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Chapter 1

Introduction

Wireless communication and computer networks have experienced an exponential growth
over the last decade. Cellular phones and wireless connectivity devices have become a critical
business tool and part of everyday life in many countries. While third generation (3G) cell
phone technologies such as Universal Mobile Telecommunications System (UMTS) have
recently been deployed in some countries, wireless local area networks (WLANSs) such as
those based on IEEE 802.11 standard have been supplementing or replacing wired networks
in many homes, businesses and campuses since a couple of years. Many industrial and
government organizations have also been involved in developing wireless vehicular ad hoc
networks (VANETS) to enable communications among nearby vehicles and between vehicles
and nearby roadside network infrastructure.

The explosive growth of wireless systems coupled with the proliferation of wireless
devices such as 3G phones, WiFi laptops and vehicular wireless devices, suggests a bright
future for wireless networks, both as stand-alone ad hoc systems and as part of the larger
networking infrastructure. However, many technical challenges still remain in designing
robust wireless networks that can deliver the necessary performance for supporting emerging
applications. These technical challenges have given rise to numerous research problems that
have attracted significant attention in the research community. This thesis deals with some
of these research problems and provides several new results that can be used to improve the
performance of existing wireless systems and technology. In addition to wireless systems,
we also study and present an innovative approach for performance modeling of computer
network systems in real-time.

Wireless networks can be broadly classified into two categories, namely, wireless access
networks and wireless ad hoc networks. Wireless access networks usually provide connectiv-
ity to the wired infrastructure network through the wireless medium. Examples of wireless
access networks include cellular systems such as 2G GSM, 3G UMTS, etc. and WiFi sys-
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tems such as 802.11 WLANs. Wireless ad hoc networks on the other hand are decentralized
wireless networks that may be setup and dismantled dynamically. Wireless ad hoc networks
may be further classified as mobile ad hoc networks (MANETS), wireless mesh networks and
wireless sensor networks. VANETs are a special kind of MANETs that exhibit drastically
different behavior from the usual MANETSs. In this thesis, we shall limit our focus to the
study of 3G UMTS and 802.11 WLAN access technologies and mobile and vehicular ad hoc
networks.

With declining hardware costs, some devices are now available in the market that
provide both WiFi and cellular connectivity at affordable prices. These devices can detect
the presence of either of the two networks and switch between them when available. With
more and more users subscribing to wireless broadband services, these devices allow them to
have access to both WLAN hot-spot and UMTS cellular networks. Thus network operators
are seeking to offer seamless and ubiquitous connectivity to mobile users through integrated
802.11 WLAN and 3G UMTS hybrid networks. Such hybrid networks are being increasingly
studied by network operators as a converged medium of providing connectivity for both
voice and data applications. In this thesis, we have two chapters dedicated to the study of
optimal user-network association in a WLAN and UMTS hybrid cell.

Power control and PHY data rate control are two central mechanisms that are critical
in achieving an efficient functioning of a WLAN. Power control and rate control are also very
often used for providing quality of service (QoS) and both are useful for obtaining a radio
channel with a low bit error rate (BER). The IEEE 802.11 specification for mobile devices
allows customization of certain critical operation parameters like PHY data rate and MAC
layer frame size and any manufacturer or even user can adaptively select the PHY data
transmission rates for rate control. For this purpose, several auto-rate selection algorithms
[KL97, HVBO01, GCNCO01, AKKDO01, QCJS03] have been proposed in the literature and most
of them allow WLAN nodes to adapt their PHY rates non-cooperatively, by definition. In
this thesis, we have one chapter that studies the inefficiency of IEEE 802.11 MAC protocol
under non-cooperative power and rate control.

Fountain Codes are rateless erasure codes and offer a very promising future for ame-
liorating existing data packet transmission techniques. Specific type of fountain codes such
as Luby Transform (LT) Codes, Raptor codes, etc., can be used by a sender to generate
encoded packets from source data packets on the fly and the number of such encoded packets
can be potentially limitless. If the original file at sender side comprises NV, packets, then
by decoding any set of N,(1 + €) (slightly more than N,) fountain coded packets received,
the receiver can recover the whole file with probability 1 — d. The probability of failure to
decode the file, ¢, is bounded above by § < 27¢M and depends on the degree distribution
used to code the packets at sender side. A Fountain Codes based Transport (FCT) protocol
relies on an alternate paradigm to that of the ubiquitous TCP. It abolishes the need for a re-
verse feedback mechanism usually essential to provide reliability in packet data transmission.
Absence of a reverse feedback mechanism can substantially improve the performance of net-
works with half-duplex wireless channels (such as 802.11 WLANSs), where collisions between
forward and reverse MAC frame transmissions contribute significantly towards performance
degradation. In this thesis, we have one chapter dedicated to performance modeling and



analysis of a simple FCT protocol in a single cell IEEE 802.11 WLAN.

There are two types of layer-2 downlink transport channels that have been provided in
UMTS: dedicated channels and common channels. A common channel is a resource shared
between all or a group of users in a cell, where as a dedicated channel is a resource identified
by a certain code on a certain frequency and is reserved for a single user only. The only
dedicated channel is termed as DCH and one of the six common transport channels that is
mainly used for packet data on the downlink is the FACH channel |HT01]. According to the
WCDMA (Wideband-CDMA) specifications detailed by the 3GPP group, for a particular
user, long flows with large number of packets can be transmitted on the user dedicated
DCH channel and short flows of few packets can be transmitted on the common FACH
channel which is shared by all users. However, the 3GPP specifications do not provide any
standardization of such a channel selection/switching policy. A network operator is free to
choose its own proprietary channel switching policy. In this thesis, we have one chapter in
which we propose a new cross-layer channel switching policy for TCP transmission in 3G
UMTS.

Mobile ad hoc networks (MANETS) consist of wireless mobile nodes that can freely
and dynamically self-organize. In this way they form arbitrary and temporary ad hoc
network topologies, allowing devices to seamlessly interconnect in areas with no pre-existing
infrastructure. MANETSs have been a popular subject for research since the widespread use
of 802.11 WiFi devices. In this thesis, we study optimal next hop distance that maximizes
the system end-to-end flow throughput in a MANET subject to network average power
constraints.

Vehicles equipped with communication devices can form Vehicular ad hoc networks
(VANETSs) for tasks such as inter-vehicle collision avoidance, road-accident notification,
traffic situation update, coordinated driving systems or simply inter-vehicle voice communi-
cation. Like MANETs, VANETs do not rely on any fixed infrastructure and instead depend
on intermediate relay nodes for route establishment protocols and data transmission. How-
ever, VANETSs tend to exhibit a drastically different behavior from the usual MANETS.
High speeds of vehicles, mobility constraints on a straight road and driver behavior are
some factors due to which VANETs possess very different characteristics from the typi-
cal MANETs. VANETs are being researched upon and developed by many industrial and
government organizations. In this thesis, we have one chapter dedicated to the study of
optimal next hop selection in a route between two vehicles for a simple scenario of VANETSs
on a fast track highway. There is another related chapter that discusses in detail a special
structure inherent to the solution of Dynamic Programming (DP) problem arising in path
optmization problems such as the one considered for VANETs.

Performance modeling of computer network systems is a crucial step in capacity plan-
ning of computer networks. Performance models of complex software and hardware network
architectures can be very helpful in accurately predicting their performance for varying data
traffic patterns and workloads. Performance modeling becomes more challenging if the work-
load (e.g., number of jobs or transactions handled per unit of time) for an IT system used
in production environment is non-stationary in nature and has fast changing characteris-
tics. Moreover, state of the art transaction-based software applications are quite complex
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in design. Due to this, end-to-end transactions may incur workload dependent and variable
service times. In this thesis, we have one chapter where we study and present an innovative
approach of using Kalman filtering with queueing theory based performance models. This
approach allows us to pursue real-time performance modeling of online computer network
systems that process fast changing non-stationary workload and have workload dependent
service times.

1.1 Thesis Organization and Contribution

This thesis may be considered to be divided into two parts. The first major part comprises
Chapters 2-9 that deal with various research problems related to optimization and control
in wireless networks. While Chapters 2-6 deal with wireless access networks, the focus of
Chapters 7-9 is on wireless ad hoc networks. The second part comprises Chapter 10 that
presents estimation of workload dependent model parameters and real-time performance
modeling of computer network systems.

In Chapter-2, we study globally optimal user-network association in an integrated
802.11 WLAN and 3G UMTS hybrid cell. The association problem is formulated as a generic
SMDP (semi-Markov decision process) connection routing decision problem. We then solve
this SMDP problem using a particular network model for WLAN and UMTS networks and
with rewards comprising financial and aggregate throughput components. The network
model assumes saturated resource allocation in WLAN and UMTS networks and a single
QoS class of mobiles arriving at an average location in the hybrid cell. The corresponding
Dynamic Programming equation is solved using Value Iteration and a stationary optimal
policy with neither convex nor concave type switching curve structure is obtained. Threshold
type and symmetric switching curves are observed for the analogous homogenous network
cases.

In Chapter-3, we study individually optimal user-network association in an inte-
grated WLAN and UMTS hybrid cell. The association problem is formulated within a
non-cooperative game framework. In the formulation, mobile arrivals are assumed to follow
the Poisson process and each mobile considers its average service time in each network as
the decision criteria to connect to either of the WLAN or UMTS networks. We seek to
compute the optimal association or decision policy that achieves the Nash equilibrium. For
this we develop a generic system of linear equations for estimating the average service time
of a mobile. This system is then solved assuming a particular model for the WLAN and
UMTS networks and we explicitly compute the optimal association policy that is observed
to possess a descending staircase curve structure.

The TEEE 802.11 MAC protocol, DCF (Distributed Coordination Function), allows
nodes in a WLAN to choose an appropriate PHY data transmission rate for each frame
transmission. For this purpose, several auto-rate selection algorithms have been proposed
in the literature and most of them allow nodes to adapt their rates non-cooperatively, by
definition. Under a non-cooperative game setting, each node would choose its rate so as
to optimize its own, appropriately defined payoff. In Chapter-4, we formulate a payoff
function comprising throughput and costs related to power consumption and derive explicit
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expressions for the optimal rates under non-cooperative and cooperative rate selection. We
consider optimization problems for both finite number of nodes n and for the limit n — oo
and single node throughputs corresponding to the optimal PHY rate under non-cooperative
game are compared with those obtained under a cooperative selection of PHY rates. The
comparisons reveal that network performance in the non-cooperative game scenario is inef-
ficient as compared to the cooperative scenario.

In Chapter-5, we propose a Markovian stochastic framework to model the performance
of a simple Fountain Codes based Transport (FCT) protocol in a single cell IEEE 802.11
WLAN. Our model allows the WLAN Access Point to employ a generic rate control algo-
rithm for MAC frame transmissions on the downlink. Using renewal theory we provide an
explicit expression for the average downlink throughput. ns2 simulations are used to vali-
date our model and the analytically obtained throughput metric. A detailed performance
analysis study is then carried out to provide insights into the choice of various system param-
eters that can lead to optimal network performance. Finally we present a brief comparison
between the performance of FCT and TCP through simulations.

In 3G UMTS, two main transport channels have been provided at the layer-2 (MAC)
for downlink data transmission: a common FACH channel and a dedicated DCH channel.
The performance of TCP in UMTS depends much on the channel switching policy used. In
Chapter-6, we first propose and analyze three new basic threshold-based channel switching
policies for UMTS that we name as QS (Queue Size), FS (Flow Size) and QSFS (QS &
FS combined) policy. These policies significantly improve over a ‘modified threshold policy’
in [PAADO3] by about 17% in response time metrics. We further propose and evaluate a
new improved switching policy that we call FS-DCH (at-least flow-size threshold on DCH)
policy. This policy is biased towards short TCP flows of few packets. It is thus a cross-layer
policy that improves the performance of TCP by giving priority to the initial few packets
of a flow on the fast DCH channel. Extensive simulation results show that FS-DCH policy
improves over others by about 30% to 36% in response time metrics for a particular case.

In Chapter-7, in a dense multi-hop network of mobile nodes capable of applying adap-
tive power control, we consider the problem of finding the optimal hop distance that max-
imizes a certain throughput measure in bit-metres/sec, subject to average network power
constraints. The mobility of nodes is restricted to a circular periphery area centered at the
nominal location of nodes. We incorporate only randomly varying path-loss characteristics
of channel gain due to the random motion of nodes, excluding any multi-path fading or
shadowing effects. Computation of the throughput metric in such a scenario leads us to
compute the probability density function of random distance between points in two circles.
Using numerical analysis we discover that choosing the nearest node as next hop is not al-
ways optimal. Optimal throughput performance is also attained at non-trivial hop distances
depending on the available average network power.

The main goal of Chapter-8 is to better understand the routing dynamics in VANETs
that are a special class of MANETSs but exhibit very different behavior from them. We
consider the problem of optimal next hop selection in a route between two vehicles for a
simple scenario of VANETs on a fast track highway. For a given choice of number of hops
between the source and destination, we seek the optimal choice of next hop based on its
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speed and inter-node distance so as to maximize the expected route lifetime. Our analytical
model accounts for the randomly changing speeds of nodes (vehicles) over time and hence
the optimal choice depends on the dynamics of the stochastic process corresponding to the
speed of nodes. Under a Markovian assumption on the process of speed of nodes, we show
that the optimal choice of speeds is such that the lifetimes of adjacent links are as close
as possible. Explicit expressions for optimal choice of next hop node’s speed and inter-
node distance are obtained for certain fast track highway scenarios of interest. A monotone
variation property of the speed of relay nodes under the optimal policy is proved. These
properties have been confirmed with simulations. The optimal policies and their structures
can assist in enhancing the performance of existing VANET routing protocols.

The inherent nature of the physical setup and transmission mechanism in wireless ad
hoc networks with random channel access, results in correlation between the link metrics of
adjacent links, when considering path optimization problems. In Chapter-9, we identify a
special structure inherent to the solution of Dynamic Programming (DP) problem arising
in such an optimization over paths. According to this structure, the optimal policy tries to
equalize the link metrics of adjacent links in a multi-hop route. We validate this structural
property with a VANET simulator.

In Chapter-10, we are concerned with performance modeling of transaction-based
distributed software applications deployed over an arbitrary computer network architecture.
AMBIENCE, which is a research prototype tool that has been developed at IBM Research,
makes use of the powerful Inferencing technique that allows one to generate a workload-
independent parameters based performance model. In this work, we extend the Inferencing
technique for generating arriving workload dependent parameter based performance models.
We call this extended form of Inferencing as Enhanced Inferencing. Implementation of this
Enhanced Inferencing in AMBIENCE shows significant improvement in performance model
fitting and approximation. We further present an innovative approach of using Kalman
filtering with Inferencing like performance models in order to be able to pursue real time
performance modeling of production environment computer application systems that face
fast changing non-stationary arriving workloads. This real time performance model not
only works reliabily for non-stationary workloads, but also incorporates workload dependent
model parameters.



Chapter 2

Globally Optimal User-Network Associa-
tion in a WLAN & UMTS Hybrid Cell

With more and more users subscribing to wireless broadband services, it is desirable for
them to have access to both WLAN hot-spot and UMTS cellular networks. In this chapter,
we study globally optimal user-network association in an integrated 802.11 WLAN and 3G
UMTS hybrid cell. The association problem is formulated as a generic SMDP (semi-Markov
decision process) connection routing decision problem. We then solve this SMDP problem
using a particular network model for WLAN and UMTS networks and with rewards compris-
ing financial and aggregate throughput components. The network model assumes saturated
resource allocation in WLAN and UMTS networks and a single QoS class of mobiles ar-
riving at an average location in the hybrid cell. The corresponding Dynamic Programming
equation is solved using Value Iteration and a stationary optimal policy with neither con-
vex nor concave type switching curve structure is obtained. Threshold type and symmetric
switching curves are observed for the analogous homogenous network cases.

Note: The material in this chapter has appeared in [KAKO07a|. This work was sponsored
by France Telecom R&D.
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2.1 Introduction

As 802.11 WLANs and 3G UMTS cellular coverage networks are being widely deployed,
network operators are seeking to offer seamless and ubiquitous connectivity for high-speed
wireless broadband services, through integrated WLAN and UMTS hybrid networks. For
efficient performance of such an hybrid network, one of the core decision problems that a
network operator is faced with is that of optimal user-network association or load balancing,
i.e., optimally routing an arriving mobile user’s connection to one of the two constituent
networks. We study this decision problem assuming a specific network model for the WLAN
and UMTS networks. To be more precise, consider a hybrid network comprising two inde-
pendent 802.11 WLAN and 3G UMTS networks, that offers connectivity to mobile users
arriving in the combined coverage area of these two networks. By independent we mean
that transmission activity in one network does not create interference in the other. Our
goal in this chapter is to study the dynamics of optimal user-network association in such
a WLAN-UMTS hybrid network. We concentrate only on streaming and interactive data
transfers. Moreover, we consider only a single QoS class of mobiles arriving at an average
location in the hybrid cell and these mobiles have to be admitted to one of the WLAN and
UMTS networks.

Note that we do not propose a full fledged cell-load or interference based connection
admission control (CAC) policy in this work. We instead assume that a CAC precedes the
association decision control. A connection admission decision is taken by the CAC controller
before any mobile is considered as a candidate to be connected to either of the WLAN or
UMTS networks. Thereafter, an association decision only ensures an optimal performance
of the hybrid cell and it is not proposed as an alternative to the CAC decision. However,
the association decision controller can still reject mobiles for optimal performance of the
network.

In the network model for WLAN and UMTS networks, we introduce certain simpli-
fying assumptions to make the SMDP formulation analytically tractable. Without these
assumptions it may be very hard to study the dynamics of user-network association in a

WLAN-UMTS hybrid network.

2.1.1 Related Work and Contributions

Study of WLAN-UMTS hybrid networks is an emerging area of research and not much
related work is available. Authors in some related papers [MYLR04, SLCO03, LZ05, Jas03,
VGNO05, KRPR05, FC05| have studied issues such as vertical handover and coupling schemes,
integrated architecture layout, radio resource management (RRM) and mobility manage-
ment. However, questions related to load balancing or optimal user-network association
have not been explored much. Premkumar et al. in [PK06| propose a near optimal solu-
tion for a hybrid network within a combinatorial optimization framework, which is different
from our approach. To the best of our knowledge, ours is the first attempt to present a
generic formulation of the user-network association problem under an SMDP decision con-
trol framework. Moreover, this work is the first we know of that obtains an explicit optimal
association policy for the specific WLAN-UMTS hybrid network model that we consider.
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2.2  Framework for the Decision Control Problem

A hybrid network may be composed of several 802.11 WLAN Access Points (APs) and 3G
UMTS Base Stations (NodeBs) that are operated by a single network operator. However,
our focus is only on a single pair of an AP and a NodeB that are located sufficiently close
to each other so that mobile users arriving in the combined coverage area of this AP-NodeB
pair have a choice to connect to either of the two networks. We call the combined coverage
area of a single AP cell and a single NodeB micro-cell [HTO01] as a hybrid cell. The cell
coverage radius of a UMTS micro-cell is usually around 400m to 1000m whereas that of a
WLAN cell varies from a few tens to a few hundreds of meters. Therefore, some mobiles
arriving in the hybrid cell may only be able to connect to the NodeB, either because they
fall outside the transmission range of the AP or they are equipped with only 3G technology
electronics. While other mobiles that are equipped with only 802.11 technology can connect
exclusively to the WLAN AP. Apart from these two categories, mobiles equipped with both
802.11 WLAN and 3G UMTS technologies can connect to any one of the two networks.
The decision to connect to either of the two networks may involve a utility criteria that
could comprise the total throughput of the hybrid network. Moreover, the connection or
association decision involves two different decision makers, the mobile user and the network
operator. We assume that the mobile user is selfish and takes its decision only to maximize its
own utility while ignoring overall network performance. With this assumption, leaving the
decision choice with the mobile user may result in less efficient use of the network resources.
We thus focus only on the globally optimal control problem in which the network operator
dictates the decision of mobile users to connect to one of the two networks, so as to optimize
a certain global cell utility. In Section 2.3, we model this global optimality problem under an
SMDP (semi-Markov decision process) control framework. Our SMDP control formulation
is a generic formulation of the user-network association problem in a WLAN-UMTS hybrid
network and is independent of the network model assumed for WLAN and UMTS networks.
Thereafter in Section 2.5, we solve the SMDP problem assuming a particular network model
(described in Section 2.4) which is based on some reasonable simplifying assumptions.

2.2.1 Mobile Arrivals

We model the hybrid cell of an 802.11 WLAN AP and a 3G UMTS NodeB as a two-server
processing system (Figure 2.1) with each server having a separate finite pole capacity of M4p
and Mj3g mobiles, respectively. We will give further clarifications on the pole capacity of each
server later in Sections 2.4.2 and 2.4.3. For simplification we assume that mobile users are
stationary, having no mobility. As discussed previously, mobiles are considered as candidates
to connect to the hybrid cell only after being admitted by a CAC such as the one described in
|[YKO05|. Some of the admitted mobiles can connect only to the WLAN AP and some others
only to the UMTS NodeB. These two set of arriving mobiles are each assumed to constitute
two separate dedicated arrival streams with Poisson rates Aqp and A3q, respectively. The
remaining set of mobiles which can connect to both networks form a common arrival stream
with Poisson rate A4p3g. The mobiles of the two dedicated streams can either directly join
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Figure 2.1: Hybrid cell scenario

their respective AP or NodeB network without any connection decision choice involved, or
they can be rejected. For mobiles of common stream, either a rejection or a connection
routing decision has to be taken as to which of the two networks will the arriving mobiles
join while optimizing a certain utility.

2.2.2 Service Requirements and Departure Rates

It is assumed that all arriving mobiles have a downlink data service requirement which is
exponentially distributed with parameter (. In other words, every arriving mobile seeks
to download a data file of average size 1/ bits on the downlink. Let 04p(m.) denote the
downlink throughput of each mobile in the AP network when m, mobiles are connected
to it at any given instant. If np; denotes the downlink cell load of the NodeB cell, then

assuming N active mobiles to be connected to the NodeB, n 2 2L denotes the average

load per user in the cell. Let 03¢(n) denote the downlink throughput of each mobile in the
NodeB network when its average load per user is . With the above notations, the effective
departure rates of mobiles in each network or server can be denoted by,

pap(me) = ¢ x Oap(me) (2.1)

and
pac(n) = ¢ X Osc(n). (2.2)

2.3 SMDP Control Formulation

As mentioned previously, for a globally optimal decision control it is the network operator
that takes the decision for each mobile as to which of the AP or NodeB networks the mobile
will connect to, after it has been admitted into the hybrid cell by the CAC controller (Figure

2.1). Since decisions have to be made at each arrival epoch, this gives an SMDP structure
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(see Chapter 11 in [Put94]) to the decision problem and we state the equivalent SMDP
problem as follows:

— States: The state of a hybrid cell system is denoted by the tuple (m.,n) where m,
(m, € Z,0 < m, < Msp) denotes the number of mobiles connected to the AP and n
(n € R,0.05 <17 <0.9) is the load per user of the NodeB cell (see Sections 2.4.2 &
2.4.3 for details on bounds).

— FEvents: We consider two distinguishable events: (i) arrival of a new mobile after it
has been admitted by CAC and (ii) departure of a mobile after service completion.

— Decisions: For mobiles arriving in the common stream a decision action a € {0, 1,2}
has to be taken. a = 0 represents rejecting the mobile, a = 1 represents routing the
mobile connection to AP network and a = 2 represents routing the mobile connection
to NodeB network. For the dedicated arrival streams to AP and NodeB, a decision
action a € {0,1} and a € {0, 2}, respectively, has to be taken.

— Rewards: Whenever a new incoming mobile is either rejected or routed to one of
the two networks, it generates a certain state-dependent reward. Rap(me,n;a) and
Rsg(me, m;a) denote the rewards generated at dedicated arrival streams for AP and
NodeB, respectively, when action ‘a’ is taken and the state of the system is (m.,n).
Similarly, Rap3q(me,n; a) denotes the reward generated at the common stream.

— Criterion: The optimality criterion is to maximize the total expected discounted re-
ward over an infinite horizon and obtain a deterministic and stationary optimal policy.

Note that in the SMDP problem statement above, state transition probabilities have
not been mentioned because depending on the action taken, the system moves into a unique
new state deterministically, i.e., w.p. 1. For instance when action a = 1 is taken, the state
evolves from (m.,n) to the unique new state (m. + 1,7).

Applying the well-known uniformization technique from |Lip75|, we can say that events
(i.e., arrival or departure of mobiles) occur at the jump times of the combined Poisson
process of all types of events with rate A := Aqp + A\3g + Aapsg + fiap + flag, Where figp :=
MaXy,, ftap(me) and fis = max, pse(n). The departure of a mobile is now considered
as either a real departure, or an artificial departure [Lip75| when from a single mobile’s
point of view the corresponding server slows down due to large number of mobiles in the
network. Then, any event occurring corresponds to an arrival on the dedicated streams with
probability Asp/A and A3e/A, an arrival on the common stream with probability Aspsa/A,
a real departure with probability pap(m.)/A or pse(n)/A and an artificial departure with
probability 1 — (Aap + A\3g + Aapsg + pap(me) + psa(n))/A. As a result, the time periods
between consecutive events (including artificial departures) are i.i.d. and we can consider
an n—stage SMDP decision problem [Put94|. Let V,,(m.,n) denote the maximum expected
n—stage discounted reward for the hybrid cell when the system is in state (m.,n). The
stationary optimal policy that achieves the maximum total expected discounted reward over
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an infinite horizon can then be obtained as a solution of the n—stage problem as n — oo
[Put94].

The discount factor is denoted by v (7 € R,0 < v < 1) and determines the relative
worth of present reward v/s future rewards. State (m.,n) of the system is observed right
after the occurrence of an event, for example, right after a newly arrived mobile in the
common stream has been routed to one of the two networks, or right after the departure of
a mobile. Given that an arrival event has occurred and that action ‘a’ will be taken for this
newly arrived mobile, let U, (m.,n;a) denote the maximum expected n—stage discounted
reward for the hybrid cell when the system is in state (m.,n). We can then write down
the following recursive Dynamic Programming (DP) |Put94| equation to solve our SMDP
decision problem, Vn > 0 and 0 < m, < Map, 0.05 <1 <0.9,

A
Vag1(me,n) = % max {Rap(me,n;a) +yUn(me,n;a)}
ac{0,1}

+ )\?’—G max {Rsg(me,n;a) + yUp(me,m;a)}

A ac{02} T oY

A
+ AK?’G max {Rapac(me, n;a) + U, (me, n;a)}

a€q{0,1,2} (23)

+ MAPT(mC)Wn(mQ, 1)
+ Li(n)wn(mc, )
. A — (Aap+ N3¢ + )\APj\G + pap(me) + M?’G(n))vVn(mc, -

where, states (m.,n) and (m.,n') are the new states that the system evolves into when a
departure occurs at AP and NodeB, respectively. The fact that dedicated stream mobiles
can only join one network or the other has been incorporated in the first two terms in
R.H.S. Equation 2.3 is a very generic formulation of our user-network association decision
problem and it can be solved using any particular definition for the rewards and the new
states (m.,n) and (m.,n'). In Section 2.5, we will solve the DP formulation of Equation
2.3 assuming a specific definition for the rewards based on throughput expressions obtained
from a specific network model for the WLAN and UMTS networks. We first present this
network model in the following section along with some simplifying assumptions.

2.4 WLAN and UMTS Network Models

Before discussing the network models adopted from previous work, we first state below some
simplifying assumptions along with their justification. Since the bulk of data transfer for a
mobile engaged in streaming or interactive data transmission is carried over the downlink
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(AP to mobile or NodeB to mobile) and since TCP is the most common transport protocol,
we are interested here in network models for computing TCP throughput on only downlink.

2.4.1 Simplifying Assumptions

2.4.1.1 Assumption on QoS and TCP:

We assume a single QoS class of arriving mobiles so that each mobile has an identical
minimum downlink throughput requirement of 6,,;,, i.e., each arriving mobile must achieve
a downlink throughput of at least 6,,;, bps in either of the two networks. It is further
assumed that each mobile’s or receiver’s advertised window W* is set to 1 in the TCP
protocol. This is in fact known to provide the best performance of TCP (see [ea03, LP05]

and references therein).

2.4.1.2 Resource allocation in AP:

We further assume saturated resource allocation in the downlink of AP and NodeB networks.
Specifically, this assumption for the AP network means the following. Assume that the AP
is saturated and has infinitely many packets backlogged in its transmission buffer. In other
words, there is always a packet in the AP’s transmission buffer waiting to be transmitted
to each of the connected mobiles. Now, in a WLAN cell resource allocation to an AP on
the downlink is carried out through the contention based DCF (Distributed Coordination
Function) protocol. If the AP is saturated for a particular mobile’s connection and W*
is set to 1, then this particular mobile can benefit from higher number of transmission
opportunities (TzOPs) won by the AP for downlink transmission to this mobile (hence
higher downlink throughput), than if the AP was not saturated or W* was not set to 1.
Thus with the above assumptions, mobiles can be allocated downlink throughputs greater
than their QoS requirements of 6,,;, and cell resources in terms of TzOPs on the downlink
will be maximally utilized.

2.4.1.3 Resource allocation in NodeB:

For the NodeB network the saturated resource allocation assumption has the following
elaboration. It is assumed that at any given instant, the NodeB cell resources on downlink
are fully utilized resulting in a constant maximum cell load of n7}7*. This is analogous to
the maximal utilization of TzOPs in the AP network discussed in the previous paragraph.
With this maximum cell load assumption even if a mobile has a minimum throughput
requirement of only 6,,;, bps, it can actually be allocated a higher throughput if additional
unutilized cell resources are available, so that the cell load is always at its maximum of
npit. If say a new mobile j arrives and if it is possible to accommodate its connection while
maintaining the QoS requirements of the presently connected mobiles (this will be decided
by the CAC), then the NodeB will initiate a renegotiation of QoS attributes (or bearer

attributes) procedure with all the presently connected mobiles. All presently connected
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mobiles will then be allocated a lower throughput than the one prior to the set-up of mobile
j’s connection. However, this new lower throughput will still be higher than each mobile’s
QoS requirement. This kind of a renegotiation of QoS attributes is indeed possible in UMTS
and it is one of its special features (see Chapter 7 in [HT01|). Also note a very key point
here that the average load per user n as defined previously in Section 2.2.2, decreases with
increasing number of mobiles connected to the NodeB. Though the total cell load is always
at its maximum of n}%*, contribution to this total load from a single mobile (i.e., load per
user, 1) decreases as more mobiles connect to the NodeB cell. We define A(n) as the average
change in 7 caused by a new mobile that connects to the NodeB cell. Therefore, when a new
mobile connects the load per user drops from 7 to n — A(n) and when a mobile disconnects

the load per user increases from n to n + A(n).

2.4.1.4 Power control & location of mobiles in NodeB:

In downlink, the inter-cell to intra-cell interference ratio denoted by 7; and the orthogonality
factor denoted by «; are different for each mobile j depending on its location in the NodeB
cell. Moreover, the throughput achieved by each mobile is interference limited and depends
on the signal to interference plus noise ratio (SINR) received at that mobile. Thus, in the
absence of any power control the throughput also depends on the location of mobile in the
NodeB cell. We however assume a uniform SINR scenario where closed-loop fast power
control is applied in the NodeB cell so that each mobile receives approximately the same
SINR (see Section 3.5 in |HTO01]). We therefore assume that all mobiles in the NodeB cell
are allocated equal throughputs. This kind of a power control will allocate more power to
users far away from the NodeB that are subject to higher path-loss, fading and neighboring
cell interference. Users closer to the NodeB will be allocated relatively less power since they
are susceptible to weaker signal attenuation. In fact, such a fair throughput allocation can
also be achieved by adopting a fair and power-efficient channel dependent scheduling scheme
as described in [ZHZ03|. Now since all mobiles are allocated equal throughputs, it can be
said that mobiles arrive at an average location in the NodeB cell (see Section 8.2.2.2 in
[HT01]). Therefore all mobiles are assumed to have an identical average inter-cell to intra-

cell interference ratio i (see Section 8.2.2.2 in [HT01]) and an identical average orthogonality
factor & (see Section 8.2.2.2 in |[HTO01]).

2.4.1.5 Justification:

The assumption on saturated resource allocation is a standard assumption, usually adopted
to simplify modeling of complex network frameworks like those of WLAN and UMTS (see
for e.g., [HT01, KAMGO5a|). Mobiles in NodeB cell are assumed to be allocated equal
throughputs in order to have a comparable scenario to that of an AP cell, in which mobiles
are also known to achieve fair and equal throughput allocation (see Section 2.4.2). Moreover,
such fair throughput allocation is known to result in a better delay performance for typical
file transfers in UMTS [Bon04]. The assumption of mobiles arriving at an average location
in the NodeB cell is essential in order to simplify our SMDP formulation. For instance,
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Figure 2.2: Throughput of all users in AP cell

without this assumption the hybrid network system state will have to include the location
of each mobile. This will result in an SMDP problem with higher dimensional state space
which is known to be analytically intractable and not have an exact solution [Put94]. We
therefore assume mobiles arriving at an average location and seek to compute the optimal
association policy more from a network planning and dimensioning point of view.

2.4.2 Downlink Throughput in 802.11 WLAN AP

We reuse the downlink TCP throughput formula for a mobile in a WLAN from [MKAQ6].
For completeness, here we briefly mention the network model that has been extensively
studied in [MKAO06] and then simply restate the throughput expression without going into
much details. Each mobile connected to the AP uses the Distributed Coordination Function
(DCF) protocol with an RTS/CTS frame exchange before any data-ack frame exchange and
each mobile (including the AP) has an equal probability of the channel being allocated to
it. The AP does not employ any rate control algorithm and transmits at a fixed PHY data
rate of Ryu, bps to all mobiles. With the assumption of W* being set to 1 (Section 2.4.1),
any mobile will always have a TCP ack waiting to be sent back to the AP with probability
1/2, which is also the probability that it contends for the channel. This is however true only
for those versions of TCP that do not use delayed acks. If the AP is always saturated or
backlogged, the average number of backlogged mobiles contending for the channel is given
by my = 1 + %¢. Based on this assumption and since for any connection an ack is sent by
the mobile for every TCP packet received, the downlink TCP throughput of a single mobile
is given by Section 3.2 in [MKAO06]| as,

Lrcp
Oap(me) = , 2.4
AP( ) me (TTCPdata + TTCPack + 27—‘tbo + 2Tw) ( )
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where Lpcp is the size of TCP packets and Trcpgata and Trcpaer are the raw transmission
times of a TCP data and a TCP ack packet, respectively. Ty, and T,, denote the mean total
time spent in back-off and the average total time wasted in collisions for any successful packet
transmission and are computed assuming m; backlogged mobiles. The explicit expressions
for Tropaata; Tropack, Two and T, can be referred to in [MKAO06|. However, we mention
here that they depend on certain quantities whose numerical values have been provided
in Section 2.5.2. Note that all mobiles connected to the AP achieve equal downlink TCP
throughputs (given by Equation 2.4) in a fair manner [MKAO06|. Figure 2.2 shows a plot
of total cell throughput in an AP cell for an example scenario. Since the total throughput
monotonically decreases with increasing number of mobiles, the pole capacity of an AP cell,
Mp, is limited by the QoS requirement 6,,;, bps of each mobile.

2.4.3 Downlink Throughput in 3G UMTS NodeB

We consider a standard model for data transmission on downlink in a 3G UMTS NodeB
cell. Let W be the WCDMA modulation bandwidth and if SINR denotes the signal to
interference plus noise ratio received at a mobile then its energy per bit to noise density
ratio is given by,

E, W

- , 2,
N =g X SINR (2.5)

Now, under the assumptions of identical throughput allocation to each mobile arriving at
an average location and application of power control so that each mobile receives the same
SINR (Section 2.4.1), we deduce from Equation 2.5 that each mobile requires the same

Ey/N, ratio in order to be able to successfully decode NodeB’s transmission. From Chapter
8 in [HTO1] we can thus say that the downlink TCP throughput 635 of any mobile, in a










































































































































































































































































































































































































































































































































