptto the Little’s law B9,
the average number of customéid) in a system in a long-term period is equal to the
corresponding departure rat®) multiplied by the average transmission de(@y) that a
customer spends in the system, i=AW. In our analytical models in Sectid2.1 no
retry limit is considered, i.e. all the packets are ultinhagiccessfully transmitted. The
average number of a packet waiting in a Wi-Fi systemag, or iqw for Wi-Fi and jq.
for LAA in Wi-Fi-LAA networks. The departure rate is equiedlt to the average number
of packets being delivered per unit time, i.8w = Sy/E(p) in a Wi-Fi system, and as
MAw = Sw/E(p), AL = S /E(p) for Wi-Fi and LAA, respectively. Thus, for unlimited retry
number, the transmission delay is expressed according toitihe’s law [89]:
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D—_ "W (3.15)
Sw/E(p)
for a Wi-Fi system, and
— _aw
Dw = Sw/E(p) (3.16)
D = Ja_
SL/E(p)

for Wi-Fi and LAA nodes in a coexistence system, respeativel

3.2.8 Numeric Results

In this section, we evaluate the system performance foetsystems.
* Wi-Fi only system: 3 or 6 Wi-Fi APs;

* Wi-Fi & Cat 4 LBT LAA coexistence: 3 Wi-Fi APs and 3 LAA eNBs i dynamic
CW LBT;

* Wi-Fi & Cat 3 LBT LAA coexistence: 3 Wi-Fi APs and 3 LAA eNBs i fixed CW
LBT.

The parameters used in the evaluations are listed in TaM&C header, PHY header and
ACK frame length are defined in 802.11 standd@@ | The maximum transmission rate of
802.11ac is 96.3 Mbit/s90], in the simulation the transmission rate of Wi-Fi and LAA is
set to be 50 Mbit/sg], half of the maximum value for a general caS&Vmin, CWnax Slot
Time, SIFS, DIFS and packet size are defined in 802.11 stdfélél:

Fig. 3.4 shows the system throughput of the four networks. The WiyBtesn with 3
APs offers a slightly higher system throughput than the oitle &APs, which agrees with
the results in$9]. This is because of the heavier contention among the isacrgaaumber
of APs. Wi-Fi throughput experiences a higher degradaticzoexistence with Cat 3 LBT
LAA than with Cat 4 LBT LAA, which implies that LAA with dynant LBT CW size
is a better neighbour to Wi-Fi than with fixed LBT CW size. Thesconsistent with the
simulation results provided ir9l]. Compared with Wi-Fi systems, the overall throughput
of Wi-Fi & LAA coexistence systems is much higher at the exgeenf Wi-Fi throughput
degradation. Between the two Wi-Fi-LAA coexistence systeWi-Fi-LAA system with
Cat 3 LBT LAA eNBs provides higher throughput than that witat@ LBT scheme LAA
eNBs. Although Wi-Fi throughput in Wi-Fi-LAA system with €8 LBT LAA eNBs is
smaller than that in Wi-Fi-LAA system with Cat 4 LBT scheme A&NBs. This implies
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Table 3.1 Wi-Fi system and LAA system parameters

Packet Size 12800 bits
MAC header 272 bits
PHY header 128 bits
ACK 112 bits + PHY header
Wi-Fi Bit Rate 40 Mbit/s
LAA Bit Rate 75 Mbit/s
Ow 1
ai 1
Slot Time 9 us
SIFS 16 us
DIFS 34 us

that Cat 3 LBT LAA occupies the unlicensed bands more effidiean Cat 3 LBT LAA
and Wi-Fi is degraded more coexisting with Cat 3 LBT LAA thaithwCat 4 LBT LAA.
As a result, Wi-Fi APs coexisting with Cat 3 LBT LAA eNBs suffmore reduction in
throughput.

The average throughput provided by each Wi-Fi AP or LAA eNBhswn in Fig.3.5.
The 3-AP Wi-Fi system provides the highest throughput per{allowed by the 6-AP Wi-
Fi, Wi-Fi APs coexisting with Cat 3 LBT LAA eNBs have the lowdhroughput per AP.
This implies that LAA eNBs with LBT fixed CW size degrades tlegfprmance of coexist-
ing Wi-Fi APs more than the same number of LAA eNBs with dynairBT CW size or
the same number of Wi-Fi APs. Either Cat 3 LBT LAA eNBs or CatBTLLAA eNBs
affect Wi-Fi throughput more than the same number of Wi-FsAiRhplying that fair coex-
istence can not be guaranteed by using baseline Cat 3 LBT Iché&rse or Cat 4 LBT LAA
scheme. Cat 3 LBT eNBs achieve the highest throughput pex antng all nodes in all
scenarios. The per-node throughput of Cat 4 LBT LAA LAA eNBslightly lower than
that of Wi-Fi APs in the 3-AP Wi-Fi system but much higher thhat of Wi-Fi APs in all
the other scenarios. This implies that, among the 3 acceesrss, Cat 3 LBT LAA eNBs
make the most efficient use of the unlicensed spectrum anBi\WWecupy the unlicensed
spectrum least efficiently.

Fig. 3.6shows the transmission delays of Wi-Fi and LAA in differeatwiorks. We can
see that the 3-AP Wi-Fi system has the lowest transmissilay éenong all Wi-Fi systems,
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System Throughput in Different Scenarios
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while the delay is more than doubled in the 6-AP Wi-Fi syst&¥itFi APs experience the
highest transmission delay in coexistence with Cat 3 LBT LAMBs. Cat 4 LBT LAA
experience slightly lower delay than Cat 3 LBT LAA eNBs, vehthe latter has slightly
larger delay than the 3-AP Wi-Fi system. Either Cat 3 LBT LANEs or Cat 4 LBT LAA
eNBs affect Wi-Fi transmission delay more than the same mumbWi-Fi APs, implying
that fair coexistence can not be guaranteed by using baséhh 3 LBT LAA scheme or
Cat 4 LBT LAA scheme.

Transmission Delay in Different Scenarios

8 m WiFi delay m LAA delay

%.lll

3 WiFi APs System 6 WiFi APs System 3 WiFi APs & 3LBE 3 WiFi APs & 3 LBE
A eNBs System B eNBs System

Delay ms

Fig. 3.6 Transmission delay in different scenarios

From Figs. 3.4-3.6 we can see that Cat 4 LBT LAA eNBs provide better protection
of Wi-Fi performance (in terms of both throughput and traission delay). Regarding
LAA system performance, LAA LBT with fixed CW size outperfasnhAA LBT with
dynamic CW size in terms of both throughput and delay. Thiglies that there is a trade-
off between Wi-Fi protection and LAA system performanceha tlesign or choice of LAA
LBT mechanism.

The backoff procedure is quite critical in terms of throughand LAA, compared with
Cat 4 and Cat 3, more backoff stages are designed in Cat 4 solbioh results in a less
aggressive channel access manner. There two ways to chengjeainnel access probability:
1) the number of backoff stage and 2) backoff CW size. By iasireg either one of the
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number of backoff stage or backoff CW size, the channel acpesbability decreases and
Wi-Fi performance is less affected in a coexistence scenari

3.2.9 Conclusion

In this section, we have analyzed the downlink performarideA&\ and Wi-Fi coexisting
in the unlicensed spectrum. We have established Markownamaidels to calculate the
throughput and delay of Wi-Fi networks and Wi-Fi-LAA netwer Regarding 2 LAA LBT
schemes, numerical results indicate that LAA LBT with fixed/Gize outperforms LAA
LBT with dynamic CW size while degrades Wi-Fi performancereno

Our analytical results demonstrate the trade-off betweefierformance protection
and LAA performance enhancement. If we hold the definitiorfaifness as LAA net-
works that affect a Wi-Fi system no more than another Wi-Btamy, spectral efficiency is
sacrificed. We consider other criteria to measure fairnesgsecially on Wi-Fi's side: fair
coexistence between LAA networks and Wi-Fi systems shoudiee minimum Wi-Fi per-
formance, such as throughput. From the next section, weus@l this definition in our
optimization problem as constraints to ensure fair coerist.

3.3 Contention Window Based Optimization

In this section, we analyze a Wi-Fi and LAA coexisting sceéman which we aim to find
the optimal combination of LAA and Wi-Fi CWs to maximize LAAroughput while guar-
anteeing Wi-Fi throughput above a certain threshold. Thiswization problem is NP-hard.

We derive the explicit expressions for the relationshipsveen Wi-Fi (LAA) through-
put and Wi-Fi & LAA initial CW sizes, which have not been acked by any existing
works. Based on the derived relationships, we proposedagptimization scheme to find
the optimal combination of Wi-Fi and LAA initial CW to maxime LAA throughput and
guarantee Wi-Fi throughput above a pre-defined threshdid.pfoposed scheme has much
lower complexity (P-hard) than solving ILP.

The accuracy and efficiency of our proposed joint optim@atscheme are verified by
comparing it with an exhaustive search scheme. The propadezine offers a significan-
t LAA (system) throughput gain up to 100% (40%) over the cstixg Wi-Fi and LAA
with fixed initial CW sizes. Especially, the effectivenesglte proposed scheme in dense
scenarios is also revealed.
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3.3.1 System Model

To analyze the throughput of Wi-Fi and m LAA in a coexistence scenario, we apply the
same system framework as in section 3.2.1, which is als@pted in (12) in§7]. Assume
the average packet size for Wi-Fi and LAA are the same andtdexsk (p), we have the
i-th LAA and thej-th Wi-Fi throughput:

q_ E( p) PsLl
R 5+Ts+v-\|/—c
E(p)Ps
S-N (p)
J R 5+TS+TC

(3.17)

where: P'— and PW are the successful transmission probability ofitfle LAA eNB and the
j-th Wi- Fi AP, respectlvely.H is the probability that channel being idle, adds the slot
time (9us) of 802.11.

Tsis the expected time consumed by a successful transmisstber( LAA or Wi-Fi):

Ts= P-TL 4 PVTW (3.18)

WhereP% andPY are the successful transmission probability of any LAA e §Vi-
Fi AP. TL andT" are the average time consumed by a successful transmiddidand
Wi-Fi, respectively.

TE=HED | 5 AK L DIFS LS

TV = H}Ej )+6+ACK+DIFS+5

where,R_. andRy are the transmission rate of LAA and Wi-Fi, respectively.is the
size of a packet headCK s the size of an ACK frameDIFSis the DCF inter-frame space

defined in 802.11.
T is the average time duration for a collision and is given by:

(3.19)

To=P-TE 4+ PYTWY o+ P maxTh, TY) (3.20)

Collision arises due to more than one simultaneously tréssans in the same time slot.
There are three types of collisions: collision between Wi&nsmissions (with probability
PV), collision between LAA transmissions (with probabiliBt), and collision between
Wi-Fi and LAA transmissions (with probabilitg:'V).

The average time consumed by the first and second type afioollisT- andT)V:
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Th="ER | 5 DIFS+ACK 1 DIFS+ 5
{C +5+DIFS+ 4K 4 DIFS+ 3.21)

W = ) HEEWD | 54 DIFS+ ACK+DIFS+5

Rw Rw

3.3.2 Problem Formulation

We consider a scenario whemé\Vi-Fi APs andm LAA eNBs coexisting and contending
for the same unlicensed spectrum. We formulate our optimizgproblem as maximizing
LAA throughput while guaranteeing Wi-Fi performance abayaredefined throughput:

Max ii& (3.22)

s.t.:
S > Threshold YCW",CW" € [CWin, C\Wuax, j € [1.1] (3.23)

and @.18 - (3.21).

In a Wi-Fi-LAA coexistence scenario, Wi-Fi APs andm LAA eNBs compete for the
same medium resource. We denote the transmission prdpaibia Wi-Fi AP and an LAA
eNB asp’ and p, respectively. We applied the same expression in termsaabmission
successful probability and collision probability 7).

;

A= (1-p) % (1 pi)
P = i M (1— B MMy (1— i)
YL

i = MMt (L= PP M (1— p0)
PE=3M, Py
PV=nm,(1-p)—R —PY
PE =M1 (1-p)—R—F
Pe¥=1-R-PY-P; PV P}

(3.24)

\

The transmission probabilities of LAA and Wi-Fi {8 and p’ which take the following
expressions for simplicityg4, 92]:

Pi = LL
{ oo (3.25)
Pj = Trowr
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3.3.3 Analysis of Throughput in Coexistence Scenario

In this section, we propose a joint optimization algorithaséd on mathematical derivation
to solve the optimization proble@i22formulated in the previous section.

We assume that all Wi-Fi APs share the same wireless conditind so do all the LAA
eNBs, which is widely accepte®4, 66]. For simplicity, we assume that the transmission
rate of Wi-Fi APs and LAA eNBs to be the same, iRy = R_. Thus we have:

T=Td =T
s s (3.26)
Te=TV=T¢
The expressions of LAA and Wi-Fi throughput are simplifieda@®ws:
S = E(p)Pt
- P|6+(PSL+P;/V)Ts+(PC\LA?LPXVJrPCLW)TC (3.27)
_ E(p)Ps '
Sw = R 0+ (P +PV) Ts+(PE+PY +PEW) T,

In a Wi-Fi-LAA coexistence scenario with Wi-Fi APs andm LAA eNBs competing
for the same unlicensed band.

According to the relations between transmission probighaind CW in 8.25), to find
the optimal combination of LAA and Wi-Fi CWs is equivalentfioding the optimal trans-
mission probabilities of LAA and Wi-Fi.

Taking the first derivative of the LAA throughput agaimsandp/, we have:

0S. _
== (1-mpX+(1-p)" 11— p M«
ap ( PX +(1-p)"H(1-p) (3.28)
NP(1-x) —(1-p)(X —x)]
B 1) a-pma - X (3.29)
op
where according to319 and 8.21), X = £(— 0) andx= (> 1).
Then we take the first derivative of the Wi-Fi throughput agap andp’:

dS/\/_ i —_\"(1—p)™1,
dp’_(l np)x +(1-p)"(1—p) (3.30)

[Mmp(1—x) = (1-p)(X —x)]
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T — (- -0 - 331)
Let us first consider3.29 and 3.31), asx > 1, we have:
98 <0
gﬂ (3.32)
B <0

Theorem 3.1. The LAA throughput is monotonically decreasing with th@sraission prob-
ability of Wi-Fi, and the Wi-Fi throughput is monotonicatlgcreasing with the transmission
probability of LAA.

To find the maximum LAA throughput against LAA transmissiamimability, we let
(3.28 be 0.

For simplicity, we assun{é& — p)™a 1—mpin (3.28), and becausg << x we have:

_ 1
{pl ~m-1 (3.33)

X
P2 = sm-mix

Converting transmission probabilities to CWs by using tkgression 8.25, we have:

{cw& =2m-3 (3.34)

L _ 1
CW5 =2m(1—1)+1

If n <=2, thenCW, < CW5. In the interval CWY, CW5], LAA throughput increases with
LAA CW; in the interval CW5, ], LAA throughput decreases with LAA CW. AGWE —
1~ 0, in the interval CWpin,CWmaxl, LAA throughput decreases with CW. Far> 2,
CW, > CWA. In the interval CW5, CWL], LAA throughput is increasing against LAA CW;
in the interval (ZW&,oo], LAA throughput decreases with LAA CW. Thus for the intdrva
[CWwin, CWEAY), LAA throughput is increasing; for the searching interf@W}, CWyay/,
LAA throughput is decreasing. Thus, for a proper chosen CWgea LAA throughput
decreases with LAA CW size, e.g. CW interval [8, 64] for 4 LANBS.

Solving 3.30), we obtain the similar insights for the change of Wi-Fi tigbput with
Wi-Fi CW.

1
{pl ! (3.35)

/ X
p2 T XNn—n+X
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Thus, for proper choosing of CW range, LAA throughput is mone decreasing against
the CW of LAA, and Wi-Fi throughput is monotone decreasingiagt the CW of Wi-Fi.

3.3.4 Joint CW Optimization Algorithm

A joint CW optimization algorithm proposed iB4] is used as a comparison. Algorithril
Is used to find the solution spa&ghat satisfies the Wi-Fi throughput threshold condition
based on Theore@.1in [84].

Algorithm 3.1 Joint CW Optimization Algorithm: Finding Solution Spa&]
1: for CWwi—gi < CWwin : 1 :CWyax do
2. Initialize CWpin,CWwmax
3 CW PP CWiyax

4 C I_OW(:,‘I‘<_ C\M\/Iin

5. (S, Sh) « TH(CWy, CW' PP

6 (9.S) « TH(CV\AN,CV\:JEO""e’)

7:

8

9

loop:
if S > 0then
while CW;'PPE"— cwEower > 1 do

10: if S > 0then
11: CWPPE"  172(CW PPE™+CwEoven)
12: (S, S5) « TH(CWy, CW PP
13: end if
14: if S < 0then
15: CWEOWer « 1/2(CW PPe+Cwomen)
16: (S,S5)  TH(CWy, CWO™e)
17: end if
18: end while

19: CWp < CWwviax

20: Save CW, corresponding CW/ %V
21 and $in S

22:  endif

23: end for

It is quite simple to find the maximum LAA throughput in the put of Algorithm 3.1
S by using the ranking function in Matlab.

The complexity of Algorithm3.1 is O(Dlog,(D)), which is the number of iterations.
Each iteration corresponds to the whole while loop (line8ifh Algorithm 3.1
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3.3.5 Exhaustive Search

The exhaustive search is also applied as a benchmark tca¢e@ihe accuracy and efficiency
of the proposed optimization algorithm. Exhaustive sedotbws the same two-step pro-
cedure in the proposed optimization scheme, i.e. 1) to gémersolution space that meets
Wi-Fi minimal throughput criterion; 2) to find the maximum B&hroughput along with its
corresponding CW combination.

For simplicity, exhaustive search has certain searchingction in terms of choosing
CW combination, i.e. searching begins with the minimal Wakd LAA CW sizes. In
each iteration, Wi-Fi throughput at the current CW comborais calculated and compared
with the predefined Wi-Fi throughput threshold. If Wi-Fi dlughput is smaller than the
threshold, then LAA CW size increases by 1, and the iteras@erformed again, until Wi-
Fi throughput is just above the threshold. CW combinatioth @@rresponding throughput
are then saved in the first row of a mats Wi-Fi CW then increases by 1 up to the
maximal Wi-Fi CW, and the above calculation and comparisoperformed again. In the
matrix S, optimal CW combination and corresponding throughputloammbtained easily.

3.3.6 Comparisons With Exhaustive Search

In this section, the optimization scheme is compared wighetkhaustive search based nu-
meric results.

We assume the throughput threshold for each Wi-Fi AP is 1r 2,Mbps, we consider
n Wi-Fi APs andm LAA coexisting together to compete for unlicensed spectrasource
(n,m C [2,3,4]). Other parameters used in the evaluations are listed ile BB MAC
header, PHY header and ACK frame length are defined in 802ahtiard §0]. The max-
imum transmission rate of 802.11ac is 96.3 Mbig§][ in the simulation the transmission
rate of Wi-Fi and LAA is set to be 50 Mbit/€], half of the maximum value for a general
case CWnmin, CWhax Slot Time, SIFS, DIFS and packet size are defined in 8024dkidsird
[90].

As shown in Fig.3.7,3.83.9, apart from a few scenarios (4 Wi-Fi APs & 4 LAA eNBs,
and 4 Wi-Fi APs & 3 LAA eNBs in Fig.3.7), optimization algorithm provides exactly the
same results as the exhaustive search does.

In scenarios with the same number of Wi-Fi APs and LAA eNBsgaér Wi-Fi through-
put threshold leads to larger LAA CW size. This is in accomtawith Theorem3.1, which
means we have to sacrifice LAA throughput for Wi-Fi throughpetection.

In a scenario with a constant number of Wi-Fi APs and the sam€&i\Whroughput
threshold, by decreasing the number of LAA eNBs, smaller LAA size can guarantee Wi-
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Table 3.2 Wi-Fi System and LAA System Parameters

Packet Size 12800 bits
MAC header 272 bits
PHY header 128 bits
ACK 112 bits + PHY headey
Wi-Fi & LAA Bit Rate | 50 Mbit/s
CWmax 64
Slot Time 9 us
SIFS 16 us
DIFS 34 us
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Fig. 3.7 Optimal combination of Wi-Fi & LAA CWs achieved by lexustive search and
proposed algorithm under 1 Mbps/AP throughput threshold
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Fig. 3.8 Optimal combination of Wi-Fi & LAA CWs achieved by leustive search and
proposed algorithm under 2 Mbps/AP throughput threshold
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Fig. 3.9 Optimal combination of Wi-Fi & LAA CWs achieved by leustive search and
proposed algorithm under 4 Mbps/AP throughput threshold
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Fi throughput above the threshold. Besides, optimal LAAtghput is higher in scenarios
with less LAA eNBs.

9
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Fig. 3.10 Comparison between optimization algorithm anklaestive search in terms of

complexity

The complexity of the optimization algorithm and the exhimessearch are compared
in Fig. 3.1Q0 Each iteration contains three parts: 1) the calculatiomefi and LAA
throughput for given number of Wi-Fi APs and LAA eNBs, 2) thelgment whether Wi-
Fi throughput is greater than the predefined threshold antie8change of CW, which
is increased by 1 in the exhaustive search scheme and is3ime Algorithm 3.1 in the
proposed algorithm. Although each iteration in the exhaestearch scheme and proposed
scheme are not the same in part 3), the time consumed in thisgrabe approximated the
same because both are algebra calculation. The numberatiotes used in the optimization
algorithm is much less (approximately 90% to 95%) than thasel by exhaustive search
to achieve the same results. The number of iterations isvalgut to the complexity of the
algorithm: the complexity of exhaustive search algoritls®{D?), while the complexity
of proposed search algorithm@Dlog,(D)) (D is the difference between the minimal CW
and maximum CW).
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3.3.7 Throughput Gain By Using Proposed Scheme

Fig. 3.11shows the total throughput achieved with optimization soh@inder various Wi-
Fi throughput thresholds, and fixed CW sizes. In generasl tbroughput increases by
decreasing the number of Wi-Fi APs and (or) LAA eNBs. Totabtlyhput shows the most
significant increase by applying fixed initial CW sizes, whdptimization scheme applied
to achieve Wi-Fi throughput above 4 Mps/AP provides thetldgasughput gain.

In dense scenario (where 4 Wi-Fi APs and 4 LAA eNBs coexi$ig, dptimization
scheme achieves much higher spectral efficiency gain (uf®%)4than applying default
CW sizes. While in a less dense scenario with only 2 Wi-Fi ARd 2 LAA eNBs, the
throughput gain achieved by optimization scheme drops by726 This shows that the
proposed optimization scheme is more effective in densesswes than in sparse scenarios
in terms of throughput increase. In scenario with 2 Wi-Fi ARd 3 LAA eNBs, the overall
throughput obtained by using the proposed algorithm giveirMhroughput threshold of
1 Mbps is slightly lower than the throughput achieved unagadit CW size. This is due to
the heavy contention.

A fluctuation is observed in LAA throughput with initial CW irig. 3.12 as the total
throughput increases with the decreasing number of Wi-F &Rl LAA eNbs as shown in
Fig. 3.11 LAA throughput can be divided into three groups accordmgdenarios: 1) the
number of LAA eNBs being greater than that of Wi-Fi APs, 2) saene number of LAA
eNBs and Wi-Fi APs and 3) the number of LAA eNBs being smahantthat of Wi-Fi APs.
LAA throughput in scenario 1) is the largest while that inrsmeo 3) is the smallest. This
is due the fact that the channel access probability of LAA sMBpositively related to the
number of LAA eNBs, a larger number of LAA eNBs coexistinglwibhe same number of
Wi-Fi APs provides higher LAA throughput. With the same nwenbf LAA eNBs, LAA
throughput is larger in scenario with smaller number of WAIPs because the channel
access probability of Wi-Fi APs is smaller. In scenario witle same number of Wi-Fi
APs and LAA eNBs, smaller number of Wi-Fi APs and LAA eNBs pdwshigher total
throughput and LAA throughput because the probability afteation is lower.

Under various Wi-Fi throughput thresholds, the LAA thropghachieved with opti-
mization scheme and fixed CW sizes are shown in Bid.2 In general, by using fixed
initial CWs at Wi-Fi APs and LAA eNBs, LAA throughput achievés the lowest. The
highest LAA throughput gain (60%-100%) is achieved by theppised optimization scheme
under a low Wi-Fi throughput threshold, i.e. 1 or 2 Mbps/AReBmallest LAA throughout
gain, 10%-30%, is achieved under higher Wi-Fi throughputghold (4 Mbps/AP). This
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Fig. 3.11 Total throughput achieved in different scenaviith optimization scheme or at
fixed initial CW sizes
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is because the total achievable throughput is limited ifemmesource is allocated to Wi-Fi
(higher Wi-Fi throughput threshold), lower throughput cenachieved by LAA.
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Fig. 3.12 LAA throughput achieved in different scenarioshwoptimization scheme or at
fixed initial CW sizes

3.3.8 Conclusion

In this section, we analyzed LAA and Wi-Fi throughput in cis¢ance scenarios competing
for the same unlicensed spectrum. By mathematical desivatie established the relations
between Wi-Fi, LAA throughput and CW combination. Then wealeped an optimiza-
tion algorithm to find the CW combination that achieves maximLAA throughput and
guarantees Wi-Fi throughput above the predefined threshold

The accuracy of the proposed optimization algorithm isdakd by comparing with ex-
haustive search. The proposed algorithm can achieve gooéd$a and spectral efficiency
with much lower complexity than the exhaustive search dligor. The proposed optimiza-
tion scheme is also shown to be more effective in dense sosnamn which both higher
LAA throughput and total throughput gains are achieved. ffhge-off between Wi-Fi and
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LAA throughput is revealed due to the fact that the total echible system throughput is
limited.

3.4 Learning-Based Contention Window Optimiza-
tion

In this section, we study the coexistence problem by usingaeement learning (RL).
We use RL to dynamically configure the initial CW sizes of bb&A and Wi-Fi to maxi-
mize LAA throughput while guaranteeing Wi-Fi throughpusbd on the learning from the
environment. To the best of our knowledge, we are the firststo RL in CW optimiza-
tion. Our work can be applied in other contention-based MAdia access technology for
performance optimization easily.

We develop a modifie@-greedy Q-learning approach to ensure the learning process
works effectively and accurately by carefully selectinggmaeters including learning rate,
discount rate, and.

The accuracy and efficiency of the Q-learning based CW opétitin algorithm is veri-
fied by comparing with existing works. With a reasonable nandj learning iterations, the
output of the algorithm is the same as exhaustive searchantibich lower number of itera-
tions. The numeric results also show that the algorithmernijpms the existing scheme in
terms of output and complexity.

In this section, we propose a Q-learning based CW optinamatigorithm to solve the
optimization problen8.22 The proposed approach can maximize LAA throughput while
guaranteeing minimal Wi-Fi throughput.

3.4.1 Q-Learning Approach

When formulating the Q-learning based approach, we consld&/i-Fi APs andM LAA
eNBs as two palyers/agents. The states of Wi-Fi APs arelieamiitial CW size of Wi-
Fi, denoted asQMN,...CMN }, while those of LAA eNBs are feasible initial CW size
of LAA, denoted as €W ..CW! . }. The combinational states is a two-dimensional
matrix denoted a§ j={CW"Y,..CWV; CW},..CW" }. The action set of the controller is
A« ={a,...ap }- Inthe Q-learning, the central controller keeps a Q-tatite ®@-values
Qi.j(S.,j,a) for each stat& j and each actiosy. This Q-value provides an estimation for
future reward if actiorgy is taken in stat& j.
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The system in stat§ j deploys actiorgy, LAA eNBs and Wi-Fi APs obtain rewards
in terms of throughput, respectively. The controller lesattme outcome of taking acticax
in stateS j. If Wi-Fi throughput is lower than the threshold, the Q-val@; (S j,ax) of
performing performing actiory in state§ j is set to be a negative number to avoid system
choosing actiory in stateS ;. We denote the state after deploying actarin stateS j as
S/, the Q-value; (S j, a) is updated as follows:

Qi(Sj,a) < (1—a)Qij(S,j,a) +alS;+ymaXQy j)] (3.36)

where a and y are the learning rate and discount factor respectively. W Qevalue
Qi j(S,j,ax) is calculated based on the currédt;(S j,ax), achievable LAA throughput
S-J and the maximum Q-value of next stade ;.

The learning rater (0 < a < 1) determines how fast the learning process can occar, if
is too small, i.e., close to O, the learning would not be éfecif it is very big, the learning
process may not converge. The discount fagt@@ < y < 1) controls the weight on current
reward and future reward. On one hand, system with a symaill consider immediate
throughput; on the other hand, learning will count on futilm@ughput heavily.

Algorithm 3.2 Q-Learning Based Approach Implementation

Initialization:
Initialize Qi (S j,a), i €{1,..1}, j €{1,...]}, a € {a,...aa  }-
Choose a random starting st&g
Learning:
Generate a random numbee U (0,1)
if r < &then
Select a random feasible action
else
Select actiora, given byargmag Qi j/(Sv i/, a,)
end if
: Update the Q-table in expression3B6
: Execute actio and update state & ;.
. Terminate until reaching maximum iteration number

=

©ooNOR N

[ S S
W N P O

3.4.2 Implementation of Q-Learning Based Approach

The main loop of the learning process can be found in AlgoritB.2, line 5 - 10, in which
exploiting the optimal action or exploring a random actismperformed based angreedy

policy.
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Once an actiory is performed in stat§ j, the next state becom&s j, and the next
actiona, is selected based agrgreedy policy, in which, a random valuec U (0,1) is
generated and is compareddo If r is smaller thare, the next actiorej will be selected
randomly. Otherwise, the action with the maximum Q-vadjie- argma&in/’j/(S/,j/, a,) is
selected in stat§ j;. Thee-greedy parameter ensures that all state/action will béoexg
as the number of trails goes to a relatively large number.dgtail of modified Q-learning
algorithm can be found in Algorithig.2

To ensure the effectiveness and accuracy of the learningepso the learning raie,
discount factory and € should be selected carefully. One on hand, the learningegsoc
should converge in a reasonable number of iterations. Owttier hand, all the Q value
Qi |(S,j,ax) related to stat&§ j and actiorgy will be explored.

Different from the usual Q-learning approach, we integtiageconstraints 0f3.23 into
our learning process. If the steffg; fails to satisfy Wi-Fi minimal throughput requirement,
rewardej is set to be a negative value (e.g., -100), so that the afgoritan be trained to
avoid entering such state in action selection stage. Afeoattion that makes CW of LAA
or Wi-Fi exceeds its feasible range will set a negative védevoid it to be selected.

Once the learning process finished, the number of iteratiemsired to obtain the opti-
mal CW combination from a random starting st&g is O(D), whereD is the difference
between the minimal CW and maximum CW.

3.4.3 Simulation Results

In this section, the optimization scheme is compared wighjaint CW optimization scheme
and exhaustive searc].

We assume the throughput threshold for each Wi-Fi AP is 1t 3,Mbps, we consider
N Wi-Fi APs andM LAA coexisting together to compete for unlicensed spectresource
(n,mC [2,3,4]).

Without any loss of generality, we consider that the statBpa and state transition in
the proposed Q-leaning based algorithm as follows

» State:

S.j = (CWV,cWh), cWW € {CW,...,CWWV}; CWE € {CW, ..., CW ).
» Action:

ay € {a1,ap, 83,84}

» State Transition:
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Table 3.3 Wi-Fi System and LAA System Parameters

Packet Size 12800 bits
MAC header 272 bits
PHY header 128 bits
ACK 112 bits + PHY header
Wi-Fi & LAA Bit Rate | 50 Mbit/s
CWhin 8

CWhax 64

Slot Time 9 us

SIFS 16 us
DIFS 34 us

a 0.5

y 0.5

€ 0.05

Sij< S a
S 1j< S
Sj+1¢ Sj,a3

Sj1+ Sj,a

Other parameters used in the evaluations are listed in 2aBlevhich is adopted in IEEE
802.11 ac standar®(]. MAC header, PHY header and ACK frame length are defined in
802.11 standard®p]. The maximum transmission rate of 802.11ac is 96.3 Mba@, [in
the simulation the transmission rate of Wi-Fi and LAA is sebe 50 Mbit/s ], half of the
maximum value for a general cas@Wnin, CWnax Slot Time, SIFS and DIFS are defined
in 802.11 standard®p]. a andy are set to be 0.5 to achieve balance between learning and
experience¢ is set to be 0.05 to make sure all the possible state-actoaxiored and a
fast convergence is achieved.

First we evaluate how effective the learning process ohiearQ-learning based algo-
rithm is, we train the algorithm 15000 and 30000 times, ireess, update Q-table those
times. The results of the g-learning based algorithm witfedint number of training itera-
tions are displayed in Fig8.13and3.14, with those of exhaustive search being benchmark.
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Fig. 3.13 Optimal combination of Wi-Fi & LAA CWs achieved byteustive search and
Q-learning based approach with different learning itersgiunder 1 Mbps/AP throughput
threshold
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Fig. 3.14 Optimal combination of Wi-Fi & LAA CWs achieved byteustive search and
Q-learning based approach with different learning itersiunder 2 Mbps/AP throughput
threshold
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The proposed algorithm is evaluated in different Wi-Fi akdALscenarios with 1 Mbps and
2 Mbps throughput requirement.

After training of 15000 iterations, our proposed algoritbam provide CW combination
close to that obtained by using exhaustive search. If wa tre algorithm 30000 times,
learning approach and exhaustive search give exactly tne sgtimal CW combination
in all the scenarios we study, which means that the learnppgoach converges at 30000
iterations.

€ F L | 4 4 Y | 4
60 9
< WiFi CW Size, Q-learning Based Algorithm (30000 iteratigns)
< LAA CW Size, Q-learning Based Algorithm (30000 iterations)
S0F o WiFi CW Size, Joint CW Optimization Algorithm
o LAA CW Size, Joint CW Optimization Algorithm
© 40 WiFi CW Size, Exhaustive Search
.(’,l‘) — LAA CW Size, Exhaustive Search
% 30, i
<. :\ [
~ °
20- S L7 T < A -
~ < 7 -~ <
~ oy, ~ ~ o 7 ~ o
10+ < < ~d
| | | | | |

(91,4) (4,3) (4,2) (2,4) (3,3) (3,2) (2,4) ‘(2,3) (2,2)
Number of WiFi APs and LAA eNBs

Fig. 3.15 Optimal combination of Wi-Fi & LAA CWs achieved bxleaustive search, Q-
learning based approach and joint CW optimization algoritimder 2 Mbps/AP throughput
threshold

If we increase the throughput requirement of Wi-Fi in the eamenario, we found that
LAA CW size is increased. A larger CW size of LAA means that LAAs lower channel
access probability, as a result, Wi-Fi has more chances ¢opycthe unlicensed bands,
leading to a higher throughput.

Comparisons are made between Q-learning approach andj@inbptimization algo-
rithm in Fig. 3.15and3.16 Q-learning approach outperforms joint CW algorithm in jnan
scenarios including 4 Wi-Fi APs, 4 LAA eNBs with 1 Mbps thrdymit requirement of
Wi-Fi.

The logarithmic complexity of Q-learning based algoritremhaustive search and are
compared in Fig3.17. The number of iterations used in Q-learning based algoritmuch
less (approximately 66% to 85%) than those used by joint C¥Wropation. The number
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Fig. 3.16 Optimal combination of Wi-Fi & LAA CWs achieved bxleaustive search, Q-
learning based approach and joint CW optimization algoritimder 4 Mbps/AP throughput
threshold
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Fig. 3.17 Complexity of proposed optimization algorithrehaustive search and joint CW
optimization algorithm

of iterations used in Q-learning based algorithm is only 20hose by using exhaustive
search. These results are equivalent to the complexityesktialgorithms, which a@(D),
O(Dlog,(D)) andO(D?).

From the numerical results, the design of the Q-learningdasgorithm is quite effec-
tive to optimize the CW combination of LAA and Wi-Fi with refzely reasonable number
of training iterations. The station only need to commurecaith the other stations to get
the number of Wi-Fi APs and LAA eNBs. Then, the training pssées carried out in an
off-line manner. This implies that the algorithm is promigito be applied in real world
resource allocation.

3.4.4 Conclusion

In this section, we study LAA and Wi-Fi coexistence sharimfjaensed bands. We maxi-
mize LAA throughput while guaranteeing Wi-Fi minimal thighput, which is formulated
as a nonlinear integer optimization problem. To solve tlodjam with reduced complexity
and without assumptions i84], we develop Q-learning based optimization approach.
The proposed Q-learning algorithm is trained with a différeumber of iterations, and
the numeric results show that it can provide exactly the s@wecombination as the ex-
haustive search does within a reasonable number of leaitenragions. The accuracy of the
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Q-learning based optimization algorithm is validated bgnparing with exhaustive search.
The proposed algorithm outperforms joint CW optimizaticheme in terms of accuracy
and computational complexity. The proposed algorithm cdmeare good fairness and spec-
tral efficiency with much lower complexity than the joint CVptonization algorithm and
exhaustive search algorithm.

3.5 Conclusions

In this chapter, we first developed comprehensive MarkovirCheodels considering the
backoff stage of Cat 3, Cat 4 LAA and Wi-Fi in sectiB2 We obtain mathematical ex-
pressions for transmission probability of an LAA eNB usingt@, 4 LBT and Wi-Fi AP
in a coexistence scenario. Further, we evaluate the LAA ané&iWWhroughput and trans-
mission delay and observe that an LAA (Cat 3 or Cat 4) netwéfdcts a Wi-Fi network
more than another Wi-Fi network. There is a trade-off betwé-Fi throughput protection
and total throughput enhancement. In sec®8 we aim to maximize LAA throughput
while guaranteeing Wi-Fi minimal throughput and it is foratied as a nonlinear optimiza-
tion problem which is NP-hard. To reduce the computatiomahglexity, we develop a
joint CW optimization algorithm based on the derivation loé relationship between LAA
(Wi-Fi) throughput against LAA (Wi-Fi) CW size. The propasalgorithm gives the same
results as the exhaustive search algorithm does with mgshtieration number. In section
3.4, we develop a reinforcement-learning based algorithmne the combination of LAA
and Wi-Fi CW in response to the traffic demand of LAA and Wi-i{&stem. We evaluate
the RL-based algorithm in terms of LAA throughput and conagional complexity, which
outperforms a joint CW optimization algorithm and exhatestilgorithm.



Chapter 4

Matching-based Unlicensed Spectrum
Allocation Algorithm

In this chapter, and as it is in our pap88], different from existing works, which typically
consider only the fairness problem or overall EE in an LTEdtiwvork and WiFi system co-
existing networks, we study the unlicensed bands allocgtioblem in the context and aim
to optimize uplink EE of each CU while guaranteeing the malithroughput of each WU
and CU. This optimization problem is formulated amalti-objective optimization problem
in which typically a set of Pareto efficient solutions can bleiaved. We utilize the weighted
sum method to transform the multi-objective optimizationlgem into asingle-objective
optimization problemwhich is NP-hard. To solve the single-objective optimizatprob-
lem with reduced computational complexity, it is modeled asany-to-one matching game
with partial information. Hergartial informationmeansncomplete preference listahich

is due to the fact that some UBs fail to fulfill a user’s mininttaoughput requirement and
are not acceptable to that user. Such a problem has not yetcbesidered in a resource
allocation context.

We propose a semi-distributed two-step matching-basearitigh to obtain a near-
optimal solution of the problem. The first step aims to sohe éxternalities problem by
extending the Gale-Sharply algorithi®4] to a many-to-one matching. Step 2 is designed
to reallocate the unmatched CUs obtained in step 1, aimingatamize the number of CUs
served. The stability, Pareto efficiency, and convergemeach step are proved. The pro-
posed algorithm is evaluated through simulations and oftpas greedy band allocation
scheme with relatively smaller computational complexity.
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4.1 System Model

ko

()
[5 Wi-Fi AP
@ Cellular User

& Wi-Fi User

@ Unlicensed Link
, Licensed Link

Fig. 4.1 System architecture of a LTE-U and Wi-Fi system

As shown in Fig. 4.1, we consider an LTE-U network sharing ISM bands (e.g. 5.8
GHz) with a Wi-Fi network. In this scenarid/l small-cell base stations (SCBSs) aNd
Wi-Fi access points (APs) distribute independently andaumily. SCBSs (deployed by
the same cellular network operator) are denote8@BS= {SCBS,...SCB&,,...SCB&}
and APs are denoted &8> = {APR,,...AR,,...AR\}, respectively. SCBSs senk cellular
users (CUs), denoted 88 = {CUsy,...CUy,...CUk } while APs servéN’ Wi-Fi users (WU),
denotedVU = {WU,,..WUy,..WUy }. CUs and WUs are independently and uniformly
distributed in the area of interest.

As shown in Fig. 4.2, the whole unlicensed spectrum is divided ithtoorthogonal
unlicensed bands (UBs) in frequency domain and slots inithe iomain. The duration
of a slot isT, consisting of 10 subframes. The duration of a subframg&LQ) is smaller
than the coherence time of the signal channel, which meatsltiling each subframe, the
transmission power attenuation caused by Rayleigh fadiegch link can be regarded as a
fixed parameter. Moreover, each sub-frame is consideretlsindependent.

Unlicensed bands are used to serve WUs by APs with carrigesenltiple access with
collision avoidance (CSMA/CA) scheme. CUs are served by S&CBy using a licensed
band for both uplink and downlink transmission, while thegls to aggregate unlicensed
bands for enhanced data rate. Unlicensed bands are shavezebe/NUs and CUs using
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Fig. 4.2 TDD sharing of unlicensed bands between Wi-Fi anf-LTusers
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the duty cycle scheme in the time domain. By using this dutlecynethod, CUs access
UBs in an almost blank subframe (ABS) patte®d][to guarantee Wi-Fi QoS by mutirg
sub-frames for each unlicensed banB,. The numbel, is adaptively adjusted based on
the Wi-Fi data requirement. Here, we consider the staticlssgonous muting pattern.

The notations used in this chapter can be found in Taldle

4.1.1 LTE-U Throughput

We denote the average uplink throughput during a slot okttileCU CUy associating with
SCB%, on unlicensed band B, asRE}r{w. Thus, the uplink throughput dniB, is given by:

Ik.,m.,u

}rfmu = (|k7m7u/1 ) Z Cl%LnJmuJ? (4.1)

wherely m is the number of sub-frameshBy allocated taCUy served bySCBG,. Cim,u
is the achievable data rate @y served bySCBS, on thei-th sub-frame ofJ By, which is
given by Shannon equatiof6:

XkmuPemGkmu ) @2
pCU |

K M
O"gl + Z]#k zm pj7m7u ]7mgj7m7u

where, Xk my is an indicator function, defined as:

Cimui = B(1+SINR = Byloga(1+

(4.3)

1, if CUy is served bySCB&, usingU By,
Xkmu = )
0, otherwise.

RCY represents the transmission power Gl to SCB$,. gk mu is the channel power gain
betweerCU, andSCB&, onUBy, andgj mu is the channel gain betwe&@U; andSCB&,
onUB,. a,% is the thermal noise.

4.1.2 Wi-Fi Throughput

Each WUWU,, access one of the unlicensed bands with equal probabiligycaMsider all
the WUs sharing the same UB as one 'WU’, the interactions éetwco-channel CUs and
WUSs can be simplified to the interactions between co-cha@htid and a "WU’ b5, 56].
The 'WU'’ that occupies) B, is denoted a%vU,. The throughput oW U, is the same as
(3.9 in Chapter 3 of this thesis:
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Table 4.1 General Notation

SCB&

them-th small cell base station

AR,

then-th access point

thek-th cellular user

theu-th unlicensed band

slot time

sub-frame time

the fraction of time LTE-U is muting o By

C
Ck,m,u

the uplink capacityCUy associating wittSCB&,
on unlicensed band By,

Ik,m,u

the number of sub-frames WBy allocated taCUy
served bySCB&,

Ck,m,u,i

the achievable data rate GtJ, served bypCB&,

Xkmu

equals 1 ifCUy is served bySCBg, usingU By

pCU

k,m

transmission power fror@Uy to SCBG,

Ok,m,u

channel power gain betwe@t, andSCB&,
onUBy

Rk,m,u

the uplink throughput o€Uy served
by SCB& onUBy

the thermal noise

WU,

Wi-Fi users orlJ By

RY

throughput requirement &/ U,

CuU
PE;

energy efficiency o€Uy

Re

Throughput requirement @Uy
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E(p)RyPs

Thy= ,
N RS R R PYTe

(4.4)

whereE(p) is the average packet size of a Wi-Fi transmissighjs the probability that
UB4 is occupied, an®' is the successful transmission probabilityd,,. J is the slot time
defined in 802.11.Ts andT; are the average time consumed by a successful transmission
and a collision irJ By, respectively.

Based on the ABS schemk, sub-frames otJB, are allocated t&/ U, to guarantee
throughput requiremem of WU, |, is calculated as:

ThylyT >RV I, € integer (4.5)

4.2 Problem Formulation

The EE ofCUy is the throughput oEUy achieved per unit power consumption with the unit
of "bits— perjoul€ [97], which is defined as follows:

pECU _ _>m Su XkmuRkmo
k = MU I pcu
2m 20 XkmulkmuFdm

(4.6)

We formulated the following EE maximization problem for baCU as a multi-objective
optimization problem:

min(—PESY, ..., —PERY), (4.7)
st

Xkmu <1, me{1,... .M}, (4.7a)

Mz M =
::MC ::MC

Xkmulkmut < Tly, ke {1,...,K}, (4.7b)

Xkmu € 10,1}, ke {1,....K},me {1,...,M},

ue{1,...,U}, (4.7¢)
PErLT{SPmax,ke{l,...,K},mG{1,”‘7M}, (47d)
Th(l)T>RY,ue {1,..,U}, (4.7€)

M U
z ZXk,m,uRk,m,u > R{Z, ke {1,...,K}. (4.71)
m ‘T
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where, constraint4.79 indicates that a CU can access to 1 UB at a tim&.7lj is the
limitation of the available subframes B, for CUs. Constraint4.7¢ is defined in 4.3).
(4.7d defines the transmission power limit of each C8.7@ and @.7f) set the minimum
throughput requirement for each WU and CU, respectively.

The multi-objective optimization is solved by using a wegghsum or scalarization
method to transform a multi-objective optimization prohlénto a single-objective opti-
mization problem98] as:

K
min(— " wPELY), (4.8)
k=1
st
K
=K, (4.8a)
k=1
K U
ZZXKmMSlamE{la---?M}? (48b)
u
M U
z ZXk,m,ulk,m,ut <Tly, ke{l,...,K}, (4.8c)
m u
Xkmu €{0,1}, ke {1,....K},me {1,...,M},
ue{1,..,U}, (4.8d)
PCY < Pnax k€ {1,....K},me {1,...,M}, (4.8e)
Th(l)T >R, ue{1,...,u}, (4.8f)
M U
z Zkaukau >R, ke {1,...,K}. (4.89)
m u

The effectiveness of the transformations is definedemma4.1[98] as follows:

Lemma 4.1. The single-objective minimizer is an effective solutiantfe original multi-

objective problem and is a strict Pareto optimum if the weiggctory is strictly greater
than zero.

where strict Pareto optimum is defined as:

Definition 4.1. Strict Pareto Optimum: A solution Matrik is said to be a strict Pareto
optimum or a strict efficient solution for the multi-obje@iproblem 4.7) if and only if
there is no mC S such that PEY (m) < PESY () for all k € 1, ..., K, with at least one strict
inequality. S is the constraintd.(/a4.71).
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We consider all the CUs have the same level of priority of asitey UBs, i.e.,
w=1lke{l,.. K} (4.9)
The EE optimization is finally transformed into:
K
min(— PELY), (4.10)
K=1
st

Xkmu <1, me{1,... M}, (4.10a)

Xkmulkmut < Tly, ke {1,...,K}, (4.10b)

M2 M =
CMC ::MC

Xk,m,u € {07 1}7 ke {17"'7K}7m€ {17"'7M}7

ue{1,...,U}, (4.10c)
PCY < Prax k€ {L....K},me {1,..,M}, (4.10d)
Thy(l)T>RY ue{1,..,U}, (4.10e)
M U
Y > XemuRemu > R ke {1,..,K}. (4.10f)
m u

We denote the solution for optimization problem10 as MatrixM, which, according
to Lemma. 4.1, is an strict Pareto optimum for the multi-objective opization problem
4.7).

The objective function4.10 is a mixed integer nonlinear programming (MINLP) prob-
lem because it is a summation BECY k € {1,...,K}. PESY is nonlinear as in4.6), in
which Iy my and Xkmu are integersRemy and PSY are continuous variables. To solve
this NP-hard MINLP problem with reduced cdmputation comjties, we developed a
matching-based solution, which will be in next section.

4.3 Matching with Incomplete Preference Lists

4.3.1 Introduction to Matching Theory

Student project allocation (SPA) is a many-to-one matchmaglel, in which each student
has a preference list of the projects that they can choose, indhile the lecturers have a
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preference list of students for each project or a preferéstcir student-project pairs. The
maximum number of students that can be assigned to eachuartproject is limited and
Is denoted as the quot&d].

Inspired by the SPA problem, we model the resource allocgtioblem in 4.10 as
a many-to-one resource allocation matching game, wher€tse UBs and SCBSs are
considered equivalent to students, projects and lectuesgectively. In this model, SCBSs
offer the set of available UBs and maintain a preferencddrséach UB, and each CU has
a preference list of UBs that they can use for uplink transiois SCBSs allocate UBs to
CUs based on the achievable EE on UBs. However, our resollocation matching game
differs from the SPA game in the following aspects:

* Maximum throughput as the 'quota’: The 'quota’ or the maximum number of CUs
can be served s limited by the capacity of a UB. The capatéydB is the maximum
achievable throughput the UB can provide for CUs after r@sgmecessary resources
to meet the minimum required WU throughput in TDD mode.

* Incompleteness of preference listsThe SCBSs sense the availabilities of UBs and
keep the CUs updated. Any UB that is not able to fulfill a CU'sximal throughput
requirement will be deleted from the preference list of thé &d the CU will also
be removed from the preference list of that UB. Only a sub&é&iBs (CUs) are in
the preference list of a CU (UB), i.e., the preference listsiacomplete.

The many-to-one resource allocation matching is defined!bsis:

Definition 4.2. Let u denote the many-to-one resource allocation matching gaeheden
two disjoint sets<CU and UB.

* Hu(CUy) =UBy indicates that the k-th CU is matched to the u-th UB
* u(UBy) = {CU,...,CUy} indicates that the u-th UB is matched{{6Uy, ...,CUy }
* 1(CUy) = CUy indicates that the k-th CU is not really matched to any UB.

Out of the individual rationality of each player, two CUs mayap their matched UBs
to increase their EE in a matching. Such matching is unstaideundesirable, and should
coverage into a stable matching, which implies the robgstoéthe matching against devi-
ations. The definition of stability of the many-to-one machis given as follows:

Definition 4.3. Stability of the many-to-one resource allocation matchgagne. A two-
sided many-to-one resource allocation matching gamis stable, only if it is not blocked
by any blocking pair or blocking individual.
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A blocking pair of a matching in the many-to-one resource allocation matching game
is defined as:

Definition 4.4. Blocking Pair. A pair(CUy,UBy) is a blocking pair of a matching if all
the following 3 conditions are satisfied:

(1) u(CUk)#UBy and pri(CUx, UBy) > pri(CUy, 1 (CU));

(2) u(UBy)#CUx and pri(U By, CUy)>pri(UBy, u(UBy));

(3) There is still enough spectrum resource inHter resource allocation in matching
of a matchingu to meet the minimum throughput requirement ofCU

A blocking individual of a matchingt in the many-to-one resource allocation matching
game is defined as:

Definition 4.5. Blocking Individual. A CU is a blocking individual of a matoh u if it
prefers being unmatched rather than being matched to aniadnla UB.

4.3.2 Preference Lists of CUs Over UBs

We assume that the preferenceGify overUBy is based on EIPEE}TJ]U achieved byCUy
served bySCB&, usingU B, to guarantee its QoS threshold, which is written as follows:

PEEU _ ZnM1 ZH XkmuRkmu
mu —
/ Zm ZH Xk,m,upgr?qlk,m,ut

(4.11)

If both UB, andUB can fulfill the minimum throughput requirement GfJ,, andCUy
can achieve higher EE usingB, thanUB,,, CUy prefersU B, overUB, which is stated
mathematically as follows:

pri(CUy, UBy) > pri(CU,,UBy) < PECH, > PECH (4.12)

The preference lists of each CU are set up based on local ehs@msing information and

unlicensed band availability alone in a distributed manrigssed on the preference lists
information, the resource allocation is performed at SCB&#rally. Thus, the resource
allocation matching scheme is semi-distributed.

4.3.3 Preference Lists of SCBS OveiQUy, UB,) Pair

The preference list cBCB, over user-band paiCUy, UB,) is based on the EE achieved
onU By by CU to fulfil the QoS threshold aEUyx. SCBS, prefersCUy overCUy to occupy
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UB, if CUy can achieve higher EE th&U,, by usingU By, which is stated as follows:

pri(UBy,CUy) > pri(UBy,CUy) < PEC, , > PEZY, (4.13)

/7m7u

4.3.4 Matching-Based Algorithms

The above resource allocation matching game is solved instejos and for each step an
algorithm is developed.

Step 1: Modified GS Algorithm for Many-to-One Resource Alloation Matching Game

For the first step, an extension of the GS algorithm is dewgdp solve the many-to-one
matching with incomplete preference lists. An iteratiogibe with every unmatched CU
making a proposal to their favourite UB (i.e., the first UB)tbeir current preference lists.
The UB that has been proposed will be removed from its prapoeeés preference list. For
eachUB,, SCBSs decide whether to accept or reject the proposblBtdased on SCBSs’
preference lists ovelQUx, UBy) pairs. SCBSs choose to keep the most preferred CUs as
long as these CUs do not occupy more resources than the UB offet and the remaining
CUs are rejected. Such a procedure runs until every CU isremtiatched or its preference
listis empty. The implementation detail of Step 1 of the aildpon is stated irt.1as follows:

Algorithm 4.1 Many-to-One Matching

1: Input: CU,UB, PL°Y, pPLUB

2: Output: Matchingpy

3. Stage 1:Proposing:

4:  All free CUy propose their favourite) B, in their preference lists, and remolB,,
from the list.

. Stage 2:Accepting/rejecting:

UB, accepts the most preferredoroposers based on its preference list, the rest are
rejected. The sum of the slot time of the accepted proposesibt exceed its available
resource time.

7:  None of the accepted proposers are free.
8: All the rejected proposers are free.
9: Termination Criterion:
10: Ifevery CU is either allocated with a UB or its preferenceéiksempty, this algorithm
terminates with an outpuyt; .
11:  Otherwise Stage landStage 2are performed again.

o Ol

Theorem 4.1. Stability of u;. In any instance of a many-to-one matching, Algorithrh
terminates with a stable matching.
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Proof. We prove this theorem by contradiction and assume that fimstance of a many-
to-one matching, Algorithrd.1 terminates with an unstable matchipg, i.e., there exists
at least one blocking pai€(y, UB,) or one blocking individuaCUy in matchingu; .

If there exists one blocking pail€Uy, UBy) in us:

 Case 1: Inug, UBy is unmatched an@Uy is matched wittUB;,.

If UBy is not on the preference list 8Uy, there is no incentive faZUy to match with
UBy; If pri(CU,,UBy) > pri(CUx,UBy), andCUy is matched withJ B, in u, then
there is no incentive foEUy to match withU By; If pri(CUy,UBy) > pri(CUy,UBy ),
thenCUy proposes tdJ B, beforeUB,,. CUy is rejected during the proposal stage or
is first accepted by By, then is rejected in later stages becdu8g prefers other pro-
poser. In conclusion, in any situation in whickJ is matched antd B, is unmatched,

a blocking pair does not exist.

e Case 2: Inuq, bothUB, andCUy are unmatched.

UBy is unmatched means that it receives no proposal from CUjdinadyCUy. This
means that) By is not onCU\/s preference list, then there is no incentive @y
to match withUBy. In conclusion, in any situation in which bo@U, andUB, are
unmatched, blocking pair does not exist.

« Case 3: Inug, UBy being matched witlCU, andCUy unmatched.

CUyg is unmatched means that eith&B,, is not in its preference list, or all its proposals
have been rejected. For the former, there is no incentivElfiy to match withU By,.

For the latterlJ By, rejectsCUy because it prefers other proposer(s). Thus, there is no
incentive forU By, to match withCUy. In conclusion, in any situation in which both
CUy is unmatched and B, is matched, a blocking pair does not exist.

* Case 4: Inug, UBy is matched wittCU; andCUy with UB;,.

UBy must be orCU;s preference list, and vice versa, otherwise, there is reniine

to form the CUy, UBy) pair. If pri(CUy,UBy) > pri(CUy,UBy), then,CUy does not
have an incentive to match withBy if it is matching withUBy. If pri(CUy,UBy) >
pri(CUx,UBy), then, CUy proposes tdJB, first and gets rejected, becausd,
prefersCU,; to CUy, then there is no incentive farB, to match withCU,. In conclu-
sion, in any situation in which botGUy andU B, are matched, a blocking pair does
not exist.

The above analysis leads to contradictions,Gdy( UB,) is any pair, we could prove
that there is no blocking pair in matching.
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If one blocking individualCUy or U B, exists inp:
for blocking individualCUy:

» Case 1: Inup, CUg is matched withJ By, i.e.,UBy is onCU\’s preference list, as such
CUy does not have incentive be unmatched. In conclusion, in dngt®n in which
CUyg is matched, blocking individu&Uy does not exist.

e Case 2: Inuy, CUy is unmatched. There are 2 possible reasons. The first is that
the preference list dEUy is empty. The second is &llU, proposals are rejected or
first accepted than gets rejected at a later stage. For tiweseatses, n&J B, has an
incentive to matciCUy.

In conclusion, in any situation in whidBUy is unmatched, blocking individu&Uy does
not exist.
for blocking individualU By:

e Case 1: Inup, UBy is matched witlCUy, i.e.,CUy is onUBy’s preference list, as such
UB, does not have incentive be unmatched. In conclusion, in dngt®n in which
U B, is matched, blocking individu&l B, does not exist.

» Case 2: Inug, UBy is unmatched. There 2 possible reasons. The first is that the
preference list o) B, is empty. The second is all CUs are matched to UBs, which has
a higher level of preference thahB,. For these two cases, B, has an incentive
to unmatched, because it is already unmatched.

In conclusion, in any situation in whidBUy is unmatched, blocking individu&Uy does
not exist.

As the above blocking paiQUg, UBy), blocking individualsCUy or UB, can be any
pair or individual, thus, we prove that there is no blockiragrmr blocking individual in
matchingy; . ]

Theorem 4.2. Praeto optimality ofu;.
In any instance of a many-to-one matching, stable matchirachieved by.1is Praeto
optimal, i.e., no player(s) can be better off, without redgahe other players’ EE.

Proof. In stable matching:

e Case 1: There exists an unmatcli&d,, which can be matched tdB, to increase
the achievable EE of bot@GUy andU B, meaning thatQUy, UB,) is the blocking
pair of matchinguy, contradictingTheorem 4.1
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» Case 2: There exists €, UBy) pair. ObviouslyCUy does not have an incentive
to be unmatchedCUy has the incentive to change partner fralB, to UBy to in-
crease its achievable EE, meaning ti@t¢, UB) is a blocking pair of matching;,
contradictingTheorem 4.1

It is impossible to increase the EE of some CUs’ without desireg that of the remaining
of the CUs. The state stands for UB, which can be proven silpiéea above. O

We define the computational complexity of Algorithdnl as the number of accept-
ing/rejecting decisions required to output a stable matg,. The complexity of Algo-
rithm 4.1, i.e., the convergence of Algorithtlis given inTheorem 4.3,

Theorem 4.3.Complexity of Algorithrd.1(Convergence of Algorithah 1). In any many-to-
one resource allocation matching game, a matchingan be obtained by using Algorithm
4.1within 0(KU) iterations.

Proof. In each iteration, a CU proposes to its most favourite UBdritrrent preference list,
and SCBS accepts/rejects the proposal. The maximum nurhéleneents in the preference
list of CUy equals the number of UBs, i.&J,. Thus, stable matching; can be obtained in
0(KU) overall time, wher& is the number of CUs arld is the number of UBs. O

Step 2: EE Optimization

As proven above, stability and Pareto optimality have baeranteed by using Algorithm
4.1, meaning that there are no incentives for any CUs and UBsrito éonew matching. If
the preference lists of CUs are incomplete, some CUs may tmatamed 99|, [100.

To further maximize the system’s EE, AlgorithhRis developed in step 2 by increasing
the number of CUs matched. An iteration of Algoritih® begins with a unmatchedUy
proposing to its most favouritd B, and thidJ By would be deleted from the preference list
of CUx. An SCBS would consider this proposal as profitable if théofeing criteria are
fulfilled:

* After deleting several non-favourite or all CUs matchethwl B in u; obtained via
Algorithm 4.1, the minimal throughput €Uy can be achieved by usihgB,

* All the deleted CUs could be served by other UBs to fulfillitheinimal throughput
requirement.

» The EE of the new matching is greater than that of the previous matchjng
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Such matchingu would be considered as a profitable reallocation, and woeldduated
as the new matching, if there is only one profitable realiocatShould there be multiple
profitable reallocations, the one that enhances the oveEallhe most would be the new
matching. Algorithm4.2 would run until every CU is either allocated with a UB or its
preference list is empty. The detail of AlgorittdrRis described as follows:

Algorithm 4.2 System EE Maximization & Unmatched CUs Reallocation

1: Input: CU,UB, PLY, PLYB 1y
2: Output: Matchinguy
3: Step 1:Proposing:
4.  Every freeCUy proposes to their favouritd B, in their preference lists, and removes
U B, from the list.
5. Step 2: Reallocation:
EachCUy is accommodated i By by deleting its least favorite partners i, to
ensure that the occupying slot time does not exceed theablatlot time.
7. All the deleted CUs can be accommodated by other UBs. A maggly is formed.
8: EE increases from matching to p.
9: Uy is stored if all the above three criteria are fulfilled, oradisded otherwiseStep 2
is performed until all free CUs have gone througjiep 2
10: Step 3: Accepting/rejecting:
11: The g that increases the system’s EE most is updaf&dgl;is set to be served. The
restuy are rejected, an@Uy are rejected and set to be free.
12: Termination Criterion:
13: Each CUs is either allocated with a UB or its preference siggmpty, this algorithm
is terminated with an outpuyt,.
14:  Otherwisestep 1, step 2andstep 3are performed again.

o

Theorem 4.4.Stability ofu>. In any instance of many-to-one matching, stability is achd
by using Algorithn¥.2in L.

Proof. We prove this theorem by contradiction and assume that farstance of many-to-
one matching, Algorithn#.2 terminates with an instable matchipg, i.e., there exists at
least one blocking paiQUyg, UBy) or one blocking individuaCUy or U B.

If there exists one blocking pail€Uy, UBy) in uo:

» Case 1: Inup, UBy is unmatched an@Uy is matched witHJB|,. If UB, is not on
the preference list €Uy, then,CUy does not have an incentive to match witi;
If pri(CUx,UBy) > pri(CUx,UBy), andCUy is matched witHJB], in L, thenCUy
does not have an incentive to match witB,; If pri(CUy,UBy) > pri(CUy, UBy),
thenCUy proposedJ B, beforeUB,, in Algorithm 4.1, or re-matches tb B, before
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UBy in Algorithm 4.2 The result is tha€CU, matches tdJ By, meaning thaCUy

is rejected at some stage in Algorithdnl or Algorithm 4.2 In conclusion, in any
situation in whichCUy is matched antl B, is unmatched, a blocking pair does not
exist.

e Case 2: Inui, UBy being unmatched ardUy, unmatchedU B, is unmatched means
that it receives no proposal from CU, includi@Jy in both Algorithm4.1 and Al-
gorithm4.2 As both Algorithm4.1 and Algorithm4.2 terminate when every CU is
matched or its preference list is emptyB, being unmatched means that either its
preference list is empty or does not contdiB,. ThenCUy does not have an incen-
tive to match withU B,. In conclusion, in any situation in which bo@U, andU B,
are unmatched, a blocking pair does not exist.

« Case 3: Inu1, UBy being matched witU; andCUy unmatchedCUy is unmatched
means that either it has B, in its preference list, or all its proposals have been
rejected in both Algorithmd.1, andCUy can not be matched to any UBs in the re-
allocation stage in Algorithrd.2 For the former case;Uy does not have an the
incentive to match withJ B,. For the latter casé&) B, rejectsCUy because it prefers
other proposer(s), and there are not enough spectrum pesot B, to serveCUy,.
Thus,U B, does not have incentive to match wikJ. In conclusion, in any situation
in which bothCUy is unmatched and B, is matched, a blocking pair does not exist.

* Case 4: Inug, UBy is matched withfCU, andCUy with UB[,. UBy must be orCU,s
preference list, and vice versa, otherwise, there is naineeto form the CUy, UBy)
pair. If pri(CU,,UBy) > pri(CUy,UBy), then,CUy does not have an incentive to
match withU By, if it is matched withU By . If pri(CUy,UBy) > pri(CU,UBy), then,
CUy proposes tJ By, first and is rejected, either becaus$B,, prefersCU, to CUy, or
(UBy,CU,) is formed in the re-allocation stage. For the forniéB, does not have
an incentive to match witBU,. For the latterl) B, does not have sufficient spectrum
resource to serv€Uy, otherwise, thgCUy,UBy) pair has been formed ipz. In
conclusion, in any situation in which bo@Uy andU B, are matched, a blocking pair
does not exist.

Contradictions, asQUy, UB,) is any pair, thus, we could say that there is no blocking pair
in matchingi.

If there exists one blocking individu@lUx or UBy, in Lo:

for blocking individualCUy:
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e Case 1: Inup, CUy is matched withJ By, i.e.,UBy is onCU\’s preference list, then
CUy does not have an incentive to be unmatched. In conclusicemyrsituation in
whichCUy is matched and blocking individu@lJy does not exist.

for blocking individualU By:

e Case 1: Inup, CUy is matched withJ By, i.e.,CUy is onUBy’s preference list, then
UB, does not have an incentive to be unmatched. In conclusicemyrsituation in
which bothU B, is matched and blocking individulllB, does not exist.

In the above proof, blocking pai€{Ux, U By), blocking individualCUy orU B, can be any
pair or individual, thus, we could prove that there is no klog pair or blocking individual
in matchingpo. O

Theorem 4.5. Praeto optimality ofu,. In any instance of one-to-many matching, Praeto
optimality is achieved by usirg2in L.

Proof. In stable matchingi,:

e Case 1: An unmatche@Uy exists, which can be matched ttB, to increase the
achievable EE of bot6@Uy andU B, meaning thatQUy, UB,) is the blocking pair of
matchinguy, contractinglTheorem 4.4.

» Case 2: An existing aQUg exists,UBy) pair. Obviously,CUy does not have an
incentive to be unmatched Uy has the incentive to change partner frahB, to
UBy to increase its achievable EE, meaning thaB(, UBy) is a blocking pair of
matchinguy, contractinglTheorem 4.4.

It is impossible to increase the EE of a CU without decreatfag) of the remaining CUs.
The statement stands for UB, which can be proven similarbbase. O

Theorem 4.6.Complexity of Algorithrd.2(Convergence of Algorith#.2). In any instance

of many-to-one matching, a matchipg can be obtained by using Algorith#n2 based on
matchinguy within ©(mU(K —m) (U — 1)) iterations, where m is the number of unmatched
CUs in ;.

Proof. At proposing step in Algorithrd.2, each one om unmatched CUs proposes to its
favourite UB, such a8 By, in its current preference list. The maximum number of CUs
being matched t& B, in pj is (K—m). Then, the matched CUs &fB,, will be deleted
from mu, and re-matched to the rest of UBs in their preference ligie. Maximum number

of CUs that are deleted {& — m). For each deleted CU, the maximum number of UBs in
its preference list isU — 1). Thus the maximum number of accepting/rejecting decisions
made i K —m)(U — 1) for each proposal of an unmatched CU. As thaenmatched CUs,
the total number of accepting/rejecting decisions madKis m)(U — 1) x mU. O
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Table 4.2 Parameters for LTE-U uplink EE optimization siatidn

Number of CUs 6,9, 12,15,18 and 21
Network Radius 100 m

CU Traffic Level TR°) | 10, 15, 20, 25, 30, 35 and 40 Mbps
WU Traffic Level (TRV) | 20 Mbps

Unlicensed Spectrum | 5 GHz

UB Bandwidth 20 MHz

CU Transmission Power 20 mw

T 10us

t lus

Packet Size 12800 bits

MAC header 272 bits

PHY header 128 bits

ACK 112 bits + PHY header
Wi-Fi & LAA Bit Rate 50 Mbit/s

CWinitial 8

Slot Time 9 us

SIFS 16 us

DIFS 34 us

4.4 Numerical Results and Analysis

4.4.1 Simulation Setting

We perform Monte Carlo simulations in a circle with a radidid @0m with CUs randomly
and uniformly distributed. The throughput requirement atle WUs and CUs are both
random values between the range of [®"] and [0, T K], respectively. We evaluate the
performance of the proposed matching based resource tdio@dgorithm in the network
versus the number of CUs and traffic load of CUs. The numbelus @ries from 9 to 21
andT R varies from 10 to 40 Mbps. We assume the total number of UBs @ #\pplying
frame structure in LTE, We set the slot timieto be 10us, and the sub-frame duration is 1
us, which is much smaller than the channel coherence timesdedr scenario with a certain
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network density and traffic load level, simulation is runQD times. CUs are randomly
located in the area of interest 100 times, and in each timeregidading is performed 100
times.

All other parameters can be referred to in Table2 MAC header, PHY header and
ACK frame length are defined in 802.11 stand&@@ | The maximum transmission rate of
802.11ac is 96.3 Mbit/s90], in the simulation the transmission rate of Wi-Fi and LAA is
set to be 50 Mbit/sZ], half of the maximum value for a general caS&Vinitia IS the initial
CW size defined in 802.11 standaBf)]. CWpin, CWmax Slot Time, SIFS, DIFS and packet
size are defined in 802.11 standa®@d|
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Fig. 4.3 System Energy Efficiency for Scenarios with Differlumber of CUs

4.4.2 EE and Fairness Between CUs

We first analyze the system EE obtained by the proposed magtdfsised scheme versus
the number of CUs and traffic load levels in Fi§3. Our proposed algorithm outperforms
the greedy algorithm and random allocation in both low-igr(§ CUs) and high-density
networks (18 CUs) with a light traffic load frofR°=10 Mbps per CU and heavy traffic
load with TR°=40 Mbps per CU. In the light and the heavy traffic load scearhe sys-
tem EE obtained by our proposed method is 30% and 50% moretiaanbtained by the
greedy algorithm, respectively. As shown in Fig.4 for the same number of CUs, with
the increasing of traffic load per CU, the system EE decrelasesuse more CUs remain
unserved in the heavy traffic load scenario. This is becausecupies more resources to
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serve a CU with higher traffic demand, leading to a drop in thmlmer of CUs that can be
served in the network, i.e., more CUs fail to achieve thewtighput requirement.
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Fig. 4.4 The Number of CUs Served

On the contrary, with the same traffic load level, more CUsltembe served in the
dense scenarios, leading to an increase of system EE as ghévgi 4.5. In dense scenar-
ios, more CUs have the chance to meet their throughput geint, due to many factors,
such as the distance between CU and SCBS and channel carizktiween CU and SCBS.
Although the number of CUs served increases with the numb€tJs in the network, ex-
cept for the low traffic demand scenario, the percentage of Dt have their throughput
requirement fulfilled drops, as shown in Fig.6. In a low traffic demand scenario, where
the spectrum resource is sufficient to serve every CU witin tequired throughput demand,
almost 100% of CUs’ being served rate is achieved by the m@galgorithm, compared
with less than 90% achieved by the greedy algorithm and emgarlserved rate using the
random algorithm. In medium and high traffic demand scendhie percentage of CUs
served decreases with the increase of CUs in the network ing asy one of the three
algorithms. However, the proposed algorithm still outperfs the greedy algorithm and
random algorithm by around 35% and 50% 120%, respectivelyusTwe could say that
the proposed algorithm works more effectively in CUs’ fass compared with the greedy
algorithm or the random allocation scheme.
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4.4.3 Throughput Analysis

Throughput is another performance matrix for both the systed an individual CU. As
shown in Fig.4.7, in the 6 CUs scenarios with low traffic demand, three alparg achieve
similar results. This is because the unlicensed spectrsouree is sufficient to serve ev-
ery CU with its relatively low traffic demands. In low traffiechand, system throughput
increases with the number of CUs almost linearly by usingptioposed algorithm and the
greedy algorithm, because the spectrum resource is dtitisnt. The proposed algorithm
outperforms the greedy algorithm. However, there is anahbpect of heavy traffic load. In
the network with 6 CUs, the proposed algorithm achieves 6G3erthan the greedy algo-
rithm, and more than 100% more than the random scheme. Witimtinease of the number
of CUs in the network, the overall throughput achieved byhgghe proposed algorithm
tends to saturate in heavy traffic load scenarios. This iaumEthe capacity is limited by
the available unlicensed spectrum resources.

300—=Proposed Scheme, 10 Mffps ' '
= Random Scheme, 10 Mbps

250+ |®Greedy Scheme, 10 Mbp .
-Proposed Scheme, 40 Mbps
- Random Scheme, 40 Mbps
-»-Greedy Scheme, 40 Mbp

System Throughput (Mbps)

6 8 10 12 14 16 18 20 22
Number of CUs in the System

Fig. 4.7 System Throughput In Different Traffic load Level

4.4.4 Computational Complexity

The theoretical upper bound of the computation complexitilgorithm 4.1and4.2 have
been given inTheorem 4.3, andTheorem 4.6. Here we show the simulation computation
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complexity of the proposed algorithm in typical traffic loscenarios in Fig4.8. The com-
putational complexity is represented in terms of iteratiambers. An iteration ifheorem
4.3andTheorem4.6are the same, which contains two parts: 1) an unmatched Qb peal
to its favourite UB in the CU'’s preference list, 2) an acceptor rejection made by SCBS
on the proposal. The complexity of the proposed optimizagigorithm in each scenario is
the summation of the iteration numbertieorem 4.3andTheorem 4.6.

There are positive correlations between the complexityreatdiork density at the same
traffic load level. Specifically, at the lowest traffic load(lbps), complexity is slightly
more than the number of CUs in the network. This means thataline low traffic demand
of each CU, almost all the CUs’ first proposal are accepteda low traffic case, most
CUs are matched by using Algorithth1l and Algorithm4.2 is seldom performed. The
complexity increases with the traffic load level from 10 toNBps. This is because with
the increase of traffic load level, increasing CUs are unhwatdn p; by using Algorithm
4.1and the number of iterations that Algorithh2 performs is increasing. The complexity
of an iteration in Algorithm4.2 (&' ((K —m)(U — 1))) is much larger than that in Algorithm
4.1(0(V)), leading to an increase of complexity. At an even highdfitréoad level, the
complexity begins to drop. At this stage, the number of UBa i@U’s preference lists is
much smaller than that in a medium traffic load level. The clexity of obtaining matching
U1 is much smaller. Although the number of unmatched CUs risélsa scenario with the
same network density, elements in their preference listsrarch less, the complexity in an
iteration drops significantly, leading to the decrease ofijgotational complexity at a high
traffic load level.

4.5 Conclusions

In this work, we have studied the uplink resource allocapimmblem in a LTE-U and Wi-Fi
coexistence scenario to maximize each CU’s EE. We formdildte problem as a multi-
objective optimization, and transformed it into a singlgextive optimization by using the
weighted-sum method. We proposed a semi-distributed@ratdching with partial infor-
mation based algorithm to solve the problem. Compared Wwighgreedy algorithm based
resource allocation scheme, our proposed scheme achrapesvements of up to 50% in
terms of EE and up to 66% in terms of throughput. Furthermeedhave analysed the com-
putational complexity of the proposed algorithm theowdtjcand by simulations, thereby
showing the complexity is reasonable for real-world depient.

In the next chapter, we will extend our work into unlicensathdis and licensed bands
allocation for the sake of UE QoS, which will be the major cemmcregarding unlicensed
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Fig. 4.8 Computational Complexity in Different Scenario

spectrum usage. Currently, a UE tends to connect to WiFiaor&two matter how poor the
service is, which lead to poor user experience. To solvedhatlenge, we will consider
unlicensed and licensed bands jointly allocation and agvede utility function prioritizing
UE QoS. Again, this resource allocation problem can be fémted into a matching game
and the QoS requirement can be transferred into the prefetists of CUs. ABS scheme of
LTE in the unlicensed bands and OFDMA of LTE in the licenseddsawill be performed
in a many-to-one and one-to-one integrating matching.



Chapter 5

Licensed and Unlicensed Spectrum
Allocation With Pricing Strategies

In this section, we extend the resource allocation probler@hapter4 from unlicensed
bands sharing to licensed & unlicensed bands sharing, Wldsecan access both licensed
and unlicensed bands. A primary goal of deploying LTE in thécensed spectrum is to
alleviate the scarcity of the licensed spectrum througloaffing traffic to the unlicensed
spectrum. Operators may apply pricing strategies to emhafilwading, i.e., operators set
different prices for a CU to access the unlicensed and lexibsnds. Another reason for
the use of pricing strategies is operators pay differerdtyeimploying the unlicensed and
licensed spectrum.

We aim to maximize the utility (defined as a function of CU thgbput and monetary
cost) of each CU while guaranteeing the throughput requerégsmof both CUs and WUSs.
Accordingly, we formulate a multi-objective optimizatipnoblem, which is further formu-
lated into a matching game, where CUs and the licensed & emdied bands form two
agents, and the constraints of the optimization problentraresformed into the preference
lists of these two agents. Different from Chaptewe jointly consider the allocation of LBs
and UBs by integrating one-to-one and many-to-one matcimrige proposed marching-
based algorithm. The stability, Pareto efficiency and cayesece of the proposed algorithm
is proved.

The effectiveness of the proposed matching-based algoiglvalidated by comparing
with exhaustive-search algorithm and is further used ttuewa the performance of different
pricing strategies in terms traffic offloading, system tlyimout and revenue of the operators.
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5.1 System Model

We consider a single small-cell base station (SCBS) andpheiltVi-Fi access points (APS)
coexisting in an area, serviig WUs andM CUs, denoted byV U, andCUy,, respectively,
wheren € {1,2,...,N} andme {1,2,...M}. The SCBS, Wi-Fi APs, CUs, and WUs are
independently and uniformly distributed within the arearérest. The licensed spectrum
is divided intoL orthogonal licensed bands (LBs) with the same bandwigttdenoted by
LB;,l € 1,2,...L. The considered unlicensed spectrum is equally dividexlintrthogonal
unlicensed bands (UBs) each with the same bandviBdthdenoted byJB,,u € 1,2,...U.
For each UB, the time is divided into time slots each with aqueof T. The duration of
a time slot isT /10, which is shorter than the channel coherence time. Toagtee WUS’
QoS requirements, a certain number of sub-frames per tiotersh UB are reserved for
WUSs’ use only. CUs are permitted to occupy the remainingfsaimes in a time slot. A
CU can access either an LB following the orthogonal frequetigision multiple access
(OFMDA) or a UB (following an almost blank subframe (ABS) fgah [95]) to achieve its
minimum throughput requirement.

We also consider pricing strategies designed by operatotii$ resource allocation
problem for the following reasons:

« Traffic offloading: It has been shown that pricing strategies are effectiveaiffic-
load balancing among base statiohg][ We also consider they can be used to offload
traffic from the licensed spectrum to the unlicensed spattru

* Revenues of operatorsOperators paid differently prices for using the licenseelcs
trum and unlicensed spectrum: itis quite expensive to uskdbnsed spectrum while
using the unlicensed spectrum is much cheaper or even figeage.

» User’sinterest The achievable QoS for a user accessing the unlicensettspeand
licensed spectrum are generally different and correspmgngicing are different as
well. QoS and price should be jointly considered by a usehtmse between licensed
and unlicensed spectrum.

For denotational simplicity, we denoBg as thek-th LB or the(k — L)-th UB as follow-
ing:

LBy, if ke {1,2,...,L},

B = { K if ke { } (5.1)

UBy_, if ke {1+L,2+L,....U+L}.

The throughput of thenth CU in By is calculated byT HSY = ziTm’kCCU whereCC!

m,K,i’ m,K,i
denotes the achievable data rateCafy, using thei-th sub-frame of thé-th band,Tp is



5.2 Problem Formulation 96

the number of sub-frames in theth band allocated t€Up, andCSY ,, which is given by
Shannon equatior®f:

Xm7kp%igm7k7i
M . pCUq. ..
O + 3 emXi uPE ) ki

Coki = B(1+SINR = Bioga(1+ ), (5.2)

in which xm is a binary indicator that equal 1@Un usesBy and 0 otherwisePSY is the
transmit power oCUp, on By, gmki is the channel power gain betwe€by, and the SCBS
on thei-th sub-frame 0By, anday is the thermal noise power.

Each WU has an equal probability to access one of the UBs. §#gd¢he WUs sharing
the same UB as one WU, thus the interactions between co-eh&us and WUs can be
simplified to the interactions between co-channel CUs and B[8%]. The WU that occu-
piesUBy is denoted byVU,. The throughput o¥VU, is the same as3(9) in Chapter 3 of
this thesis:

E(p)R;Ps
(1-RNS+RIPTs+RI(1-PYTe,

ThVY = (5.3)

whereE(p) is the average packet size of Wi-Fi transmissid®s,is the probability that

U B4 is occupiedP is the probability that a successful transmission occulsBy, J is the
Wi-Fi time slot duration $9], and Ts and T, are the average time consumed by a successful
transmission and a collision By, respectively.

5.2 Problem Formulation

We define the utility oCUm asUm = S5 XmkUmk, WhereUn is the utility of CUn, using
By following Um=THGZ—M(THSY). M(THSR) is the monetary cost th&Un pays for
using Bk to achieve throughput Hr%‘j Note that the monetary cost may vary when using
different bands, especially for the usage of LBs and UBs.

To guarantee the quality of service (QoS) of each WU and eatha@d the fairness
between CUs, we aim to maximize the utilities of all the M CUwml dormulate it as a
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multi-objective optimization problem as follows:

max(Uy,...,Un,...,Un), (5.4)
{Xm, }
subject to,
U+L
Xmi <1, me{1,...M}, xm| € {0,1}, (5.4a)
=01
M
> XmuTmuT/10<T(10—14)/10, ue {1,...,U}, (5.4b)
m=1
Thy(10—1,)T/10>RY I, € {1,...,10}, (5.4c)
PSU < Phaw Me{L,...,Mhue {L+1,.. L+U}, (5.4d)
PSY < Prax me{1,...M} 1 €{1..L}, (5.4e)
THSY > THYN me {1,..,M}, (5.4f)

where Ty is the number of sub-frames By allocated toCUp, Pﬁld and Pﬁﬁ’ are the
transmit power ofCUy, in UBy and inLB, respectively. Constrain6(4g indicates that

a CU can be allocated up to 1 UB or 1 LB at a time. Constrébdld the maximum
number of sub-frames of each UB reserved for LTE-U transoms&nd constrainty(.49
describes thdt, sub-frames ol B, will be allocated to the WU to guarantee its throughput
requirement. The maximum transmission power each QWBp and inLB, is set in .40

and 6.46, respectively, and5(4f) requires that achievable throughput of a CU is greater
than its minimum throughput requirement.

One possible approach to solM&4) is to transform it into a single-objective optimiza-
tion problem by using the scalarization approg@ P3]. As xm is an integer, the obtained
single-objective optimization problem is a mixed integenknear programming (MINLP)
problem, which is NP-hard. In the next section, we developatéching-based algorithm
to solve the proposed optimization problem §4j, which is efficient to achieve Pareto
optimality.

5.3 Matching-based Algorithm

In this section, the proposed matching-based algorithrmedipg in a semi-distributed man-
ner will be introduced. Initially, each CU constructs itefarence list based on local mea-
surements of channel state information and UB availabgityl reports these to its serving
SCBS. The preference lists for LBs and UBs are then compiléde SCBS along with a
rejecting/accepting procedure as detailed below.
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5.3.1 Preference Lists Setting

The preference list of a CU ranks its preference for each LBW@B. The preference level
of By is based on the utility of this CU oBy. CUy, prefersBy overB,, if CU, can achieve a
higher utility usingBy than usingBy, i.e.,

pri(CUm, Bk) > pri(Clm, Br) < Umk > Umk, (5.5)

wherepri(CUn, By) is defined as the preference levelGif, for By.

The preference list dBy ranks its preferences over all CUs based on the monetary rev-
enue obtained by serving each (&}.prefersCU,, overCU,, if a higher monetary revenue
can be obtained by servi@Jy, than servingCU, i.e.,

pri(Bx,CUn) > pri(Bx,CUy ) <
P(THRL) > P(THGL), 6)

wherepri(By,CUp) is the preference level d for CUp,.

5.3.2 Matching based Algorithm

To solve the optimization problend @), we propose Algorithn®.1, which consists of two
stages: th@roposing stagend theaccepting/rejecting stagen the proposing stage, each
CU proposes to its associated SCBS to use the favorite baitsl pneference list. In the
accepting/rejecting stage, two types of matching are il The matching between LBs
and CUs is a one-to-one matching following OFMDA while theiching between UBs and
CUs is a many-to-one matching following ABS8.[ Externalities exist in the many-to-one
matching because the choice of one CU may affect those of @bls. The problem of
externalities is solved in line 6 of Algorith&. 1

Algorithm 5.1terminates when each CU has been matched with a band orfésgree
list is empty and returns a stable matchpagIn the following, we prove the stability and
Pareto optimality of the match obtained by Algorithnb.1

Theorem 5.1. The matchingu returned by Algorithn®.1is stable.

Proof. We assume that for an instance of the matching problem, Algor5.1 terminates
with an instable matching, i.e., there exists at least one blocking p&tJg, Bx) or one
blocking individualCUp, or Bx in matchingu, whereme {1,..., M} andk € {1,...,L+U}.
If there exists one blocking pail€Um, By) in u and
Case 1 CUp, is matched witlBy, then it is possible that
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Algorithm 5.1 Matching-based algorithm

1: Input: LB,UBandCuUs.
2: Output: Matchingu
3: Step 1:Proposing:
4.  All free CU, make a proposal to their favourite baBgin their preference lists and
the band is removed from the list.
5. Step 2: Accepting/rejecting:
: Based on%.4b, UBy accepts its most preferredoroposals, while the rest are reject-
ed.
7: LBy accepts its favourite proposal, and the rest are rejected.
8: Allthe accepted CUs are marked as engaged.
9: Allthe rejected CUs are marker as free.
10: Criterion:
11:  The algorithm terminates with outputif one of the following 2 criteria is satisfied
for every CU:
12: 1. The CU is either allocated with a UB or an LB;
13: 2. The preference list of the CU is empty.
14.  Otherwise step landstep 2are performed again for all free CUs.

»

* By is not on the preference list QU y;
* pri(CUm,By) > pri(CUn, By) or
* pri(CUm,By) > pri(CUn,By), butCUy's proposal to us& has been rejected.

In any of the above situations, it is not possible to fo@, By) pair.
Case 2 CUp, is unmatched, then it is impossible that

» By is not in the preference list @U,, or

« all the proposals o€U, have been rejected, including froBy, becausey prefers
other CUs.

In either of the above cases, it is impossible to fo@, By) pair, thus, it is proven
that there is no blocking pair in matching

If one blocking individualCUy, (or By) exists inu, then it is possible thaUy, is un-
matched, oCUy, or By is matched wittBy or CUp,.

Blocking individualCUy, (or By) does not exist in either of above cases, thus, we can
prove that there is no blocking pair or blocking individualmatchingu, i.e., matchingu
is stable. O
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Theorem 5.2. Praeto optimality ofu: In any instance of the matching problem, stable
matchingu achieved by Algorithrb.1is Praeto optimal for every CU, i.e., no CUs can be
better off without making at least one other CU worse off.

Proof. In stable matchingu: a) If CUp, is matched withBy, it tends to match withBy,
to increase its utility. Then,QU, By) becomes a blocking pair in matching which
contradicts withProposition 5.1 b) If CU, is unmatched, it tends to match wiBy to
increase its utility. Then,QUnm, By) becomes a blocking pair in matchipg which also
contradicts withProposition 5.1

Therefore, it is impossible to further increase the utiifyany CU without decreasing
those of the remaining other CUs. O

Table 5.1 Parameters used in the Simulations

Parameters Values
Number of CUs 9, 10,...,27, 28
CU Traffic Level TH™") | 15 Mbps

WU Traffic Level RY) | 20 Mbps

CU Transmission Power| 20 mw

T 10us

Packet Size 12800 bits

MAC header 272 bits

PHY header 128 bits

ACK 112 bits + PHY header
Slot Time 9 us

SIFS 16 us

DIFS 34 us

We define the computational complexity of AlgorithBil as the number of accept-
ing/rejecting decisions required to obtain a stable matgpi

Theorem 5.3. Complexity and convergence of Algorittnd: In any instance of the match-
ing problem, Algorithnb.1 terminates to a stable matchingwithin &(M(U +L)) itera-
tions.
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Proof. In each iteration, a CU proposes to the SCBS to use its mofdrped band in its
current preference list, and the SCBS accepts/rejectsrtdpopal. The maximum size of
a CU’s preference list i&) + L, whereU is the number of UBs and is the number of
LBs. Thus, in any instance of a matching problem, Algorithrhconverges into a stable
matchingu in ¢(M(U +L)) iterations, wheré/ is the number of CUs. ]

5.4 Numerical Results

5.4.1 Simulation Settings

The simulation area is a circle with a radius of 200m. The pseypl algorithm is evaluated

in three pricing strategiesv{ =0.8My, M =0.4My and M =My) in terms of throughput,
the ratio of traffic that offloads to the unlicensed bands, @mplexity. The throughput
requirements of WUs are random values within the range oR{(], while those of CUs
are random values within the range of [DH™". 4 UBs (each with a bandwidth of 20
MHz) in 5 GHz unlicensed spectrum, and 10 LBs (each with a Wadltth of 1.4 MHz) in

2.6 GHz licensed spectrums are employed in our simulatiihthe simulation parameters
are listed in Tablé.1. MAC header, PHY header and ACK frame length are defined in
802.11 standardp]. The maximum transmission rate of 802.11ac is 96.3 Mba@, [in

the simulation the transmission rate of Wi-Fi and LAA is sebe 50 Mbit/s ], half of

the maximum value for a general caseWiyitja IS the initial CW size defined in 802.11
standard 90]. CWmin, CWmax Slot Time, SIFS, DIFS and packet size are defined in 802.11
standard 90].

Monte Carlo simulations are performed, 000 times for the proposed matching-based
algorithm 6.1) and an exhaustive algorithm. The exhaustive search #igoevaluates all
the possible matching in a scenario to achieve the globahnapimatching. The iteration
number of the exhaustive search algorithm is the numbersdipke matchings in a scenario.

5.4.2 Validation of The Proposed Algorithm

Fig. 5.1 shows the ratio of traffic on the unlicensed spectrum versesitimber of CUs.
Compared with the exhaustive search algorithm, the pedoo® of proposed algorithm are
slightly lower (around 5 %) in scenarios with different nuenbf CUs and pricing strategies.
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5.4.3 Performance Evaluation

Fig. 5.2shows the throughput on the unlicensed and licensed spestnudifferent CU den-
sity and pricing strategy combination. By applying pricstgategyM, =0.4My, the largest
throughput on the unlicensed spectrums and the smallesighput on the licensed spec-
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trums are achieved. It is exactly opposite in the scenarilboumt pricing strategyM_. =My ).

It is more clare to combine the traffic offloading ratio in Flgl we can see that the ratio
of traffic on the unlicensed spectrum is around 50% and 30getahan that of without
pricing strategy in a low-density network. Subject to prgcstrategy, the ratio of traffic on
the unlicensed spectrum decreases with the densificatitimeaietwork and converges to
approximately 63%, which is slightly larger than that ofatit pricing strategy, meaning
that both the unlicensed and licensed bands are saturateiar§/, the percentage of CUs
offloaded to the unlicensed bands also demonstrate thdiedfieess of pricing strategies in
Fig. 5.4
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Fig. 5.3 Overall System Throughput

Although setting different prices for accessing the li@ehand unlicensed bands is ef-
fective to offlaod traffic from the licensed bands to the weriged bands, the overall traffic
served by the cellular operator remains almost the samegin3=B. With the increasing
number of CUs in the network, corresponding system througtgnd to saturate due to
the limited resource bands in the system. Similarly, thalteamber of CUs served tend to
saturate with the increasing number of CUs in the networlhawas in Fig.5.5.

Fig. 5.6 shows the total revenue of the operator versus the numbebteff@r differ-
ent pricing strategies. The revenue of the operator withinmi strategyM, =0.4My and
M_=0.8My increases from 34% and 69% in a loose network of that withingistrategy
ML =My, respectively, to 61% and 88%, respectively. This is beeaua loose network, as
shown in Fig.5.3, the total system throughput provided by are almost the sagadless of
pricing strategies. Wit =0.4My, the largest amount of traffic is served in the unlicensed
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spectrum and the least amout of traffic is served in the lieggpectrum (shown in Fi¢.2),
leading to the lowest revenue. With the increasing numb&us in the network, increas-
ing amount of traffic are served using the licensed bands Mith0.4My, which leads the
greatest increase of revenue. In the very dense networkS(23, the traffic served on the
licensed and unlicensed bands of different pricing stiategpnverge to the same lees,
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Fig. 5.7 Normalized revenue on the unlicensed spectrum efatpr versus the number of
CUs for different pricing strategies

the avenue differences are attributed to the price differém using the unlicensed spectrum
as shown in Fig5.7.

The use of pricing strategies implies that operator can naakalance between eNB
load and revenue: in loose network, it is quite effective fftoad traffic to the unlicensed
spectrum without much revenue decrease by carefully dedigricing strategies, while in
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dense network where the traffic is in saturate state, pristragfegies do not make much
difference in traffic load but reduce the revenue on the dpesgperspective. Also, pricing
strategies enabled traffic offlaoding provides possibiiily smart resource allocation on
service’s perspective. The licensed spectrum is expeotsdrive delay-sensitive services
while delay-tolerant services can be carried out in thecenked spectrum to optimize the
system performance on service basis. To achieve thigydtilction containing throughput
and delay and other KPIs should be established and the prdpastching based framework
can be used for the optimization.

5.4.4 Complexity
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Fig. 5.8 Logarithmic average number of iterations of theppied algorithm versus the
number of CUs for different pricing strategies

Fig. 5.8 shows the logarithmic average iterations number of the gge@ algorithm
versus the number of CUs for different pricing strategies i#®&ration two parts: 1) an
unmatched CU proposed to its favourite UB or LB in the CU'S@rence list, 2) an accep-
tance or rejection made by SCBS on the proposal. A larger euofliterations is required
to solve the licensed and unlicensed bands allocation @molh scenarios with lower ac-
cessing uncleaned bands price. CUs tend to propose to dbheasslicensed bands because
the corresponding utilities of accessing the unlicensedtspm are larger, which increases
the chance of performing many-to-one matching. Many-te4matching is more complicat-
ed than one-to-one matching and takes larger number ofidesato converge. Also, with
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the densification of the network, more iterations are reguto obtain stable matching by
using the proposed algorithm because the average numbepiigals a CU makes increase.
The the average iterations number increase in a fast maritiethe increasing of CUs in
the network and is expected to get close to the theoretiqamdpnit iterations number in a
very dense network.

5.5 Conclusions

In this chapter, we consider a resource allocation probleth pricing strategies set for
CUs to pay for accessing the unlicensed and licensed spestriWe propose a matching-
based algorithm to allocate unlicensed and licensed bardgs to maximize their utilities
while guaranteeing the throughput requirements of both @usWUs. The proposed al-
gorithm converges to a two-sided Pareto optimal stable mragowithin a limited number
of iterations. Near-optimal performance can be obtainethleyproposed algorithm with
a much smaller number of iterations than a exhaustive sedgcinithm. The proposed al-
gorithm is first validated by comparing with a exhaustiverskalgorithm and if further
used to evaluate the performance of resource allocatidmpriting strategies in terms of
traffic offloading, CUs offloading, system throughput, olle€Us served and revenue of
operators. We observe a tradeoff between traffic/CUs ofiit@aaind revenue of the opera-
tor. The results demonstrate that pricing strategies &etefe in a loose network to offload
traffic to the unlicensed spectrum, while in a dense netwibik traffic offloading ratio de-
creases because the unlicensed spectrum saturates anttafiares served in the licensed
spectrum.



Chapter 6

Conclusions and Future Works

How can we provide CUs with QoS-oriented services by usimguhlicensed spectrum
and ensure fair coexistence with Wi-Fi systems remain opestipns. This thesis studied
two promising access schemes: 1) LBT-based LAA channekaceheme; 2) ABS-based
LTE-U access scheme.

Our works demonstrate that these two access schemes aresimgpto ensure fair co-
existence between LTE-U networks and Wi-Fi systems andakgsystem performance.
However, algorithms to tune accessing parameters in LAAllocae resource in ABS-
based LTE-U need to be careful designed.

In Chapter3, we show that an LAA network affects the performance of a W8yiStem
more than another Wi-Fi system does and spectral efficienityoe sacrificed to protect
Wi-Fi performance. To overcome this trade-off problem, vedirte the coexistence fair-
ness on Wi-Fi's side as Wi-Fi minimum throughput is guaradtéWe develop a joint CW
optimization scheme to maximize LAA throughput and guagamhinimum Wi-Fi through-
put. Further, to reduce the computational complexity ofjtiet CW optimization scheme
and enable self-organizing coexistence of LAA networks @fidFi system, we develop a
RL-based algorithm to enable CW adjustment.

We also combine ABS-based LTE-U with microeconomics fraorés to enable fair
and fast resource allocation. In Chapfierwe show how to formulate unlicensed bands
allocation problem into a matching game. The results detnatesthat near Pareto optimal
resource allocation results can be obtained by using magdbésed algorithms. In Chapter
5, we consider the joint allocation of both licensed and warsed bands with pricing strate-
gies, in which different prices are set for CUs to access tlieensed and licensed bands.
We show pricing strategies is effective to balance or offlwaffic between unlicensed and
unlicensed bands.
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In this chapter, we first summarize the main findings in thesib. Then we propose
future research directions of LTE-U related within the szopthis thesis.

6.1 Main Findings of the Thesis

* QoS-oriented Fairness As mentioned in Chapte2.3, fairness between LTE-U net-
works and Wi-Fi systems is defined as an LTE-U network shoatdaffect a Wi-Fi
system more than another Wi-Fi system. Based on this defiitve evaluate the
coexistence performance of Wi-Fi and LAA in Chap8® and observe a trade-off
between Wi-Fi performance protection maximum spectrungesdf we insist this
definition of fairness, spectral efficiency will be sacriticeThus, we consider oth-
er definition of fairness. We define the fairness in a LTE-U #¥ieFi network as
the resulted fairness§]: each CU should be served to fulfill its minimum QoS re-
quirements, such as throughput. This definition is apphedghout this thesis from
Chapter3.3to Chapteb.

* CW optimization is efficient to enable fair coexistence and rmximum spectral
usage In both ChapteB.3and ChapteB.4, the minimum Wi-Fi performance is guar-
anteed and LAA performance is maximized by adjusting CWssize Chaptei3.3,
we derive that LAA (Wi-Fi) throughput monotonically decséag versus the increase
of LAA (Wi-Fi) CW size and the decrease of Wi-Fi (LAA) CW sizegspectively.
Accordingly, we develop a low-complexity joint CW optimizan scheme, which
achieves up to 40% system throughput gain in a dense nethoi®hapter3.4, we
develop an RL-based CW optimization scheme which showsigttrformance than
the joint CW optimization algorithm with even lower comptitaal complexity.

 Fair and efficient radio resource allocation can be achievetty Matching-based
frameworks: Mathematical tools in economics have been developed folyrjaars
to solve resource allocation problems efficiently and matgkheory is one of them.
Due to the similarity between wireless communications az@hemics in resource
allocation problems, we develop a matching-based framewmachieve fair and
efficient radio resource allocation in an LTE-U and Wi-Fi xiséing scenario i1.
Different from traditional approach to solve NP-hard raseuallocation problem,
matching-based framework solves the problem with much l@eeplexity and out-
performs up to 50% in terms of EE and up to 66% in terms of thinpudy
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* Pricing strategies are effective for traffic balancing In Chaptel5, pricing strategies
set by operators are effective to offload traffic from licehspectrums to unlicensed
spectrums so as to alleviate the scarcity of the unlicensectsmims. We demonstrate
a trade-off between traffic offloading ratio and total revenfioperators. Up to 93%
of traffic can be served in a loose network and the ratio drafgs tve densification
of the network.

6.2 Future Research Directions

In this thesis, we study the technologies that enables fairedficient coexistence between
LTE-U networks and Wi-Fi systems. We summarize future nesedirections related to the
topics of the thesis.

As we can see from Chapt8y there remain many limitations in our research on LAA.
As the most promising solution for global deployment of LTiEtbe unlicensed spectrum,
LAA is worth further research in the following areas:

» CCA detection threshold adjustment In our work, we only consider tuning CW
size of Wi-Fi and LAA networks to enable fair coexistencearting the CCA detec-
tion threshold is another efficient approach. For examplke same energy detection
threshold as in Wi-Fi DCF can be applied in CCA.

* Enabling of detecting Wi-Fi permeable Different from carrier sense and energy
detection scheme applied in Wi-Fi systems, LBT-LAA detdbis availability of a
unlicensed bands based on energy detection only, which srigsa LBT-LAA is
unable to detect Wi-Fi signal. A fair coexistence could bsuged if LAA CUs are
able to detect Wi-Fi signal preamble. This will definitelycdease the chance for
LAA to access the spectrum but should be adjustable in resptordifferent wireless
communications environment.

* Inter-operator LAA coordination schemes. In scenarios where multiple cellular
operators access the same unlicensed spectrum at the samertss-interference a-
mong different operators. A hierarchical garh®]] and a multi-leader multi-follower
Stackelberg GamelpZ are proposed to mitigate interference across multiple.CUs
However, these schemes are complex and lack of complexalysis, which requires
further research to develop efficient inter-operator co@iibn schemes.

Chapter4 and5 focus on the resource allocation schemes to enable fairisieage
between ABS-based LTE-U networks and Wi-Fi systems. WeHestimitations as follows.
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» Complexity reduction: One of the possible future researches is reducing the compu
tational complexity of the proposed algorithm in dense roeks, which is observed to
approach theoretical upper limit due to the increasing remobredundant iterations.
Using machine learning frameworks, especially neural ngtg; is a promising solu-
tion by training the network with raw input (preferencedistf CUs, LBs and UBs)
and output (bands allocation). A well-trained neural nekas similar to a black box,
which performs the function of the matching-based algaritmd maps the input to
output.

» Developing service-oriented utility function Another improvement is developing a
comprehensive service-oriented utility function withférent service types, for exam-
ple, latency has the largest weight in the utility functionlatency-sensitive services,
while throughput has the largest weight in the utility fuootfor large-file services.
Based on these utility functions, resource allocation s@eealong with pricing s-
trategies can provide CUs with tailored services, balaraféd load and increase the
operator’s revenue.

» Sophisticated incentive algorithms designPricing strategies is an easy example of
incentive design, which shows great potential in trafficoaffling. However, a more
sophisticated incentive algorithm is required for reat Ifommunications systems,
such as tuning the pricing setting according to traffic loathe network.

Last but not least, it is promising to combine LTE-U with athatest technologies,
which are summarized as follows:

» Big data in LTE-U : Big data analysis is a hot topic for traffic predictidtOB, 104
and we can combine this with LTE-U networks to enable reaétfair coexistence
between Wi-Fi systems. For example, long-term traffic desnzan be predicted by
big data analysis tools, which enables operators to sangratrategies accordingly
for the interest of both operators and users.

e LTE-U with SDN: Combining LTE-U with SDN enables cloud-computing basetd ne
work management and efficient network configurati@a@5-107], which could im-
prove system performance.

We hope that continued researches in LTE-U can improve itgyalo coexist with Wi-Fi
systems fairly and optimize the spectral efficiency of ueniged spectrums. Advancements
in LTE-U access design, resource allocation scheme, etcinspire researchers in wireless
communications to push this area forward and benefit theevinainan society.
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