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Abstract—The problem of resource allocation for the uplink assigned to the user with the best subcarrier gain, eliinigpat
of wireless SISO-OFDMA systems is investigated. To relieve the intra-cell interference (ICl), and power is then disited

heavy computational burden, a suboptimal, but efficient scheme &1 ; .
is devised which maximizes the sum of the users’ data rates by the water-filling algorithm [7]. In [8], the minimum data

subject to constraints on the per user transmitted power and rate among users is maximized and in [9]-[12], a proportiona

minimum data rate requirements among users. Simulation results fairness criterion is employed. In [13] [14], the fulfillmen
indicate that the proposed scheme can satisfy minimum data rate of every user's data rate constraints is guaranteed and in
constraints, distributing sum data rate fairly and flexibly among  [15], per time-slot resource allocation is introduced wihlf-
gﬁzrséalr? 22‘1;'0”'1 tc?et prlogosted SChetr."e IS .Colmp'ex'tyteffem;‘k’]e’tnoise“ and phase noise. In [16], long term access propaition
ppiec o alesrgeneration wireless systems hal ¢ imess is introduced. Finally, in [17], the sum of the gser

provide Quality-of-Service (QoS) guarantees. . T . .
Index Terms—OFDMA, resource allocation, multiuser diver- data rates is maximized but the resource allocation unit is

sity. not the subcarrier, as in previous algorithms [3]-[16], but
a timel/frequency unit (slot), in accordance with WiMAX
I. INTRODUCTION systems.

Orthogonal Frequency Division Multiple Access (OFDMA) Recently, uplink resource allocation has received some
[1] has developed into a popular scheme for wideband wirattention in literature. A practical low-complexity aldggtm
less digital communication. In OFDMA, multiple access ifor a two-user case is proposed in [18]. In [19], the optiigali
achieved by first dividing the spectrum of interest into af OFDMA in uplink transmissions has been studied while
number of subcarriers and then assigning subsets of the subf20], a non-iterative and near-optimal joint subcarréerd
carriers to individual users. OFDMA helps exploit multiusepower allocation scheme is proposed. In [21], the results of
diversity in frequency-selective channels, since it igniely  [20] are generalized by considering the utility maximieati
that some subcarriers that are “bad” for a user are “goodf one time-slot, where the utility is a function of the in-
for at least one of the other users. Because of its supergtantaneous data rate in this time-slot. Another work that
performance in frequency-selective fading wireless ckimn focused on per time-slot fairness is [22]. In [23], the uklin
OFDMA is the modulation and multiple access scheme usegsource allocation problem is approached using a gradient
in latest wireless systems such as IEEE 802.16e (Mob#eheduler but considers long-term total utility maximiaat
WIiMAX). which depends on the average data rate or queue sizesyFinall

There are fixed and adaptive allocations to allocate suib-[24], resource allocation algorithms are proposed to &énd
carriers. Fixed allocations use Time Division Multiple A&ss Nash Bargaining solution according to Game theory.
(TDMA) or Frequency Division Multiple Access (FDMA) as In this paper, the resource allocation problem in uplink
multiple access schemes to allocate each user a predetermi@FDMA systems is investigated. We focus on single antenna
time slot or frequency band for transmission. While applyingystems where at most one user can be assigned per subcarrier
fixed allocation the system neglects the channel diversity aThe objective is to maximize the sum of the users’ data
does not use the deep faded subcarriers for other users whisles subject to constraints on per user power and minimum
do not seem as deep faded to them. In [2], these two fixddta rates among users. The proposed scheme, which is also
allocation schemes are discussed and compared in much detamplexity effective, consists of three algorithms; aroaltym
On the other hand, adaptive allocations allocate resoumceshat determines the number of subcarriers for each user, a
users based on their channel gains. Due to the time-varyisgbcarrier allocation algorithm by dividing the users irotw
nature of the wireless channel, dynamic resource allatatigroups and the water-filling algorithm [7]. The first two
makes full use of the multiuser diversity to achieve higherlgorithms assign the available subcarriers to the usetiseof
performance. system and the third one allocates the available power df eac

Most work on resource allocation has been done for theser.
downlink OFDMA systems. In [3] [4], total transmit power is The remainder of the paper is organized as follows. The
minimized. In [5] [6], it is proved that the downlink systemproblem of sum data rate maximization using minimum data
capacity is maximized when each subcarrier is exclusivelgte constraints and power constraint for each user is formu
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lated in Section Il. The proposed scheme is introduced in

Section 1ll and Section IV contains the complexity analysis BXE XN
of the proposed scheme and a complexity comparison with Ckm%f N chk,nm,n ()
other schemes. Simulation results and a comparison between R k=1n=1
the proposed scheme and other existing schemes are provigueg
ject to

in Section V. Finally, Section VI contains concluding reisar

ckn € {0,1}, Vk,n 4)
[I. SYSTEM MODEL AND PROBLEM FORMULATION '
The following assumptions are used in this paper: (i) the Pin 20, Yk, n ®)
time-varying channels between different users and the Base K
Station (BS) are assumed to be frequency selective wireless ch,n =1,Vn (6)
channels with independent Rayleigh fading and the channel k=1
can be regarded as constant during the resource allocation N
period; (ii) the ISI is completely removed by exploitithg Zpk”" < P, Vk 7
OFDM techniquesij.e. the width of each subcarrier is much el
smaller than the coherence bandwidth of the channel. Thus, N
each user experiences flat fading in each subcarrier; fié) t Z ConThm > Mk 8)
Channel State Information (CSI) is perfectly known by the —

receiver, and the BS feedbacks a certain form of channel

information correctly to each user; (iv) each subcarrien cavhere ¢, ,, is the subcarrier allocation indicator such that

be used by only one user at each time. ck,n = 1 if subcarriern is assigned to uset andcy , = 0
The BS decides uplink resource transmission parametersifopot. Constraints (4) and (5) ensure the correct values for

all available users based on the feedback CSI. The resouifee subcarrier allocation indicator and the power, resypegt

allocation parameters are then sent to each user thougkanstraint (6) restricts the assignment of each subcatwier

dedicated control channel. Then, each user loads its data ianly one user and (7) is the individual power constraint.

the allocated subcarriers and the BS decodes the data sent fFinally, (8) is the minimum data rate constraint. The totatied

all users. The resource allocation scheme is updated as stig for userk, denoted asz;, is defined as

as the channel information is collected and also the resourc N

allocation information is sent to BS for detecting. - B 9
Consider an OFDMA uplink transmission in a single cell TN ch’"rk’" ©)

with K active users andV subcarriers.P; is the transmit =t

power of each usek = 1,2,..., K and the channel gain for wherery,, is given by (2) andmr; in (8) is the minimum

userk in subcarriem is denoted byy;, . Each subcarrier of data rate of each user.

userk is assigned a power; ,,. With the noise power spectral  Note that problem (3) is an NP-hard combinatorial optimiza-

density beingV,, and the total bandwidth of all subcarriers betion problem [26] with non-linear constraints. In a systeithw

ing B, the additive white noise power i& = Y¢2. Therefore, K users andV subcarriers, there at&™¥ possible subcarrier

the subcarrier SNR can be expressedias = 9572 and the assignments, since it is assumed that no subcarrier carebe us

transmitted SNR of usek in subcarriem is Vi, = Pk nhi.n- by more than one user. For a certain subcarrier assignment,

Each of the user’s bits are modulated if¥oM-level QAM @ per user power distribution can be used to maximize the
symbols, which are subsequently combined using the IFFspm of the users’ data rates, while guaranteeing minimum
into an OFDMA symbol. For a square M-level QAM usingdata rate constraints. The maximum sum data rate over all
Gray hit mapping as a function of transmitted SNR,, and KN subcarrier assignment sche_mes is_ the global maximum
number of bits of usek in subcarriem ry. ,,, the BER can be and the corresponding subcarrier assignment and per user
approximated to withirl dB for r;,, > 4 and BER< 10~3 power distribution is the optimal resource allocation sohe

as [25] However, it is difficult to obtain an optimal solution withamy
reasonable time frame. As a result, a novel and cost-eftecti
1 —1.69k,n resource allocation scheme is formulated to solve thislprob
BERMQAM (Ven) 5 oXP [Tkn—l] 1) P
By solving (1), 7%, is [1l. THE PROPOSEDRESOURCEALLOCATION SCHEME
Tk = logy(1+ 7’12’"’) =logy(1 + pr.nHi.n) ) Ideally, power of each user and subcarriers should be

allocated jointly to solve optimization problem (3) optiliya
whereI" =-In(5BER)/1.6 andHj, = ’”“T“ is the effective This process has a prohibitive computational complexity. |

subcarrier SNR of usek in subcarriern. the following, a suboptimal resource allocation scheme is
Taking into account the conclusions above, the optimipatigproposed which consists of three algorithms and assures a lo
problem is formulated as: complexity performance:

Copyright (c) IARIA, 2011.  ISBN: 978-1-61208-140-3 2



ICWMC 2011 : The Seventh International Conference on Wireless and Mobile Communications

A. Number of subcarriers of each user. « SorttheK users by average effective subcarrier SNR,
ie, H; <...< H,, <...< Hg without loss of
generality.

« Divide the K users in bad effective subcarrier SNR

In this algorithm, the number of subcarrierg;, to be
initially assigned to each user, is determined. This preces
is based on the average effective subcarrier SNR of each user

which is calculated by group (_useé = {1,2,...,m}) and good effective
subcarrier SNR group (usgr= {m + 1,m +
_ 1 2,...,K}).
Hk:NZHk,na Vk:]-vaaK (10) 2) FOI’k:l,Q,,m
n=1 « Find n satisfying Hy, ,, > Hy, j, Vj € S.

The approximate data rate of each user is » For the foundn, setc, , =1, Ny =N, —1, S =
- B o S — {n} and updateR; according to equation (9).
Ry = Nkﬁ log, (1 + HkPk) , Vk=1,2,..., K (11) In equation (9)px.., = Npikkl

n=1 Ck,n

S . 3) While |use 0
where Py, is the equal power allocation of each user among ) Fin|d k*b| irgmin (Ry — mre)
. = k — kf-

respective subcarriers. At each iteration, the user with th reuse
minimum differenceR;, — mr;, has the option to be assigned « For the foundk*, if Ny > 0
one more subcarrier. When all the available subcarriers are — Find n satisfying Hy- , > Hy- ;,¥j € S.
assigned taK users of the system, the approximate number — Setcge, =1, N = Nk - 1,7ZS =S—{n}and
of subcarriersN;, for each user is got. This algorithm is as updaféRk* according to equation (9). In equation
follows @), Pren = —rlE—.

! n=1 Ck,n

D) Iitialiration: . else
) Initialization: N — usep = usep — {k*}.
. Setmrk_, vk = 1,2,..., K, the minimum data rate 4) Redo:
constraints.

. Set the iniial number of subcarriersV, — o Steps 2,3 for the good effective subcarrier SNR

group,i.e, for userse useg.

mry _ —
LNKEE=1W7'kJ’ vk o= 12K and Nu = In step 1) of the subcarrier assignment to available users
2 k=1 Nk algorithm, all the variables are initializeds is the set of
» Get the average effective subcarrier SNR for eaglyailable subcarriersy, ,, is the subcarrier allocation indicator
user using equation (10). and Ry, is a vector which keeps track of the data rate of each
2) Approximate data rate: userk = 1,2,..., K. Then, users are divided in two groups
. Get the equal power to each allocated subcarrigecording to parameten; the usey, and the usgy, the group
P = % Vk=1,2,...,K. of users with bad average effective subcarrier SNR and the

. CalculateRy, Vk = 1,2, ..., K, using equation (11). 9roup with good average effective subcarrier SNR respelgtiv
3) While N,; < N : Parametern is chosen in such a way that the two user groups

ind gt — R he founds* contain the same number of users,Afis an even number.
o Findk" = argmin {Ry —mry}. Forthe founds,  ounervise ifK is an odd number, one of the two user groups

k=1,2,....K .
let Ny« = Ng= +1 and Ny, = Ny + 1. would contain one more user than the other group.
« Get the equal power to each allocated subcarrierIn step 2), each user of ugggroup is assigned the available
Pr = %, Vk=1,2,...,K. subcarrier on which he has the largest effective subcarrier
.

« CalculateRy, Vk = 1,2, ..., K, using equation (11). SNR. Note that an inherent advantage is gained by the fact

In initialization step, N < 7% is approximated to the that users of usgrgroup choose their best subcarrier earlier
mr than the users of the other group.

. k=1 k . -
lower integer becaush, shomd be an mteger'. I_—|ence, Itis .not In step 3), subcarriers are assigned to available userk unti
sure thatV,; = N; there might be some remaining subcamerse

. . . sach user gets his allotment df, subcarriers. The user
That is the reason why step 3) of the algorithm is NECeSSaA¥ho has the minimum difference between its data rate and

respective minimum data rate constraint has the priority to

. . . choose his best subcarrier. The best subcarrier is that arhwh
In this subsect|0n_ theVy, vk - 1,2,.... K, s_ub_carners he has the largest effective subcarrier SNR. The user, wiso ge

are allocated to available users in order to maximize the s allotment of, subcarriers, can no longer be assigned any

of the users’ data rates vyh|le .guarant_eemg minimum da}Ir"f'ore subcarriersjusep| here denotes the cardinality of set
rates of K users. The algorithm is described below.

B. Subcarrier assignment to available users.

useg,.
In[O step 4), the same procedure takes place but for the
1) Initialization: useg group; the group of users with good average effective
e« SetS = {1,2,...,N}, R, =0, Vk = 1,2,... K, subcarrier SNR. The conditioh = 1,2,..., m, changes to
chn=0,Yk=1,2,...,K andn € S. k=m+1m+2,... K.
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C. Power allocation. simple bisection method until the power of each user comgerg

In subcarrier assignment to available users algorithmi-avd? /- Thus, in order to perform water-filling power alloazi
able power is distributed uniformly among subcarriers. [fp" €ach user the overall time complexity @(K'N). Con-
order to further enhance the sum of the users’ data rat§§auently the complexity of the proposed resource allonati
in power allocation algorithm, the subcarrier allocation ischeme isO(K(N — Ny) + KN + KN) ~ O(KN).

kept, but the available poweP, of each user is assigned to In the resource allocation algorithm proposed in [5], each
subcarriers of each user using the water-filling [7] aldurit subcarrier is allocated to the user with the maximum effecti

subcarrier SNR. Then, after the subcarrier allocatiorheeit
( 1 >+ water-filling [7] or equal power allocation is applied foroba

Hyn user. Thus, the complexity of [5] i©® (K N). Algorithm in
’ [5] is optimal in the downlink scenario but not in the uplink
wherepy , is the allocated power in each subcarrie];” = pecause in the latter there are individual power contsaint
max(0,-), and A, satisfies In algorithms proposed in [20] [21]N iterations are re-
N quired to allocateN subcarriers to available users. In each
Zpk =P Vk=12.. . K iteration, water-filling [7] is performed for each user wittme
— Y complexity O(N). This means that the time complexity of

one iteration isO(KN) and for all iterations isO(K N?).
In [21], a fast implementation method is introduced which is
In this section, the computational complexity of the probased on binary tree data structure and®é& Nloga N) time
posed resource allocation scheme is analyzed and compagechplexity but it requires greater storage memory in order t
with that of [5], [20]-[22]. Recall thatK refers to the total store all the required information in each node of the binary
number of users in the system antirefers to the number of tree.
subcarriers, which is much larger thdf. As mentioned in  The algorithm proposed in [22] consists of the step of ihitia
Section II, for the exhaustive search algorithm, there&ifé  subcarrier allocation and the step of residual subcartler a
possible subcarrier assignments which reqaig<”) time.  cation. For both steps the complexity@§ K N') as described
Initialization step of the first algorithm of the proposedxtensively in [22].
scheme require&” multiplications to set the initial number of It is easily observed that the proposed resource allocation
subcarriersiV, and also average effective subcarrier SNR cheme has a very dramatic reduction in complexity compared
calculatedK times. Thus, the complexity of this initializationto O(K*) required by the exhaustive search. In addition it
step isO(K). In second step of the same algorith@®, is has similar complexity to [5] [22] and smaller than [20] [21]
calculated K times which isO(K). In third step, the user without using the binary search tree introduced in [21].
with the minimumR;, — mr, amongK users is found and
Ry is calculated fork = 1,2,..., K. This is repeated until V. SIMULATION RESULTS
N, = N. Thus, this step requirg3(K (N — N,;)) complexity In this section, the performance of the proposed uplink
which is also the overal complexity of the first algorithm ofesource allocation scheme is evaluated using simuldtical
the proposed resource allocation scheme. simulations presented in this section, the frequencyetieée
In initialization step of the second algorithm of the propads channel consists of six independent Rayleigh multipath-com
resource allocation schemé users are sorted by averaggonents (taps). As in [9], an exponentially decaying power
effective subcarrier SNR which h@3(Klog, K) complexity. delay profile is assumed, the ratio of the energy of ithe
Then the complexity of the division d& users in two groups tap to the first tap being equal to~2!. For each channel
is O(K). Thus, the complexity of this initialization step isrealization the proposed scheme is used to perform resource
O(KlogoK). In the second step, for each user of one groupllocation, and the data rates for each user are computed. A
the best subcarrier is found which has complexi}¢yA N) maximum delay spread &f s and maximum doppler df0
because in our simulations the two groups contain equdt is assumed. The channel information is sampled every
number of users,e., m = % In step three of this algorithm, 0.5 ms to update the resource allocation. As in [9], the total
subcarriers are allocated to users of one group until eaeh uavailable bandwidth is equal t8 = 1 MHz, the number of
gets his allotment ofV, subcarriers. In worst case scenariosubcarriers of an OFDM symbol & = 64, variance of the
the complexity of this step i©® (K N). In step four, the same additive noise is equal t&V; = —80 dB-W/Hz (single-sided
procedure takes place but for the other group of users. ThBSD), and BER= 10~7. Minimum data rate constraints are
becauseK << N andlogs K << N the complexity of the mr, = 1 bit/s/Hz fork = 1,2, ..., K, the number of channel
second algorithm of the proposed resource allocation seheraalizations is equal t@0® and parametem = %
is O(KN). The proposed resource allocation scheme is compared with
Finally, in the third algorithm of the proposed resourcéhe algorithms proposed in [5] (Jang et al.), [20] (Kim €),al.
allocation scheme, after subcarrier allocation is fourid t[21] (Ng et al.), [22] (Gao et al.), and a static TDMA scheme.
water-filling power allocation algorithm is implementediein In Figs. 1, 3, 5 the number of users of the system varies from
requires to find\;. The update of\;, can be done by using a2 - 8 in increment of2 and total transmitted power of each

IV. COMPLEXITY ANALYSIS
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Fig. 1. Sum of the users’ data rates vs number of users. Fig. 3. Outage probability vs number of users.
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Fig. 2. Sum of the users’ data rates vs SNR(db). Fig. 4. Outage probability vs SNR(db).

user is equal taP?, = 1 W, while in Figs. 2, 4, 6 the number

of users ik — 8 and SNR varies fron - 40 in increment  V€"SUS number of users and SNR, respectively. Fairnessepoin

F is the one introduced in [9], and is defined as

of 5.

Figs. 1, 2 depict the comparison of the sum of the users’ K )
data rates versus number of users and SNR, respectively. F= (X k=1 Br) ,
It can be seen, the reasonable price being paid in order to KZle(RkP

guarantee minimum data rates by using the proposed scheme.

In Fig. 1, as the number of users increases, the differengBere F is a real number in the interval0,1] with the

in sum data rates also increases because additional neultivgaximum value ofl for the case when equal data rates are

diversity is available to [20] [21] that only target sum datachieved among users. As can be seen in Figs. 5, 6, users’ data

rate maximization. On the other hand, more users put mates are almost equal when the proposed resource allocatio

constraints to the proposed scheme, because new users ReRéme and static TDMA algorithm are employed with the

to share the same resources. In addition, sum data rate of gheposed scheme being more fair. Algorithm in [5] guarasitee

proposed scheme is significantly enhanced over both [5] afié least fairness between the users’ data rates. Algasithm

static TDMA algorithm as can be seen in Figs. 1, 2. [20] [21] guarantee almost the same fairness but it is much
Figs. 3, 4 depict the comparison of outage probability ve@rstower than that of the proposed scheme and algorithm in [22]

number of users and SNR, respectively. The outage probabiljuarantees improved fairness than [5] [20] [21] but notitga

of the proposed resource allocation scheme is significanidyss than the proposed scheme. In addition, it can be seen in

smaller than any of the other comparing algorithms. ThisipoiFig. 5 that as the number of users increases the fairnesgpoin

is very critical in real systems where users should satiséy tincreases in all algorithms except the proposed scheme and

minimum data rate criterion. static TDMA where fairness pointer remains almost constant
Figs. 5, 6 depict the comparison of the fairness pointeegardless of the increasing number of users.
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