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Chapter 1
Introdu
tion
Wireless 
ommuni
ation and 
omputer networks have experien
ed an exponential growthover the last de
ade. Cellular phones and wireless 
onne
tivity devi
es have be
ome a 
riti
albusiness tool and part of everyday life in many 
ountries. While third generation (3G) 
ellphone te
hnologies su
h as Universal Mobile Tele
ommuni
ations System (UMTS) havere
ently been deployed in some 
ountries, wireless lo
al area networks (WLANs) su
h asthose based on IEEE 802.11 standard have been supplementing or repla
ing wired networksin many homes, businesses and 
ampuses sin
e a 
ouple of years. Many industrial andgovernment organizations have also been involved in developing wireless vehi
ular ad ho
networks (VANETs) to enable 
ommuni
ations among nearby vehi
les and between vehi
lesand nearby roadside network infrastru
ture.The explosive growth of wireless systems 
oupled with the proliferation of wirelessdevi
es su
h as 3G phones, WiFi laptops and vehi
ular wireless devi
es, suggests a brightfuture for wireless networks, both as stand-alone ad ho
 systems and as part of the largernetworking infrastru
ture. However, many te
hni
al 
hallenges still remain in designingrobust wireless networks that 
an deliver the ne
essary performan
e for supporting emergingappli
ations. These te
hni
al 
hallenges have given rise to numerous resear
h problems thathave attra
ted signi�
ant attention in the resear
h 
ommunity. This thesis deals with someof these resear
h problems and provides several new results that 
an be used to improve theperforman
e of existing wireless systems and te
hnology. In addition to wireless systems,we also study and present an innovative approa
h for performan
e modeling of 
omputernetwork systems in real-time.Wireless networks 
an be broadly 
lassi�ed into two 
ategories, namely, wireless a

essnetworks and wireless ad ho
 networks. Wireless a

ess networks usually provide 
onne
tiv-ity to the wired infrastru
ture network through the wireless medium. Examples of wirelessa

ess networks in
lude 
ellular systems su
h as 2G GSM, 3G UMTS, et
. and WiFi sys-1



2 Chap. 1 Introdu
tiontems su
h as 802.11 WLANs. Wireless ad ho
 networks on the other hand are de
entralizedwireless networks that may be setup and dismantled dynami
ally. Wireless ad ho
 networksmay be further 
lassi�ed as mobile ad ho
 networks (MANETs), wireless mesh networks andwireless sensor networks. VANETs are a spe
ial kind of MANETs that exhibit drasti
allydi�erent behavior from the usual MANETs. In this thesis, we shall limit our fo
us to thestudy of 3G UMTS and 802.11 WLAN a

ess te
hnologies and mobile and vehi
ular ad ho
networks.With de
lining hardware 
osts, some devi
es are now available in the market thatprovide both WiFi and 
ellular 
onne
tivity at a�ordable pri
es. These devi
es 
an dete
tthe presen
e of either of the two networks and swit
h between them when available. Withmore and more users subs
ribing to wireless broadband servi
es, these devi
es allow them tohave a

ess to both WLAN hot-spot and UMTS 
ellular networks. Thus network operatorsare seeking to o�er seamless and ubiquitous 
onne
tivity to mobile users through integrated802.11 WLAN and 3G UMTS hybrid networks. Su
h hybrid networks are being in
reasinglystudied by network operators as a 
onverged medium of providing 
onne
tivity for bothvoi
e and data appli
ations. In this thesis, we have two 
hapters dedi
ated to the study ofoptimal user-network asso
iation in a WLAN and UMTS hybrid 
ell.Power 
ontrol and PHY data rate 
ontrol are two 
entral me
hanisms that are 
riti
alin a
hieving an e�
ient fun
tioning of a WLAN. Power 
ontrol and rate 
ontrol are also veryoften used for providing quality of servi
e (QoS) and both are useful for obtaining a radio
hannel with a low bit error rate (BER). The IEEE 802.11 spe
i�
ation for mobile devi
esallows 
ustomization of 
ertain 
riti
al operation parameters like PHY data rate and MAClayer frame size and any manufa
turer or even user 
an adaptively sele
t the PHY datatransmission rates for rate 
ontrol. For this purpose, several auto-rate sele
tion algorithms[KL97, HVB01, GCNC01, AKKD01, QCJS03℄ have been proposed in the literature and mostof them allow WLAN nodes to adapt their PHY rates non-
ooperatively, by de�nition. Inthis thesis, we have one 
hapter that studies the ine�
ien
y of IEEE 802.11 MAC proto
olunder non-
ooperative power and rate 
ontrol.Fountain Codes are rateless erasure 
odes and o�er a very promising future for ame-liorating existing data pa
ket transmission te
hniques. Spe
i�
 type of fountain 
odes su
has Luby Transform (LT) Codes, Raptor 
odes, et
., 
an be used by a sender to generateen
oded pa
kets from sour
e data pa
kets on the �y and the number of su
h en
oded pa
kets
an be potentially limitless. If the original �le at sender side 
omprises Np pa
kets, thenby de
oding any set of Np(1 + ǫ) (slightly more than Np) fountain 
oded pa
kets re
eived,the re
eiver 
an re
over the whole �le with probability 1 − δ. The probability of failure tode
ode the �le, δ, is bounded above by δ ≤ 2−ǫNp and depends on the degree distributionused to 
ode the pa
kets at sender side. A Fountain Codes based Transport (FCT) proto
olrelies on an alternate paradigm to that of the ubiquitous TCP. It abolishes the need for a re-verse feedba
k me
hanism usually essential to provide reliability in pa
ket data transmission.Absen
e of a reverse feedba
k me
hanism 
an substantially improve the performan
e of net-works with half-duplex wireless 
hannels (su
h as 802.11 WLANs), where 
ollisions betweenforward and reverse MAC frame transmissions 
ontribute signi�
antly towards performan
edegradation. In this thesis, we have one 
hapter dedi
ated to performan
e modeling and



3analysis of a simple FCT proto
ol in a single 
ell IEEE 802.11 WLAN.There are two types of layer-2 downlink transport 
hannels that have been provided inUMTS: dedi
ated 
hannels and 
ommon 
hannels. A 
ommon 
hannel is a resour
e sharedbetween all or a group of users in a 
ell, where as a dedi
ated 
hannel is a resour
e identi�edby a 
ertain 
ode on a 
ertain frequen
y and is reserved for a single user only. The onlydedi
ated 
hannel is termed as DCH and one of the six 
ommon transport 
hannels that ismainly used for pa
ket data on the downlink is the FACH 
hannel [HT01℄. A

ording to theWCDMA (Wideband-CDMA) spe
i�
ations detailed by the 3GPP group, for a parti
ularuser, long �ows with large number of pa
kets 
an be transmitted on the user dedi
atedDCH 
hannel and short �ows of few pa
kets 
an be transmitted on the 
ommon FACH
hannel whi
h is shared by all users. However, the 3GPP spe
i�
ations do not provide anystandardization of su
h a 
hannel sele
tion/swit
hing poli
y. A network operator is free to
hoose its own proprietary 
hannel swit
hing poli
y. In this thesis, we have one 
hapter inwhi
h we propose a new 
ross-layer 
hannel swit
hing poli
y for TCP transmission in 3GUMTS.Mobile ad ho
 networks (MANETs) 
onsist of wireless mobile nodes that 
an freelyand dynami
ally self-organize. In this way they form arbitrary and temporary ad ho
network topologies, allowing devi
es to seamlessly inter
onne
t in areas with no pre-existinginfrastru
ture. MANETs have been a popular subje
t for resear
h sin
e the widespread useof 802.11 WiFi devi
es. In this thesis, we study optimal next hop distan
e that maximizesthe system end-to-end �ow throughput in a MANET subje
t to network average power
onstraints.Vehi
les equipped with 
ommuni
ation devi
es 
an form Vehi
ular ad ho
 networks(VANETs) for tasks su
h as inter-vehi
le 
ollision avoidan
e, road-a

ident noti�
ation,tra�
 situation update, 
oordinated driving systems or simply inter-vehi
le voi
e 
ommuni-
ation. Like MANETs, VANETs do not rely on any �xed infrastru
ture and instead dependon intermediate relay nodes for route establishment proto
ols and data transmission. How-ever, VANETs tend to exhibit a drasti
ally di�erent behavior from the usual MANETs.High speeds of vehi
les, mobility 
onstraints on a straight road and driver behavior aresome fa
tors due to whi
h VANETs possess very di�erent 
hara
teristi
s from the typi-
al MANETs. VANETs are being resear
hed upon and developed by many industrial andgovernment organizations. In this thesis, we have one 
hapter dedi
ated to the study ofoptimal next hop sele
tion in a route between two vehi
les for a simple s
enario of VANETson a fast tra
k highway. There is another related 
hapter that dis
usses in detail a spe
ialstru
ture inherent to the solution of Dynami
 Programming (DP) problem arising in pathoptmization problems su
h as the one 
onsidered for VANETs.Performan
e modeling of 
omputer network systems is a 
ru
ial step in 
apa
ity plan-ning of 
omputer networks. Performan
e models of 
omplex software and hardware networkar
hite
tures 
an be very helpful in a

urately predi
ting their performan
e for varying datatra�
 patterns and workloads. Performan
e modeling be
omes more 
hallenging if the work-load (e.g., number of jobs or transa
tions handled per unit of time) for an IT system usedin produ
tion environment is non-stationary in nature and has fast 
hanging 
hara
teris-ti
s. Moreover, state of the art transa
tion-based software appli
ations are quite 
omplex
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tionin design. Due to this, end-to-end transa
tions may in
ur workload dependent and variableservi
e times. In this thesis, we have one 
hapter where we study and present an innovativeapproa
h of using Kalman �ltering with queueing theory based performan
e models. Thisapproa
h allows us to pursue real-time performan
e modeling of online 
omputer networksystems that pro
ess fast 
hanging non-stationary workload and have workload dependentservi
e times.1.1 Thesis Organization and ContributionThis thesis may be 
onsidered to be divided into two parts. The �rst major part 
omprisesChapters 2-9 that deal with various resear
h problems related to optimization and 
ontrolin wireless networks. While Chapters 2-6 deal with wireless a

ess networks, the fo
us ofChapters 7-9 is on wireless ad ho
 networks. The se
ond part 
omprises Chapter 10 thatpresents estimation of workload dependent model parameters and real-time performan
emodeling of 
omputer network systems.In Chapter-2, we study globally optimal user-network asso
iation in an integrated802.11 WLAN and 3G UMTS hybrid 
ell. The asso
iation problem is formulated as a generi
SMDP (semi-Markov de
ision pro
ess) 
onne
tion routing de
ision problem. We then solvethis SMDP problem using a parti
ular network model for WLAN and UMTS networks andwith rewards 
omprising �nan
ial and aggregate throughput 
omponents. The networkmodel assumes saturated resour
e allo
ation in WLAN and UMTS networks and a singleQoS 
lass of mobiles arriving at an average lo
ation in the hybrid 
ell. The 
orrespondingDynami
 Programming equation is solved using Value Iteration and a stationary optimalpoli
y with neither 
onvex nor 
on
ave type swit
hing 
urve stru
ture is obtained. Thresholdtype and symmetri
 swit
hing 
urves are observed for the analogous homogenous network
ases.In Chapter-3, we study individually optimal user-network asso
iation in an inte-grated WLAN and UMTS hybrid 
ell. The asso
iation problem is formulated within anon-
ooperative game framework. In the formulation, mobile arrivals are assumed to followthe Poisson pro
ess and ea
h mobile 
onsiders its average servi
e time in ea
h network asthe de
ision 
riteria to 
onne
t to either of the WLAN or UMTS networks. We seek to
ompute the optimal asso
iation or de
ision poli
y that a
hieves the Nash equilibrium. Forthis we develop a generi
 system of linear equations for estimating the average servi
e timeof a mobile. This system is then solved assuming a parti
ular model for the WLAN andUMTS networks and we expli
itly 
ompute the optimal asso
iation poli
y that is observedto possess a des
ending stair
ase 
urve stru
ture.The IEEE 802.11 MAC proto
ol, DCF (Distributed Coordination Fun
tion), allowsnodes in a WLAN to 
hoose an appropriate PHY data transmission rate for ea
h frametransmission. For this purpose, several auto-rate sele
tion algorithms have been proposedin the literature and most of them allow nodes to adapt their rates non-
ooperatively, byde�nition. Under a non-
ooperative game setting, ea
h node would 
hoose its rate so asto optimize its own, appropriately de�ned payo�. In Chapter-4, we formulate a payo�fun
tion 
omprising throughput and 
osts related to power 
onsumption and derive expli
it
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. 1.1 Thesis Organization and Contribution 5expressions for the optimal rates under non-
ooperative and 
ooperative rate sele
tion. We
onsider optimization problems for both �nite number of nodes n and for the limit n→ ∞and single node throughputs 
orresponding to the optimal PHY rate under non-
ooperativegame are 
ompared with those obtained under a 
ooperative sele
tion of PHY rates. The
omparisons reveal that network performan
e in the non-
ooperative game s
enario is inef-�
ient as 
ompared to the 
ooperative s
enario.In Chapter-5, we propose a Markovian sto
hasti
 framework to model the performan
eof a simple Fountain Codes based Transport (FCT) proto
ol in a single 
ell IEEE 802.11WLAN. Our model allows the WLAN A

ess Point to employ a generi
 rate 
ontrol algo-rithm for MAC frame transmissions on the downlink. Using renewal theory we provide anexpli
it expression for the average downlink throughput. ns2 simulations are used to vali-date our model and the analyti
ally obtained throughput metri
. A detailed performan
eanalysis study is then 
arried out to provide insights into the 
hoi
e of various system param-eters that 
an lead to optimal network performan
e. Finally we present a brief 
omparisonbetween the performan
e of FCT and TCP through simulations.In 3G UMTS, two main transport 
hannels have been provided at the layer-2 (MAC)for downlink data transmission: a 
ommon FACH 
hannel and a dedi
ated DCH 
hannel.The performan
e of TCP in UMTS depends mu
h on the 
hannel swit
hing poli
y used. InChapter-6, we �rst propose and analyze three new basi
 threshold-based 
hannel swit
hingpoli
ies for UMTS that we name as QS (Queue Size), FS (Flow Size) and QSFS (QS &FS 
ombined) poli
y. These poli
ies signi�
antly improve over a `modi�ed threshold poli
y'in [PAAD03℄ by about 17% in response time metri
s. We further propose and evaluate anew improved swit
hing poli
y that we 
all FS-DCH (at-least �ow-size threshold on DCH)poli
y. This poli
y is biased towards short TCP �ows of few pa
kets. It is thus a 
ross-layerpoli
y that improves the performan
e of TCP by giving priority to the initial few pa
ketsof a �ow on the fast DCH 
hannel. Extensive simulation results show that FS-DCH poli
yimproves over others by about 30% to 36% in response time metri
s for a parti
ular 
ase.In Chapter-7, in a dense multi-hop network of mobile nodes 
apable of applying adap-tive power 
ontrol, we 
onsider the problem of �nding the optimal hop distan
e that max-imizes a 
ertain throughput measure in bit-metres/se
, subje
t to average network power
onstraints. The mobility of nodes is restri
ted to a 
ir
ular periphery area 
entered at thenominal lo
ation of nodes. We in
orporate only randomly varying path-loss 
hara
teristi
sof 
hannel gain due to the random motion of nodes, ex
luding any multi-path fading orshadowing e�e
ts. Computation of the throughput metri
 in su
h a s
enario leads us to
ompute the probability density fun
tion of random distan
e between points in two 
ir
les.Using numeri
al analysis we dis
over that 
hoosing the nearest node as next hop is not al-ways optimal. Optimal throughput performan
e is also attained at non-trivial hop distan
esdepending on the available average network power.The main goal of Chapter-8 is to better understand the routing dynami
s in VANETsthat are a spe
ial 
lass of MANETs but exhibit very di�erent behavior from them. We
onsider the problem of optimal next hop sele
tion in a route between two vehi
les for asimple s
enario of VANETs on a fast tra
k highway. For a given 
hoi
e of number of hopsbetween the sour
e and destination, we seek the optimal 
hoi
e of next hop based on its
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tionspeed and inter-node distan
e so as to maximize the expe
ted route lifetime. Our analyti
almodel a

ounts for the randomly 
hanging speeds of nodes (vehi
les) over time and hen
ethe optimal 
hoi
e depends on the dynami
s of the sto
hasti
 pro
ess 
orresponding to thespeed of nodes. Under a Markovian assumption on the pro
ess of speed of nodes, we showthat the optimal 
hoi
e of speeds is su
h that the lifetimes of adja
ent links are as 
loseas possible. Expli
it expressions for optimal 
hoi
e of next hop node's speed and inter-node distan
e are obtained for 
ertain fast tra
k highway s
enarios of interest. A monotonevariation property of the speed of relay nodes under the optimal poli
y is proved. Theseproperties have been 
on�rmed with simulations. The optimal poli
ies and their stru
tures
an assist in enhan
ing the performan
e of existing VANET routing proto
ols.The inherent nature of the physi
al setup and transmission me
hanism in wireless adho
 networks with random 
hannel a

ess, results in 
orrelation between the link metri
s ofadja
ent links, when 
onsidering path optimization problems. In Chapter-9, we identify aspe
ial stru
ture inherent to the solution of Dynami
 Programming (DP) problem arisingin su
h an optimization over paths. A

ording to this stru
ture, the optimal poli
y tries toequalize the link metri
s of adja
ent links in a multi-hop route. We validate this stru
turalproperty with a VANET simulator.In Chapter-10, we are 
on
erned with performan
e modeling of transa
tion-baseddistributed software appli
ations deployed over an arbitrary 
omputer network ar
hite
ture.AMBIENCE, whi
h is a resear
h prototype tool that has been developed at IBM Resear
h,makes use of the powerful Inferen
ing te
hnique that allows one to generate a workload-independent parameters based performan
e model. In this work, we extend the Inferen
ingte
hnique for generating arriving workload dependent parameter based performan
e models.We 
all this extended form of Inferen
ing as Enhan
ed Inferen
ing. Implementation of thisEnhan
ed Inferen
ing in AMBIENCE shows signi�
ant improvement in performan
e model�tting and approximation. We further present an innovative approa
h of using Kalman�ltering with Inferen
ing like performan
e models in order to be able to pursue real timeperforman
e modeling of produ
tion environment 
omputer appli
ation systems that fa
efast 
hanging non-stationary arriving workloads. This real time performan
e model notonly works reliabily for non-stationary workloads, but also in
orporates workload dependentmodel parameters.



Chapter 2
Globally Optimal User-Network Asso
ia-tion in a WLAN & UMTS Hybrid Cell
With more and more users subs
ribing to wireless broadband servi
es, it is desirable forthem to have a

ess to both WLAN hot-spot and UMTS 
ellular networks. In this 
hapter,we study globally optimal user-network asso
iation in an integrated 802.11 WLAN and 3GUMTS hybrid 
ell. The asso
iation problem is formulated as a generi
 SMDP (semi-Markovde
ision pro
ess) 
onne
tion routing de
ision problem. We then solve this SMDP problemusing a parti
ular network model for WLAN and UMTS networks and with rewards 
ompris-ing �nan
ial and aggregate throughput 
omponents. The network model assumes saturatedresour
e allo
ation in WLAN and UMTS networks and a single QoS 
lass of mobiles ar-riving at an average lo
ation in the hybrid 
ell. The 
orresponding Dynami
 Programmingequation is solved using Value Iteration and a stationary optimal poli
y with neither 
on-vex nor 
on
ave type swit
hing 
urve stru
ture is obtained. Threshold type and symmetri
swit
hing 
urves are observed for the analogous homogenous network 
ases.Note: The material in this 
hapter has appeared in [KAK07a℄. This work was sponsoredby Fran
e Tele
om R&D.

7



8 Chap. 2 Globally Optimal User-Network Asso
iation in a WLAN & UMTS Hybrid Cell2.1 Introdu
tionAs 802.11 WLANs and 3G UMTS 
ellular 
overage networks are being widely deployed,network operators are seeking to o�er seamless and ubiquitous 
onne
tivity for high-speedwireless broadband servi
es, through integrated WLAN and UMTS hybrid networks. Fore�
ient performan
e of su
h an hybrid network, one of the 
ore de
ision problems that anetwork operator is fa
ed with is that of optimal user-network asso
iation or load balan
ing,i.e., optimally routing an arriving mobile user's 
onne
tion to one of the two 
onstituentnetworks. We study this de
ision problem assuming a spe
i�
 network model for the WLANand UMTS networks. To be more pre
ise, 
onsider a hybrid network 
omprising two inde-pendent 802.11 WLAN and 3G UMTS networks, that o�ers 
onne
tivity to mobile usersarriving in the 
ombined 
overage area of these two networks. By independent we meanthat transmission a
tivity in one network does not 
reate interferen
e in the other. Ourgoal in this 
hapter is to study the dynami
s of optimal user-network asso
iation in su
ha WLAN-UMTS hybrid network. We 
on
entrate only on streaming and intera
tive datatransfers. Moreover, we 
onsider only a single QoS 
lass of mobiles arriving at an averagelo
ation in the hybrid 
ell and these mobiles have to be admitted to one of the WLAN andUMTS networks.Note that we do not propose a full �edged 
ell-load or interferen
e based 
onne
tionadmission 
ontrol (CAC) poli
y in this work. We instead assume that a CAC pre
edes theasso
iation de
ision 
ontrol. A 
onne
tion admission de
ision is taken by the CAC 
ontrollerbefore any mobile is 
onsidered as a 
andidate to be 
onne
ted to either of the WLAN orUMTS networks. Thereafter, an asso
iation de
ision only ensures an optimal performan
eof the hybrid 
ell and it is not proposed as an alternative to the CAC de
ision. However,the asso
iation de
ision 
ontroller 
an still reje
t mobiles for optimal performan
e of thenetwork.In the network model for WLAN and UMTS networks, we introdu
e 
ertain simpli-fying assumptions to make the SMDP formulation analyti
ally tra
table. Without theseassumptions it may be very hard to study the dynami
s of user-network asso
iation in aWLAN-UMTS hybrid network.2.1.1 Related Work and ContributionsStudy of WLAN-UMTS hybrid networks is an emerging area of resear
h and not mu
hrelated work is available. Authors in some related papers [MYLR04, SLC03, LZ05, Jas03,VGN05, KRPR05, FC05℄ have studied issues su
h as verti
al handover and 
oupling s
hemes,integrated ar
hite
ture layout, radio resour
e management (RRM) and mobility manage-ment. However, questions related to load balan
ing or optimal user-network asso
iationhave not been explored mu
h. Premkumar et al. in [PK06℄ propose a near optimal solu-tion for a hybrid network within a 
ombinatorial optimization framework, whi
h is di�erentfrom our approa
h. To the best of our knowledge, ours is the �rst attempt to present ageneri
 formulation of the user-network asso
iation problem under an SMDP de
ision 
on-trol framework. Moreover, this work is the �rst we know of that obtains an expli
it optimalasso
iation poli
y for the spe
i�
 WLAN-UMTS hybrid network model that we 
onsider.



Se
. 2.2 Framework for the De
ision Control Problem 92.2 Framework for the De
ision Control ProblemA hybrid network may be 
omposed of several 802.11 WLAN A

ess Points (APs) and 3GUMTS Base Stations (NodeBs) that are operated by a single network operator. However,our fo
us is only on a single pair of an AP and a NodeB that are lo
ated su�
iently 
loseto ea
h other so that mobile users arriving in the 
ombined 
overage area of this AP-NodeBpair have a 
hoi
e to 
onne
t to either of the two networks. We 
all the 
ombined 
overagearea of a single AP 
ell and a single NodeB mi
ro-
ell [HT01℄ as a hybrid 
ell. The 
ell
overage radius of a UMTS mi
ro-
ell is usually around 400m to 1000m whereas that of aWLAN 
ell varies from a few tens to a few hundreds of meters. Therefore, some mobilesarriving in the hybrid 
ell may only be able to 
onne
t to the NodeB, either be
ause theyfall outside the transmission range of the AP or they are equipped with only 3G te
hnologyele
troni
s. While other mobiles that are equipped with only 802.11 te
hnology 
an 
onne
tex
lusively to the WLAN AP. Apart from these two 
ategories, mobiles equipped with both802.11 WLAN and 3G UMTS te
hnologies 
an 
onne
t to any one of the two networks.The de
ision to 
onne
t to either of the two networks may involve a utility 
riteria that
ould 
omprise the total throughput of the hybrid network. Moreover, the 
onne
tion orasso
iation de
ision involves two di�erent de
ision makers, the mobile user and the networkoperator. We assume that the mobile user is sel�sh and takes its de
ision only to maximize itsown utility while ignoring overall network performan
e. With this assumption, leaving thede
ision 
hoi
e with the mobile user may result in less e�
ient use of the network resour
es.We thus fo
us only on the globally optimal 
ontrol problem in whi
h the network operatordi
tates the de
ision of mobile users to 
onne
t to one of the two networks, so as to optimizea 
ertain global 
ell utility. In Se
tion 2.3, we model this global optimality problem under anSMDP (semi-Markov de
ision pro
ess) 
ontrol framework. Our SMDP 
ontrol formulationis a generi
 formulation of the user-network asso
iation problem in a WLAN-UMTS hybridnetwork and is independent of the network model assumed for WLAN and UMTS networks.Thereafter in Se
tion 2.5, we solve the SMDP problem assuming a parti
ular network model(des
ribed in Se
tion 2.4) whi
h is based on some reasonable simplifying assumptions.2.2.1 Mobile ArrivalsWe model the hybrid 
ell of an 802.11 WLAN AP and a 3G UMTS NodeB as a two-serverpro
essing system (Figure 2.1) with ea
h server having a separate �nite pole 
apa
ity ofMAPandM3G mobiles, respe
tively. We will give further 
lari�
ations on the pole 
apa
ity of ea
hserver later in Se
tions 2.4.2 and 2.4.3. For simpli�
ation we assume that mobile users arestationary, having no mobility. As dis
ussed previously, mobiles are 
onsidered as 
andidatesto 
onne
t to the hybrid 
ell only after being admitted by a CAC su
h as the one des
ribed in[YK05℄. Some of the admitted mobiles 
an 
onne
t only to the WLAN AP and some othersonly to the UMTS NodeB. These two set of arriving mobiles are ea
h assumed to 
onstitutetwo separate dedi
ated arrival streams with Poisson rates λAP and λ3G, respe
tively. Theremaining set of mobiles whi
h 
an 
onne
t to both networks form a 
ommon arrival streamwith Poisson rate λAP3G. The mobiles of the two dedi
ated streams 
an either dire
tly join
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Figure 2.1: Hybrid 
ell s
enariotheir respe
tive AP or NodeB network without any 
onne
tion de
ision 
hoi
e involved, orthey 
an be reje
ted. For mobiles of 
ommon stream, either a reje
tion or a 
onne
tionrouting de
ision has to be taken as to whi
h of the two networks will the arriving mobilesjoin while optimizing a 
ertain utility.2.2.2 Servi
e Requirements and Departure RatesIt is assumed that all arriving mobiles have a downlink data servi
e requirement whi
h isexponentially distributed with parameter ζ . In other words, every arriving mobile seeksto download a data �le of average size 1/ζ bits on the downlink. Let θAP (mc) denote thedownlink throughput of ea
h mobile in the AP network when mc mobiles are 
onne
tedto it at any given instant. If ηDL denotes the downlink 
ell load of the NodeB 
ell, thenassuming N a
tive mobiles to be 
onne
ted to the NodeB, η ∆
= ηDL

N
denotes the averageload per user in the 
ell. Let θ3G(η) denote the downlink throughput of ea
h mobile in theNodeB network when its average load per user is η. With the above notations, the e�e
tivedeparture rates of mobiles in ea
h network or server 
an be denoted by,

µAP (mc) = ζ × θAP (mc) (2.1)and
µ3G(η) = ζ × θ3G(η). (2.2)2.3 SMDP Control FormulationAs mentioned previously, for a globally optimal de
ision 
ontrol it is the network operatorthat takes the de
ision for ea
h mobile as to whi
h of the AP or NodeB networks the mobilewill 
onne
t to, after it has been admitted into the hybrid 
ell by the CAC 
ontroller (Figure2.1). Sin
e de
isions have to be made at ea
h arrival epo
h, this gives an SMDP stru
ture



Se
. 2.3 SMDP Control Formulation 11(see Chapter 11 in [Put94℄) to the de
ision problem and we state the equivalent SMDPproblem as follows:
− States: The state of a hybrid 
ell system is denoted by the tuple (mc, η) where mc

(mc ∈ Z, 0 ≤ mc ≤ MAP ) denotes the number of mobiles 
onne
ted to the AP and η
(η ∈ R, 0.05 ≤ η ≤ 0.9) is the load per user of the NodeB 
ell (see Se
tions 2.4.2 &2.4.3 for details on bounds).

− Events: We 
onsider two distinguishable events: (i) arrival of a new mobile after ithas been admitted by CAC and (ii) departure of a mobile after servi
e 
ompletion.
− De
isions: For mobiles arriving in the 
ommon stream a de
ision a
tion a ∈ {0, 1, 2}has to be taken. a = 0 represents reje
ting the mobile, a = 1 represents routing themobile 
onne
tion to AP network and a = 2 represents routing the mobile 
onne
tionto NodeB network. For the dedi
ated arrival streams to AP and NodeB, a de
isiona
tion a ∈ {0, 1} and a ∈ {0, 2}, respe
tively, has to be taken.
− Rewards: Whenever a new in
oming mobile is either reje
ted or routed to one ofthe two networks, it generates a 
ertain state-dependent reward. RAP (mc, η; a) and

R3G(mc, η; a) denote the rewards generated at dedi
ated arrival streams for AP andNodeB, respe
tively, when a
tion `a' is taken and the state of the system is (mc, η).Similarly, RAP3G(mc, η; a) denotes the reward generated at the 
ommon stream.
− Criterion: The optimality 
riterion is to maximize the total expe
ted dis
ounted re-ward over an in�nite horizon and obtain a deterministi
 and stationary optimal poli
y.Note that in the SMDP problem statement above, state transition probabilities havenot been mentioned be
ause depending on the a
tion taken, the system moves into a uniquenew state deterministi
ally, i.e., w.p. 1. For instan
e when a
tion a = 1 is taken, the stateevolves from (mc, η) to the unique new state (mc + 1, η).Applying the well-known uniformization te
hnique from [Lip75℄, we 
an say that events(i.e., arrival or departure of mobiles) o

ur at the jump times of the 
ombined Poissonpro
ess of all types of events with rate Λ := λAP + λ3G + λAP3G + µ̌AP + µ̌3G, where µ̌AP :=

maxmc µAP (mc) and µ̌3G := maxη µ3G(η). The departure of a mobile is now 
onsideredas either a real departure, or an arti�
ial departure [Lip75℄ when from a single mobile'spoint of view the 
orresponding server slows down due to large number of mobiles in thenetwork. Then, any event o

urring 
orresponds to an arrival on the dedi
ated streams withprobability λAP/Λ and λ3G/Λ, an arrival on the 
ommon stream with probability λAP3G/Λ,a real departure with probability µAP (mc)/Λ or µ3G(η)/Λ and an arti�
ial departure withprobability 1 − (λAP + λ3G + λAP3G + µAP (mc) + µ3G(η))/Λ. As a result, the time periodsbetween 
onse
utive events (in
luding arti�
ial departures) are i.i.d. and we 
an 
onsideran n−stage SMDP de
ision problem [Put94℄. Let Vn(mc, η) denote the maximum expe
ted
n−stage dis
ounted reward for the hybrid 
ell when the system is in state (mc, η). Thestationary optimal poli
y that a
hieves the maximum total expe
ted dis
ounted reward over
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iation in a WLAN & UMTS Hybrid Cellan in�nite horizon 
an then be obtained as a solution of the n−stage problem as n → ∞[Put94℄.The dis
ount fa
tor is denoted by γ (γ ∈ R, 0 < γ < 1) and determines the relativeworth of present reward v/s future rewards. State (mc, η) of the system is observed rightafter the o

urren
e of an event, for example, right after a newly arrived mobile in the
ommon stream has been routed to one of the two networks, or right after the departure ofa mobile. Given that an arrival event has o

urred and that a
tion `a' will be taken for thisnewly arrived mobile, let Un(mc, η; a) denote the maximum expe
ted n−stage dis
ountedreward for the hybrid 
ell when the system is in state (mc, η). We 
an then write downthe following re
ursive Dynami
 Programming (DP) [Put94℄ equation to solve our SMDPde
ision problem, ∀n ≥ 0 and 0 ≤ mc ≤MAP , 0.05 ≤ η ≤ 0.9,
Vn+1(mc, η) =

λAP
Λ

max
a∈{0,1}

{RAP (mc, η; a) + γUn(mc, η; a)}

+
λ3G

Λ
max
a∈{0,2}

{R3G(mc, η; a) + γUn(mc, η; a)}

+
λAP3G

Λ
max

a∈{0,1,2}
{RAP3G(mc, η; a) + γUn(mc, η; a)}

+
µAP (mc)

Λ
γVn(m

′
c, η)

+
µ3G(η)

Λ
γVn(mc, η

′)

+
Λ − (λAP + λ3G + λAP3G + µAP (mc) + µ3G(η))

Λ
γVn(mc, η),

(2.3)
where, states (m′

c, η) and (mc, η
′) are the new states that the system evolves into when adeparture o

urs at AP and NodeB, respe
tively. The fa
t that dedi
ated stream mobiles
an only join one network or the other has been in
orporated in the �rst two terms inR.H.S. Equation 2.3 is a very generi
 formulation of our user-network asso
iation de
isionproblem and it 
an be solved using any parti
ular de�nition for the rewards and the newstates (m′

c, η) and (mc, η
′). In Se
tion 2.5, we will solve the DP formulation of Equation2.3 assuming a spe
i�
 de�nition for the rewards based on throughput expressions obtainedfrom a spe
i�
 network model for the WLAN and UMTS networks. We �rst present thisnetwork model in the following se
tion along with some simplifying assumptions.2.4 WLAN and UMTS Network ModelsBefore dis
ussing the network models adopted from previous work, we �rst state below somesimplifying assumptions along with their justi�
ation. Sin
e the bulk of data transfer for amobile engaged in streaming or intera
tive data transmission is 
arried over the downlink
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. 2.4 WLAN and UMTS Network Models 13(AP to mobile or NodeB to mobile) and sin
e TCP is the most 
ommon transport proto
ol,we are interested here in network models for 
omputing TCP throughput on only downlink.2.4.1 Simplifying Assumptions2.4.1.1 Assumption on QoS and TCP:We assume a single QoS 
lass of arriving mobiles so that ea
h mobile has an identi
alminimum downlink throughput requirement of θmin, i.e., ea
h arriving mobile must a
hievea downlink throughput of at least θmin bps in either of the two networks. It is furtherassumed that ea
h mobile's or re
eiver's advertised window W ∗ is set to 1 in the TCPproto
ol. This is in fa
t known to provide the best performan
e of TCP (see [ea03, LP05℄and referen
es therein).2.4.1.2 Resour
e allo
ation in AP:We further assume saturated resour
e allo
ation in the downlink of AP and NodeB networks.Spe
i�
ally, this assumption for the AP network means the following. Assume that the APis saturated and has in�nitely many pa
kets ba
klogged in its transmission bu�er. In otherwords, there is always a pa
ket in the AP's transmission bu�er waiting to be transmittedto ea
h of the 
onne
ted mobiles. Now, in a WLAN 
ell resour
e allo
ation to an AP onthe downlink is 
arried out through the 
ontention based DCF (Distributed CoordinationFun
tion) proto
ol. If the AP is saturated for a parti
ular mobile's 
onne
tion and W ∗is set to 1, then this parti
ular mobile 
an bene�t from higher number of transmissionopportunities (TxOPs) won by the AP for downlink transmission to this mobile (hen
ehigher downlink throughput), than if the AP was not saturated or W ∗ was not set to 1.Thus with the above assumptions, mobiles 
an be allo
ated downlink throughputs greaterthan their QoS requirements of θmin and 
ell resour
es in terms of TxOPs on the downlinkwill be maximally utilized.2.4.1.3 Resour
e allo
ation in NodeB:For the NodeB network the saturated resour
e allo
ation assumption has the followingelaboration. It is assumed that at any given instant, the NodeB 
ell resour
es on downlinkare fully utilized resulting in a 
onstant maximum 
ell load of ηmaxDL . This is analogous tothe maximal utilization of TxOPs in the AP network dis
ussed in the previous paragraph.With this maximum 
ell load assumption even if a mobile has a minimum throughputrequirement of only θmin bps, it 
an a
tually be allo
ated a higher throughput if additionalunutilized 
ell resour
es are available, so that the 
ell load is always at its maximum of
ηmaxDL . If say a new mobile j arrives and if it is possible to a

ommodate its 
onne
tion whilemaintaining the QoS requirements of the presently 
onne
ted mobiles (this will be de
idedby the CAC), then the NodeB will initiate a renegotiation of QoS attributes (or bearerattributes) pro
edure with all the presently 
onne
ted mobiles. All presently 
onne
ted
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iation in a WLAN & UMTS Hybrid Cellmobiles will then be allo
ated a lower throughput than the one prior to the set-up of mobile
j's 
onne
tion. However, this new lower throughput will still be higher than ea
h mobile'sQoS requirement. This kind of a renegotiation of QoS attributes is indeed possible in UMTSand it is one of its spe
ial features (see Chapter 7 in [HT01℄). Also note a very key pointhere that the average load per user η as de�ned previously in Se
tion 2.2.2, de
reases within
reasing number of mobiles 
onne
ted to the NodeB. Though the total 
ell load is alwaysat its maximum of ηmaxDL , 
ontribution to this total load from a single mobile (i.e., load peruser, η) de
reases as more mobiles 
onne
t to the NodeB 
ell. We de�ne ∆(η) as the average
hange in η 
aused by a new mobile that 
onne
ts to the NodeB 
ell. Therefore, when a newmobile 
onne
ts the load per user drops from η to η−∆(η) and when a mobile dis
onne
tsthe load per user in
reases from η to η + ∆(η).2.4.1.4 Power 
ontrol & lo
ation of mobiles in NodeB:In downlink, the inter-
ell to intra-
ell interferen
e ratio denoted by ij and the orthogonalityfa
tor denoted by αj are di�erent for ea
h mobile j depending on its lo
ation in the NodeB
ell. Moreover, the throughput a
hieved by ea
h mobile is interferen
e limited and dependson the signal to interferen
e plus noise ratio (SINR) re
eived at that mobile. Thus, in theabsen
e of any power 
ontrol the throughput also depends on the lo
ation of mobile in theNodeB 
ell. We however assume a uniform SINR s
enario where 
losed-loop fast power
ontrol is applied in the NodeB 
ell so that ea
h mobile re
eives approximately the sameSINR (see Se
tion 3.5 in [HT01℄). We therefore assume that all mobiles in the NodeB 
ellare allo
ated equal throughputs. This kind of a power 
ontrol will allo
ate more power tousers far away from the NodeB that are subje
t to higher path-loss, fading and neighboring
ell interferen
e. Users 
loser to the NodeB will be allo
ated relatively less power sin
e theyare sus
eptible to weaker signal attenuation. In fa
t, su
h a fair throughput allo
ation 
analso be a
hieved by adopting a fair and power-e�
ient 
hannel dependent s
heduling s
hemeas des
ribed in [ZHZ03℄. Now sin
e all mobiles are allo
ated equal throughputs, it 
an besaid that mobiles arrive at an average lo
ation in the NodeB 
ell (see Se
tion 8.2.2.2 in[HT01℄). Therefore all mobiles are assumed to have an identi
al average inter-
ell to intra-
ell interferen
e ratio ī (see Se
tion 8.2.2.2 in [HT01℄) and an identi
al average orthogonalityfa
tor ᾱ (see Se
tion 8.2.2.2 in [HT01℄).2.4.1.5 Justi�
ation:The assumption on saturated resour
e allo
ation is a standard assumption, usually adoptedto simplify modeling of 
omplex network frameworks like those of WLAN and UMTS (seefor e.g., [HT01, KAMG05a℄). Mobiles in NodeB 
ell are assumed to be allo
ated equalthroughputs in order to have a 
omparable s
enario to that of an AP 
ell, in whi
h mobilesare also known to a
hieve fair and equal throughput allo
ation (see Se
tion 2.4.2). Moreover,su
h fair throughput allo
ation is known to result in a better delay performan
e for typi
al�le transfers in UMTS [Bon04℄. The assumption of mobiles arriving at an average lo
ationin the NodeB 
ell is essential in order to simplify our SMDP formulation. For instan
e,
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Figure 2.2: Throughput of all users in AP 
ellwithout this assumption the hybrid network system state will have to in
lude the lo
ationof ea
h mobile. This will result in an SMDP problem with higher dimensional state spa
ewhi
h is known to be analyti
ally intra
table and not have an exa
t solution [Put94℄. Wetherefore assume mobiles arriving at an average lo
ation and seek to 
ompute the optimalasso
iation poli
y more from a network planning and dimensioning point of view.2.4.2 Downlink Throughput in 802.11 WLAN APWe reuse the downlink TCP throughput formula for a mobile in a WLAN from [MKA06℄.For 
ompleteness, here we brie�y mention the network model that has been extensivelystudied in [MKA06℄ and then simply restate the throughput expression without going intomu
h details. Ea
h mobile 
onne
ted to the AP uses the Distributed Coordination Fun
tion(DCF) proto
ol with an RTS/CTS frame ex
hange before any data-a
k frame ex
hange andea
h mobile (in
luding the AP) has an equal probability of the 
hannel being allo
ated toit. The AP does not employ any rate 
ontrol algorithm and transmits at a �xed PHY datarate of Rdata bps to all mobiles. With the assumption of W ∗ being set to 1 (Se
tion 2.4.1),any mobile will always have a TCP a
k waiting to be sent ba
k to the AP with probability
1/2, whi
h is also the probability that it 
ontends for the 
hannel. This is however true onlyfor those versions of TCP that do not use delayed a
ks. If the AP is always saturated orba
klogged, the average number of ba
klogged mobiles 
ontending for the 
hannel is givenby mb = 1 + mc

2
. Based on this assumption and sin
e for any 
onne
tion an a
k is sent bythe mobile for every TCP pa
ket re
eived, the downlink TCP throughput of a single mobileis given by Se
tion 3.2 in [MKA06℄ as,

θAP (mc) =
LTCP

mc(TTCPdata + TTCPack + 2Ttbo + 2Tw)
, (2.4)
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Figure 2.3: Throughput of all users in NodeB 
ellwhere LTCP is the size of TCP pa
kets and TTCPdata and TTCPack are the raw transmissiontimes of a TCP data and a TCP a
k pa
ket, respe
tively. Ttbo and Tw denote the mean totaltime spent in ba
k-o� and the average total time wasted in 
ollisions for any su

essful pa
kettransmission and are 
omputed assuming mb ba
klogged mobiles. The expli
it expressionsfor TTCPdata, TTCPack, Ttbo and Tw 
an be referred to in [MKA06℄. However, we mentionhere that they depend on 
ertain quantities whose numeri
al values have been providedin Se
tion 2.5.2. Note that all mobiles 
onne
ted to the AP a
hieve equal downlink TCPthroughputs (given by Equation 2.4) in a fair manner [MKA06℄. Figure 2.2 shows a plotof total 
ell throughput in an AP 
ell for an example s
enario. Sin
e the total throughputmonotoni
ally de
reases with in
reasing number of mobiles, the pole 
apa
ity of an AP 
ell,
MAP , is limited by the QoS requirement θmin bps of ea
h mobile.2.4.3 Downlink Throughput in 3G UMTS NodeBWe 
onsider a standard model for data transmission on downlink in a 3G UMTS NodeB
ell. Let W be the WCDMA modulation bandwidth and if SINR denotes the signal tointerferen
e plus noise ratio re
eived at a mobile then its energy per bit to noise densityratio is given by,

Eb
No

=
W

θ3G
× SINR. (2.5)Now, under the assumptions of identi
al throughput allo
ation to ea
h mobile arriving atan average lo
ation and appli
ation of power 
ontrol so that ea
h mobile re
eives the sameSINR (Se
tion 2.4.1), we dedu
e from Equation 2.5 that ea
h mobile requires the same

Eb/No ratio in order to be able to su

essfully de
ode NodeB's transmission. From Chapter8 in [HT01℄ we 
an thus say that the downlink TCP throughput θ3G of any mobile, in a




























































































































































































































































































































































