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Abstract—The currently emerging 802.16e (WiMAX) and resource assignment problem, which required an omniscient
3GPP Long Term Evolution (LTE) cellular systems are based device will full system knowledge. Even though this is not
on Orthogonal Frequency Division Multiple Access (OFDMA). - faqgiple in a real system, it provides valuable insight o th
OFDMA suffers from heavy inter-cell interference if neighboring . . . .
base stations use the same frequency range. One approach to'mpaCt of important SyStF_"m properties and also yields an
solve this issue is the application of beamforming antennas in Upper bound for the achievable performance. Furthermore,
combination with interference coordination (IFCO) mechanisms we developed two different distributed IFCO schemes in [2]
between base stations. In this paper, we trace the problem of and [3], where the interference graph is built in a central

IFCO back to the graph coloring problem and investigate the = o ginator after collecting state information from allsea
achievable resource utilization of the interference coordinated

system. We develop a heuristic that allows the combination of stations. The interferen(?e graph is thus a powerfgl toot tha
arbitrary scheduling algorithms with the IFCO mechanism. This €an be used as a basis for present and future interference

allows an efficient utilization of the radio system's frequency coordination algorithms.
resources while still obeying scheduling constraints, such as |n this paper, we extend our research from [1] and first

Quality of Service requirements. Finally, we study the tradeoff g,y the basic properties of the interference graph. Wa the
between fairness and the total system throughput. . U
Index Terms—OFDMA. 802 16e WIMAX. 3GPP LTE. inter- SOIve the resource assignment problem by tracing it back to

ference coordination, beamforming, graph coloring, scheduling the graph-coloring problem. By using a tabu search algarith
we obtain near-optimal colorings of the interference graph

which allows us to draw conclusions on the resource utilizat
|. INTRODUCTION in the system. Subsequently, we study the impact of system

Several emerging standards for broadband cellular commasnstraints and scheduling on the resource assignmerggsoc
nication are based on OFDMA. In particular, 802.16e (mobileinally, we present a heuristic that allows to trade off sttite
WiIMAX) and future 3GPP LTE cellular systems will offering and fairness requirements with the total throughput.
high-speed packet switched services for a variety of applic This paper is an extension of a previous conference version
tions. In OFDMA, the different users are multiplexed in timérom IEEE Broadnets 2007 [4]. It is structured as follows.
and frequency based on the underlying OFDM system, whidliter an overview of related work in section Il, Section I
basically corresponds to a combination of Frequency aimiroduces the cellular scenario. Section IV defines therfat-
Time Division Multiple Access (FDMA and TDMA). A major ence graph and studies its properties. Subsequentlypredti
problem in FDMA/TDMA systems is inter-cell interferencestudies the pure graph coloring problem, and section VI the
created by neighboring cells when using the same frequergystem imposed constraints and fairness issues. Finalty, s
band. This may lead to severe performance degradationtion VIl concludes the paper.
connection loss especially in the border areas of cells.

Classical FDMA/TDMA systems, such as GSM, solve this o
problem by avoiding the reuse of the same frequency ranfe Classification
in neighboring cells. This reduces the utilization of searc Within the 3GPP LTE standardization, IFCO schemes are
frequency resources. Instead, it is desirable to reuseuthe tlassified with respect to their time-scale of operatioro int
frequency spectrum in every cell and mitigate inter-celtul static schemessemi-static schemgsand dynamic schemes
interference by other means. One promising approach is intf5]. Static IFCO is done during the network planning pro-
ference coordination (IFCO), where neighboring basetati cess, for example by an optimized frequency planning in the
coordinate their transmissions in order to minimize irgerf network. They operate in the time-scale of days or longer.
ence. This is particularly effective when combined withilnea Semi-static schemes can be sub-divided into three subedas
forming antennas, which additionally allow the exploitatiof First, self-configured coordination schemes are basically
Space-Division Multiplexing (SDM). self-optimizing version of static schemes. Second, cealdlo

In [1], we presented a global IFCO algorithm for cellulaadaptive coordination requires load estimates of the eits
OFDMA networks based on an interference graph. This graplperates on the level of minutes. Third, user load adaptive c
represents critical interference relations among molatent- ordination takes into account the instantaneous trafficatem
nals. A simple but efficient heuristic was used to solve thehich varies faster than the cell load. Therefore, they afger

Il. RELATED WORK



on a time scale in the order of seconds or slightly below [Sell sectors of the same base station and mitigate the émterf
or several hundred milliseconds [6]. Metrics for the traffience from neighboring base stations by additionally amglyi
demand can for example be the buffer occupancy or the Qutise partitioning. Altogether, the authors achieve aectiffe
profile of a particular traffic flow. Finally, fully dynamic IEQO frequency reuse of.5—2 with an average SIR af6dB within
schemes can instantly adapt to changing network condijtiotise cell. In [20], we performed a comprehensive performance
such as changing traffic or load distributions. Their timalsc evaluation based on this and a related scheme.

of operation is in the order of one or only a few MAC frames. A semi-static and decentralized IFCO scheme was proposed
With respect to the degree of distribution, four classes c@y Alcatel-Lucent in [21], which was further detailed and
be distinguishedGlobal schemegequire an omniscient central evaluated in [22], [23]. It is particularly useful for celbad
entity that can capture the system state instantly andluisér balancing and for leveling out spatial concentrations obiteo
scheduling decisions to all network nodes on a frame levgdrminals [22]. If a base station cannot serve all termirials
They allow to study basic system properties and tradeoffs ag cell sector at their required minimum bit rate, it sends a
may serve as a basis for the development of more practigghuestto one or more interfering base station. These base
schemesDistributed schemeeequire a central entity, but arestations may respond with grant, increasing the capacity in
designed to cope with real-world signaling delays and loadse requesting cell sector.
Decentralized schemesperate without a central entity, but In [24], [25], [26], Nortel proposes Adaptive Fractional

allow base stations to exc.hange mform_atpn. Finalogal Frequency Reuse, another semi-static and decentralize@ IF
schemegyet along without direct communication among bas?cheme based on FFR and soft frequency reuse. Every cell
stations and operate only on local state information.

sector is served by using one of four modes, which are more
. or less aggressive with respect to the frequency utilimatio
B. Selected approaches from literature Mode 1 corresponds to a frequency reuse of 1 where the full

In circuit switched networks, techniques for Dynamic Charfféguency band is available at full power. On the other end,
nel Assignment (DCA) have been investigated as early as 19yi@de 4 corresponds to a frequency reuse of 3. Modes 2 and
by Cox and Reudink [7]. Compared to classical frequenc}édeflne a soft-reuse scheme Wlth. different power levels for
reuse with a static assignment of channels to cell sectolR€ Soft-reuse areas. The base stations communicate veith ea
DCA allows to dynamically re-assign channels from one cépther and may request the usage of a less aggressive mode
to another. A second basic scheme besides DCA is Borrowifigm their neighbors if interference levels become too high
Channel Assignment (BCA), which has been proposed &,base station may thereby no_t use a more aggressive mode
Engel in [8], [9]. In contrast to DCA where all cell sectordhan was requested by any of its neighbors.
may principally use all channels, BCA begins with a fixed In [27], [28] and related documents, Texas Instruments pro-
channel assignment and then allows a fully loaded cell sectmses a variation of FFR, where the size of the reuse pagitio
to borrow unused channels from one of its neighbor sectorgaries between the cells and is adapted by a central coordi-

Another popular technique is Reuse Partitioning. It is afornator in a semi-static manner. This concept therefore ¢onst
of static planning and aims at increasing the capacity bygusitutes a semi-static distributed IFCO scheme. Other digtib
different frequency reuse factors for certain mobile terats. Schemes have been proposed by Rahman and Yanikomeroglu
It was first introduced by Halpern in 1983 [10] under the nami® [29] or by Li and Liu in [30].
of reuse partitioningand re-invented in the late 1990ies as |FCO has also been an active research area in multi-hop
intelligent underlay-overlay11], [12], [13], [14]. Within the and mobile ad hoc networking for a longer time. In [31],
activities of the WIMAX forum and 3GPP LTE standardizathe authors consider the possibility of beamforming in a
tion, it is known asFractional Frequency Reuse (FFR.9., multi-hop wireless network and study a MAC protocol which
[15]). While reuse partitioning and intelligent underlayedlay is capable of blocking the transmissions of the strongest
stem from the era of circuit switched networks, the term FFRterferers. In [32], the authors coordinate broadcastsain
was coined in combination with packet switched networks. multi-hop wireless network by means of a sequential graph

A generalization of FFR was studied by Bonald et al. igoloring heuristic. In [33], the coordination of transnimss
[16], [17]. The authors define arbitrary geographic regioria a wireless ad-hoc network is considered. The interfezenc
within a cell area, where in each region a terminal is servemnditions are evaluated by an omnipotent central entit wi
with a certain transmission profile. A transmission profite-c full system state information, which is able to schedule the
responds to a particular combination of active transceiv@p- data transmissions of the individual nodes on the MAC-frame
timal region boundaries are then derived. The authors ptestvel. This is done based on a conflict graph, which reprasent
numerical examples for a two-cell and a three-cell networkyitical interference relations in-between the networldes
and for infinitely large linear and hexagonal networks. Lidla The problem was traced back to the graph coloring problem
Virtamo present a very similar study in [18], taking furthieto  for example in [34]. In [35], the throughput capacity of a
account an arbitrary geographic traffic distribution. wireless multi-hop network was calculated with the help of a

A dynamic local coordination scheme was proposed bxery similar schedule graph, which is derived from physical
Sternad et al. in [19]. They coordinate the scheduling amofayer properties of the network.



[ ] observation area related to an effective frequency reuse factor. For example
in a frequency reuse 3 system, the resource utilization is
p = 1/3. We further define a practical indirect metric to
measure fairness in Section VI-C.

C. Simulation model for indirect metrics

In order to measure indirect metrics, we perform Monte-
Carlo simulations, wheréV. mobile terminals per cell sector
are placed at random positions in each drop. The simula-
tion model is based on an 802.16e-system [39] with a total
available bandwidth oftl0 MHz and a MAC-frame length
of 5 ms. All cells were assumed to be synchronized on a
frame level. We focus on the downlink direction and consider
the downlink Partial Use of Sub-Carriers (PUSC) and band
Adaptive Modulation and Coding (band AMC) zones.

D. Simulation model for direct metrics

Throughput results are captured at the IP-level. Instead
of Monte-Carlo simulations, a frame-level simulation with
random direction mobility of the mobile terminals at a vétpc
of v = 30km/h similar to [1] is conducted. Throughput
results were obtained for the band AMC 2x3 mode, which
Figure 1. Hexagonal cell layout with wrap-around defines slots of 16 data subcarriers by 3 OFDM-symbols. This
is illustrated in the left part of Fig. 2. A slot corresponds
to the resource assignment granularity for a particular mo-
bile terminal. The AMC zone can therefore be abstracted by
) ) _ the two-dimensional resource field shown in the right part
A. Simulation scenario of Fig. 2. The band AMC zone was assumed to consist

The simulation scenario was based on the recommendatiofis9 OFDM-symbols, corresponding to a total number of
of the 3GPP in [36], the Next Generation Mobile Networkd8 - 3 available slots. All relevant MAC-mechanisms, such as
alliance [37], and the WIMAX forum [38]. We thereforefragmentation, Automatic Repeat Request (ARQ) and Hybrid
consider a hexagonal cell layout comprising 19 base swtiohRQ (HARQ) where modeled in detail. Adaptive Modulation
at a distance ofizgs = 1400 m with wrap-around. This is and Coding was applied ranging from QPSK 1/2 to 64QAM
shown in Fig. 1. The wrap-around property infinitely repeat$/4, which results in a theoretical maximum raw data rate
the 19 base stations in the xy-plane. Therefore, there is @babout6.2 Mbps within the band AMC zone. The burst
distinct center cell and all cells are equal. This leads tofile management was based on an exponential average of a
a completely symmetric and balanced scenario. Every base
station has threel20° cell sectors, where each sector is 9 OFDM-symbols 3 subchannels
served by one transceiver. The transceivers are equipptid vf -~
linear array beamforming antennas with four antenna elésne
and radiation patterns according to [1]. They can be steer
towards each terminal with an accuracy bfdegree, and
all terminals can be tracked ideally. Throughout the pape
only the downlink direction is considered. However, simila
considerations can be made for the uplink.

IIl. SYSTEM MODEL

768 data subcarriers
48 subchannels

B. Metrics

The performance evaluation is done based on direct and
direct metrics. Direct metrics are the aggregate sectoutin-
put, which relates to the overall spectral efficiency of th
system, and the cell edge throughput, which takes into axtcol
the fairness towards the cell edge terminals. The latter ¢
be captured by measuring the 5% throughput quantile [3t : :
Indirect metrics are the Signal-to-Interference-RatitR)Sand
the Signal-to-Interference-Noise-Ratio (SINR). Addiidly,
the resource utilizatiop is of interest, which can directly be

32 data subcarriers

4 bins

band

Figure 2. lllustration of the band AMC 2x3 mode



mobile terminal’s SINR conditions. The MCS was selected for
a target burst loss probability dfd%, which is a commonly
used value in packet switched cellular networks. Note that d

to the beamforming antennas, the burst profile management ig
impaired by strong interference fluctuations, and hence, th
actual burst loss probability may be significantly largearth
10%.

IV. INTERFERENCECOORDINATION AND RESOURCE
ASSIGNMENT

A. General procedure

Each sector has its own set of resources (see Fig. 2), which
need to be assigned to the terminals in every MAC-frame. In
order to realize the coordination of cell sectors, we diviide
scheduling process into two parts: Note that while the above description focuses on a global

1) Creation of interference graphn this step, a graph is IFCQ sche_me with an omni_scientenFity,_many of the foIIovying

created based on the interference relations among all tgp_nsmerguons are also valid for a distributed IFCO glgmm
minals. Its vertices represent the mobile terminals and ﬁlgat applies an interference graph, as for example theitigor

edges represent critical interference relations in-betweProPosed in [3].
them. In particular, terminals which are connected mugf. Construction of the interference graph

not be served using the same set of resources. Figure %n this section, we briefly review the creation of the inter-

ZSI_T:.)W.S tanfexample of ;;]m_ |nt_erf$rerlceﬂ?raph. flict ference graph as we introduced it in [1]. We construct the
IS Interierence graph 1s simiiar o the contlic gr_apﬂwterference graph by evaluating the interference thatastr
used in [33] regarding its semantics. However, it i

constructed differently in our case. since terminals a ission to one mobile terminal causes to any other terminal.
ucted di y Inour case, si ! For each terminal, we first calculate the total interfereand
only receiving but not transmitting any data.

2 R ; iqnmerin thi nd step. r , rthen block the largest interferers from using the same set of
) Resource assignme S Secona Step, FESOUICes arg, ., 1 ceg by establishing a relation in the interferenegplyr

assigne_d o the terminals while taking into account th1ehis is done such that a desired minimum SMg is achieved.
constraints of the interference graph. In section V, the etm,, andm, be two mobile terminals in different cell sec-

éer:\glﬁrggloa;isnsg:ljga?lg]o(arﬂarggo?rlle;clt?ogslalt(\e/\clje 23(; dri]tqigﬁgﬁ ytg s, as illustrated in Fig. 4r; denotes the transceiver serving
. ; ' . -cell sectori. p;;, describes the path loss from transceiver
take into account constraints of the 802.16e transmissi U Dik P e

o . & terminal my, including shadowing. We further introduce
system and present a heuristic to assign resources

binati ih bit hedull laorith the function G;(1,k).2 It describes the gain of the sector
combination with an arbitrary scheduling algonthm. beamforming antenna towards terminal, when the array is

In the following subsections, we will describe the construgjirected towards terminaby. ey € {0,1} are the elements
tion of the interference graph and study its basic propertie ihe interference graph’s adjacency matfix indicating an
interference relation between terminailg, andm; if e, = 1.

In a first step, we calculate the interferentg which a
transmission to mobilen; in sector: would cause to mobile
my, in sectorj, wherei # j:

Iy = pinGi (LK) P, 1)

where P, is the transmission power of transceivetowards
terminalm,;. For each terminain;, we collect all interference
relations in the seV,.:

Wi ={Ix, YV I#k e —ci| <dic} . 2

Figure 4. Creation of interference graph

¢; are the geographic coordinates of the transceiver seriag t
cell sector where terminakh; is located in. The coordination
diameterd;. then denotes the maximum distance which two
base stations may have in order to still be coordinated.

We then keep removing the largest interferer froip until

1@, corresponds to all possible gain patterns of the beamformitgnaa,
Figure 3. Example of interference graph which were obtained with a separate MatLab program fromdsteth beam-
forming signal processing algorithms.
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Figure 5. Vertex degree depending on terminal locationdigr= 0 (left) andd;. = 1 (right), N =8, Dg = 15 dB

the worst-case SIR for terminat,, rises above a given desireda distributed coordination scheme as we did in [2] and [3], or

SIR thresholdDg: it can be used as the basis of a global coordination scheme.
S A local graph is obtained withl;, = 0. No communication

SIRy = ——=— = Ds . (3) between base stations is required when using a local graph,

Z T as coordination takes place only among the cell sectors of

every base station. Such a coordination scheme is well imple
Sy, is the received signal strength of termimal, if it is served: mentable, as it uses only local state information in eveseba
station. It was shown in [40] that the a locally coordinated-n
Sk =pjGi(k k)P ) Work cannot match the performance of a globally coordinated
The edges;,; of the interference graph then follow as: network. Still, it achieves an aggregate performance géin o
i 7 W AT W about25% with respect to the aggregate throughput and of
e = { ? Iothglrv\fise kA e € Wi (5) about35% with respect to the cell edge throughput compared
to an uncoordinated frequency reuse 1 system.
Equation (5) sets an interference relation if terminal my Figure 5 illustrates the vertex degree within the obseovati
causes interference to terminal;, or vice versa. This is area (as defined in Fig. 1) fobs = 15 dB and N = 8.
necessary since in both cases the usage of the same sdtanfd;. = 0, the vertex degree is relatively low throughout
resources must be avoided. This results in a non-diredtiotlae area. A high vertex degree can be found in the border
interference graph, i.eE is symmetric. areas between cell sectors of the same base station. They
Finally, all mobile terminals within a sector must be assuffer from interference due to the relatively large widfttee
signed disjoint resources. Heneg; = 1 if m; andm,; belong antenna beam and its significant side-lobes when the beam is
to the same sector, which leads to a modification of eq. (5)directed towards the left or right cell edge. The vertex degr
0 if Ty € Wi A Ty € Wi AC(my) # Clm) is low in the boresight direction of the cell sectors, which
exl = { 1 otherwise , can _be well _covered by_ the beamforming ar_ltenna_s and which
(6) receive relatively small interference from neighboringtses.

where C(m;) denotes the cell sector serving mobilg. In contrast, the vertex degre(_e_behaves essentially_difféce
d;c = 1. Now, we can additionally observe a high vertex
C. Characteristics of the interference graph degree in the border areas between base stations and between

The degree of each vertex describes the amount of criti¢gll sectors, since the interference graph now also reflects
interference relations for each terminal. In areas with ayodnter-cell interference from neighboring base stations.
reception conditions the vertex degree is likely to be loWwilev
it is expected to be high in areas with bad reception conitio _
Furthermore, the vertex degree depends on the number#bf The graph coloring problem
mobile terminalsV and on the coordination diametéy.. For During the resource assignment step, the constraints of
d;. > dps, a global graph is generated. It can be used withthe interference graph have to be taken into account. As all

V. RESOURCEASSIGNMENT BY GRAPH COLORING
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Figure 6. Resource utilizatiop = N/M for different number of  Figure 7. Resource utilization = N/M depending onl;., N = 8,
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terminals which are connected in the interference grapht masmd more colors are needed. The general behavior of the
not be served by using the same set of resources, we haesource utilization with Dsatur is similar to that with tab
to find the minimum set of disjoint resources such that thiearch, although, the computationally much more expensive
requirement is met. This directly translates to the wellkkn tabu search produces a significantly better resource ailiz
graph coloring problem, in which the interference graph hdm®n.
to be colored such that no two connected vertices have theDespite these expected results, the relationship betwesen t
same color. The colors of the vertices correspond to pdaticunumber of mobile terminald/ and the resource utilizationis
resource sets, for example to disjoint sets of subchannelsniot obvious. If we increase the number of mobile termimsls
the AMC- or PUSC-zone. Each set can then be used for timeeach cell sector, we also expect an increase in the nunfiber o
transmission towards a mobile terminal. required colorsM . However, this does not allow any general
The number of colord/ which are needed for the coloringconclusion for the ratipp = N/M, since the increase iV
determines the utilization of transmission resources ia timay compensate for the increasef In fact, Fig. 6 shows
system. IfM colors are neededy/ disjoint resource sets havethat an increase in the number of mobile terminals fidm= 8
to be formed. In each cell sector, onl of these resource setsto 12 or 16 leads to no significant changes in the resource
will eventually be used, which implies a resource utiligati utilization.
of p = N/M. In our problem, the minimum clique size of the Figure 7 plotsp over Dy for different coordination diame-
interference graph is equal to the number of mobile termsindkers d;.. Due to the increased complexity of the interference
N per cell sector. Consequently, at ledétcolors are needed. graph and the higher vertex degree which became obvious in
Most cases will require more colors, i.64 > N, leading to Fig. 5, the resource utilization drops significantly @s is
a resource utilization below00%. increased frond to dpgs. Further increasing;. only leads to
The graph coloring problem is NP hard. In order to solve small decrease in the resource utilization since the skcon
the coloring problem, we apply the heuristic Dsatur [41fer of base stations adds only a small amount of interfexenc
and a tabu search technique [42]. While tabu search usuallyFigure 8 plots the pdf of the color indices, which are used
finds a smaller set of colors than the Dsatur algorithm, it for the graph coloring in average. For each individual cioigy

computationally much more expensive. the indices are sorted such that lower indices indicate more
o frequently used colors. The pdf reveals that the differemrs
B. Resource utilization are distributed unequally across the terminals. In paeicu

As the minimum desired SIRg is increased, the averagea small number of mobile terminals require extra colors in
vertex degree of the interference graph increases. Thidslearder solve the coloring problem. This decreases the resour
to an increase in the number of used colors and to a reductigtilization while at the same time it only supplies a small
of the resource utilizatiorp. This is illustrated in Fig. 6, number of additional terminals. It is therefore worthwhite
which plots p over Dg for d;. = dgg. Shown are the consider the possibility of not serving all mobile termmal
results when applying Dsatur and tabu search, respectiksly in each frame, but only a selection, possibly those termainal
expected, the resource utilization decreasdsdfis increased, which are most favorable with respect to the graph coloring
since more conflicts in the interference graph are producpdoblem. In the following section, we will consider this ugs



among with certain other system imposed constraints.

VI. RESOURCEASSIGNMENT INPRACTICE

A. Impact of system constraints and QoS requirements

The evaluation in the previous section provided a basic
analysis of the interference coordination problem and demo
strated the impact of the number of mobile terminals and the l
desired minimum SIR on the achievable resource utilization
was assumed that all terminals are served in each radio frame randomly select a cell sector, which has not yet been visited
This will not be the case in a real system for several reasons.
First, each transmission towards a terminal generatesiign
overhead due to the transmission of the downlink map infor-
mation in 802.16e and connection related signaling message

in the uplink direction. Second, the available resourcesnat select terminal with next select terminal with next
arbitrarily divisible, and each transmission requires aaip bestscherliuling tag Iowestinterfe:ence degree
minimum amount of granted resources due to the minimum ]

ARQ block size, which cannot be further fragmented.

Another important system aspect is fairness. Compared to
terminals in the cell center area, terminals located at #ie ¢
border areas are penalized in two ways. First, they suffer
from worse SINR conditions due to a higher path-loss and a
larger inter-cell interference, which lead to a lower thgbput.
Consequently, a higher amount of transmission resources is round = round + 1
required to achieve a certain data rate. Second, they peoduc
a larger number of conflicts in the interference graph (cmp.
Fig. 5), which overproportionally increases the number of
colors needed for the graph coloring. Both these facts miake i
expensive to serve terminals at the cell border areas. Henvev
it is important to provide a certain Quality of Service (QOS):_
to each connection, leading to a tradeoff with the overall

achievable sector throughput.

assign scheduling tags (= scheduling priorities) to all
terminals in all cell sectors

construct interference graph
(for every MAC—frame or each Monte Carlo drop)

round =0

Y

in this round

assign resource which are still free and not blocked,
block resources for terminals connected in interference graph

inner loop

outer loop

gure 9. Heuristic for scheduling and resource assignmeevery frame

The graph coloring approach of section V treats all ternsinal ) )
equally, allowing each terminal to be served with an equgpnd, the equal treatment of terminals even in the cell orde
to a Round Robin Scheduling of all terminals. On the orfdher hand, it is desirable to provide arbitrary QoS to each
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Figure 8. pdf of used color indicesy =8, Dg = 15dB, d;c = 1

connection by means of a scheduling algorithm even in the
cell border areas. In the following sections, we will invgate
this tradeoff between the resource utilization and thentsis
towards all terminals.

B. Heuristic for combined scheduling and resource assign-
ment

Based on the previous considerations we present a heuristic
which combines an arbitrary scheduling algorithm with the
graph coloring problem. As discussed in the previous sectio
only a certain numben,,.,; of mobile terminals will be served
in each frame. This allows to choo3g,.,; terminals out of the
N terminals in each cell sector according to a certain cateri
This may either be determined by a particular scheduling
algorithm, but it may also be based on which terminals aré bes
suitable to solve the graph coloring problem with a minimum
number of colors. The latter case is related (but not idatjtic
to the clique coloring problem fotVg.,q = 2. A simple
heuristic approach is to serve the terminals with the lowest
vertex degree, since they produce the fewest conflicts.

In order to evaluate the impact of the scheduling algorithm,
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Figure 11. Fraction of radio frame&(Z) assigned for terminals at a particular location fér= 8, Dg = 15 dB, d;c = 1, Ngypg = 4, Nscheq = 0 (left)
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we will assign resources tdV,.,.q terminals based on thedecision, and in all remaining rounds the terminal is seléct
scheduler's decision, and to the remaining,.q — Nschea based on its vertex degree. Whenever resources are assigned
terminals based on their vertex degree. The flow-chart of th@ a mobile terminal, these resources are blocked for attroth
heuristic algorithm is shown in Fig. 9. The inner loop trags mobile terminals, which are connected to it in the intenfiee

all cell sectors in a random order and assigns resourceseto gnaph. Resources are assigned by dividing the AMC zone into
terminal within every sector. The outer loop counts the nembN;,.,.4 equally sized disjoint sets of subchannels and assigning
of rounds, where one round corresponds to the assignmentlwé first free and non-blocked set to the current terminaé Th
resources to one terminal in each cell sector. In the innmgp,lo algorithm terminates once it has tried to assign resourges t
the terminal to be served is selected based on the indexatif mobile terminals.

the current round. This is done such that in the fiN&t.;,cq

rounds the terminal is selected according to the schedule€. Impact of scheduling

As an example, a Random scheduling mechanism is used.
The Random scheduler assigns the highest schedulingtpriori
to each of theN mobile terminals in a cell sector at least
once within repeating periods df MAC-frames. Moreover,
the terminal with the highest priority in frame becomes the
mobile with the second highest priority in framet 1, and so
on. The considered Random scheduler therefore behaves very
much like a Round Robin scheduler on short and long time
scales.

Figure 10 plots the resource utilizatiom over Dg for
different values ofV,.j,.q. If we setNg ;.4 to 0, the scheduler

© o o o
o N © ©
- - —7

resource utilization p
o
(53]

041 has no influence. Instead, terminals with favorable interfee
03l properties will be served preferably. In particular, thesteyn
will give preference to terminals with a low vertex degree in
0.2 the interference graph, which increases the resourceatiiin
01 at the cost of fairness. A¥,.,.q IS increased, more terminals
: : : : : : : are served based on the scheduler’s decision. This leads to a
% 25 s 75 10 125 15 175 20 decrease in the resource utilization. However, this irseea
desired minimum SIR Dg the fairness, which is illustrated in Fig. 11 and 12.

Figure 10. Resource Utilizatiop achieved using the heuristic with different  In Fig. 11, the fraction of radio frameg(Z) in which
‘C’l"f"“islo‘;{;’“’;ed: "Z“d using the graph coloring with tabu searéh,= 8,  ragqyrces are assigned to a particular terminal depending o
oo its position in the observation area is plotted, whérgenotes
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Figure 12. ccdfF(s) of the fractions of radio framesf () used at  Figure 13. Total IP-level sector throughpu¥, = 8, Dg = 15 dB,
a particular positionN =8, Dg = 15 dB, djc = 1, Ngppg = 4 dig =1, Noppg = 4

the geographic position of the terminal. A value fiffr) = 0 and the achievable SINR. F&¥.,.q = 4, the maximum total
means that a mobile terminal at the respective position sector throughput is aboutl53 kBit/s, while for Ny.peq = 0,
never served, while a value of(¥) = 1 means that it is it increases by almost0% to about2017 kBit/s, however at
served in every radio frame. Fd¥,.,.q = 0 we can see large the expense of the before discussed coverage loss. The chart
areas at the cell border where mobile terminals are hardly ewalso shows the results for uncoordinated reference systems
served while in the center areas terminals are served instlmwith a frequency reuse of 1 and 3, respectively. These system
every frame. This implies that the coverage of the systemashieve an aggregate sector throughput of algoat kBit/s
decreased. In contrast, fa¥s.,.q = 4, the assignment of and 892 kBit/s, respectively. The throughput gain of the
resources to terminals is much less dependent on theiiqgrosit interference coordinated system is therefore significart a
The still higher serving probability in the cell center caa bmay be traded off against fairness by the paramatgy,. .
traced back to the circumstance that these terminals caa mor
easily fill resource gaps after all terminals have been serve VIl. CONCLUSION
based on the scheduler’s decision. In this paper, we solved the problem of interference co-
Further insight can be gained by looking at the distributioardination in cellular OFDMA networks by means of graph
of f(Z). The complementary cumulative distribution functiortoloring. We showed that some colors during the graph color-
(ccdf) F(s) is calculated as ing are only used by a few mobile devices, thus decreasing the
. resource utilization. Further, the number of necessargrsol
F(s) = P(f(Z) > s) . (") proved to be independent of the number of mobile terminals
The ccdf F(s) is plotted in Figure 12. FONNypea = 0, in”the.con'sidered range, which implies an equal resource
the ccdf indicates a significant probability of abai for Utilization independent of the number of mobile terminals.
f(Z) = 0, i.e., for no coverage. On the other hand,lisps Ve also presented a heuristic which allows the combination o
of all locations, mobile terminals receive resourcessiive arbitrary scheduling algorithms with interference coation.
of all radio frames. ASN,...q is increased, the coveragelNis heuristic allows to trade off scheduler requirements,
immediately increases t600% of the cell sector area, andSuch as Fairness and QoS constraints with the total sector
there are less areas where terminals are served excessif@ipughput. It was seen that the total sector throughputean
often. Ideally, this ccdf would be an inverted and shifteicreased by almost0% at the cost of fairness and coverage.
step function with the step at = min(1, Ng.,q/N), which
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