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Abstract—In this article we formulate a new Radio Resource to this UE. Besides, in point-to-multipoint connections,
Allocation problem in Orthogonal Frequency Division Multiple opportunistic RRA can benefit from the multi-user diversity
Access systems. The formulated problem has the objective of Many RRA problems have been formulated in the literature
maximizing the number of User Equipments with fulfilled rate . . . . e

in order to fulfill the UE requirements while utilizing the

requirements. In order to solve the conceived problem, we &s o - -
Genetic Algorithms in its modeling. The gains of the solutia to OFDMA system resources efficiently in downlink [1]. The

this problem are shown in simulation results. Rate Maximization (RM) problem intends to allocate resesrc
Keywords— OFDMA, Genetic Algorithm, RRA and user in such a way as to maximize the system spectral efficiency.
satisfaction. ' ’ The RM problem has a simple solution which consists in

Resumo— Neste artigo rbs formulamos um novo problema de allocating the subcarriers to the UEs in better channee stat
Alocacio de Recursos de Bdio em sistemas de Acesso Milltiplo in each subcarrier and performing water filling algorithras t
por Divis&o de Frequéncia Ortogonal. O problema formulado tem  distribute power among subcarriers. However the solution t
0 objetivo de maximizar o nimero de usarios satisfeitos com thjg problem can cause starvation of UEs with poor channel

seus requerimentos de, taxa. Para resolver este problemags conditions. The Margin Adaptive (MA) problem has the
usamos Algoritmos Geréticos em sua modelagem. Os ganhos da

solugio deste problema &o mostrados por meios de resultados objective of minimizing the total used power constrained to

de simulago computacional. UE rate requirements subjected to a constant power budget.
Palavras-Chave— OFDMA, Algoritmo Gen ético, RRA e A_nother probllern. Is the Ra}te. Adaptive (RA) problem which
satisfagio do ustario. aims at maximizing the minimum UE data rate. These two

other problems are claimed to be NP-complete problems and
no efficient optimal solution are known [1].
. INTRODUCTION Combinatorial problems like MA and RA cannot be solved
OH}jﬂa optimal way analytically. One of the options is the
é:)rute force enumeration, but this method is impractical.
er works have aimed at solving these problems in a

The main standard bodies are planning to use Orthog
Frequency Division Multiple Access (OFDMA) as the multipl
access scheme of future wireless networks such as LO(R ) . . . .
Term Evolution (LTE) and Worldwide Interoperability forS optimal way [21, [?’]' One_ Interesting optlon |s_the
Microwave Access (WIMAX). The reasons for this aré!>€ of heuristic algorithms I|ke_ the Genet_|c Algprlthm
several. Firstly, these schemes can combat multipath gad{r?A)' The gmployment of evoluﬂonary_algonthms in the
problems caused by multiple copies of the transmitted i;igﬁ Iecom_munlcanon_s branch has rsen since 1992. Some of
which arrives at the receiver with different time delays an € earlles_t evolutlonary_ teIecgmrnumca‘upns bapers s‘ng
attenuations by using narrowband subcarriers that expmrieon areas like ”e‘WOTk dimensioning, routing, call admissio
approximately flat fading channels. Secondly, because ef nd frequency a55|g_nment (see eg. [4]. for_a _surv_ey).
smaller frequency spacing between subcarriers allowedthdy owadays, the evolutpnary_ concepts and b|olog|cal-|_rmb_|
orthogonality, these schemes have a high spectral eﬁwen%pproaches are applied in most of telecommunications

Finally, OFDMA systems are scalable to high data rates aﬁheas.' Features dproE)/lded by GASZ such as fsearchbtij;\;iersny,
offer many possibilities of which Radio Resource Allocatio €"ectiveness and robustness, are important for com to

(RRA) algorithms take advantage optimization problems as those found in OFDMA. GAs have

OFDMA systems offer a new dimension in diversity to RR roved to be effective because of their ability to exploit

: . . - avorable characteristics of previous attempts to constru
algorithms: the frequency diversity. Due to channel seli . SO ;
9 9 Y Y v k%etter solutions. The robustness lies in their power to deal

itis likely that a given User Equipment (UE) can have som ith discontinuities and large multi-modal noisy searcacgs
bcarri in bad and d ch | state simult . o . .
subcarrers In bad and good channel sfate simutaneod i GA has been utilized to solve problems in OFDMA

Therefore, the resource allocator can increase the syst Yems in [6] where it considers the problem of total power
efficiency even more by assigning only the good subcarrie YSEms i P Pov
minimization needed for an Orthogonal Frequency Division
* These students are supported by a scholarship granted byCABN MU|t'pleX|ng (QFDM) Symbo'! SUbJe(?t to Qual'ty of SerY'Ce
This work was supported by a grant from Ericsson of Brazil seeech (QOS) restrictions. The QoS restrictions refer to a maximum
branch under ERBB/UFC.18 technical cooperation contrHee authors are target Bit Error Rate (BER) and the number of bits of each

from Wireless Telecommunication Research Group - GTEL /dbmpent : .
of Teleinformatics - DETI / Federal University of Ceara - OF UE that need to be transmitted in an OFDM symbol.

Emails: {neto,rafaelm,brauner,walter,rodrig@gtel.ufc.br In our paper, we propose a new RRA problem in the
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OFDMA context so that the number of UEs with fulfilled
bit rate requirements are maximized. Furthermore, we gdeovi ol I—
the modeling to solve the problem utilizing GA although |
other heuristic tools could be used for the same problem.
The remainder of the paper is organized as follows. Section |
presents the system modeling. Section Ill shows the problem
formulation and the modeling utilized to solve the problem
with GA, and also describes the algorithms that are used for
comparison. Finally in sections IV and V, the numerical Hssu
achieved by simulation and the conclusions are provided,
respectively.
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I[l. SYSTEM MODELING el
In the modeled OFDMA system, in order to overcome thigig. 1. Link adaptation curve of the subcarrier.
frequency selective fading, the bandwidth of each submaisi
chosen to be sufficiently smaller than the coherence bartdwid

of the channel. Therefore, subcarriers are modeled atat [1l. ALGORITHM DESCRIPTION

Rayleigh fading channels correlated in time and frequency. | order to compare with the performance of the proposed
The subcarriers are shared ByJEs using a Non-real time sp|ution, classical RRA algorithms were used in this work.
(NRT) service characterized by a minimum rate requiremenke classical algorithms are: Rate Maximization and Rate
Rycq which has to be fulfilled at each Transmission Tim@daptive. The description of those algorithms is presented

Interval (TTI). It is assumed that the UEs have always a ful the following, together with a description of the propdse
data buffer. In addition, a fluid model is assumed for thditaf solution using GA. In order to evaluate on|y the subcarrier
i.e., the UE data is completely divisible. The base stat®n assignment schemes, the transmission power is assumeld equa
assumed to have knowledge of the channel dgin of each in all subcarriers in all solutions presented in the follogi
UE j in each subcarrien. although schemes that also involve power allocation isiptess
The Signal-to-Noise Ratio (SNR); ,, of UE j in subcarrier in the presented algorithms.
n is defined as
hj,n Y .. .
> (1) A Rate Maximization
erg One of the first problems studied in OFDMA RRA was the
M. The objective of this algorithm is to maximize the sum of
the UE data rates subject to the constraint that one subcarri
cannot be shared by more than one UE at the same time. The
problem formulation is presented in equation (4).

Vin = pu
where p is the subcarrier transmit power, that is consider
equal in all subcarriers, and is the Additive White Gaussian
Noise (AWGN) noise power.

The transmit data rat®; ,, in each subcarrier is given by

Yin
Rjn=w-logy (1+ =), (2)
( r ) max Z 75 (X). (4)
wherew is the subcarrier bandwidth and J
In(5 - BER) The solution to this problem is very simple. Each subcarrier
- T 15 () hasto be assigned to the UE that has the highest channel gain

] ) on it. In spite of its simple solution, the RM problem is not
is the SNR gap for the system BER requirements [7].  gyjitable when one considers fairness issues. This algorith
To represent the finite Modulation and Coding Schemegn cause starvation of UEs at cell edge due to high path loss.

(MCSs) of the system, the capacity curve was sampled jijs algorithm will be used to give the upper bound of total
the M-Quadrature Amplitude Modulation (QAM) modulationsystem data rate [1].

(M =2";m=1,2,3,4,5 and6) as can be seen in Fig. 1.
Therefore, the set of possible rates in each subcarriertis no )
any more continuous and has only 6 val®, , one for each B. Rate Adaptive
MCS levelm. In the RA approach, the objective is to maximize the
The allocated data rate for each YHs designed by-; and lowest UE throughput. The problem formulation is presented
depends on the assignment vectavhose integer elemenis, in equation (5).
(n=1,2,...,N) represent the UE assigned to the subcarrier
n. max €
Once the subcarrier and bit allocation are defined by the x
scheduler, it is assumed that this information is sent via a subject to ()
separate control channel. ri(X) > € Vj.
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The RA problem belongs to the group of combinatorial The maximization of this fitness function is related to
programming ones that have no immediate solution. Rhale the maximization of the number of satisfied UEs with their
proposed a sub-optimal solution to the RA problem in [3] andansmission rates. The first term is the utility function in
concluded that its performance is comparable to the optinthe formulation problem (6). The second term is the ratio
one. The solution provided in the paper will be used here foetween the sum of the transmission rates of all U&§.

the purpose of comparisons in our simulations. and the maximum possible transmission rdtg,,, of the
system (this occurs when all subcarriers are transmittsiggu
C. Proposed Framework the higher modulation order). Therefore, this term canmssu

1) Problem Formulation: We formulate a problem wherevalues between 0 and 1 and consequently, this term has a
the objective is to maximize the number of UEs satisfigahagnitude smaller than the first term. Indeed, it will seve t
with their respective transmission rates, where each stibca rank solutions with the same number of satisfied UEs. That
is allocated to only one UE. If the rate requiremeris, among solutions with the same number of satisfied UEs,
for the satisfaction of the UEs isk,.., and r; is the those with higher total rate are preferable.
obtained transmission rate by the Ethis problem can be GAs start with a population ofg individuals and

mathematically formulated as: execute the genetic operators in each generation, praglucin
successive populations. Four genetic operators are peetbr
in each generation: selection, crossover, mutation anidreli
max U(r;(X) — Ryeq)- e R
X %: (r; (%) rea) (6) Selection is the process by which individuals are chosen

Th timizati teri ity funci ¢ thi according to their fitness in order to mate. Their probabsit
; el t(')p Imization ~cfi g”gn or u ”3? ur_wtc Ktm ? t'ls of choice are proportional to their fithess function valubss
ormuiation 1Is composed by a sum ot unit step functio mulating natural selectiorCrossoveris the genetic process

U(r;—Ryeq) Where each one refers to one UE and assumes {h€ hich two selected members change genetic material. It

value 1 if the_UEj is satisfied with the obFained transmissio%Onsists of choosing a random cut point and dividing each of
fl_ar:e TJ];’ tha:h!s Tjt'l't> f“qt.or 0 c|>_therW|s;eh7(,- < Rrezqa)m the two chromosomes into two parts. Two offsprings are then
f ?r:e ore, b IS uf' ! yt l;_nglgrllzlm?etshor} € In?X|m|6 | generated by concatenating the segment of one parent on the

ot the number of satisfie S- As e formuiation ©®) is ft of the cut point with the segment of the second parent on
combinatorial problem, we use Genetic Algorithms (GAs) e right of the cut point. Fig. 3 illustrates this mechanism
solve it. . ; ; -

. . . . . This is the most important mechanism, through which new
G ,02\2 Zrc;d%llnt?mg;:io?\o';l“%r;itr?rr?ggingeirr]:tclicorél?r?;lt?rlrgor E olutions are built from the best partial solutions. It iscal

P 9 P Y CEossible to implement crossover where more than one cut poin

natur_al sel_ect_|o_n. They combine _the p_r|nC|pIe .Of survival exist. Mutation consists in altering bits of the chromosomes
the fittest individual with randomized information exchang . . - i .
randomly with a given probability (mutation rate). Fig. 4

(reproduction) to exploit past information and speculate o . . :
. X : |rl]lustrates this process, where the the sixth subcarries wa
new search points with expected improved performance. The
) : ) " - rahdomly selected to be mutated (UE 2 was randomly changed
main advantages of GAs in relation to traditional optimizat

: . to UE 8). This operator has the effect of perturbing a certain
mgthods (like caIc_uI_u_s—based approaches) are its rOtm:stn%hromosome in order to introduce new characteristics not
efficiency, and flexibility.

GAs operate on a set of elements called populatioglr.esent in any element of the parent population. Then, it

L écomes possible to escape from local minirgétism is
Each element, called individual or chromosome represent% a

: X o the process in which the best individual of the population is
possible solution. The chromosomes are codified according.”, - ; S
) . intained. Then, we avoid that the most adapted individual
to the problem nature. In this case, a chromosome is

n . . . S
integer string whose length is the number of subcarrérs BE lost in the next generation with the application of other

to be assigned toJ UEs and each integer number in thé)perators.
string corresponds to a UE of the gt 2,3, ..., J}. Fig. 2 Parent 1 Offspring 1

illustrates this codification. }_L j
5 q T Crossover
e e J

Subcarrier 1| Subcarrier 2| Subcarrier 3| Subcarrier 4 2 E i Cut point

UE 4 UE 7 UE 1 UE J UE 7 UE 2 UE 4 l Operator
‘UE7‘UE5‘UE 5‘u52‘u51 UE 4| UE 9|UE 7| —|——{ue7ugsus5us a‘uu‘uez‘ug 1‘u55‘

Fig. 2. Structure of the chromosome.

Parent 2 Offspring 2

GAs use fitness functions in order to guide the optimizatiqfy. 3. Example of crossover.

process. These fitness functions are closely related to the

objective to be optimized. The higher the fitness of a Finally, the ¢ generated offsprings have their fithess

chromosome, the higher the quality of the solution repriesen evaluated. The new population is composed by (fe- 1)

by it. In this problem, the following fitness function is used best adapted offsprings and the best individual from the

current generation (elitism). This process is repeategveral

ZU(TJ'(X) — Ryeq) + Rrotar (7) generations, until the stop criteria (number of generafion
vj

Rinaz is attained, as shown in Fig. 5. When the last generation
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[oe Joe fue e ue Joe o o o "ézzgi’:r e foe oue o ofue oeolue e for several system loads and calculate the average number of
satisfied UEs with their obtained transmission rates, abasgel
Before mutation After mutation the average transmission rate of the system for each load for

Rate Maximization, Rate Adaptive and the proposed solution
using Genetic Algorithms. The main parameters used in the
simulations are shown in the following.

The central operating frequency is 2 GHz. It is considered

finishes, the best individual of the final population will b . ; . .
. . . that there are 150 subcarriers available in the cell with
the solution to the problem. Then, a sub-optimum squuth bandwidth of 15 kHz for each subcarier. Regarding

or even optimum, will be attained [5]. Indeed, an Optimumropagation the path losé [dB] at distanced [km] is

solution is only guaranteed if the number of generationggh h P

enough and the other algorithm parameters are well adjust%%lcmated byL = 128.1 + 37.6 - log,o(d). The shadowing

. . . standard deviation is 8 dB. The modeled power budget has
_FF:tr)?emleters related to GA used in this study are d|splayedtr|]|i following values. The noise power is -123.24 dBm per

subcarrier, the total base station power is 20 W, and the
cell radius is 1 km. Also, we assumed that the UEs are

Fig. 4. Example of mutation.

Initialize population static and uniformly distributed in the cell coverage afEae
- transmission rate requiremeRif., which defines the threshold
\i of satisfaction in this work is 256 kbps, for each UE.
Select parents In Fig. 6, we show the proportion of satisfied UEs with

their obtained transmission rates for several simulateddo
We can see that the proposed scheme yields in a higher number
of satisfied UEs with a larger performance gain in relation to

\

Crossover the other schemes.
The proposed scheme performs better than RA algorithm
v because the first one tries to maximize the number satisfied

UEs in a best-effort way according to fithess function (7),
without worrying about the fairness in the distribution of
the subcarriers, while RA algorithm takes into account in
¥ - its formulation the fairness among the UEs, since it tries to
B e maximize the minimum transmission rate among the UEs.
Although one may think that a fair scheme is a good option,
this procedure can be disastrous in some cases, because it
can yield in situations where all the UE rates are balanced in
a value lower than the rate requiremddt,, and, therefore,
all links become unsatisfied while cause waste of resources.
For that reason, a scheme that avoids this behavior, like the
proposed algorithm, is more effective for the general case.
ocl#&ur;g‘seorieeﬁ In relation to RM,. this algorithm does nqt tgke into account
the UE rate requirements. Therefore, it is expected that
concerning the percentage of the satisfied UEs, it preskats t
worst performance, as it can be seen in Fig. 6 where for the
lower load in the figure (5 UESs) the proportion of satisfied

Mutation

Stop criterion

Fig. 5. Flowchart of GA.

TABLE | UEs is Only 39 %.
GENETIC ALGORITHM PARAMETERS. Other advantage of the proposed scheme is the fact that it
prevents an abrupt decrease of the percentage of satisfisd UE
Parameter [ Value in relation to the other algorithms. The relative decrease f
Number of generations 800 GA is 11.9% when we vary the system load from 5 UEs to
Size of population 200 20 UEs, while for RA and RM these decreases are 53.7% and
Mutation Rate 10% 68.6% tivelv. Th f th d sch .
Kind of crossover | ORe cut pomnt 6%, respectively. Therefore, the proposed scheme ig mor
Use of elitism Yes robust with the load variation.

In relation to the total cell transmission rate shown in Fig.
we can see that RM algorithm, as it was expected, outperforms
the two other algorithms. This can be explained by the faait th
this algorithm exploits the multi-user and frequency deitées,

In this section we present the numerical results obtainedsuch a way, that it schedules only the UEs with the best
from computational simulations. In this paper we study thehannel conditions in each subcarrier. Also note that tked to
case of a single cell system. The multi-cell case is left faell transmission rate has a light increase with the systed |
a forthcoming paper. We simulated 20 independent snapshdi® to the higher multi-user diversity.

IV. RESULTS



XXV SIMPOSIO BRASILEIRO DE TELECOMUNICA@ES - SBrT 2007, 03-06 DE SETEMBRO DE 2007, RECIFE, PE

§ 90 8
9 8ot e 1
uw bl —0
=)
- 70 4
Q2
8 6o O 1
~

50 ~ 4
5 'O~~
o 40} - 1
g 40 A”/ ~
© y ~
= 0, ~.
S BOF e S 1
g T, o= -==0
© 20 A, N 1
o A RM AA

101 =© =RA ]

== GA
o= i i i
5 10 15 20

Load [UEs]

Fig. 6.

>4
>
>

{

o

,o_.. 1
...'O'----.--o------"o

A RM
=0 =RA
== GA

Total cell transmission rate [Mbps]

0 15
Load [UEs]

Fig. 7. Total cell transmission rate for a rate requiremen256 kbps.

Percentage of satisfied UEs for a rate requiremen66fkbps.

V. CONCLUSION

In this paper, we proposed a new Radio Resource Allocation
problem in downlink of Orthogonal Frequency Division
Multiple Access systems whose solution presents some
advantages compared with other RRA problems such as Rate
Adaptive and Rate Maximization. The solution of this new
problem provides the maximization of the number of UEs with
fulfilled rate requirements. In order to solve this probleme,
utilized Genetic Algorithm by performing a suitable prafle
modeling.

The next steps are the evaluation of the solution of new
problem in scenarios where the sessions have different rate
requirements, and the conception of algorithms based on
simple heuristics to solve the formulated problem in a senall
run time.
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