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In the project of Consumer networks, the term “samer networks” is promised
to deal with multiple standards operating in thensdrequency band, either within
the same device or with a radio range. Among maotgntial wireless networks
standards, OFDM WLAN, WIMAX, and UWB using multi4bé OFDM are selected
to be discussed.

Because that these three systems are based on @#dbiique, there is a need to
analyze the non-ideal characteristics of such tigcien Phase noise is the main issue
in OFDM technique. In this subproject we build Uy tmodel of phase noise and
estimate the phase noise in uplink OFDM/OFDMA.

Besides, we discuss the connectivity layer of systgchitecture for consumer
networks. Plenty terminal equipments capable oélegs connectivity may construct
wireless ad hoc networks under the situation ofenorirastructure. Nodes in the
wireless ad hoc networks are required to conselnee litnited battery life with
minimized transmission power. In addition, the Wass ad hoc networks are required
to be connected. In order to control the topologycture in a power-efficient way,
the discussion on relationships of the best trassiom distance (or transmission
power), the coverage of the service and networkectivity is given.

Keywords. Consumer network, OFDM, OFDMA, Phase Noise, Wirekd Hoc
Networks, Topology Control, Cluster Algorithm.
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Part | Phase Noise Estimation in OFDM and OFDMAIiklpICommunications

OFDM transmission technique has been adopted erakwireless communication
standards for its capability of combating channaltipath fading with relatively low
complexity while providing high spectral efficienay comparison to single carrier
transmission. An OFDMA system divides the availahlbcarriers into groups, called
subchannels, and assigns one or multiple subchanteel multiple users for
simultaneous transmission. OFDM is tremendously emsensitive to carrier
frequency offset and phase noise than single carsigstems because the
orthogonalities among OFDM subcarriers will be o®std so that common phase
error (CPE) and inter-carrier interference (ICI)lvaippear. OFDMA inherits from
OFDM the weakness of being more sensitive to bdtlthem than single carrier
multiple access systems. Furthermore, because efnthbltiple phase noise of
multiuser, phase noise will be more detrimentaupdink OFDMA systems if not
carefully compensated

Part Il Characterizing The Wireless Ad Hoc NetwdolsUsing The Distance

Distributions

Wireless ad hoc network has been recognized aobtiee possible solutions to
realize the dream of pervasive computing especvalign nodes are within treead
zone an area where the exiting fixed infrastructures @navailable, since nodes in
the wireless ad hoc network can self-organize gpetade without the help of the
existing infrastructures. By using the multihop warding scheme, nodes in the
wireless ad hoc networks exchange messages widr atides that are not directly
connected. However, due to the random deploymetiteofvireless ad hoc networks,
the deployed network topologies are also randomaAssult, some criterions are
commonly used to characterize the random orgameégork.



Part Ill On The Distance Distributions of The Wes$ Ad Hoc Networks

Since nodes in wireless ad hoc networks may beoralydand independently
spread over the entire service area, the resutiitgyork topologies are diverse and,
thus, the separation distance between any selextdd pair can be regarded as a
random variable. Many characteristics of the wselad hoc networks are related to
the separation distances between node pairs. Oihe ofiost important characteristics
for the wireless ad hoc network to be applicabléhes connectivity of the organized
network. The most common approach to achieve theank connectivity is to
maximize the transmission range so that nodes @meected. However, when the
power consumption is considered, the transmissaoge should be optimized to the
separation distance to its nearest neighbor.

Part IV Organizing an Optimal Cluster-Based Ad Hmtwork Architecture by the

Modified Quine-McCluskey Algorithm

When wireless nodes are in an area that is notredvdy any existing
infrastructure, one of the possible solutions toiege the ubiquitous computing is to
enable wireless nodes to operate in the ad hoc medeelforganize themselves into
a cluster-based network architecture. One of theeigé approaches to build up a
cluster-based network architecture is to designalgorithm to organize wireless
nodes into set of clusters. Within each clusterpde is elected asdusterhead CH)
to take responsible for the resource assignmentscarster maintenances. Many
related algorithms have been proposed. Tmeimum connected dominating set
(MCDS) approach tries to obtaam optimum configuration to be the virtual backbone
of the wireless ad hoc networks. However, it isvamdo be an NPhard problem. The
most feasible alternative is to find an approxirdateuristic algorithm to obtain a sub
minimum connected dominating set. The general afeang the related literatures is
to select CHs based on some attributes of the mieswo



Part V A Clustering Algorithm to Produce Power-Eiéint Architecture for

(N,B)-Connected Ad Hoc Networks

Wireless ad hoc network is a self-organizing nektbat can be rapidly deployed
and operated without the help of the existing stitacture. Possible examples of the
wireless ad hoc networks can be found in the talctimlitary applications, disaster
recovery operations, exhibitions and conferencasceSthere is no existing fixed
infrastructure in the wireless ad hoc network, argiag the randomly deployed
nodes into a virtual backbone turns out to be gpoomant design issue. One of the
general approaches is to organize nodes into groluglsisters. Within each cluster, a
node is elected as the local controller of thasteuand is called clusterhead (CH).
Major advantages of this approach include frequemspatial reuse, smaller
interference and the increase of system capacity.



Part | Phase Noise Estimation in OFDM and OFDMAIiklpICommunications

Phase noise issue is an important topic in OFDM @RBMA systems because it
will destroy the orthogonalities among subcarridedels of phase noise source and
the corresponding effects in OFDM systems are fimsbduced. There are various
methods proposed to suppress phase noise in OFBMM3y. Here, we discuss a
pilot-aided-decision-directed (PADD) approach fd?ECestimation in OFDM systems.
Conventional phase noise correction methods targeti single phase noise, however,
cannot be directly applied to uplink OFDMA transsiss because simultaneous
transmitted user signals give rise to multiple ghasise. Extending from the PADD
approach, two algorithms based on least-squarereandmum likelihood criteria for
estimation of Wiener phase noise in uplink OFDMAtounications are discussed
and compared.

Part Il Characterizing The Wireless Ad Hoc NetwdolsUsing The Distance

Distributions

Due to random deployment of the network nodes,die&nces between nodes in
the wireless ad hoc networks are random. Baseteddveloped distributions of the
distance between nodes, the optimum transmissiggerto thek-th nearest neighbor,
the most probable distance between two randombcsad nodes, the node degree
and the network connectivity of the organized veissl ad hoc networks both in the
ideal and shadow fading environments are charaetkrand evaluated. In addition,
we also mathematically proof that the distributmnthe node degree in the shadow
fading environment is binomial. We apply the dedivkegree distribution to study the
generalizedk-connectivity problem of the wireless ad hoc networ the shadow
fading environments.



Part Ill On The Distance Distributions of The Wes$ Ad Hoc Networks

Separation distance between nodes is an importa®xiin characterizing the
optimum transmission range, the most probable Heah distance between two
random selected nodes, the node degree and therketennectivity of wireless ad
hoc networks. However, because nodes are randompjoyked, the separation
distances between nodes in the wireless ad hoconetvare also random. Thus, in
this paper, we present methodologies to analyzeethilistance-related probability
distributions: the distribution of the distance tioe k-th nearest neighbor, the
distribution of the distance between two randomedeld nodes and the joint
distribution of the distances between nodes armhawn reference node.

Part IV Organizing an Optimal Cluster-Based Ad Hmtwork Architecture by the

Modified Quine-McCluskey Algorithm

An optimal cluster-based ad hoc network architectinat requires the minimum
number of cluster maintenance overheads not owlyces the waste of the precious
bandwidth but also saves the consumption of thédarbattery power. Mathematical
analyses show that the cluster maintenance oveshead be minimized by
minimizing the number of generated clusters andsérance of the number of cluster
members. By using the Modified Quine-McCluskey (MPAlgorithm, the number of
generated clusters and the variance of the nunfbeusier members of the generated
cluster-based network architecture are minimizelaus] the number of overheads
required to maintain the cluster architecture isimized and the precious bandwidth
and the limited battery power are saved.

Part V A Clustering Algorithm to Produce Power-Eiéint Architecture for

(N,B)-Connected Ad Hoc Networks

Reducing the waste of the limited battery poweexohanging cluster maintenance
messages is one of the important issues in deggriustering algorithm for the
wireless ad hoc networks. Analyses show that thars lme achieved by reducing the
number of generated clusters and the varianceeohtimber of cluster members. By



assigning critical node (the only neighbor of boamydnode) the highest weight (or
priority) to be selected as a clusterhead, we shioa¢ the number of cluster
maintenance overheads is reduced by the propossdbiDied Clustering Algorithm
with Critical Node First (DCA/CNF) based approach&s a consequence, the limited
battery power is conserved and the organized n&tar@hitecture is power efficient.
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Part | Phase Noise Estimation in OFDM and OFDMAIiklpICommunications

OFDM transmission technique has been adopted erakwireless communication
standards for its capability of combating channaltipath fading with relatively low
complexity while providing high spectral efficienay comparison to single carrier
transmission. An OFDMA system divides the availahlbcarriers into groups, called
subchannels, and assigns one or multiple subchanteel multiple users for
simultaneous transmission. Signals from differesgrs are overlapping in frequency
domain but occupying different subcarriers, thehagbnality among subcarriers
prevents multiple access interference (MAI) amoseys.

On the other hand, OFDM is tremendously more seastb carrier frequency
offset and phase noise than single carrier sysfidindecause the orthogonalities
among OFDM subcarriers will be destroyed so thatroon phase error (CPE) and
inter-carrier interference (ICl) will appear. OFDM#herits from OFDM the
weakness of being more sensitive to both of thean #ingle carrier multiple access
systems. Furthermore, because of the multiple phase of multiuser, phase noise
will be more detrimental to uplink OFDMA systemshidt carefully compensated [2].

Various methods to suppress phase noise in OFDkegshave been proposed in
the literature [3]-[5]. However, they are specifigasuitable for dealing with single
phase noise. To mitigate multiple phase noise IR uplink, unavoidably, the
adopted subcarrier assignment scheme needs tddie itdo account since it affects
the amount of MAI in the system. Two major sub@rrassignment schemes:
subband-based and interleaved [6] are examined. fohmer divides the whole
bandwidth into small continuous subbands, each issassigned to one or several
subbands. In the latter, subcarriers assignedfferelt users are interleaved over the
whole bandwidth. An example of both schemes isithated in Fig. 1.



Subband-based OFDMA

IS

Interleaved OFDMA

User 1 —-— Uger 2 ———-User K

Figure. 1. lllustration of subband-based and ietaréd subcarrier assignment
schemes [16]

Part Il Characterizing The Wireless Ad Hoc NetwdolsdUsing The Distance

Distributions

Wireless ad hoc network has been recognized aobtiee possible solutions to
realize the dream of pervasive computing [1]-[3jexsally when nodes are within the
dead zongan area where the exiting fixed infrastructunesumavailable, since nodes
in the wireless ad hoc network can self-organize @perate without the help of the
existing infrastructures. By using the multihop warding scheme, nodes in the
wireless ad hoc networks exchange messages widr atides that are not directly
connected. Possible examples of the wireless adnbbeorks are tactical military
applications, disaster recovery operations, exbifst or conferences. However, due
to the random deployment of the wireless ad howaordts, the deployed network
topologies are also random. As a result, somerimite are commonly used to
characterize the random organized network. Inhi$, we specifically focus on the
following three criterions: the optimum transmissi@nge to organize a wireless ad
hoc network and the node degree and the connguati’the organized network. Since
the power of the nodes in the wireless ad hoc nétsvare mainly provided by the
batteries, the optimum transmission range (or thea transmission range) provides
us how to power efficiently assign the transmissiange either homogeneously or
non-homogeneously so that the organized wirelesiad network is connected
[4]-[7]. The degree of a node is defined as the Imemof neighbors that are directly
connected with [8][9] and is widely used as an iad the connectivity of the
organized wireless ad hoc networks [10]. The netveonnectivity is one of the most



important criterions used to characterize the degahwireless ad hoc networks
[4]-[7][11]-[13]. This is mainly because for the ftihop forwarding scheme in the
wireless ad hoc network to be applicable there rexists at least one path between
any two nodes so that the messages can be hopgoyehwarded to the intended
destination nodes. When we look into the three@ganhs, we find that they are highly
related to the distances between the nodes. Fon@zaif the distances between node
pairs in the deployed wireless ad hoc networksshoet, smaller transmission power
is enough for each node to reach its neighbors #ngs, the battery power is
conserved. Furthermore, if the transmission rasgexed, shorter distances between
nodes result in the higher node degree and therbetinnectivity of the deployed
wireless ad hoc networks. However, due to nodesarwireless ad hoc networks are
in nature randomly and independently distributetd ithe service area, the distance
between any node pair is also random. Thus, ieessary to study the stochastic
property of the distances between nodes. Only &ated researches are found in the
literatures. In [14], by using two different digmtions, uniform and Gaussian, to
deploy nodes into the service area, Miller analyttel distributions of the distance
between two nodes in the wireless ad hoc netwonklsfaund that similar distance
distributions are obtained by using different med#&d distribute nodes. Thus, he
concluded that using a simple model to distribubelas would be enough for the
analysis and simulation of the wireless ad hoc odta: To obtain the joint
distribution, Miller presented an alternative amio to find the marginal cdf of the
distance between node and a randomly selecteceneiemode (RN) [15]. Then, by
employing the independence property, the joint @dthe distances between nodes
and a RN was obtained.

Part I1ll On The Distance Distributions of The Wes$ Ad Hoc Networks

Since nodes in wireless ad hoc networks may beoralydand independently
spread over the entire service area, the resufiatgyork topologies are diverse and,
thus, the separation distance between any selextdd pair can be regarded as a
random variable. Many characteristics of the waglad hoc networks are related to
the separation distances between node pairs. Otie @host important characteristics
for the wireless ad hoc network to be applicabléhes connectivity of the organized
network. The most common approach to achieve theonke connectivity is to
maximize the transmission range so that nodes @meected. However, when the
power consumption is considered, the transmissaoige should be optimized to the
separation distance to its nearest neighbor. Moteoconnectivity related researches
[1]-[6] are mainly based on the necessary conditi@t network ik-connected if the



minimum node degree of a wireless ad hoc netwoki{1$. When the wireless ad hoc
networks are operated in the ideal environmentntdue degree can be easily obtained
based on the pathloss model, i. e. the numberagswithin the predefined separation
distances. However, in the shadow fading environjrggwen the separation distances
between nodes and a common reference node (CRN),ntde degree will
dynamically change due to the random fluctuatiorthef signal strength. Thus, it is
necessary to find the joint distance distributietween nodes and a CRN. In this part,
we assume that nodes are uniformly and indeperydéetbloyed within a square
service area and the location of each random deglagdeu is expressed as a vector
u=(x,y,) inR? Based on the definition in [8], thiistance functiometween nodes
andv is defined asr(u,v) = ((x, - x,)* +(y, - ¥,)>)"* such that (i)(u,v)=0, (ii)r(u,v)=0
if and only if u=v, (iii) r(u,v)=r(v,u) and (iv)r(u,v)<r(u,w)+r (w,v) for any nodes,
v andw. In this case, the distance function is also kn@srtheEuclidean distance
between nodes andv and the square service area is known as the 2ndiorel
Euclidean space

The first distance distribution we derived is based the concept that if the
Euclidean distance from a reference node té-its nearest neighbor is less than the
transmission range of the reference node, the numrdegree of the node ks The
disadvantage of this distribution is that the pknowledge of the order of the nearest
neighbor of a reference node is required. To thds &e derive the distribution of the
Euclidean distance between two random selectedsnaa&out knowing the prior
knowledge. Since the obtained results do not possrtdependence property, they
cannot be applied directly to obtain the joint wimsition of the Euclidean distances
between nodes and a common reference node. Thereka further derive the
marginal cdf and pdf of the Euclidean distance leetwnode and a common reference
node. Since the obtained marginal cdf and pdf @ssfiee independence property,
they can be easily generalized to obtain the jooiit and pdf. Only few related
researches are found in the literatures. The digtan of thek-th nearest neighbor is
also known as Nearest Neighbor Distribution (NNDJ9][13]. In [14], by using two
different distributions, uniform and Gaussian, tstribute the nodes, Miller analyzed
the distributions of the Euclidean distance betwi®em nodes in the wireless ad hoc
networks and noted that the models used to disé&ribades generate very similar cdfs.
Thus, he concluded that using a simple model twilblige nodes would be enough for
the analysis and simulation of wireless ad hoc odts¢ To obtain the joint
distribution, Miller presented an alternative aggmio to find the marginal cdf of the
Euclidean distance between two nodes [15]. Theneraploying the independence
property, the joint cdf of the Euclidean distandetween node pairs that have a
common reference node was obtained. In the follgwanalyses, we assume the
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number of nodes in the networkNisand ignore the boundary effects.

Part IV Organizing an Optimal Cluster-Based Ad Hmtwork Architecture by the

Modified Quine-McCluskey Algorithm

When wireless nodes are in an area that is notredvdy any existing
infrastructure, one of the possible solutions toiege the ubiquitous computing is to
enable wireless nodes to operate in the ad hoc rfigdend selforganize themselves
into a cluster-based network architecture. Ondnefgeneral approaches to build up a
cluster-based network architecture is to designalgorithm to organize wireless
nodes into set of clusters. Within each clusterpde is elected asdusterhead CH)
to take responsible for the resource assignmentscarster maintenances. Many
related algorithms have been proposed. Tmaimum connected dominating set
(MCDS) approach [2] tries to obtaian optimum configuration to be the virtual
backbone of the wireless ad hoc networks. Howeves,shown to be an NPhard [3]
problem. The most feasible alternative is to findapproximated heuristic algorithm
to obtain a sub minimum connected dominating sée §eneral idea among the
related literatures is to select CHs based on sattibutes of the networks. For
example, the node degree, the link delay, the tn&gssson power, the mobility, . . . ,
etc.. A detail survey of the clustering algorithcas be found in [4].

In viewing the previous works, we find that the mization of the waste of the
precious bandwidth and the limited battery power exchanging the cluster
maintenance overheads has not been well studiags, Hased on the technique to
select the optimum set of prime implicants in tharn@-McCluskey (QM) algorithm
[5], we propose a Modified QM (MQM) clustering algbm to organize the wireless
ad hoc network into a cluster-based network archite that requires the minimum
number of cluster maintenance overheads

Part V A Clustering Algorithm to Produce Power-Eiéint Architecture for

(N,B)-Connected Ad Hoc Networks

Wireless ad hoc network is a self-organizing nekntbat can be rapidly deployed
and operated without the help of the existing stitacture. Possible examples of the

11



wireless ad hoc networks can be found in the talctimlitary applications, disaster

recovery operations, exhibitions and conferencasceSthere is no existing fixed

infrastructure in the wireless ad hoc network, argiag the randomly deployed

nodes into a virtual backbone turns out to be goomant design issue. One of the
general approaches is to organize nodes into groluglsisters. Within each cluster, a
node is elected as the local controller of thastduand is called clusterhead (CH).
Major advantages of this approach include frequespatial reuse, smaller

interference and the increase of system capacity.

Many related algorithms [1]-[10] have been proposedthe literatures. The
minimum connected dominating set (MCDS) schemeofgpnizes the wireless ad
hoc network into an optimum configuration. Howewee problem to find the MCDS
in a connected graph is shown to be NP-hard [2]thadroblem to find the optimal
CH set is an NP-complete problem [3]. The genezasible alternative is to design an
approximated heuristic algorithm to obtain a subrmal MCDS. The Degree-based
clustering algorithms [4] are proposed to selecs®@Esed on the degree of the nodes.
The ID-based clustering algorithms [5][6] organibe cluster simply based on the
node ID. Other approaches that are based on diffede attributes can be found in
[7]-[9]. Due to the security concerns of the tranted messages or the limitations of
the geography of the service area, some singuldesimust/may be deployed within
the service area. For example, some nodes in ttveories have only one neighbor
and are called boundary nodes. The only neighbbrboandary nodes play an
important role in providing connections from boundaodes to the other nodes. In
view of the previous algorithms, we find that tiepacts of the boundary nodes on
the design of clustering algorithm have not beefi stadied in the literatures. This
part addresses how to organize wireless ad hoconletwwith boundary nodes into a
power efficient cluster-based network architectufdne power efficiency of a
cluster-based network architecture in this parelated to the number of overheads
that are required to maintain the organized clussésed network architecture.

12
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Part | Phase Noise Estimation in OFDM and OFDMAIiklpICommunications

We can find the performance of these two CPE esioms by simulation. Consider
an OFDMA system with 64 subcarriers in the 5 GHagfrency band. The signal
bandwidth is 20 MHz. There are 4 sub-channels & gi5stem, each contains 13
subcarriers. Each active user uses one sub-chaamklthe configuration and

frequency domain structure of each subchannel deatical. We denoteN, the

number of pilot subcarriers in a sub-channel andaities from 1 to 4 in our
experiments.

The channel response of each user is generateddaugahe IEEE 802.11a
channel model with root-mean-square delay sprealego 50 ns. The channel
coefficients are modeled as independent and comyakled Gaussian random
variables with zero-mean and an exponential powkxydprofile

E{hM?}=7%xp{ 1}, 1= 01 X

The constant/ is chosen such that the signal power of each sssormalized to
unity. The phase noise is generated by the Lor@mtziodel with 5 equals to 1 kHz.
Two typical subcarrier assignment schemes: sub-tese¢d subcarrier assignment
and interleaved subcarrier assignment as illugtraté&ig. 1 are used. Each simulation
point is conducted usin@x13 frames, each frame consists of 16 OFDM symbols.

Fig. 1 shows the symbol error rate (SER) perforreamicthe two proposed CPE
estimators in comparison with both no-phase-noisé ao-phase-noise-correction
cases with QPSK. Since the number of pilot subeeriaffects the spectrum

efficiency and the capacity of an OFDMA systeiN, is set to 1 in the simulation

generating these two figures. Fig. 1(a) refersutmlsand based subcarrier assignment
while Fig. 1(b) corresponds to interleaved subeamssignment.

First of all, the maximum likelihood (ML) approachealways have more
improvement than least square (LS) ones, which as surprising because the
statistics of ICI term is taken into consideratiodfle can observe that when the
number of active users increases, interleaved sudcassignment suffers more from

13



the multiple-access interference because otheweaatser’'s signals are at nearer

subcarriers.
Fig. 2 illustrates how the performance of the psgzbschemes changes with phase

noise levels. The number of pilot symbolé, is set to 1. The aim of the proposed

schemes is to correct medium to small phase niogsefor phase noise varianceT,
less than0 *. It shows in Fig. 7 that when phase noise variaaageater thah0 °,
the OFDMA system suffers remarkable performanceratigion. However, the
proposed CPE estimation schemes provide signifijgarformance improvement over
no-phase-noise-correction case.

When phase noise variance is less th@n®> for an OFDMA system employing
QPSK, we can see the error floor of the proposdubrees. For this phase noise
variance range, it is not necessary to take the €fection to correct multiple phase
noise.
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Part Il Characterizing The Wireless Ad Hoc NetwdolsUsing The Distance

Distributions

Table 1 The Optimum Transmission Range for a 1-eot@d Wireless Ad Hoc Network

p=0.95

p=0.99

N=100

N=200

N=100

N=200

op
r

155.33m114.75m171.22m125.55m

Based on equation, the optimum transmission ratgenstruct a 1-connected
network r® in a 1000mx1000m square-shaped service area Wwéhptobability
p=0.95 and p=0.99, N=100 and N =200 are shown in ABLE 1. The probability
of organizing ak-connected wireless ad hoc network in the idealirenment
obtained in equation is shown in Figure 1. Thisurfeg shows that the required
transmission rangR for N nodes in the ideal environment to organize@nnected
wireless ad hoc network is inverse proportionalNlaand proportional tck. For
example, from ABLE 1 and Figure 1, the transmission ranges 171.22mlaBdb5m
are required for a wireless ad hoc network with #4068 200 nodes to be 1-connected
with the probability 0.99. The probability of thereless ad hoc network organized by
N nodes in the shadow fading environmenk-isonnected as derived in equation is
shown in Figure 2. In this figure, the transmissramgeR is set to 300m which

16



corresponds to a wireless ad hoc network organkaedlO0 nodes in the ideal
environment is 3-connected with the probability agee than 0.9999 as shown in
Figure 1. With the same transmission range, Figurghows that as the channel
variation is concerned, fewer nodes are requiredathieve the same network
connectivity and the number of nodes to achievadheired network connectivity is
inverse proportional to the channel variation.
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Figure 1 The probability df-connected in the ideal environment.
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Figure 2 The probability df-connected in the shadow fading environment.
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Part Ill On The Distance Distributions of The Wes$ Ad Hoc Networks
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Figure 1 The cdf of the distance to thth nearest neighbor.
Thedistribution of the distanceto the k-th nearest neighbor

In Figure 1, we show the cdf of the separationatis¢ obtained in equation to the
1%, 2" and & nearest neighbor for a wireless ad hoc network W@0 and 200 nodes
deployed over a 1000t000m square-shaped service area. This figure stimvshe
distance to th&-th nearest neighbor is inverse proportional tortteber of nodes in
the service area. Furthermore, this figure alsavshihat almost surely that the first
nearest neighbor is within the Euclidean distan2zeni and 82m for the number of
nodes are 100 and 200 respectively.
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Figure 2 The cdf and pdf of the Euclidean distame®veen two random selected nodes.

Thedistribution of the distance between two random selected nodes
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The pdf and cdf in equations with different separatlistance are shown in Figure
2. By differentiating equation, the most probablermalized separation distance
between two random selected nodes is 0.478. Timsals be found from Figure 2
that the 0.478 separation distance correspondsetantaximum probability density.
Besides, from the cdf curve in Figure 2, we findtth the normalized transmission
range is higher than 0.94, the probability for todom selected nodes are connected
is more than 0.95.
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Figure 4 The pdf of the distance between node DRIS.

Thedistribution of the distance between node and a CRN
Based on equations, the conditional cdf of the is¢ma distance in equation is
obtained. By integrating equation, we can obtam iarginal cdf of the separation
distance. Numerical integration of equation haswammducted for the joint cdf of the
separation distances rl and r2. The resulting joititcurve is shown in Figure 3.
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Following the same procedures, the marginal pdfthef separation distance in
equation is shown in Figure 4. In this figure, thest probable normalized separation
distance between node and a CRN is about 0.7.

Part IV Organizing an Optimal Cluster-Based Ad Hmtwork Architecture by the

Modified Quine-McCluskey Algorithm

We verify the performance of the proposed MQM alyon by conducting
extensive simulations. In our simulations, we assuhe size of the service area is
2000m«2000m, the number of nodésis 300 and the transmission range for each
node is 300m. We run the simulation 10,000 timesk arerage the collected data. In
each simulation, we first randomly deploy the nanxidary nodes into a connected
sub-network. Then, for each boundary node, a nondée connected subnetwork is
randomly selected to be its only neighbor (i. fee, ¢ritical node). For the performance
comparisons, the MQM and the Degree-based [6][3telring algorithms are used to
cluster each of the generated network topologystated before, our objective is to
design a clustering algorithm that can organizkister-based network architecture in
which the required number of cluster maintenaneoeads is minimized. In derived
equation, the number of cluster maintenance ovedehemainly depends on the
number of generated clusters and the varianceeohtimber of cluster members. The
simulation results for the number of generatedtelgsand the variance of the number
of cluster members are shown in Fig. 1 and Figespectively. Since the original QM
algorithm is designed to obtain the minimum seRIsf, the proposed MQM algorithm
generates the minimum number of clusters as shawkig. 1. Furthermore, due to
unchecked node is selected as a CH only if it e dhtical node with the highest
logical degree among its one-hop neighbors or thésnode with the highest logical
degree among its two-hop neighbors, the numbelustars that are generated by the
boundary node and the difference of the numbetuster members between clusters
are minimized. Therefore, as shown in Fig. 2, theance of the number of cluster
members is minimized. Consequently, the numberusdter maintenance overheads
as shown in Fig. 3 is minimized and the generabester-based network architecture
is optimal.
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Part V A Clustering Algorithm to Produce Power-Eiéint Architecture for

(N,B)-Connected Ad Hoc Networks
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Figure 3 Distributions of the number of cluster nens for the (a) DCA/CNF-ID and (b)
DCAJ/CNF-Degree clustering algorithms.

We evaluate the performance of the DCA/CNF-ID an@€AICNF-Degree
approaches by conducting 10,000 simulations. Wepenenthe simulation results
with the ID-based and Degree-based algorithms.sEneice area is a 2000mx2000m
square area. In each simulation, a (300,10)-cordeutireless ad hoc network
topology is randomly generated. Then, the ID-basaeljree-based, DCA/CNF-ID
and DCA/CNF-Degree algorithms are used to organiee randomly generated
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network topology into a cluster-based network asdture. Figure 3 shows the
distributions of the number of the cluster membtas the DCA/CNF-ID and
DCA/CNF-Degree approaches respectively. Compariitg the results as shown in
Figure 1, we can easily find that the number ofharp clusters generated by the
proposed DCA/CNF-ID and DCA/CNF-Degree approackegeatly reduced.
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Figure 4 Degree distributions of orphan node gerdrhy the (a) DCA/CNF-ID and (b)
DCAJ/CNF-Degree clustering algorithms.

In Figure 5, we show the distributions of the degoé the orphan node generated
by the DCA/CNF-ID and DCA/CNF-Degree approachegpeetvely. Comparing
with the results as shown in Figure 2, no orphadesoare boundary nodes!! In
addition, we can also find that, with higher proligh the degree of the orphan nodes
generated by the DCA/CNF-ID and DCA/CNF-Degree apphes is higher than that
generated by the ID-based and Degree-based chgstalyorithms. This is a good
news since a higher degree of an orphan node imiiat more chances for the
orphan node to change into non orphan node eith@ibing a cluster organized by
its one-hop neighbor or inviting its one-hop neigigto join the cluster that it
organizes when the cluster architecture is re-organ
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The number of generated orphan clusters and thd&uaof generated clusters are
shown in Figure 5 and Figure 6 respectively. Agestan proposition , the number of
generated orphan clusters in Figure 5 is reducegkbigning critical node the highest
weight in the proposed approaches. In Figureié,abviously that the number of
generated clusters by the DCA/CNF-ID and DCA/CNFgi2e is reduced due to the
reduction of the number of generated orphan clssterstated in proposition.
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Figure 7 The variance of the number of cluster mensb

Figure 7 shows the variance of the number of ctustembers. As we mentioned
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before, due to the generated clusters are domimgtedphan clusters, the variance of
the numbers of cluster members of the ID-basedDeygtee-based cluster algorithms
are very high. On the contrary, due to the redauctd the number of generated
orphan clusters, the proposed approaches reducatiamce of the number of cluster
members. This figure also shows the Degree-basesdecing algorithm is with the
highest variance of the number of cluster membEns is because that CHs located
in the dense area will have a larger number oftetusembers than that located in the
sparse area.
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Figure 8 The number of cluster maintenance oveshead

Figure shows the number of cluster maintenanceheag. Since the variance of
the cluster members of the Degree-based clustatgayithm is much higher than the
other three clustering algorithms as shown in F&gdy according to equation and
Figure 6, it has the maximum number of cluster tesiance overheads. By reducing
the number of generated clusters and the variahtteecluster members, the number
of cluster maintenance overheads for the proposed/ONF based approaches is
reduced. As a consequence, the limited battery paesveonserved. Finally, from
Figure to Figure , we also observe that therenly little difference between results
obtained by DCA/CNF-ID and DCA/CNF-Degree approach®ased on this
observation, we suggest that if the degree infaonaif the neighboring nodes is not
available or the node degree changes very frequdo# to the mobility of the nodes
or the dynamics of the channel quality, the DCA/GIBFapproach is a good
approach to organize the wireless ad hoc netwoHswever, if the degree
information for neighboring nodes is available &nel disadvantage of the biased CH
election criterion to the lowest ID node is coneslnthe DCA/CNF-Degree approach
is a better approach to organize the wireless achbtworks.
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Part | Phase Noise Estimation in OFDM and OFDMAIikpICommunications

In this part, several phase noise models and tiresgmonding effects in OFDM and

OFDMA systems are introduced. Among them, for tiseil@tor phase noise, we
discussed the estimation of Wiener phase noisestattbnary phase noise. Finally
two multiuser phase noise estimation algorithmsnibgate the effects of multiple
phase noise in uplink OFDMA systems are proposdte IS approach provides
acceptable performance with low complexity while tiiL approach considers the
second order statistics of the ICI to enhance #réopnance. The proposed schemes
aim to compensate for CPE, the major effect of phrase for medium to low phase
noise levels where phase noise correction is aggkc Moreover, these two multiuser
phase noise correction schemes are stable witniida range of phase noise levels
practical applications.

and applicable to any subcarrier assignment sch&rheh shows its potential in

Part Il Characterizing The Wireless Ad Hoc NetwdoldJsing The Distance
Distributions

To achieve pervasive computing in the absenceeéxisting infrastructure, nodes
in the service area organize themselves into alegsead hoc network. Due to the

random locations of the nodes, the distances betwedes are random. In this part,
two distance distributions are presented and useithea foundations to characterize
the organized wireless ad hoc networks. Given tloe gnowledge of the order of the
nearest neighbors, the nearest neighbor probaldligyribution in the theorem
provides us how to use the optimum transmittingyeato connect to thieth nearest
neighbor or, equivalently, how to power-efficientgploy ak-connected wireless ad
hoc network. Based on the marginal and the joistrithution of the distances between

nodes and a RN in the theorem, we analytically stiawthe exact node degree of the
wireless ad hoc network in the shadow fading emwitent is a binomial distribution.

With the exact distribution of node degree, weHtartobtain the probability of the
27

minimum node degree of the wireless ad hoc netwak is the necessary condition

of the network connectivity. Our results also shtvat the connectivity of the



organized wireless ad hoc network in the shadowfpenvironment is improved due
to the random fluctuation of signal strength.

Part Ill On The Distance Distributions of The Wes$ Ad Hoc Networks

This part investigates the probability distribugsoof the random separation
distances between node pairs in the wireless adhéiveorks. By using the concept of
the Euclidean distance in the 2-dimensional Eualidepace, the first probability
distribution, the distribution of the Euclidean tdisce to thek-th nearest neighbor, is
obtained. Using the technique of function of randeariables, we obtain the
probability distribution of the Euclidean distanbetween two random selected
wireless nodes. Then, through the computation®ithion area on the node coverage
area and a unit square, we derived the marginabedfpdf of a wireless node pair.
Since the Euclidean distances between wireless paide with the common reference
wireless node are mutually independent, we caryeastend the marginal cdf and
pdf to obtain the joint cdf and pdf of the Euclidedistances between wireless node
pairs in the wireless ad hoc network whkhwireless nodes that are randomly and
uniformly distributed over a unit square.

Part IV Organizing an Optimal Cluster-Based Ad Hstwork Architecture by the

Modified Quine-McCluskey Algorithm

To reduce the waste of precious bandwidth and iimé¢ed battery power in
exchanging the cluster maintenance overheads, wgope a distributed Modified
Quine-McCluskey (MQM) algorithm to organize the @less ad hoc network into an
optimal cluster-based network architecture thatuireg the minimum number of
cluster maintenance overheads. Simulation resditsvsthat by minimizing the
number of generated clusters and the variance ustesl members, the organized
cluster-based network architecture requires theimum number of cluster
maintenance overheads. Thus, the optimal clussgebanetwork architecture is
organized.
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Part V A Clustering Algorithm to Produce Power-Eiéint Architecture for

(N,B)-Connected Ad Hoc Networks

Through analyses, we find that reduction of the bemof cluster maintenance
overheads for aN,B)-connected cluster-based wireless ad hoc netwark lae
achieved by reducing the number of generated claste the variance of the number
of the cluster members. By analyzing the clustahiggctures generated by the
ID-based and Degree-based clustering algorithms, fim@ that the number of
generated cluster and the variance of the numlstezl members can be reduced by
reducing the number of orphan clusters generatethdundary nodes. Simulation
results show that by assigning critical nodes tighdst weights (or priorities) to be
selected as CHs, the number of generated clustersha variance of the number of
cluster members for the cluster-based network eactire generated by the proposed
DCA/CNF based approaches are reduced. As a conssgjudne number of cluster
maintenance overheads is reduced and the organgtedrk architecture is power
efficient.
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Abstract - Orthogonal Frequency Division Multiple Access
(OFDMA) is a promising technique which can provide high
capacity in future communication systems. The total capacity
of OFDMA can be maximized by dynamically allocating sub-
carriers among users according to channel condition.
However, it is quite challenging to properly allocate sub-
carriers in mobile channels due to the time varying property.
Existing approach designed for static users assigned the sub-
carriers with the best SNR to increase the total capacity but to
lose fairness. Fairness can be restored by using max-min
criterion or constraint limiting the ratios of user data rates to
maintain some balance among users. But when users are
mobile, the SNR considered should be replaced by the carrier
to interference ratio (CINR) because of the presented inter-
carrier interference (ICI) due to Doppler Spread. In this paper
we successfully incorporate the ICI into our radio resource
allocation algorithm to simultaneously optimize the total
capacity and fairness for mobile users. The fairness and
priority of user traffic are jointly considered in our adaptive
algorithm. The algorithm is demonstrated outperforms the
existing algorithm designed for static users, and very robust in
realistic operation.

I. INTRODUCTION

Wireless broadband communications become an extremely
attractive research to transport multimedia traffic. To provide
such high bandwidth physical transmission, one of the key
design issues is to decide an appropriate multiple access
scheme. Orthogonal frequency division multiplexing (OFDM)
is widely considered for high-spectral efficient wireless
communications, and has been adopted in wireless LANS,
UWB, WIiMAX, ectc. To further utilize cross-layer radio
resource, orthogonal frequency division multiple access
(OFDMA) is widely considered in wireless broadband
communications.

OFDMA is a multiple access technique inherited the ability
of OFDM to combat inter-symbol interference (ISI), which
can provide higher spectral efficiency by appropriate
distributing radio resource [1]. Existing research include
allocation of radio resource among static users for OFDMA
systems [2] [3] [4] [5], and some of them considering fairness
[4] [5]. Mobility has rarely been considered in literatures. In
this paper we first incorporate the Doppler Spread into system
optimization, and propose an algorithm to distribute the sub-
carriers among mobile users to maximize total capacity and
maintain  fairness.  Although the oscillator deviation,
channel/environment variations and user’s velocity all result
in Doppler Spread we use generalized velocity to represent
the combined effect of them.
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The priority of each user was included as a part of fairness
consideration which can be adaptively adjusted in our
algorithm. We develop theoretical analysis and simulations to
illustrate the advantages of the proposed algorithm over the
static schemes without considering mobility. At last, we
demonstrate our approach is quite robust to the frequency
estimation which has been included for estimating Doppler
Spread.

The organization of this paper is as follows. We first give
the system model and formulate the radio resource allocation
optimization for mobile OFDMA system in Section II. Some
considerations were discussed in the same section. In section
III, we give an experimental study to demonstrate the
advantages of our algorithm over the existing static approach.
In Section IV, we consider a more realistic case including
Doppler Spread Estimator and demonstrate the robustness of
our algorithm against the frequency estimating error. Finally
we give some discussions and conclusion in Section V.

II. SYSTEM MODEL

A. Analysis of ICI

Inter-carrier interference (ICI) due to Doppler Spread
results in the loss of orthogonality among sub-carriers. To
include the mobility in our optimization, the ICI needed to be
analytically analyzed [6].

Figure 1 depicts a discrete-time baseband equivalent model
of OFDM system. b, represent the source bits, symbol
generator outputs symbols «,. The serial to parallel converter
transfers blocks of symbols to the OFDM modulator, which
use an N-point IFFT to modulate them onto the sub-channels.
A guard interval of length G is then be added to give a
transmitted sequence corresponding to samples at ¢ = i7;

) 27ni .
XEf=—7— anexp(j) 0<isN+G-1
W v

where i and n are time and sub-carrier index. X is a

(1)

sequence with guard interval.

b Symbol Serial/ | 1FFT
— |_Generator &» Parallel iy ; X
l; . Mobile Channel
s Symbol a, | Parallel/ [
Detector [« Serial i | FFT 4J R

Figure 1: Communication System Using OFDM.

As [6], the received sequence from the multi-path channel has
the form

M-1
RE=> H, X 0<iSN+G-1 2

m=0
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where H ;1s the channel impulse response at path m and

instant i. After removing the guard interval and demodulating
by FFT, we can use the result of [7] [8] to separate the desired
part and the ICI part of the received sequence in frequency
domain as

N-1
a,=a,S, + Z“zSH +w, A3)
1=0,1%n

where

S, = Wexp{jﬂ(l —%j(z —n+ g)}

Nsin[l(l—n+£}
N

(4)

is the ICI effect of sub-carrier n from the sub-carrier / in the
same OFDM symbol. gz%f is the normalized frequency

offset. f = 4 * f is the Doppler Frequency Shift due to

user generalized velocity v and center frequency f;, Af is the
sub-carrier space.

B. Optimization Formulation

We can formulate our optimization of radio resource
allocation based on above mathematical form of ICI effect in
mobile OFDM system. Figure 2 is the proposed OFDMA
system. The Doppler Spread due to each user’s generalized
velocity was estimated by the frequency estimator, which will
be further discussed in section IV. We assume all other
channel information is known at the transmitter in this paper
and introduce the proposed sub-carriers allocation algorithm.

There are K users in the system and the kth user has data
rate equal to R, bits per second. The serial data from the K
users are fed into one sub-carrier allocation block which
allocates sub-carriers to different users. We sssume the
OFDMA system occupies total signal bandwidth B with N
data sub-carriers and each data sub-carriers bandwidth is B/N.
Maximum allowable total power for all users is P, Each of
the K wusers has instantaneous generalized velocity vy
corresponding to Doppler Frequency Shift f; and thus
normalized frequency offset <.

Our objective is to optimize the sub-carriers allocation in
order to maximize total capacity and maintain fairness among
users under the total power constraint. We introduce the
adaptation rule to be the fairness consideration. The benefit of
introducing this rule is we can explicitly control the user data
rates subject to system requirement.

Mathematically, the optimization considered in this paper is
formulated as Equation (5). Where Py, is the power assigned
to user k’s sub-carrier n, iy, is channel gain on user k’s sub-
carrier n. The second constraint using the indicator @i, to
show that each sub-carrier can only be assigned to one user.
N, is the power of additive white Gaussian noise (AWGN).

K N-1 P 20
Pmax z z @y log,| 1+ b S (OX L& ®)
ko f=1 n=0

2 = 2 B
P/c,nhk,nz‘sk(l_nx +NON
1=0

I#n

Subject to
K

@Y P, <P, P, >0foralkn
K

(ii)z w,, =1for all n,w,, =1{0,1} for all k,n
k=1

(iii)R Kf(p/nvk)
; .f(pk7 Vi )

The user data rate R, is defined as

P |5, O) 12, 6)
R, :Zw,m log,| 1+ fo k( )‘ ,(2 .
p P Y S, (-n) + N, 5
=0

I#n

and T is the optimized total capacity. f(p; vx) is a function of
the user priority weighting p, and the generalized user
velocity v of the kth user. Which can be arbitrary selected for
different relationship from user data rates to user priorities
and user generalized velocities. The system designer may
consider the fairness is both providing higher data rates for
high priority users and giving lower data rates to high
generalized velocity users when all users have the same
priorities, or just granting the sub-carriers according to user
priorities without considering generalized velocities. The
definition of fairness can be controlled by the system
designer.

The constraint (iii) is the adaptation rule we proposed for
considering fairness which denotes the user data rates can be
adaptively adjusted. We uniformly distribute P,, among all
sub-carriers in this paper because the total data throughout is
close to total capacity even with flat transmit power spectral
density [1] [12].

Equation (5) is the optimization of the adaptive fair radio
resource allocation under mobile channels. This equation can
be readily solved by standard numerical package such as
AMPL [9]. Some differences between mobile and static
environments will be discussed later.

C. Alternative Criterion and Constraint

In Equation (5), the criterion is to optimize the total
capacity, but there is another criterion being used in static
algorithm. Max-min criterion has been used to maximize the
minimum capacity of all users and maintain some fairness
among users. However, max-min approach is inappropriate
for mobile channels, because the power of ICI is much greater
than the additive noise [8]. If we maximize the minimum
capacity, all users will be given almost equal data rates. It is
inappropriate when different users have different priorities. It
should be noted, the adaptation rule is essential, or the user
with the least velocity gains all sub-carriers. Please note that,
all users needed to be included in this constraint to avoid a
user getting no sub-carrier allocation.
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|Sub-carrier allocation information |
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Figure 2: The Proposed OFDMA System

III. EXPERIMENTAL STUDY

In this section we consider an OFDMA system with 64 sub-
carriers and 4 users (A,B,C,D). We select f{(pi vi) = pi/vi and
and z = 1 in this and next section as an example. The
generalized velocity of each user is assumed to be known at
the transmitter as Table 1 in this ideal case. We consider a
more realistic case in the next section.

Table 1: Generalized User Velocity in the
Experimental Study

User A|B|C|D
Generalized Velocity |30 60 (70|90
(Km/Hr)

We list the six cases we considered in this section. The
simulation results were demonstrated in Table 2 and Table 3.
L’ and ‘H’ after the generalized user velocity denote user’s
priority. ‘Cy’ denotes the total capacity.

Case 1: The proposed algorithm but without the
adaptation rule (without considering fairness).
Case II: The proposed algorithm but the adaptation rule
only include two users
Case III : Max-Min Criterion
Case IV : The proposed algorithm with all users have
the same priorities (p4=ps= pc=pp=1)
Case V : The proposed algorithm with user C has high
Priority. (p. = 3 and p4=ps=pp=1)
Case VI: The proposed algorithm with user C has
higher priority (p. = 5 and p,=ps=pp=1)

Case I represents just maximizing the total capacity of all
users, not taking account of user priorities and fairness among
users. From the results we can see the user with the least
velocity takes away all the sub-carriers. Giving the user with
the least generalized velocity more sub-carriers in effect
increasing total capacity, and the total capacity and fairness
become trade-ff in mobile channels. Case Il denotes we just
include the maximum generalized velocity user and minimum
generalized velocity user in the adaptation rule, and
maximizing the total capacity. We can see only the user had
been included in the adaptation rule get sub-carriers.

1-4244-0330-8/06/$20.00©2006 IEEE

Table 2:
Demonstrating the Necessity of Adaptation Rule and the
Deficiency of Max-Min Criterion for Mobile Channels

[User A |[User B |User C [User D |Cioar
Casel [341.8 [0 0 0 341.8
Case I 218.8(L)|0(L) |0(L) [72.9(L) 291.7
Case IIT 64.1(L) 63.3(L) |62(L) [60.3(L) [249.7

Case III changes the criterion to maximize the minimum
capacity of all users. It seems some fairness among users was
achieved, but user priorities have not been considered. It
means even if the user C has high priority and the other users
are low priority users, max-min criterion still gives the same
result as case I1I which grants all users almost equal data rates
and can not be adaptively adjusted.

Case IV is our proposed algorithm, maximizing total
capacity with priority and fairness consideration. To
demonstrate our algorithm is adaptive, case V and VI
consider the cases when user C is high priority user and the
other users are low priority users. By choosing p,=pz=pp=1
and pc>1, we can see the ratios of data rates among users can
be adaptively adjusted in our algorithm.

Table 3: Simulation Results to Demonstrate the
Adaptation for User Priorities of the Proposed Algorithm
lUser A [User B [User C |User D (Ciotal
Case IV [122.7(L) [56.3(L) [51.7(L) 41.2(L) 271.9
Case V [83.6(L) |41.8(L) [108(H) 28(L) [261.4
Case VI64.2(L) [32(L) |137(H) R1(L) [_54.2

We then compare the proposed radio resource allocation
algorithm to the static approach [4], which does not consider
the mobility.

Table 4: Comparing the Adaptation of the Proposed

Algorithm and the Static Algorithm
User A B C D
Velocity (kmvhr)  |30(L)|89(H) |90(H) |91(H)
Data | Proposed | 43 61 60 57
Rate Static 69 | 55 54 | 53
Velocity (kmvhr)  |30(L) | 89(H) | 90(L) | 91(L)
Data | Proposed | 80 | 105 | 25 25
Rate Static 112 | 92 22 | 22
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The results of comparison have been demonstrated in Table
4. Considering the first case, User B,C,D have high priorities,
the system should give them higher data rates even they have
higher generalized wvelocities. The proposed algorithm
satisfies this requirement, but the static algorithm can not
achieve that. In the second case we can see the same
deficiency of the static algorithm. Although user B has high
priority, the static algorithm still gives him lower data rate.

We have numerical demonstrated the differences between
static and mobile algorithms. In the next section, we consider
a more realistic case and discuss the frequency estimator in
Figure 2.

IV. ROBUST TO PHYSICAL TRANSMISSION

A. Frequency Estimator

We assumed the generalized velocity of each user is known
at the transmitter in above ideal case. But in fact we need an
estimator to estimate the Doppler Spread due to generalized
user velocities. The frequency estimator in Figure 2 was used
to estimate Doppler Frequency Shift.

B. Block Diagram

Earlier research already demonstrated effective estimation
of Doppler Frequency Shift, which is shown in Figure 3 [10]
[11]. Consequently, it is enough to consider random
behaviors of frequency estimation in studying the proposed
algorithm.

S

4 ]
»(X) i
& M;

-

from symbol timing

|
1
1

r(k)

-

142

P(NT, i)

Y
———— e

Figure 3: Block Diagram of Frequency Estimator

C. Evaluating the Effect of Estimating Error

The estimating error from frequency estimation introduces
several effects. First, the fairness among users considered in
the adaptation rule was assumed to closely relate to the user
generalized velocities and thus the estimated Doppler
Frequency Shift. The estimating error destroys fairness.
Furthermore, the Doppler Frequency Shift has been used to
allocate sub-carriers; the estimating error may influence the
total capacity. For simulating those effects, we consider an
OFDMA system with four users and 64 sub-carriers at f, =
3.2 GHz. All users are assumed to have the same priority but
different generalized velocities. The error of estimation is
normalized to the theoretical Doppler Frequency Shift f;;.

Table 5 list the configuration we used in simulation to
evaluate the effect of estimating error. The first line is user
generalized velocity v, (Unknown to Transmitter); the second
line is the theoretical Doppler Frequency Shift f;; under those
generalized velocities. We first choose the estimating error
equal to (0.1)fy to give a detail analysis of the effect of
estimation, and then we further discuss the conditions for
larger estimating error.

Table 5: Configuration to Evaluate Estimating Error
User A B C D
Velocity (v :Km/Hr)

(Unknown to Tx) 30 60 70 20
Ideal Doppler
Frequency  Shift
under above
Generalized User
Velocity

(fdk = Vk/ C *fc HZ)
Estimating Error

(0.1)f

&9 178 207 267

89 | 17.8 207 |26.7

Under the scale of estimating error, we list all types of
frequency estimating error and the simulation result in Table
6. “+” after user k denotes the estimator overestimate the £y
by (0.1)fy and “-” after user k denotes the estimator
underestimate the fy; by (0.1)f. ‘Ci’ denotes total capacity
and ‘Ideal’ denote the ideal case considering the theoretical
Doppler Frequency Shift.

Table 6: Simulation Results to Evaluate the

Frequency Estimating Error under Sixteen Error Types
Error type User A |User B [User C [User D |Cigtal
Data [Data |Data  [Data
Rate |[Rate |Rate  |[Rate
Ideal 122.7 | 56.3 | 51.7 | 412 P72
A+B+C+D+ | 1173 | 603 | 51.7 | 412 271
A+B+C+D- | 117.3 | 563 | 51.7 | 443 P70
A+B+C-D+ | 1119 | 56.2 | 59.1 | 41.1 [269
A+B+C-D- | 1119 | 56.2 | 554 | 443 [268
A+B-C+D+ | 111.9 | 68.3 | 48 41.2 270
A+B-C+D- | 111.9 | 64.3 | 48 443 269
A+B-C-D+ | 111.9 | 643 | 554 | 38 270
A+B-C-D- | 106.6 | 643 | 554 |41.1 [268
A-B+C+ D+ | 1334 | 56.3 | 48 38 276
A-B+C+D- | 128 56.3 | 48 412 274
A-B+C- D+ | 128 523 | 554 |38 274
A-B+C- D- | 128 48.2 | 48 475 1272
A-B-C+D+ | 128 60 48 38 274
A-B-C+D- | 128 60.3 | 48.5 |38 274
A-B-C- D+ | 122.7 | 643 | 51.7 | 34.8 P74
A-B-C- D- | 122.7 | 603 | 51.7 | 38 273

All simulation results of user data rates and total capacities
under the sixteen kind of frequency estimating error were
listed in Table 6. We can observe the ratios among user data
rates are changed. It is reasonable because we assume the
transmitter uses the generalized velocities and thus the
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estimated Doppler Frequency Shift as a part of fairness
consideration. If the Doppler Spread from one user was
underestimated, this user was granted more sub-carriers than
ideal case. If the Doppler Spread from the user with least
generalized velocity was underestimated, the user will be
given more sub-carriers, and in effect, increasing the total
capacity. We observe again that fairness and total capacity are
trade-off in mobile OFDMA.

In Table 6 we can also observe the total capacity is quite
robust to the frequency estimating error. We further discuss
this phenomenon by two other cases. In Table 7, we use five
cases of user generalized velocities to demonstrate the
robustness of our algorithm against the estimating error. In
Table 8, the robustness was demonstrated by the six scales of
the estimating error.

In Table 7, the maximum deviation percentages from the
theoretical total capacity under all estimating error types
listed in Table 6 were computed, when the estimating error
has been limited to (0.1)f;. Noticing the first and second
cases, when all users have the same generalized velocities, the
total capacity does not change due to frequency estimating
error. We can also observe that the total capacity become
more robust to the frequency estimating error when the
generalized velocities of all users are closer.

Table 7: Robustness of Our Algorithm against Estimating
Error under Different Generalized User Velocities

Generalized User | Maximum Deviation Percentage

Velocity (km/hr) | from Theoretical Total Capacity
due to Frequency Estimating

A B C D Error type Listed in Table 6

50 | 50 | 50 | 50 0%

60 | 60 | 60 | 60 0%

50 1 60 | 70 | 80 0.6%

30 1 60 | 70 | 90 1.61%

20120190 |90 1.68%

From Table 8 we can see the proposed algorithm still can
give a good result even the estimating error as large as (0.5)f;.
It can also be observed that the lower of the estimating error,
the lower of the deviation from theoretical total capacity.

Table 8: Robustness of Our Algorithm against
Different scales of Estimating Error

Estimating Maximum Deviation Percentage
Error from Theoretical Total Capacity
due to Frequency Estimating Error
type Listed in Table 6

(0.01) £z 0.48%

0.1) £z 1.62%

0.2) f 2.65%

0.3) f2 4.34%

0.4) fa 6.73%

(0.5) fa 9.4%

V. CONCLUSION

In this paper we proposed a fair adaptive radio resource
allocation algorithm for mobile OFDMA systems and
demonstrated its robustness, which outperforms the algorithm
without considering mobility. The priorities of users and
fairness among users are incorporated into our algorithm by
using the adaptation rule, and the fairness consideration has
been demonstrated to be essential in mobile channels because
of the trade-off between total capacity and fairness. We have
demonstrated the criterion we used is more appropriate when
considering mobility. We also demonstrated the proposed
algorithm is very robust to the estimating error of the Doppler
Spread Estimation.
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Abstract - Orthogonal Frequency Division Multiple Access
(OFDMA) is a promising technique which can provide high
capacity in future communication systems. The total capacity
of OFDMA can be maximized by dynamically allocating sub-
carriers among users according to channel condition.
However, it is quite challenging to properly allocate sub-
carriers in mobile channels due to the time varying property.
Existing approach designed for static users assigned the sub-
carriers with the best SNR to increase the total capacity but to
lose fairness. Fairness can be restored by using max-min
criterion or constraint limiting the ratios of user data rates to
maintain some balance among users. But when users are
mobile, the SNR considered should be replaced by the carrier
to interference ratio (CINR) because of the presented inter-
carrier interference (ICI) due to Doppler Spread. In this paper
we successfully incorporate the ICI into our radio resource
allocation algorithm to simultaneously optimize the total
capacity and fairness for mobile users. The fairness and
priority of user traffic are jointly considered in our adaptive
algorithm. The algorithm is demonstrated outperforms the
existing algorithm designed for static users, and very robust in
realistic operation.

I. INTRODUCTION

Wireless broadband communications become an extremely
attractive research to transport multimedia traffic. To provide
such high bandwidth physical transmission, one of the key
design issues is to decide an appropriate multiple access
scheme. Orthogonal frequency division multiplexing (OFDM)
is widely considered for high-spectral efficient wireless
communications, and has been adopted in wireless LANS,
UWB, WIiMAX, ectc. To further utilize cross-layer radio
resource, orthogonal frequency division multiple access
(OFDMA) is widely considered in wireless broadband
communications.

OFDMA is a multiple access technique inherited the ability
of OFDM to combat inter-symbol interference (ISI), which
can provide higher spectral efficiency by appropriate
distributing radio resource [1]. Existing research include
allocation of radio resource among static users for OFDMA
systems [2] [3] [4] [5], and some of them considering fairness
[4] [5]. Mobility has rarely been considered in literatures. In
this paper we first incorporate the Doppler Spread into system
optimization, and propose an algorithm to distribute the sub-
carriers among mobile users to maximize total capacity and
maintain  fairness.  Although the oscillator deviation,
channel/environment variations and user’s velocity all result
in Doppler Spread we use generalized velocity to represent
the combined effect of them.
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The priority of each user was included as a part of fairness
consideration which can be adaptively adjusted in our
algorithm. We develop theoretical analysis and simulations to
illustrate the advantages of the proposed algorithm over the
static schemes without considering mobility. At last, we
demonstrate our approach is quite robust to the frequency
estimation which has been included for estimating Doppler
Spread.

The organization of this paper is as follows. We first give
the system model and formulate the radio resource allocation
optimization for mobile OFDMA system in Section II. Some
considerations were discussed in the same section. In section
III, we give an experimental study to demonstrate the
advantages of our algorithm over the existing static approach.
In Section IV, we consider a more realistic case including
Doppler Spread Estimator and demonstrate the robustness of
our algorithm against the frequency estimating error. Finally
we give some discussions and conclusion in Section V.

II. SYSTEM MODEL

A. Analysis of ICI

Inter-carrier interference (ICI) due to Doppler Spread
results in the loss of orthogonality among sub-carriers. To
include the mobility in our optimization, the ICI needed to be
analytically analyzed [6].

Figure 1 depicts a discrete-time baseband equivalent model
of OFDM system. b, represent the source bits, symbol
generator outputs symbols «,. The serial to parallel converter
transfers blocks of symbols to the OFDM modulator, which
use an N-point IFFT to modulate them onto the sub-channels.
A guard interval of length G is then be added to give a
transmitted sequence corresponding to samples at ¢ = i7;

) 27ni .
XEf=—7— anexp(j) 0<isN+G-1
W v

where i and n are time and sub-carrier index. X is a

(1)

sequence with guard interval.

b Symbol Serial/ | 1FFT
— |_Generator &» Parallel iy ; X
l; . Mobile Channel
s Symbol a, | Parallel/ [
Detector [« Serial i | FFT 4J R

Figure 1: Communication System Using OFDM.

As [6], the received sequence from the multi-path channel has
the form

M-1
RE=> H, X 0<iSN+G-1 2

m=0
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where H ;1s the channel impulse response at path m and

instant i. After removing the guard interval and demodulating
by FFT, we can use the result of [7] [8] to separate the desired
part and the ICI part of the received sequence in frequency
domain as

N-1
a,=a,S, + Z“zSH +w, A3)
1=0,1%n

where

S, = Wexp{jﬂ(l —%j(z —n+ g)}

Nsin[l(l—n+£}
N

(4)

is the ICI effect of sub-carrier n from the sub-carrier / in the
same OFDM symbol. gz%f is the normalized frequency

offset. f = 4 * f is the Doppler Frequency Shift due to

user generalized velocity v and center frequency f;, Af is the
sub-carrier space.

B. Optimization Formulation

We can formulate our optimization of radio resource
allocation based on above mathematical form of ICI effect in
mobile OFDM system. Figure 2 is the proposed OFDMA
system. The Doppler Spread due to each user’s generalized
velocity was estimated by the frequency estimator, which will
be further discussed in section IV. We assume all other
channel information is known at the transmitter in this paper
and introduce the proposed sub-carriers allocation algorithm.

There are K users in the system and the kth user has data
rate equal to R, bits per second. The serial data from the K
users are fed into one sub-carrier allocation block which
allocates sub-carriers to different users. We sssume the
OFDMA system occupies total signal bandwidth B with N
data sub-carriers and each data sub-carriers bandwidth is B/N.
Maximum allowable total power for all users is P, Each of
the K wusers has instantaneous generalized velocity vy
corresponding to Doppler Frequency Shift f; and thus
normalized frequency offset <.

Our objective is to optimize the sub-carriers allocation in
order to maximize total capacity and maintain fairness among
users under the total power constraint. We introduce the
adaptation rule to be the fairness consideration. The benefit of
introducing this rule is we can explicitly control the user data
rates subject to system requirement.

Mathematically, the optimization considered in this paper is
formulated as Equation (5). Where Py, is the power assigned
to user k’s sub-carrier n, iy, is channel gain on user k’s sub-
carrier n. The second constraint using the indicator @i, to
show that each sub-carrier can only be assigned to one user.
N, is the power of additive white Gaussian noise (AWGN).

K N-1 P 20
Pmax z z @y log,| 1+ b S (OX L& ®)
ko f=1 n=0

2 = 2 B
P/c,nhk,nz‘sk(l_nx +NON
1=0

I#n

Subject to
K

@Y P, <P, P, >0foralkn
K

(ii)z w,, =1for all n,w,, =1{0,1} for all k,n
k=1

(iii)R Kf(p/nvk)
; .f(pk7 Vi )

The user data rate R, is defined as

P |5, O) 12, 6)
R, :Zw,m log,| 1+ fo k( )‘ ,(2 .
p P Y S, (-n) + N, 5
=0

I#n

and T is the optimized total capacity. f(p; vx) is a function of
the user priority weighting p, and the generalized user
velocity v of the kth user. Which can be arbitrary selected for
different relationship from user data rates to user priorities
and user generalized velocities. The system designer may
consider the fairness is both providing higher data rates for
high priority users and giving lower data rates to high
generalized velocity users when all users have the same
priorities, or just granting the sub-carriers according to user
priorities without considering generalized velocities. The
definition of fairness can be controlled by the system
designer.

The constraint (iii) is the adaptation rule we proposed for
considering fairness which denotes the user data rates can be
adaptively adjusted. We uniformly distribute P,, among all
sub-carriers in this paper because the total data throughout is
close to total capacity even with flat transmit power spectral
density [1] [12].

Equation (5) is the optimization of the adaptive fair radio
resource allocation under mobile channels. This equation can
be readily solved by standard numerical package such as
AMPL [9]. Some differences between mobile and static
environments will be discussed later.

C. Alternative Criterion and Constraint

In Equation (5), the criterion is to optimize the total
capacity, but there is another criterion being used in static
algorithm. Max-min criterion has been used to maximize the
minimum capacity of all users and maintain some fairness
among users. However, max-min approach is inappropriate
for mobile channels, because the power of ICI is much greater
than the additive noise [8]. If we maximize the minimum
capacity, all users will be given almost equal data rates. It is
inappropriate when different users have different priorities. It
should be noted, the adaptation rule is essential, or the user
with the least velocity gains all sub-carriers. Please note that,
all users needed to be included in this constraint to avoid a
user getting no sub-carrier allocation.
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Figure 2: The Proposed OFDMA System

III. EXPERIMENTAL STUDY

In this section we consider an OFDMA system with 64 sub-
carriers and 4 users (A,B,C,D). We select f{(pi vi) = pi/vi and
and z = 1 in this and next section as an example. The
generalized velocity of each user is assumed to be known at
the transmitter as Table 1 in this ideal case. We consider a
more realistic case in the next section.

Table 1: Generalized User Velocity in the
Experimental Study

User A|B|C|D
Generalized Velocity |30 60 (70|90
(Km/Hr)

We list the six cases we considered in this section. The
simulation results were demonstrated in Table 2 and Table 3.
L’ and ‘H’ after the generalized user velocity denote user’s
priority. ‘Cy’ denotes the total capacity.

Case 1: The proposed algorithm but without the
adaptation rule (without considering fairness).
Case II: The proposed algorithm but the adaptation rule
only include two users
Case III : Max-Min Criterion
Case IV : The proposed algorithm with all users have
the same priorities (p4=ps= pc=pp=1)
Case V : The proposed algorithm with user C has high
Priority. (p. = 3 and p4=ps=pp=1)
Case VI: The proposed algorithm with user C has
higher priority (p. = 5 and p,=ps=pp=1)

Case I represents just maximizing the total capacity of all
users, not taking account of user priorities and fairness among
users. From the results we can see the user with the least
velocity takes away all the sub-carriers. Giving the user with
the least generalized velocity more sub-carriers in effect
increasing total capacity, and the total capacity and fairness
become trade-ff in mobile channels. Case Il denotes we just
include the maximum generalized velocity user and minimum
generalized velocity user in the adaptation rule, and
maximizing the total capacity. We can see only the user had
been included in the adaptation rule get sub-carriers.

1-4244-0330-8/06/$20.00©2006 IEEE

Table 2:
Demonstrating the Necessity of Adaptation Rule and the
Deficiency of Max-Min Criterion for Mobile Channels

[User A |[User B |User C [User D |Cioar
Casel [341.8 [0 0 0 341.8
Case I 218.8(L)|0(L) |0(L) [72.9(L) 291.7
Case IIT 64.1(L) 63.3(L) |62(L) [60.3(L) [249.7

Case III changes the criterion to maximize the minimum
capacity of all users. It seems some fairness among users was
achieved, but user priorities have not been considered. It
means even if the user C has high priority and the other users
are low priority users, max-min criterion still gives the same
result as case I1I which grants all users almost equal data rates
and can not be adaptively adjusted.

Case IV is our proposed algorithm, maximizing total
capacity with priority and fairness consideration. To
demonstrate our algorithm is adaptive, case V and VI
consider the cases when user C is high priority user and the
other users are low priority users. By choosing p,=pz=pp=1
and pc>1, we can see the ratios of data rates among users can
be adaptively adjusted in our algorithm.

Table 3: Simulation Results to Demonstrate the
Adaptation for User Priorities of the Proposed Algorithm
lUser A [User B [User C |User D (Ciotal
Case IV [122.7(L) [56.3(L) [51.7(L) 41.2(L) 271.9
Case V [83.6(L) |41.8(L) [108(H) 28(L) [261.4
Case VI64.2(L) [32(L) |137(H) R1(L) [_54.2

We then compare the proposed radio resource allocation
algorithm to the static approach [4], which does not consider
the mobility.

Table 4: Comparing the Adaptation of the Proposed

Algorithm and the Static Algorithm
User A B C D
Velocity (kmvhr)  |30(L)|89(H) |90(H) |91(H)
Data | Proposed | 43 61 60 57
Rate Static 69 | 55 54 | 53
Velocity (kmvhr)  |30(L) | 89(H) | 90(L) | 91(L)
Data | Proposed | 80 | 105 | 25 25
Rate Static 112 | 92 22 | 22
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The results of comparison have been demonstrated in Table
4. Considering the first case, User B,C,D have high priorities,
the system should give them higher data rates even they have
higher generalized wvelocities. The proposed algorithm
satisfies this requirement, but the static algorithm can not
achieve that. In the second case we can see the same
deficiency of the static algorithm. Although user B has high
priority, the static algorithm still gives him lower data rate.

We have numerical demonstrated the differences between
static and mobile algorithms. In the next section, we consider
a more realistic case and discuss the frequency estimator in
Figure 2.

IV. ROBUST TO PHYSICAL TRANSMISSION

A. Frequency Estimator

We assumed the generalized velocity of each user is known
at the transmitter in above ideal case. But in fact we need an
estimator to estimate the Doppler Spread due to generalized
user velocities. The frequency estimator in Figure 2 was used
to estimate Doppler Frequency Shift.

B. Block Diagram

Earlier research already demonstrated effective estimation
of Doppler Frequency Shift, which is shown in Figure 3 [10]
[11]. Consequently, it is enough to consider random
behaviors of frequency estimation in studying the proposed
algorithm.

S

4 ]
»(X) i
& M;

-

from symbol timing

|
1
1

r(k)

-

142

P(NT, i)

Y
———— e

Figure 3: Block Diagram of Frequency Estimator

C. Evaluating the Effect of Estimating Error

The estimating error from frequency estimation introduces
several effects. First, the fairness among users considered in
the adaptation rule was assumed to closely relate to the user
generalized velocities and thus the estimated Doppler
Frequency Shift. The estimating error destroys fairness.
Furthermore, the Doppler Frequency Shift has been used to
allocate sub-carriers; the estimating error may influence the
total capacity. For simulating those effects, we consider an
OFDMA system with four users and 64 sub-carriers at f, =
3.2 GHz. All users are assumed to have the same priority but
different generalized velocities. The error of estimation is
normalized to the theoretical Doppler Frequency Shift f;;.

Table 5 list the configuration we used in simulation to
evaluate the effect of estimating error. The first line is user
generalized velocity v, (Unknown to Transmitter); the second
line is the theoretical Doppler Frequency Shift f;; under those
generalized velocities. We first choose the estimating error
equal to (0.1)fy to give a detail analysis of the effect of
estimation, and then we further discuss the conditions for
larger estimating error.

Table 5: Configuration to Evaluate Estimating Error
User A B C D
Velocity (v :Km/Hr)

(Unknown to Tx) 30 60 70 20
Ideal Doppler
Frequency  Shift
under above
Generalized User
Velocity

(fdk = Vk/ C *fc HZ)
Estimating Error

(0.1)f

&9 178 207 267

89 | 17.8 207 |26.7

Under the scale of estimating error, we list all types of
frequency estimating error and the simulation result in Table
6. “+” after user k denotes the estimator overestimate the £y
by (0.1)fy and “-” after user k denotes the estimator
underestimate the fy; by (0.1)f. ‘Ci’ denotes total capacity
and ‘Ideal’ denote the ideal case considering the theoretical
Doppler Frequency Shift.

Table 6: Simulation Results to Evaluate the

Frequency Estimating Error under Sixteen Error Types
Error type User A |User B [User C [User D |Cigtal
Data [Data |Data  [Data
Rate |[Rate |Rate  |[Rate
Ideal 122.7 | 56.3 | 51.7 | 412 P72
A+B+C+D+ | 1173 | 603 | 51.7 | 412 271
A+B+C+D- | 117.3 | 563 | 51.7 | 443 P70
A+B+C-D+ | 1119 | 56.2 | 59.1 | 41.1 [269
A+B+C-D- | 1119 | 56.2 | 554 | 443 [268
A+B-C+D+ | 111.9 | 68.3 | 48 41.2 270
A+B-C+D- | 111.9 | 64.3 | 48 443 269
A+B-C-D+ | 111.9 | 643 | 554 | 38 270
A+B-C-D- | 106.6 | 643 | 554 |41.1 [268
A-B+C+ D+ | 1334 | 56.3 | 48 38 276
A-B+C+D- | 128 56.3 | 48 412 274
A-B+C- D+ | 128 523 | 554 |38 274
A-B+C- D- | 128 48.2 | 48 475 1272
A-B-C+D+ | 128 60 48 38 274
A-B-C+D- | 128 60.3 | 48.5 |38 274
A-B-C- D+ | 122.7 | 643 | 51.7 | 34.8 P74
A-B-C- D- | 122.7 | 603 | 51.7 | 38 273

All simulation results of user data rates and total capacities
under the sixteen kind of frequency estimating error were
listed in Table 6. We can observe the ratios among user data
rates are changed. It is reasonable because we assume the
transmitter uses the generalized velocities and thus the
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estimated Doppler Frequency Shift as a part of fairness
consideration. If the Doppler Spread from one user was
underestimated, this user was granted more sub-carriers than
ideal case. If the Doppler Spread from the user with least
generalized velocity was underestimated, the user will be
given more sub-carriers, and in effect, increasing the total
capacity. We observe again that fairness and total capacity are
trade-off in mobile OFDMA.

In Table 6 we can also observe the total capacity is quite
robust to the frequency estimating error. We further discuss
this phenomenon by two other cases. In Table 7, we use five
cases of user generalized velocities to demonstrate the
robustness of our algorithm against the estimating error. In
Table 8, the robustness was demonstrated by the six scales of
the estimating error.

In Table 7, the maximum deviation percentages from the
theoretical total capacity under all estimating error types
listed in Table 6 were computed, when the estimating error
has been limited to (0.1)f;. Noticing the first and second
cases, when all users have the same generalized velocities, the
total capacity does not change due to frequency estimating
error. We can also observe that the total capacity become
more robust to the frequency estimating error when the
generalized velocities of all users are closer.

Table 7: Robustness of Our Algorithm against Estimating
Error under Different Generalized User Velocities

Generalized User | Maximum Deviation Percentage

Velocity (km/hr) | from Theoretical Total Capacity
due to Frequency Estimating

A B C D Error type Listed in Table 6

50 | 50 | 50 | 50 0%

60 | 60 | 60 | 60 0%

50 1 60 | 70 | 80 0.6%

30 1 60 | 70 | 90 1.61%

20120190 |90 1.68%

From Table 8 we can see the proposed algorithm still can
give a good result even the estimating error as large as (0.5)f;.
It can also be observed that the lower of the estimating error,
the lower of the deviation from theoretical total capacity.

Table 8: Robustness of Our Algorithm against
Different scales of Estimating Error

Estimating Maximum Deviation Percentage
Error from Theoretical Total Capacity
due to Frequency Estimating Error
type Listed in Table 6

(0.01) £z 0.48%

0.1) £z 1.62%

0.2) f 2.65%

0.3) f2 4.34%

0.4) fa 6.73%

(0.5) fa 9.4%

V. CONCLUSION

In this paper we proposed a fair adaptive radio resource
allocation algorithm for mobile OFDMA systems and
demonstrated its robustness, which outperforms the algorithm
without considering mobility. The priorities of users and
fairness among users are incorporated into our algorithm by
using the adaptation rule, and the fairness consideration has
been demonstrated to be essential in mobile channels because
of the trade-off between total capacity and fairness. We have
demonstrated the criterion we used is more appropriate when
considering mobility. We also demonstrated the proposed
algorithm is very robust to the estimating error of the Doppler
Spread Estimation.
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