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Abstract

In the past decades, the growth of mobile communications has impelled the research and
industry societies to innovation and development. The interactions between transmitting,
computing and scheduling have introduced many interesting yet difficult issues for
investigation. Channel and link access, capacity planning, energy consumption, fairness
provision, Quality-of-Service (QoS) guarantee and low implementation complexity are
recognized as the most increasingly important topics in the field of modern networking.

This Thesis approaches the abovementioned issues by introducing convex
optimization solutions for resource management in multi-user frequency-selective fading
environments. The basic idea lays on the effective distribution of the wireless resources at the
downlink phase of orthogonal frequency division multiple access networks by exploiting
knowledge of imperfect channel state information and traffic characteristics. The objective of
this Thesis is to develop new theoretical frameworks from the cross-layer perspective to
advocate joint strategies of dynamic mechanisms at physical and medium access control
layers.

In particular, we initially propose optimal network operation under imperfect channel
and heterogeneous QoS considerations by introducing a power-efficient cross-layer design
that incorporates an innovative approach of minimizing the overall transmitting power. Our
methodology considers independent-bit encoding to define a power-bit-loading process that
induces notably smaller throughput degradation and power ascents at the presence of channel
uncertainty than commonly used capacity-based approaches.

Secondly, we investigate the trade-off between power efficiency, QoS guarantee and
fairness provision in networks employing real-time resource scheduling under the
asymmetric-Nash-Bargaining-Solution (NBS) property with channel imperfections. We
propose the first NBS-oriented and iteration-independent optimal cross-layer policy for joint
channel and transmitting power allocation by means of final formulas, with significantly
lower complexity than relevant approaches.

Thirdly, we focus on intelligent spectrum sharing technologies to present the first

symmetric-NBS oriented cross-layer framework for cognitive radio networks with channel



Abstract

uncertainties. Our developments achieve optimal scheduling of the dynamically available
resources guaranteeing rapid convergence to Pareto optimal equilibriums and also increase
the reliability of the network by means of interference cancelation between primary and
secondary users.

Extensive simulations are conducted for various practical scenarios to demonstrate
the superior performance of our proposals against rival studies in the literature. Thanks to
their environmental-friendly character, practicality and low complexity, the introduced
frameworks can be used in candidate protocols for next generation broadband wireless

communication systems.



Iepiinyn

Tic tedevtaieg dekaetieg, N AVENUEVT OVAYKOLOTNTO Y10 TPOTYUEVT KIVITH EMIKOVOVID, £YEL
obnoer Tov gpeuvnTikd kot Propnyovikd kAAdo o Kowvotopio kot avamtuén. Ot
aAniemidpacelg pHeToEL ¢ dafifaong g TANPoPoping, TG VIOAOYIGTIKNG OVVATOTNTOG
Kol TOV OXEOGUOD GUOTNUATOV EYOLV ELGOYAYEL TOAAN EVOOPEPOVIO GLVAUN SVGKOAM
Oépata mpog épevva. H mpocPoon oe mnlemkowvoviakd KovOaAlo Kot GLVOECES, M
EKUETAAAEVGT TNG YOPNTIKOTNTOS TOV CLUGTNUATOV, 1] KATOVIAD®ON TNV TOPEYOUEVNG 1YVOC,
n dikam Katavoun TV TOPWV, M €Yyvnon mowOTNTOC Tapoyxng vanpecidv (QoS) kot m
TOAVTAOKOTITO, KEVIPIKAOV UNYOVIGUDV EAEYXOV, avoyvopilovTial o¢ To OA0 Kol TEPIOCOHTEPO
ONUOVTIKG BEaTO GTOV TOEN TNG CUYYPOVIG SIKTOMONG.

H O&waxtopikn ovty dwtpifny Opoporoyel to  mpoavapepBivia  {ntApota
TPOTEIVOVTAG OVOAVTIKEC AVGELS TTepl TNG OloyEIPIoNG TOV TOP®Y GE OCVPUOTO GLGTHOTO
TOADV XPNOTOV UE EMIAEKTIKA GTN GLYVOTNTO SNAETIKG Kaviilo acbevoie okioong H
Baotkn 10é0. Poaciletor 6TV OTOTELECUATIKY SLOVOUN T®V TOP®V GE KOTIOVGEC GUVOEGELS
opfoyoviakng cuyvoTTog Kol TOAATANG TPOGPacng KovaAloD EKUETOAAEVOUEVT] TIC
TANpoopieg Tov TPosdlOPilovy TNV KATAGTAGT TOL KAVAALOD KOl TOV (POPTOV TANPOPOPIog
ToL JtktOov. O 610%0G TNg ddakTopikn draTpiPrg etvar va avamtvyBovv Bempntikd povtéia
OV OVOPEPOVTUL OE OLUCTPOUATIKES (cross-layer) Teyvikéc cuotnudtov Kot Tov Pacilovron
0€ OTPOTINYIKES SUVAIKAV UNYOVICUAV EAEYYOL TPOSPacng TOGO TOV PLGIKOD OGO Kol TV
VYNAOTEPOV CTPOUATOV.

Apyikd mpoteivovpe BEATIOTN AtTovpYic. OCVPUOTOV GUOTHUATOG E OTEAT KOVAALL
KO YPTOTEG L€ ETEPOYEVEIG OMAITNOELS TAPOYNG VANPECIDV, EIGAYOVTAG VO OTOOOTIKOTATO
LOVTELO KOTOVOUNG TOPMV, OVAPEPOUEVO GTO EMIMESO JACTPOUATOONG, TOV EVOOUATMVEL
J0 KOWOTOUO TPOGEYYIOT] EAOYIOTOTOINONG TG OULVOMKNG eKTEUTOUEVNG 1oyvog. H
npotewouevn pebodoroyia Poaciletar og aveEdptTn KOIIKOTOINGT TANPOPOPLOV, YO, TOV
TPOGAOPIoUO Lo PAGIKNG GUVAPTNONG OV TEPLYPAPEL TOV TPOTO OlayEIPIONE 10YVOG Kot
TANPOPOPIDY TOL ovoTHUoToc. H  cuvictdupevn ovvaptnon omodidel  HKPOTEPEC
vroPabuicelc tov pvOuov amddoong ko avaPabduicelc g oyxvog (PBL), oe oyéon Tig

VIAPYOVGEC TPOGEYYIGELS, EOIKOTEPA Y10, TIC TEPITTOCELS KOVUALDV Le VYNAN afefatdotnTa.



Hepidnyn

AQeTépov, dlepeLVOVUE TNV GLOYETION UETAED TNG amdOO0GNS 16YV0S, TG EYYONONS
TOPOYNG LANPECIOV Kot NG Oikomg KOTavoung v Topmv ylo Agttovpyio SIKTO®V OE
TPAYUATIKO ¥pOVO HE TN XPNON AGLUUETPIKNG ADong dompaypdtevons tov Nash (A-NBS)
vy moiyvia diktdmv pe atedn kavaiio. Ilpoteivoope v mpdtn molitikn PeAticTonoinong
Mg omdd00NG TOV GUGTNUOTOS, GE HOPPN TEAIK®OV e£loMCE®V, 1 Omoid OVAPEPETOL GTO
eninedo Onotpopdtoong kot Poociletor oto NBS eléyyov 1oybog kol KOTUVOUNG
vrokavolMmv. H mpotewvdpevn moltikn eivar ave&dpten amd unyovicpove avalntnong tov
TOAOTACGLOOTOV Lagrange LeidvovTog 161 GNUOVTIKA TNV TOAVTAOKOTITO TOV GUGTILOTOG
o€ oUYKPIoN E TIG VITEPYOVGES TPOGEYYIOELS.

Tpitov, eotialovpe 6€ €VELEIC KoTOVOUEG PAcUATOS Yvoolakdv diktowv (Cognitive
Radio) (CR) yw vo Topovctdoovue T0 TpMTO SOCTPOUATIKO HOVIELO GUUUETPIKAG ADoNG
dwampaypdtevong tov Nash (S-NBS) yio maryvioBewpntikd CR diktoa pe atedn kavaiio. H
TPOTOON HOG E€YYLATOL OmOd0TIKN Kou Oikain katd S-NBS kotavourn tov dSuvopukd
dwbéopov mopav oto CR diktvo pe ypnyopn ocbvykiion tov omnotehecudtov oe Pareto
Bértiota 100lvye. Emiong, emtvyydvoovpe ovéEnuévn a&lomoTio TOPOYNG  LANPECIOV
TEPIMOUPAVOVTOC KOVOVEG YloL TNV  omaAowpn TopepPordv peta&d TPOTELOVI®OV Kot
OELTEPEVOVTMOV YPTCTMV.

H dwaktopikn datpiP mapovctdlel emiong eKTEVELS TPOGOUOLUDGELS OVOPEPOUEVES
o€ TOIKIAO TPOUKTIKA GEVAPLO TO OTOT0L KOTAGEIKVOOUY TNV ovATEPT aTdOO0CT TOV TPOTAGEDY
HOG EVaVTL OYETIKOV HEAETMOV. XAPTM OTO QPIAIKO TTPOg TO TEPPAAAOV TOVG YOPOKTIPA, TNV
TPOKTIKOTNTO KoL TN YOUNAT TOVG TOAVTAOKOTNTA, TO TPOTEWOUEVO HOVTEAQ UTOPOVV Vo
evoouat®mBodv 6 KavoupYla TPOTOKOAAN TTOV gival vIToyNEia Yo va yproiorondovv oe

dikTva emodUEVNC YEVEAC.
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Chapter 1

Introduction

Ubiquitous internet has produced a plurality of strong demands for advanced
telecommunications engineering. Future wireless access is visualized as broadband and high-
speed in network structures tailored to support reliable Quality of Service (QoS) for numerous
multimedia applications. Given that current technologies [1], [2], [3], [4], [5] could only
partially satisfy such prospects [6] the research community is called to deliver solid solutions
in alliance with the environmental-friendly character of our days.

1.1 Significance of the Thesis

The reliability of a network is perceived via its provided QoS support to various mobile users.
A challenge is posted since multimedia applications of individual users have diverse
characteristics in terms of Physical (PHY) measures such as target bandwidth, delay, and
packet loss rate [7]. Given that limited energy resources are becoming serious concern
worldwide, modern networking also seeks for better power efficiency; reducing the
transmitting power saves electrical energy of mobile devices and decreases the level of
radiation offering healthy environments to users. Several studies [8], [9], [10] recognize that
the trade-off between QoS support and power efficiency can be addressed by opportunistic
scheduling of the wireless resources using effective multiple access technologies such as
Orthogonal Frequency Division Multiple Access (OFDMA) [11], [12]. Although current

research efforts, there are several open issues to be investigated.
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Resource management in OFDMA systems is essentially a Medium Access Control
(MAC) layer problem. This feature encourages performing optimal scheduling on a per-layer
basis considering only PHY layer dynamics [13], [14], [15], [16], [17]. However, without
knowing the Queue State Information (QSI) from transport and network layers, each user's
specific QoS cannot be always guaranteed [18]. To bypass such issues, the cross-layer
architecting [19] can be adopted to involve both PHY and higher-layer parameters in the
resource scheduling process. Nevertheless, most recent efforts in cross-layer design undertake
that homogeneous QSI and perfect channel conditions are available [20], [21], [22], [23],
[24], [25], [26]. Such considerations are far from reality, where users are instead
heterogeneous and channel is imperfect. In fact, wireless transmissions are often quite
damaged [27], [28] due to noisy channels with sophisticated time-varying dynamic effects
such as imperfect Channel State Information (CSI), multipath delay spread, deep fading, Inter
Symbol Interference (I1SI) and Doppler spread. Accounting such channel imperfections in new
proposals contributes more convenient designs with actual improvements of the transmitting
power. Furthermore, new research topics focus on the efficient exploitation of diversity

phenomena in multi-user multi-carrier systems to further enhance systems’ performance.

Along this research direction, we initially propose a centralized power-efficient
scheme to provide heterogeneous QoS support for opportunistic OFDMA downlink networks.
We approach the problem from the cross-layer perspective utilizing both information [29] and
gueuing [30] theories to adjust the PHY and MAC layer dynamics. The significances of this
research part lay on an estimation process for imperfect multipath channels and on an
innovative methodology that delivers an energy-effective Power-Bit-Loading (PBL) process
with high resilience to channel uncertainties. To describe the heterogeneous QoS
requirements of each user at the cross-layer, we also introduce an advanced optimal strategy
that expresses the traffic rate of each user at the higher-layers into equivalent rate at the PHY
layer. We demonstrate that our scheme has high resilience to channel errors and it
significantly outperforms relevant proposals in terms of power consumption and QoS

provision.
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Another technically challenging topic in modern networking is the trade-off between
fairness and throughput/power efficiency. Simply optimizing the resource scheduling
efficiency may tend to over-allocate resources to some users with good channel conditions,
but starve some other users with bad channel conditions leading to disadvantageous
unfairness. In addition, with limited available radio resources, increasing system’s throughput
efficiency and maintaining fairness are usually conflicting with each other [31], [32] leading
to a natural trade-off between these two performance measures. The challenge lies on the
balance between resource scheduling efficiency, QoS guarantee and fairness provision. A
tangible metric is offered in utility theory [33], where such trade-offs can be mapped onto
different shapes of utility functions. Based on either non-cooperative [34], [35], [36] or
cooperative game-theoretic strategies [37], [38], [39] utility theory provides a means to
formulate the gain of a quality measurement when certain resources are assigned to a user
[33]. In non-cooperative strategies fairness is concerned in conjunction with efficiency
frequently causing Nash equilibrium [40] issues that lower the system’s performance as
compared to cooperative game-theoretical approaches [37], [41]. Therefore, recent viewpoints
believe that cooperative game theory is more suitable for cross-layer resource allocation,
where Nash Bargaining Solution (NBS) [40] is one promising candidate. However, current
research on NBS for cross-layer systems is still at very early stage providing solutions using
graphic and numerical methods [37], [39], [42], [43] mainly due to the recursive origin of the
NBS problem [44].

Besides fair and efficient resource scheduling, real-time QoS provision is essential to
be considered as fundamental demand in modern networking. Real-time service occurs when
the resource allocation process operates successfully in less time than the transmission’s cycle
duration. Exceeding the time limits causes major delays to the system users. Hence, major
concern must be given to the implementation complexity of the scheduling policies that can
be categorised to iteration-dependent and iteration-independent. Iteration-dependent schemes
operate by computing their online policies on the primary definition of any extra optimization
variables, e.g., Lagrangian multipliers. Calculating these variables involves offline
mechanisms that solve non-linear equations using root-finding methods [45], [46]. Therefore,
the ability for real-time service in such schemes is depended on the effectiveness and

convergence of their root-finding algorithms. Several iteration-dependent proposals [20]-
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[26], [34] - [43] often report linear complexity, which is only seemingly correct since offline
parts have been disregarded. In contrary, iteration-independent schemes are tailored to
compute their online policies concurrent with the extra optimization variables promising more
convenient real-time operation. Nevertheless, developments in this direction are particularly
narrow since ordinary cross-layer design scopes do not favour iteration-independent policies.
Especially when NBS is adopted, transformations of Non-deterministic Polynomial-time (NP)

problems into convex are either infeasible or imprecise obliging to only numerical solutions.

In the second research part of this Thesis, we aim to inspect the above issues and to
suggest solid analytical solutions. We utilize information [29], queuing [30], number [44] and
game [41], [47] theories to propose a game theoretical and iteration-independent cross-layer
scheme for OFDMA networks. Our design considers pragmatic conditions in terms of
imperfect channel, packet outage, heterogeneous QoS demands and various users’ payoffs.
The first significance of this research part is our new scope on the design of PBL objectives
that fully comply with the Symmetric-NBS (S-NBS) and the Asymmetric-NBS (A-NBS)
fairness Axioms [40], [41] in terms of both power and channel allocation. A second impact of
this research part is our technique that transforms game-theoretic NP-hard cross-layer
problems into equivalent convex optimization problems, making feasible to derive iteration-
independent solutions via analysis. The third significance of this research part is our
innovative methodology that provides analytical solutions by means of final formulas, to the
transcendental algebraic equations tailed by the recursive origin of the NBS problem [44].
Our proposals address several issues on the trade-off between scheduling efficiency, QoS
guarantee and weighted fairness provision by also guaranteeing rapid convergence to Pareto

optimal equilibriums.
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We have not so far considered in our designs the enabling Cognitive Radio (CR)
technology, which promises to overcome the problem of spectrum scarcity caused by the
current way of fixed spectrum allocation [12], [48], [49]. In CRs, users are able to
intelligently detect and utilize spectrum holes, so-called white spaces, that are temporarily
unused by licensed Primary Users (PUs). One key issue is the effective scheduling of these
dynamically available resources without interfering potential communications from PUs and
with simultaneous QoS provision to CR users, so-called Secondary Users (SUs). In particular,
interference elimination can be achieved through considering Signal-to-Interference-plus-
Noise Ratio (SINR) rules on predefined power thresholds for both SUs and PUs.
Nevertheless, bearing such SINR rules usually results into reduction of the spectrum’s white
spaces due to large power thresholds or increased QoS requirements of some PUs. Hence, the
QoS of SUs could be tremendously degraded and a critical topic arises regarding resource
fairness regulations between SUs and PUs. Although CR systems have recently received great
attention [37], [38], [39], [42], [43], [50], [51], [52], [53], [54], [55] only few research efforts
propose analytical solutions on the NBS allocation of power [37], [42], [43], while numerical
proposals dominate. However, power control itself cannot definitely meet the full QoS and
fairness requirements, where those diverse requirements are needed to be considered in the
optimization problem formulation. Our viewpoint is that analytical NBS-based strategies of
both power and channel assignments can address several fairness and performance issues in

CR networks.

In the third part of this Thesis, we utilize information [29], number [45] queuing [30]
and game [41], [47] theories to address the above issues by proposing a NBS-based cross-
layer scheme for CR systems. The significance of this research part is that we introduce the
first analytical and joint channel and transmitting power allocation policy for CR networks in
fully compliance to the S-NBS Axioms. Our policy boosts the overall system efficiency by
exploiting multi-user diversity [14], [23] and it is implemented with iteration-independent

algorithms thanks to our previously mentioned research efforts.
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1.2 Contributions & Novelties of the Thesis

This Thesis solves four resource allocation problems by introducing intelligent schemes to
enhance system performance with minimal complexities. We theoretically discuss the

contributions and highlight the novelties of our proposals as follows.

e Power-Efficient Cross-Layer Design - As modern networking aims to guarantee various
QoS characteristics with low power consumption, we propose an opportunistic power-
efficient resource scheduler to provide heterogeneous QoS support for OFDMA downlink
networks. In particular, we firstly describe the structure of the imperfect channel and
introduce a robust Minimum Mean Square Error (MMSE) channel estimation process. A
notable contribution is that in our MMSE estimation the channel error covariance matrix is
not a scalar multiple of the identity matrix, in contrary to the mean feedback model adopted
by the related work in [17], [24], [56], [57], [58]. In other words, our MMSE estimation does
not satisfy the assumptions of sphericity [59] but it estimates based on a non-sphericity
pattern meaning that the estimation errors among each user’s OFDMA sub-channels, so-
called subcarriers, are independent but not identically distributed; as shown in the single-user
OFDM case studied in [16], such estimation patterns can provide decent resilience
performance to CSI errors. In addition, when being applied to our multi-user scenario our
estimation process results in asymptotically efficient performance, which also contributes to
increase power efficiency.

Furthermore, we rely on independent bit-encoding and introduce a methodology to
express the effective throughput of each user under potential packet outage and estimated
CSI. Another significant contribution is that our methodology substantially improves the
power consumption due to a key theoretical difference from existing approaches [13], [14],
[17], [20], [23], [24], [56], [57], [58], [60]; accounting that the estimated channel gain is
Circularly Symmetric Complex Gaussian (CSCG) distributed and that the actual absolute
channel gain squared is a chi-squared non-central variable, we firstly express the Probability
Density Function (PDF) of the maximum capacity to define the throughput policy in terms of
estimated CSI and channel outage. Then we compute the throughput policy through a series

expansion and observe that it can be approximated by a Gaussian PDF. Based on this PDF,
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we define a PBL function that signifies the maximum achievable throughput for error-free
transmissions. A key advantage of our PBL function is that its utility dynamics have low-pace
growth ratio to variations of the outage probability and the MMSE variance meaning that our
function induces slow throughput degradations with notably small decay rate. In contrary, the
methodologies followed in [13], [14], [17], [20], [23], [24], [56], [57], [58], [60] deliver the
so-called goodput-rate. As we discuss later, the goodput-rate dynamics are highly sensitive to
escalations of the outage probability and the MMSE variance inducing rapid goodput-rate
degradations. Also, goodput-rate is always less than the actual capacity since the amount of
packet overhead depends on the application protocol stack hence, some resources are wasted.

In continue we use our PBL function as optimization objective to formulate an NP-
hard cross-layer problem, aiming to minimize the system’s transmitting power subject to
heterogeneous QoS, packet outage, channel and transmitting power allocation rules. A major
contribution is that it is the first work that considers minimizing the system’s transmitting
power under such constraints. We then transform the QoS rules into equivalent cross-layer
throughput constraints by developing a Memoryless/General/Single-Server (M/G/1) [59]
gueuing system. In our queuing system the service provided by all subcarriers of each user is
a server with service rate according to the system’s dynamics at the PHY and higher layers
and to the user’s buffer status. Different from approaches with simple delay-optimal policies
[27], [61], [62], [63], [64], [65], [66], [67] we contribute by proposing an advanced cross-
layer strategy to account heterogeneous delay and arrival rate requirements of each of the
various users.

Furthermore, we introduce variable relaxation in terms of time-sharing subcarrier
factors that indicate the fractions of time where a user occupies the subcarriers. Through this
feature, we can transform the NP-hard problem into a convex optimization problem
determined over a feasible convex set that satisfies the equivalent cross-layer constraints. We
utilize convex optimization and derive the optimal solutions via explicit analysis based on the
Lagrangian technique. Another important contribution of this research part is that our
solution attains significantly improved power-efficiency from low to high channel
imperfectness, by achieving similar throughput gains due to multi-user and multi-carrier
diversities phenomena with the same computational complexity to relevant approaches.

Finally, we experimentally address the impact of opportunistic scheduling on heterogeneous
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QoS provision in terms of average system throughput, resilience to imperfect channel in the
PHY and packet average throughput, packet maximum delay and packet arrival rate in the
MAC layers.

The key novelties of the first research part of this Thesis are summarised as follows.

— Design of MMSE estimation process: We propose a MMSE estimator that performs
estimations relying on a non-sphericity pattern. In contrary to the mean feedback model
adopted by the related work in [17], [24], [56], [57], [58] our estimation approach provides
decent resilience performance to CSI errors and results in asymptotically efficient

performance to the multi-user system.

— Design of power-efficient cross-layer framework: This is the first approach by introducing
power minimization as optimization objective into the cross-layer OFDMA design with
heterogeneous QoS requirements and packet outage. To the best of our knowledge, cross-

layer power minimization problems have not been introduced yet.

— Methodology on the formation of power-efficient PBL process with respect to CSIT errors
and packet outage: It is the first work that introduces a novel methodology on the design of a
PBL function that induces notably smaller throughput degradation and/or power ascents than
commonly used capacity-based approaches. This new feature brings significant improvements

to systems’ power efficiency due to its increased resilience to CSIT errors.

— Methodology on the support of users' heterogeneity: In this study, the simple delay-optimal
policies are extended to an advanced optimal strategy, which accounts both users’
heterogeneous delays and arrival rates. To the best of our knowledge, relevant approaches in
the literature either consider homogeneous QoS, i.e., [10], [21], [23], [27] [61] or develop
gueuing models that express the heterogeneous QoS parameters less accurate than our

proposal in terms of convex cross-layer constraints [19], [24], [56].
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e Game-Theoretic Cross-Layer Design - As the trade-off between resource efficiency, real-
time QoS guarantee and fairness provision is still in early stage, we focus on designing cross-
layer scheme that converges rapidly to Pareto optimal solutions. In particular, we propose
iteration-independent and NBS oriented optimal network operation under packet outage,
imperfect channel and heterogeneous QoS considerations with price rules for users’ various
payoffs. We initially contribute by proposing a new PBL function to represent the users’
satisfaction accounting the exact effective throughput of each user based on the A-NBS as
perceived by the cross-layer of the OFDMA system according to PHY and MAC layer
parameters. We prove that our new PBL process is in fully compliance with the A-NBS of
both power and subcarrier allocation and also meets the metric of weighted proportional
fairness of resource sharing.

It is widely admitted that one significant advantage of NBS over other fairness
concepts, such as Max-Min (M-M), is that NBS is a natural framework that allows defining
fair resource assignments between applications with different concave utilities. Based on that
fact, we track time-sharing variable transformations and adopt our M/G/1 queuing model to
formulate a convex cross-layer problem constrained over packet outage, channel, power,
heterogeneous QoS and payoff rules. We contribute by introducing a new approach for
solving such cross-layer problems on a completely different basis than existing methodologies
[18], [23], [24], [25], [37], [42], [43], [56], [68], [69]. The rational of our scope is that upon
applying time-sharing among subcarriers, the optimal A-NBS-based subcarrier time-sharing
factors would be real numbers that indicate the faction of time each subcarrier requires to
transmit the amount of information. Hence, we initially perform uniform transmitting power
allocation assigning that way an even amount of information on each subcarrier time-sharing
factor. We then apply convex optimization to define each subcarrier’s optimal time-sharing
factor that clarifies each subcarrier’s conditions. For example, subcarriers in good conditions
would require less time to transfer the same amount of information of each user (small
optimal subcarrier time-sharing factor) than subcarriers in bad conditions (large optimal
subcarrier time-sharing factor). At the same time we derive the optimal transmitting powers
of the corresponding optimal subcarrier time-sharing factors. At this point, instead of
performing resource allocation based on the subcarrier with the best channel conditions as in

the traditional approach, we have to opportunity to further improve system’s power efficiency
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by allocating the resources relying on the subcarriers with the minimum optimal power. With
that way, we can finally define a joint optimal subcarrier and transmitting power allocation
policy, which is not only independent of iterative mechanisms but also power efficient. We
show that our introduced methodology reduces system’s complexity from phenomenal linear
to actually linear meaning that the proposed scheme literally supports real-time service
provision in the OFDMA network.

A significant difficulty of this research part is that upon utilizing convex optimization
the logarithmic origin of the NBS involves equations with recursive relations between their
optimization variables. In other words, the optimal solutions cannot be straightforward
defined as transcendental algebraic equations intervene in many phases of the optimization
process. It is well-known that deriving the exact roots of transcendental algebraic equations is
a difficult generalised problem, which frequently is not solved analytically. Especially in NBS
oriented cross-layer optimization all the proposed methods derive graphic or numerical
solutions of such equations. Nevertheless, we contribute by proposing an innovative and
intelligent technique to derive the analytical solutions for transcendental algebraic equations
entailed by the NBS-oriented optimization cross-layer problems.

In sum, this research part proposes the first NBS-based iteration-independent
scheduling policy by means of final formulas and in fully compliance with the A-NBS of both
power and subcarrier allocation. We study the accuracy of our policy demonstrating that we
achieve high optimality level in contrary to many other approaches that derive solutions far
from the actual ones. In addition, for the clarifications of our comparisons we solve the A-
NBS problem via the dual decomposition method [59] to further demonstrate the accuracy

and reduced complexity of our solution.

The key novelties of the second research part of this Thesis are summarised as

follows.

— Methodology on power-efficient designs for iteration-independent cross-layer scheduling
schemes: It is the first work that proposes a novel methodology to derive optimal power-
efficient scheduling operation for joint power and subcarrier cross-layer allocation. Our
policy has factually linear complexity and converges rapidly to Pareto optimal equilibriums

without requiring iterative mechanisms. The ordinary methodology, literally adopted by all
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relevant approaches, result to iteration-dependent strategies without improving the system’s
power efficiency [18], [23], [24], [25], [37], [42], [43], [56], [68], [69].

— Design of convex NBS oriented cross-layer schemes with channel uncertainty: This is the
first cross-layer design to introduce the A-NBS rules into convex optimization problems
along with imperfect channel and packet outage considerations. To the best of our knowledge,
relevant game-theoretic studies consider perfect CSI available at the BS or have been
developed on single-layer architectures [69], [70], [71], [72], [73], [74], [75], [76], [68], [77].
[78], [70], [79], [80], [81], [82], [83].

— Methodology on the formulation of actual A-NBS rules in PBL functions: It is the first work
that introduces PBL functions to represent users’ satisfaction relying on the effective
throughput of each user, which is in fully compliance with the A-NBS of both power and
subcarrier allocation. To the best of our knowledge, the only relevant work is our study in
[84] that embraces the S-NBS property, while all other approaches describe the effective

throughput of each user under the S-NBS of transmitting power allocation only.

— Methodology on optimal solutions by means of final formulas for game-theoretic schemes:
It is the first solution methodology to consider closed-form analysis in terms of convex
optimization involving new techniques for the solution transcendental algebraic equations
entailed by A-NBS-oriented optimization problems. Relevant studies are far from supporting
sufficient analysis proposing either graphic or numerical solutions [71], [72], [73], [74], [75],
[76], [68], [77], [78], [70], [79], [80], [81], [82], [83].
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e Game Theoretic Cross-Layer Design for Cognitive Radios - As NBS-based scenarios in
CR systems can mitigate the impending spectrum scarcity problem by maintaining fair and
opportunistic access to white spaces, we introduce the first game-theoretical cross-layer
scheme with joint channel and transmitting power allocation optimal policy for CR networks.
More precisely, we consider a prototype OFDMA system with imperfect channel to establish
the primary policies on channel, power and throughput allocation. We maintain the
communication quality of SUs and protect the potential transmissions of PUs, by denoting
QoS and interference elimination regulations based on the SINR of each SU and PU. We
firstly contribute by expressing our CR regulations in relation with the primary policies of the
OFDMA system by means of power thresholds. In addition, apart from other CR studies
where such regulations are expressed via power-unrelated utilities [52], [53], we contribute by
coupling the control decisions of all users in QoS and interference power constraints and
properly transforming them into pricing terms in SINR and QoS-based utility functions. We
will see later that such expressions facilitate the transformation and convexity of the
optimization problem as well as the global convergence of our optimal solutions.

Furthermore, we rely on the S-NBS theorem to define a PBL utility function that
maintains the throughput of the CR network as perceived by the MAC layer of the OFDMA
system according to PHY layer parameters. Although relevant works propose capacity-related
expressions for the utility function for Non-cooperative Power Control Games (NPCGs) [52],
[53], [54], [55] or cooperative games for power control [37], [42], [43], we contribute further
by proposing a proper PBL utility function that not only reflects the network spectrum
utilization efficiency but also facilitates the implementation of joint power and channel
control algorithms. Our utility PBL function describes the actual CR throughput in fully
compliance with the Axioms of S-NBS of both power and channel allocation employing a
capacity-related expression that comforts the optimization problem in terms of convexity and
global convergence.

Moreover, we describe our modelling through a mixed combinatorial problem that
targets to maximize CR system’s throughput subject to several system constraints. Adopting
time-sharing variable transformation we then formulate an equivalent convex optimization
problem and derive analytical optimal policies via our power-efficient solution methodology

for NBS games. In contrary with all other relative studies, we examine the validity of our
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solutions as there may be instances, where the determined convex set may be zero. The reason
is that the cross-layer constraints for transmission interference are power-driven and
frequently contradict each other. Hence, we contribute by introducing a feasibility condition
that shows the region, where CR-based optimization problems are valid. The major
contribution of this research part is that not only our CR optimal resource allocation is the
first that embraces the NBS Axioms but also it is iteration-independent and guarantees
convergence to Pareto optimal equilibriums. In contrary some few resent cooperative game-
theoretical studies [37], [42] [52], [53], [54], [55] provide analytical solutions regardless NBS
or propose NBS-based solutions by only concerning optimal power control and not channel
assignment [43]. Simulation results reveal the superiority of the proposed optimal scheduling
over relevant approaches in terms of throughput performance, power consumption, fairness

provision, computational complexity and optimality level.
The key novelties of the fourth research part of this Thesis are summarised as follows.

— Adaptation of CR and OFDMA regulations into equivalent convex constraints: In this
work, we express the CR and OFDMA system rules by means of power-related utilities that
can be transformed into pricing terms in a SINR and QoS-based utility function. In contrary
to relevant studies, where such regulations are expressed via power-unrelated utilities [52],
[53], [54], [55] we achieve convexity of the optimization problem and ensure global

convergence of our optimal solutions.

— Design on cross-layer S-NBS-based game-theoretic schemes for CR systems: It is the first
work that introduces joint channel and transmitting power allocation designs for CR systems
in fully compliance with the Nash bargaining Axioms. As discussed previously, relevant
approaches in CR networks have only considered single-layer structures with cooperative
game-theoretical allocation of power [37], [42], [43], [52], [53], [54], [55].

— Methodology on analytical and iteration-dependent solutions for S-NBS based resource
scheduling in CR systems: It is the first work that proposes closed-form analytical solutions
for joint optimal resource allocation in game-theoretic CR systems. To the best of our
knowledge, many studies in the CR literature [38], [39], [50], [51], [52], [53], [54], [55]
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propose humerical or graphical solutions, while very few resent works [37], [42], [43] provide

analytical iteration-dependent cooperative game-theoretical solutions in partial compliment

with the S-NBS Axioms of channel allocation. In contrary, not only we introduce analytical

optimal solutions for joint power and channel allocation through convex optimization but also

our solutions are iteration-independent guaranteeing real-time QoS provision to the SUs and

contributing to increase the reliability of CR network.
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Outline of the Thesis

In Chapter 1 we introduced the significance of the Thesis among related studies in the

literature. In addition, we overviewed the contributions and novelties of our proposals by also

providing the author’s publications list.

The rest of the Thesis is organized as follows.
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e Chapter 2 presents background knowledge regarding contemporary methodologies for
resource allocation architectures, spectrum-sharing technologies and game theoretic
strategies as well as on convex optimization in engineering accounting recent material in

the literature.

e Chapter 3 introduces the design of a power-efficient cross-layer scheme for resource
scheduling in OFDMA systems. The chapter includes system modelling, imperfect
channel modelling, channel estimation modelling and analysis, formulation of the PBL
process with specifications, transformation of system constraints into cross-layer
constraints, formulation of cross-layer convex optimization problem, optimal solutions
with detailed analysis, specifications on the functionality of the optimal policy,
extended simulation results and Appendix A.

e Chapter 4 proposes a game theoretic cross-layer design for A-NBS-based resource
allocation scheduling in OFDMA systems. The chapter includes system modelling,
imperfect channel modelling, formulation of the PBL process with specifications,
transformation of system constraints into cross-layer constraints, formulation of cross-
layer convex optimization problem, analytical methodology for iteration-independent
and power efficient cross-layer designs, optimal solutions, specifications on the

functionality of the optimal policy, extended simulations and Appendix B.

e Chapter 5 presents a game theoretic cross-layer design for S-NBS-based resource
scheduling in CR systems with OFDMA spectrum-sharing. The chapter includes system
modelling, imperfect channel modelling, definition of power-driven transmission
cancelation CR regulations, formulation of the PBL process with specifications,
transformation of system constraints into cross-layer constraints, formulation of cross-
layer convex optimization problem, methodology for iteration-independent and power
efficient cross-layer designs, optimal solutions with detailed analysis, specifications on

the functionality of the optimal policy, extended simulation results and Appendix C.
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Background Knowledge

Before presenting our proposals, we shall firstly inspect some basic background knowledge
on protocol architectures, spectrum-sharing technologies and game theoretic strategies as well
as on convex optimization in engineering problems accounting recent material in the

literature. Such inspection helps for appropriate presenting the features of our proposals.

2.1 Protocol Architectures

In contrary to wire-line technology, wireless systems have restricted physical resources since
the frequency spectrum, so-called bandwidth, is limited. This major constraint creates an
increasingly critical aspect on the network’s performance optimization, which is substantially
depended on the considered architecture of the resource allocation scheme.

The Open System Interconnection (OSI) [59] network model defines a hierarchy of
functionalities and services provision by dividing the overall networking task into seven
individual layers. The provided services are realized through protocol designs, so-called
schemes, for the different layers. Schemes can involve either per-layer or cross-layer
optimization. In per-layer optimization, higher-layer schemes ensure the services at the lower
layers with no concern about the way these services are being provided. In cross-layer
optimization, the OSI structure is violated implicating that direct communication between
schemes is allowed at non-adjacent layers or sharing variables between layers.

The presence of wireless links in the network motivates the researcher to focus on
scheme architectures involving cross-layer optimization for three main reasons. The first
reason is that wireless links create several new problems for scheme designs that cannot be

handled well in the framework of the layered architectures, e.g., valuing the packet error rate
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Figure 2.1 - The classes of cross-layer design in relation with the OSI layer model.

on a wireless link [85]. The second reason is that wireless networks offer several avenues for

opportunistic communication that cannot be exploited sufficiently in a strictly layered design.

For example, the time-varying link quality allows opportunistic usage of the channel,

whereby the transmission parameters can be dynamically adjusted according to the variations

in the channel quality [86]. The third reason is that wireless medium offers some new

modalities of communication the layered architectures do not accommodate, e.g., the physical

layer can be made capable of simultaneous reception of multiple packets [87].

However, breaking up the layered structure of the networking stack may also have

negative consequences in terms of compatibility issues and resulting performance. In

particular, cross-layer coordination schemes can introduce dependency relations and

unintended interactions [88]. In some situations, adaption mechanisms in different layers start

working in contradiction of each other, leading to worse practical performance than in a
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layered network. Such malfunctions can be avoided by choosing an effective and stable
method of cross-layer scheme architecture [19], [89].

Cross-layer architecture methods can rely on the creation of new interfaces utilized
for information sharing between the layers at runtime [85] or by involving coupling between
two or more layers at design time without creating any extra interfaces for information
sharing at runtime [87]. In the latter case, new interfaces are absent and the architectural cost
lays on the possibility of replacing one layer without making corresponding changes to
another layer. Another way in which cross-layer scheme design proposals in the literature fit
is with vertical calibration across layers, where the performance seen at the level of the
application is a function of the parameters at all the layers below it [69]. The most promising
so far unexplored [19] method among all relies on the design of two or more adjacent layers
together such that the service provided by the new so-called super-layer is the union of the
services provided by the constituent layers. To the best of our knowledge, proposal that
explicitly creates a super-layer cannot be found in the literature. The classes of cross-layer

design in relation with the OSI model are depicted and described in Figure 2.1.
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Yet it has recently been recognized that the collaborative design between the network,
PHY and MAC layers tends to blur the boundary between these adjacent layers [19].
Improvements on the lifetime as well as the power consumption of the network system are
also achieved by adjusting those layers in a cross-layer design. To explore the potential on the
performance of contemporary resource allocation and packet scheduling, this Thesis focuses
on the design of cross-layer schemes advocating the joint strategy of resource allocation
mechanisms in network, PHY and MAC layers. The generic cross-layer scheduling model
adopted in this Thesis is shown in Figure 2.2.

2.2 Random Access Technologies

Guaranteeing some form of diversity in time, frequency, space or coding, the performance of
wireless communications over fading channels can be extensively improved. Leveraging on
these carrier-multiplexing concepts, several random access technologies have been designed
to control the users’ access to the radio resources. Such technologies are classified in
contention-based and conflict-free MAC schemes [90]. In contention-based MAC schemes,
competition between users occurs for the access of a common resource, resulting in possible
conflicts that the schemes handle via static and dynamic contention resolution techniques,
e.g., Aloha [91], Carrier Sense Multiple Access (CSMA) [92]. In conflict-free MAC schemes,
a variety of access techniques is utilized ensuring the collision avoidance during
transmissions and allowing to users the occupancy of a portion of the communications
resource. Conflict-free schemes are based on Time Division Multiplexing (TDM), Frequency
Division Multiplexing (FDM), Space Division Multiplexing (SDM) and Code Division
Multiplexing (CDM) that define the concepts of dividing the wireless spectrum among the
active users [93]. The corresponding to TDM, FDM, SDM and CDM random access
technologies are known as Time Division Multiple Access (TDMA), Frequency Division
Multiple Access (FDMA), Spatial Division Multiple Access (SDMA) and Spread-Spectrum
(SS) based technologies, such as Code Division Multiple Access (CDMA), respectively.

The idea of separating the channels into multiple subcarriers in FDM [93] makes
FDMA the most straightforward random access technique among the aforementioned. The

last decades have been formulated the principles of a more advanced multiple carrier

20



Chapter 2. Background Knowledge

technology known as Orthogonal Frequency Division Multiplexing (OFDM) [93]. OFDM has
been developed by the European Telecommunication Standards Institute Broadband Radio
Access Network (ETSI BRAN) and the Multimedia Mobile Access Communications
(MMAC). The comparative advantages of OFDM have been just recently evaluated and
exploited. Random access technologies based on OFDM are known as OFDM-TDMA,
OFDM-CDMA and OFDM-FDMA. From resource allocation point of view, OFDM-FDMA,
so-called OFDMA, outperforms OFDM-TDMA and OFDM-CDMA in the un-coded and
coded Bit-Error-Rate (BER) performance [14], [94]. This is because multiple channels in
OFDMA systems naturally have the potential for more efficient MAC since subcarriers can be
assigned to different users [95] and because OFDMA systems performance is improved by
applying adaptive transmitting power allocation [14]. Today, OFDMA is the global standard
for the band of 5 GHz and has been adopted in the standards of Digital Audio Broadcasting
(DAB) [96], Digital Video Broadcasting (DVB) [97], Asymmetric Digital Subscriber Line
(ADSL) [98], IEEEB02.11a/g Wireless Fidelity (WiFi) [2], HIPERLAN/2 [3], 3G Long-Term
Evolution (3G LTE) [4] and IEEE802.16 knows as Worldwide Interoperability for
Microwave Access (WiMAX) [5].

Accounting the characteristics of pioneering random access technologies, this Thesis
embraces the OFDMA technique for the design of resource allocation and packet scheduling
schemes between MAC and PHY layers. To further validate the benefits of OFDMA
technology and to keep consistency of the system model analysis introduced in this Thesis,
we provide a microscopic view on the fundamental principles of OFDM in anachronism with

other challenging technologies.

2.2.1 Fundamental Principles of OFDM

The primary advantage of OFDM over TDM, FDM, SDM and CDM s the combination of
adaptive spectrum modulation and multiple accesses. OFDM is a special case of multi-carrier
transmission, where the overall flow of information data is transmitted through a number of

subcarriers each one having different transmission rate. Some of the subcarriers carry pilot

symbols for measurement of the channel conditions. So, one main reason of using OFDM
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modulation is the effective way of managing the dissemination of information through
multiple paths, which increases the resistance of the system against frequency selective fading
and interference phenomena between neighbouring subcarriers transmission [99].

Multi-carrier modulation superimposes the single-carrier modulated waveforms that
represent a sequence of bits. The transmitted signal is the summation of all the independent
subcarriers of identical amplitude and central frequency. The number of bits on each
subcarrier can be modulated based on encoding techniques as Quadrature Amplitude
Modulation (QAM) or Phase Shift Keying (PSK). The conversion of the binary bits into, e.g.,
QAM values is achieved through applying interleaving. In contrast to FDM, the bit encoding
in multi-carrier modulation can differ at every time slot. With this way, subcarriers abide
minor attenuation and are less prone to noise hence, they transfer more bits of information
maximizing system’s performance. In band-pass multipath communication channels, as Local
Loop (LL) channels, occurs wide variation regarding signal attenuation and variable phase
shift in frequency. In such channel configurations, multi-carrier modulation is optimal when
the number of subcarriers is large.

However, most initial efforts to implement such channel configurations did not have
the desired results mainly because of the difficulty in maintaining equal spacing between
subcarriers. Most recent efforts are successful due to the progress of the Digital Signal
Processor (DSP), which can accurately synthesize the sum of modulated waveforms utilizing
Fast Fourier Transform (FFT) and Inverse-FFT (IFFT) [100] for efficient calculation of the
sum for large number of carriers at the signal modulation and demodulation process,
respectively. To exploit the very low computational complexity of FFT, the number of
subcarriers is used in the power of two. The number of subcarriers required to achieve
maximum performance depends on the abruption of the channel transfer function in relation
with the frequency.

In a single-carrier system, a simple attenuation or interference can lead to failure of
the entire transmission network. Conversely, in a multi-carrier system, only a small
percentage of subcarriers will be affected. In a traditional parallel system, the frequency
spectrum is divided into a number of non-overlapping fields, each one representing a
subcarrier, which broadcasts a special symbol. These subcarriers are multiplexed in the

frequency domain. By choosing non-overlapping spectrum fields, interference phenomena
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between subcarriers transmission are avoided, however, the available spectrum is inefficiently
exploited.

To address this problem, several multi-carrier technologies have been introduced,
combining the parallel data stream and the FDM with overlapping subcarrier transmissions. In
such cases, the data transmitted at the high transmission rate channel, are broadcasted on
separate subcarriers with lower transmission rates. The data can be then multiplexed with
appropriate methods to achieve more efficient use of the available bandwidth. In such multi-
carrier technologies, the overlapping subcarriers are placed in series so that using appropriate
demodulator filters they can be easily distinguished by the receivers. However, such receivers
use chronic controls, co-called guard-times, between different subcarriers in the frequency
domain, which results in the available spectrum reduction. Spectrum is additionally reduced
by interferences among the overlapping subcarriers.

The solution to the above problems is given by originating the orthogonality principle
between subcarriers in OFDM technology. The term orthogonality implies that there is a
precise mathematical relationship between frequencies of different subcarriers in the system.
Orthogonality implies that the placement of subcarriers is performed in such a way that band
overlapping is achieved with simultaneous elimination of interference phenomena. Since
OFDM exhibits these advantages, it has become subject of extensive research.

In OFDM systems with parallel transmission, Discrete Fourier Transformation (DFT)
is utilized as part of the modulation and demodulation process. As the central frequency of
each subcarrier is not affected, the associated values based on the central frequency are
calculated at the receiver via DFT hence, data are retrieved with no Inter Symbol Interference
(ISI). 1SI is also avoided for the reason that the receiver evaluates the OFDM signal at the
points, where subcarriers have peak amplitude hence, demodulation is achieved without
interference. At the peak amplitude of each subcarrier, the spectrum of all the other
subcarriers is equal with zero. In addition, the spectrum of the OFDM signal matches the
Nyquist criterion [101] for a free shape pulses with ISI cancelation. Therefore, when the
maximum spectrum of a subcarrier interbreeds with the zeros of other subcarriers, Inter
Carrier Interference (ICI) is also avoided. In case of imperfect channel, ICI, ISI as well as
Inter Frame Interference (IF1) are totally suppressed through adding Cyclic Prefix (CP) ahead
of each OFDM symbol. The CP length should be greater than expected delay spread, so that
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Figure 2.3 - Block diagram of a typical OFDM transceiver.

the component of a frame of symbols transmitted from a subcarrier cannot interfere with the
next frame. In case where multiple channel paths are involved during the reception or
transmission each path has often time delays. To correct time delays low pass filters are used
at the receiver. In addition, upon conversion from analogue to digital signal the digital signal
process starts with a pilot process that helps to define and synchronize any frequency shift.

The implementation of DFT so-called FFT [100] further enhances OFDM system
performance. Low-cost, high-speed FFT chips are implemented through Very Large Scale
Integration (VLSI) systems. In this way, both the transmitter and receiver use FFT and IFFT
techniques by reducing the computational complexity of OFDM modulation and
demodulation, respectively, from exponential to linear [101]. Figure 2.3 depicts a typical

OFDM transceiver.
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2.3 Resource Allocation for OFDMA Wireless Systems

In an OFDMA wireless network, the channel is divided into orthogonal narrowband
subcarriers so, different subcarriers can be allocated to different users to provide a flexible
multi-user access scheme and exploit multi-user diversity [95], [102]. The specific subset of
subcarriers assigned to each of the system users and the powers transmitted on these
subcarriers can be properly selected such that some performance metric of the OFDMA
system is optimized. The abovementioned parameters, i.e., the subcarriers subsets and the
transmitting powers are commonly called as the resource allocation parameters. The process
of determining these parameters in order to optimize a certain performance metric is referred
to as resource allocation.

There are many ways to exploit the high degree of flexibility of radio resource
management in the context of OFDMA. Since channel frequency responses are different at
different frequencies and for different users, data rate adaptation over each subcarrier,
Dynamic Subcarrier Assignment (DSA) and Adaptive Transmitting power allocation (APA)
can significantly improve the performance of OFDMA networks. Using data rate adaptation
[103], [104] the transmitter can send higher transmission rates over the subcarriers with better
conditions so as to improve throughput and simultaneously to ensure an acceptable BER at
each subcarrier. Despite the use of data rate adaptation, deep fading on some subcarriers still
leads to low channel capacity. On the other hand, channel characteristics for different users
are almost mutually independent in multi-user environments, e.g., subcarriers experiencing
deep fading for one user may not be in a deep fade for other users. Therefore, each subcarrier
could be in a good condition for some users in a multi-user OFDMA wireless network.
Resource allocation issues and the achievable regions for multiple access and broadcast
channels are investigated in [105] and [106], respectively, which prove that the largest data
rate region is achieved when the same frequency range is shared with overlap by multiple
users in broadcast channels. However, when optimal DSA with data rate adaptation is used,
there is only a small range of frequency with overlapping power sharing [107]. Yet it has been
shown that the combination of APA, DSA and data rate adaptation in joint optimal algorithms
can achieve data transmission rates close to the channel capacity boundary [14], [108], [109],
[110].
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Within this Thesis we focus on such joint optimal schemes over non-deterministic
channels. Many works in the literature assume that channel coefficients are instead
deterministic; from an information-theoretic perspective, this means that perfect CSI is
considered to be available at the transmitter (CSIT). In practice, the latter assumption only
holds if there is an error-free feedback link from each user to the Base Station (BS). Under the
deterministic channels assumption, several performance metrics are used in the literature to
optimize the selection of the resource allocation parameters, e.g., maximization of the sum
rate, maximization of a weighted sum rate and minimization of the total transmitting power
needed to satisfy all users’ rate requirements. For most of the aforementioned resource
allocation problems, there is no simple way to find their respective optimal solution. Most of
the existing works [14], [110], [111], [112] resorted to numerical approaches in order to
compute suboptimal solution to the above resource allocation problems.

Furthermore, many proposals are either based on ergodic or non-ergodic channel
capacities. In ergodic channels the sequence of the channel coefficients for each user and each
subcarrier is a random ergodic process meaning that the randomness of the channel gains can
be averaged out (removed) over time. These models best fit the case of fast fading channels,
i.e., channels whose coherence time is much smaller than the code-word duration [113],
[105], [114]. On the other hand, very few works [115], [116] addressed the resource
allocation problem in the case where the sequence of channel coefficients is modelled as a
non-ergodic process. This model is best adapted to the case of slow fading channels, i.e.,

channels whose coherence time is much larger than the code-word duration.

2.4 Game Theoretic Resource Allocation

Game theory [41], [47], [117] is a discipline aimed at modelling situations in which decision
makers have to make specific actions that have mutual, possibly conflicting, consequences. It
has been used primarily in economics and adopted in politics, biology and engineering. The
first notion of game theory was made in [118], while the NBS introduction brought significant
additional contributions [40], the cornerstone of which is the famous Nash equilibrium.
Recently, game theory has been also applied in networking and communications,

where there exist a number of decision makers, called players who have potentially
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conflicting interests. In the wireless networking context, game theory is the analysis of
conflict and cooperation among intelligent rational players. A player can be either a user or
network operator and is said to be rational if it makes decisions consistently in a pursuit of its
own objectives. In a multi-player game, individuals make decisions that influence each other
expected utility. The objective of game theory is how players can appropriate adjust their
objectives to maximize their utilities and act according to their game strategies such as
prisoner’s dilemma, matching pennies, joint packet forwarding games and multiple access
games [41], [47].

In wireless networking, there are many types of game strategies; a game can be
symmetric, where payoffs of players depend on the other strategies employed or asymmetric,
meaning that payoffs depend on the requirements of each player. In addition, games can be
either nonzero-sum, where players cooperate each other to increase their payoffs, e.g.,
prisoner’s dilemma, joint packet forwarding games and multiple access games, or zero-sum
meaning that the gain of one player represents the loss of the other player, e.g., matching
pennies games. Other types of game strategies can be considered either as static, where
players have only a single move in an one time-step strategy, either as dynamic, where players
have a set of moves during multiple time steps making their moves simultaneously without
knowing what the other players do, or repeated, which is a subset of dynamic games, where
players interact several times using a repeated strategy. Moreover, if all players know all the
utility functions, then the game type is said to be with complete information, while if there is
some information concerning the game that is not common knowledge, then the game is said
to be with incomplete information, represented by Bayesian games [41]. In addition, when
players aim to maximize their own utility then the game is said non-cooperative, while when
players are allowed to form coalitions the game is said to be cooperative.

Any game type can be defined in strategic form with the set of game strategies to
constitute a strategic profile. Once the game is expressed in strategic form it can be solved by
many solution concepts, which are predictions about what rational intelligent players should
play in the game. There are two possible ways to analyse such games: the dominant and Nash
equilibrium [41], [47]. The dominant analysis is the simplest way of solving game strategies
and is distinguished into strict dominant, or iterated dominant. A strict dominant strategy is a

fixed strategy a player follows regardless the strategies of other players and other strategies of
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its own that might be more dominant. However, strict dominant solutions are not resilient to
system changes, frequently leading to high unfairness. On the other hand, in iterated dominant
strategies are more convenient, where a player recognizes that other players have strictly
dominated strategies acts accordingly. In addition, a broad class of games are characterized by
the Nash equilibrium solution, which is a profile of strategies such that each player strategy is
an optimal response to the other players’ strategies. Although any solution derived by iterated
strict dominance is a Nash equilibrium [41], iterated dominant solutions cannot solve many
problems in resource allocation mainly due to the increased complexity, e.g., in multiple
access game types. Fortunately, using the concept of Nash equilibrium, we can identify
solutions to such strategy profiles using the concept of Pareto-optimality. In a Pareto-optimal
multiple access game strategy, the payoff of a player cannot be increased without decreasing
the payoff of at least one other player. The concept of Pareto-optimality eliminates the Nash
equilibriums that can be improved by changing to a more efficient, i.e., Pareto-superior, or
less efficient, i.e., Pareto-inferior, strategy profiles.

In this Thesis we focus on cooperative, nonzero-sum, multiple access game type
strategies in dynamic games with complete information. Our game analysis is based on
Pareto-optimal Nash equilibriums for symmetric and asymmetric Nash bargaining game

structures.

2.5 Utility Theory in Nash Bargaining Multiple Access Games

The concept of utility functions is of outmost importance in game theory. A utility function

fj of a player j=1,...,K, where K is the total number of players, quantifies the outcome of

the game for a player given the strategy type. A utility function is a twice-differentiable

function of objective U ( f j) defined for f; >0, having properties of non-satiation, e.g., the

first derivative is positive 6U(fj)/afj >0 and risk aversion, e.g., the second derivative is

negative &°U ( f;)/o( fJ.)2 <0. The non-satiation property states that utility increases with

objective, while the risk aversion property states that the utility function is concave or, in

other words, that the marginal utility of objective decreases as objective increases.
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Let us suppose that u? e f; is the initial minimum utility of each user to join the
multiple access game, e.g., its minimum QoS requirements in terms of data rate. Then a

bargaining problem is the pair of ( f;,uf), where f; is defined as a close convex subset of
3¢ ={¥}, eg., f, =3, with I to represent the set of game strategies of the K players
and ¥ the space of the utility vectors, and there exists y e ¥ with f, (y)>>uj. Assuming
that the minimum utility u? can be achieved for each player, then there exists at least one
feasible sub-space W, in ¥ for which the utility vector fz[f1 (W) fi ((,//)] is larger or
equal to the initial utility vector u° =[u1°uf’<} ,e.g.,, f>u’, allowing the sub-set ¥, e ¥

to be defined as W, :{l//e‘l’| f. (://)ZU?}. Moreover, let U ={f; (y)|w ¥} to denote the

set of achievable utility and G =[U (f, (W)),u?‘u (f,(w))= SK] to represent the set of all

bargaining problems or, in other words, the class of sets of individual intelligent rational
utility measures satisfying the minimum utility bound u®. A utility-based bargaining solution
is a set-valued function S:G — 3 =@ such that for every utility-based bargaining problem
GZ(U(fj(l//)),U?) itis S(G)<U(f;(w)). In the bargaining problem (U(fj(z//)),u?) we
say that weU(f(y)) is individually intelligent rational if f;(y)>uS. Also, that
weU(f;(y)) is weakly efficient if there is no y'eU ( f. (w)j) such that i’ >>y and that
v is efficient if there is no y’ €U (f; (w)), ' =y suchthat y'>y .

A Nash bargaining solution is the solution S :G — 3 =@ that for each utility-

based bargaining problem (U ( f; (W))uj’) selects the set {y/ll//z} cu ( f, (z//)) that contains

the only point in G(U(fj (yx))uf) which satisfies (y; —u7),.... (] —uf ), (v —ug )
(l//1 —uf),...,(l//;—u?),...,(l//K—uﬁ) for all (l//l,...,l//j,...,l//K)EG(U(fj (V/))u?) A
0

bargaining problem is symmetric if ul=..=uj=..=uy and (Wl,...,y/j,...,wK)e

29



Chapter 2. Background Knowledge

G(U(fj(y/)),u?) implies that (y,....y/;,..., l//l)eG(U(fj(l//)),u?). A symmetric NBS
SN® follows the following Axioms.

o GS\ES (U(fj(z//)),u?) is Pareto optimal meaning that there exists no other allocation

SSNBS’(U(fJ- (w))uf) that leads to superior performance for some users without inferior

performance for some other users, i.e., S (U(f;(y)).u?)>S™ (U(f;(w)),u}), 3i
and S5 (U (f;(y)).ug )= S (U (£, (w)),1}). vi.-

. SSNBS(U(fj(z//)),u?) guarantees the minimum utility for every player, e.g.,
S (U(f;(w)),up)eU®, where U° is the set of minimum utilities given by
U°={u°’eu(fj(z//))

o SV (U(fj(://)),u?) provides fairness by being independent of irrelevant alternatives,

u°'2u°}, vj .

e.g., if the feasible set shrinks but the solution remains feasible, then the solution for the

smaller feasible set is the same point. This can be written as U'(f;(y))<U(f;(v)),
(U'(f;(w))u°)eG and  S™*(U(f(y)).u})eG then  S™*®(U(f,(w)).uf)=
S (u’(fj (W)),UO), vj .

o gSNES (u (f; (W)),u?) provides symmetry, meaning that all users have the same priorities,

e.g., assuming that U ( f; (z,//)) is symmetric with respect to a subset of indices of users who

are able to achieve a performance strictly superior to their initial performance, e.g.,
J{Lojon K} and U eU(f;(y)), Ul €U(f(w)), §,i'ed then if uf =u it stands
that $** (U ( f, (y/)),u‘))j — gses (u(fj(y/)),u‘))j,, i=i

0

An asymmetric bargaining problem is the pair (U (wj fj(l//)),uj), where players

have different weights —w, #..#w; #..#W, and various minimum payoffs
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U #..#=W £ #Uy.  An asymmetric NBS SN G 53 =@,  with
G = [U (Wj f; (1,//)),u0 ‘U (Wj f; (1//)) c SK] follows the abovementioned Axiom’s properties

except the latter’s one, €.g., it does not provide symmetry. The asymmetrical bargains are due
to various players’ utilities, which must reflect the players’ different preferences in terms of
their weights meaning that S*\es (U (w; (z//)),uo)j # GANBS (U (w; f; (z,y)),uo)j,, j=j.

In utility theory the principle of expected utility maximization [33], [41] states that an
intelligent rational player, when faced with a choice among a set of competing feasible
strategy alternatives, acts to select a strategy, which maximizes his expected utility function.

Based on this principle, we can express the S-NBS property as unconstrained utility

maximization problem as follows.

Lemma 2.1 - If a utility function f, is convex upper-bounded defined on ¥ and ¥ is
convex and subset of I, then there exists a symmetric Nash bargaining point y®™ that
verifies f, (l//sym)zu?, jeJ and comprises the unique solution of the maximization

problem

max[](f, (™) -uS), o e, 21)
jed
Proof - The proof of Lemma 2.1 is similar to the proof of the S-NBS pr