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Abstract—The problem of user selection and resource allo- in accordance with WiMAX systems [1].
cation for the downlink of wireless systems operating over a  An additional major advance in recent wireless systems is

frequency.-selective channel is investigated. It is assumed thete the use of Multiple Input Multiple Output (MIMO) transmis-
Base Station (BS) uses many antennas, whereas a single antenna. t0 i icati f 11 In fadi
is available to each user (Multiple Input Single Output - MISO sion to improve communication performance [1]. In fading

case). To relieve heavy computational burden, a suboptimal, but €nvironments MIMO technology offers significant increase
efficient algorithm is devised that is based on Zero Forcing in the data throughput and the link range without additional

(ZF) beamforming. The algorithm maximizes the sum of the pandwidth or transmit power requirements by opening up mul-
users’ data rates subject to constraints on total available powe tiple data pipes in the same frequency band of operation [16]

and individual data rate requirements for each user. Simulation B fth " MIMO t h ved i
results are provided to indicate that the algorithm can satisfy the ecause of these properues, Systems have received in-

fairess criterion. Thus, the algorithm can be applied to latest- Creasing attention in the past decade. MIMO related algmst
generation wireless systems that provide Quality-of-Service (Q9S can be implemented in each subcarrier and by combining

guarantees. OFDMA with MIMO transmission, wireless systems can offer
Index Terms—MISO, OFDMA, resource allocation, Zero- |grger system capacities and improved reliability.
For(:lng, minimum data rate constraints. . .

In general, in order to transmit on the boundary of the
capacity region, the BS needs to transmit to multiple users
simultaneously in each subchannel employing Dirty Paper

Orthogonal Frequency Division Multiple Access (OFDMA)Coding (DPC) [16]. However, DPC has large implementation
[1] is a multi-user version of the popular Orthogonal Frecomplexity. In [17] [18], user selection and beamforming
guency Division Multiplexing (OFDM) digital modulation algorithms, that are based on ZF [19], are proposed in oader t
scheme. In OFDMA, multiple access is achieved by firshaximize the system capacity without guaranteeing any kind
dividing the spectrum of interest into a number of subcesrieof fairness among the users’ data rates. In [20], propaation
and then assigning subsets of the subcarriers to individalta rate constraints are applied and in [21] a kind of faisne
users. OFDMA helps exploit multiuser diversity in frequgnc is supported.
selective channels, since it is very likely that some sufear In this paper, a user selection and resource allocation
that are “bad” for a user are “good” for at least one of thalgorithm for multiuser downlink MISO-OFDMA is developed
other users. Because of its superior performance in frexyuenthat is less complex than exhaustive search algorithm and in
selective fading wireless channels, OFDMA is the modutaticcorporates fairness by imposing minimum data rate comssrai
and multiple access scheme used in latest wireless systemsong users. As in [20], the beamforming scheme of [17] is
such as IEEE 802.16e (Mobile WiMAX) [1]. applied in each subcarrier, where each user experiences flat

In recent years, many dynamic resource allocation algfading [1], but the user selection procedure takes minimum
rithms have been developed for the Single Input Single Qutpdata rate constraints into account. A complexity analysis i
(SISO)-OFDMA systems. In [2] [3], the system throughput ialso presented in order to further support our statemerds an
maximized with a total power constraint and in [4]-[6], thesimulation results indicate that the algorithm can satibigy
total power consumption is minimized with constraints oa thfairness criterion.
users’ data rates. In [7], minimum data rate is maximizedevhi The remainder of the paper is organized as follows. A de-
in [8]-[10], proportional data rate constraints are introdd. In  scription of the MISO-OFDMA system model is introduced in
[11] [12], the fulfillment of every user’s data rate consttai Section Il, whereas the problem of sum data rate maximizatio
are guaranteed in order to maximize the sum of the usetsing minimum data rate constraints is formulated in Sactio
data rates and in [13], the sum throughput is maximized with. The proposed algorithm is introduced in Section IV and
long term access proportional fairness. In addition, in] [L&ection V contains the complexity analysis of the proposed
weighted sum data rate is maximized with “self-noise” analgorithm and a complexity comparison with exhaustive cear
phase noise. Finally, in [15], system throughput is maxédiz algorithm. Simulation results, analysis and a comparisen b
but the resource allocation unit is not the subcarrier, as tween the proposed algorithm and previous resource aibocat
previous algorithms [2]-[14], but a time/frequency unitofy, schemes are provided in Section VI. Finally, Section VII

I. INTRODUCTION
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contains concluding remarks.

In the following, (-)7 denotes transpose, whereés*
denotes conjugate transpose.denotes a column vectoA -
denotes a matrix|| - || represents the Euclidean norm, did [} -
is the mean value. Finalljz]+ = max{0,x}.

Il. SYSTEM MODEL

Consider an OFDMA downlink transmission witN sub-
carriers, T transmit antennas at the BS awd active users,
each equipped with a single receive antenna. AlsoBldie
the overall available bandwidth, and, , = [hj,,, ... Af "
be theT x 1 baseband equivalent gain vector of the channel
between the BS and usérin subcarriern. Thus, for each [ -
subcarriern, the baseband equivalent model for the system
can be written as

Fig. 1. MISO-OFDMA block diagram.
Yn = ann + Zy, (1)

whereH,, = [hy,, ha,, ... hg |7 is aK x T matrix with
complex entriesx,, = [z14, - - . :cT_,n]T is theT x 1 transmitted
signal vector in subcarriet, y,, = [y1.n ... yr.n)T iSaK x 1
vector containing the received signal of each user, ane-
[21n...2x0]7 is @K x 1 vector denoting the noise that is Ill. PROBLEM FORMULATION
assumed to be independent identically distributed (j.zdro-
mean circularly symmetric complex Gaussian with covaman
matrix o1 .

It is also assumed that the channel vectors are statigtic
independent and that their distribution is continuous. déen
rankH,,) = min(7, K'). Moreover, the practically important
case whereK > T is considered. Hence, raffl,) = T.
The total transmitted power, in the entire OFDM symbol, i
P,,; and equal power is allocated to each subcarrier. Hen
tracdC,] < et whereC,, = E[x,, (x,)"] is the covariance

to other users in subcarriet. Concerning (3), a graphic
representation of the MISO downlink beamforming block
diagram is shown in Fig. 1.

ZF beamforming is a spatial signal processing by which the
‘Fnultiple antenna transmitter can null multiuser interfee
jgnals in wireless communications. It inverts the channel
atrix at the transmitter in order to create orthogonal alet
between the transmitter and the receiver. The beamforming
vectors are selected such that,, - w;, = 0, for i # j,
and (3) becomesy;,, = hgnWin\/PknSkn + 2kn. Itis
then possible to encode users individually, and with smalle
%%’mplexity compared to DPC. ZF at the transmitter incurs an
, N - ) excess transmission power penalty relative to ZF-DPC aad th
matrix of the transmitted signad,,. .(optimal) MMSE-DPC transmission scheme.Af < T and

Using only transmit beamforming, which is a SUbOPt'Fank(Hn) — K, the ZF beamforming matrix is the pseudo-
mal strategy, the following model is obtained. Let, , = inverse offH,,, namelyW,, — H (H, H? )~

1 2 T 1T i i

[wk,tn “;k,n "‘ku_)km] bbe _theTT>;11 b(tar?mgormlgg (\;velgr:jt However, if K > T, it is not possible to use it because
VfC or ct))r use{t In subcarriern. Then, the baseband mo eIHnH; is singular and low complexity SDMA approaches are
(1) can be written as required. In that case, it is necessary to setlest T' out of

yn =H,W,D,s, + z,, (2) K users in each subcarrier. Hence, there lapossible com-

. inations of rs transmitting in th m rri
where W, = [wi1, Wan ... Win] is the T x K beam- binations of users transmitting in the same subcarrierpteh
: . o ' T as A;, where A; C {1,2,..., K}, 0 < |4;| < T, where|A;|

forming weight matrix,s,, = [s15...5kn]" IS @K x 1 o p
vector containing the signals destined to each userape- denotes the cardinality of set;, and/ =3_,_, (

diad(\/P1.n, /P2.n;:- - -, /Pin) accounts for the distribution | ot 4 set of userst; — {s1,...,5:}, that produce the row-
of the power allocated to subcarrieramong theK users. |oquced channel matriK,, (A;) = [hy, » h.,. hy, )7

)

According to (2), the resulting received signal vector f8BU i each subcarrier. When ZF is used, the data rate of user
k in subcarriern, is given by k € A;, in subcarriem, is given by [16] [20]

K
o = S B o B + 7 i = 1085101 (4) @
i=1 *)—1 -1
where ¢y (Ai) = {[(Hn(Ai)Hn(A4:)") " er} ™ and pn
= Bk Wi /Pl nSkon (3 is obtained by solving the water-filing equation [20]
K —;} = Pt The power loading then
+ Z hi nWiny/PinSin + 2k Zkea, {,un cran(Ad) | N P g
i=1,i#£k yieIdSpkﬂ-,n = Ck,n(Ai) |:Mn — m ,Vk € A;.

where the term in third line in (3) represents the multi-user By applying the conclusions above, the linear beamforming
interference caused by the simultaneous transmissiontaf daptimization problem, that performs user selection in each
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subcarrier and resource allocation in the entire OFDM symbo After the initialization, the algorithm finds usérwith the

can be formulated as best channel condition in subcarrier Subcarriern is then
p K N I assigned to additional users if the sum data rate in sulecarri
max = — Z Z Z Pk inThim (5) nincreases [17]. If there are more than one candidate users
primiPhin IV (S o in each step, pick the one with the maximum sum data rate.
subject to Procedure continues for all subcarriers.
Prin € {0, 1}, Vk, i, m, 2) Step 2: Subcarrier reallocation: In Step 1, a subcarrier
' allocation solution is obtained which does not guarantee th
Prin = 0, Vk,i,n, fulfillment of every user’'s data rate constraints. So, some
K P subcarriers need to be allocated to the users whose minimum
Zp’“’n < 21 i, g, data rate constraints have not been satisfied yet, a pracedur
= N that causes an inevitable decrease in the overall data rate
K since these subcarriers were first allocated to users with
_ : the best channel condition on them. During the reallocation
> prin < T, V0,

procedure each subcarrier reallocation should cause #s¢ le
reduction in the sum of the users’ data rates and the number
of reallocation operations should be kept as low as possible
wheremr;, is the minimum data rate required by thth user. Thus,

Pk.i,n IS the subcarrier allocation indicator such thag ,, = 1

if userk € A, ,, andA4, , is selected in subcarrier, otherwise €t = MAX (Tt,i,n — Tkin Tk*in — rkzn) -

k=1
Ry > mry, Vk,

prin =0, Vk,i,n. The total data rate for usdr, denoted as
Ry, is defined as Vk* € A, N A

i ,n?

)
Tk,in Tk*,i/,n
Vn € S,

N I . . . . .
Z Zp’@ e ©6) is defined as the cost function of reallocating subcarti¢o
o A userk, forming A,/ ,, instead of the originally assigned user

If user k occupies subcarrier, instead of uset, then the data

The problem above (5) is an NP-hard combinatorial ORates of the other users (eah € A, N A ) occupying
timization problem with non-linear constraints. The opmim o Lo

Ry =

=2 w

o by IV which | | i q ¢ XY each subcarrier. In addition, max function, in (7), cetsi
Is given by I"", which Is extremely complicated even Ofof at mostT elements,r;- ; ,, means the data rate of user
moderateK, N. 7

k* e A, andrk*yi/yn means the data rate of usere 4, ,,,
IV. THE PROPOSEDRESOURCEALLOCATION ALGORITHM both in subcarrier. The subcarrier reallocation algorithm is
In the following, a suboptimal, two-step, low-complexity?S fOlOWS.

user selection and resource allocation algorithm is pregpos * FOrk=1,2,..., Kt

that selects users independently in each subcarrier, assd - Set§={1,2,..., N}

on ZF beamforming and guarantees individual minimum data  — While Ry < mry:

rates. x Calculate the cost function according to (7).
1) Sep 1: Algorithm without minimum data rate constraints: x Find [t*,n*] = argmin ek .

It is a modification of [17] implemented in each subcarrier. t€Ain,n€S

* If Ryr — 1= i > mr- and Ry, > miry, Vim €
Ai,nﬁAi/m: Setpt*,m =0, Pkin = 1,8§=8-
{n}, A;, = A, , and computerR,,,, Vm € A, ,,

e SetR, =0, Vk, prin =0, Yk, i, andVn € S.
e« FOrn=1,2,...,N:

- Setl = {1,2,..., K}, [Ain| = 0. according to (4), (6).
— Find userk = argmax;cy || hjn |- x Else:S =8 — {n}.
— Sett =1, prin =1, Ain(t) = {k}, U =U — {k}, « If S =(: break.

and computeRy,, according to (4), (6)4; ., (t) means
the allocation result of the step in subcarrien.
— Fort=23,....T:

In Step 2,Ry, A; » andpy, ; n, Vk, i, n are known from Step
1. Subcarrier reallocation is carried out on a user-by-basis
for all users whose minimum data rate requirements have not

* Find a users; € U, such that been satisfied in Step 1. Consider ukdor example. In each
Z _ Z _ stage, uset* and subcarrien* with the lowest cost function
Tkin > Tkin . . .
are selected which cause the least reduction in the sum of the
keA; (t—1)U{s:} keA;(t—1) X )

) users’ data rates. Subcarriet will be allocated to usek

« If user s, is found, setp,;» = 1, Ain(t) = instead of the originally assigned uset if this reallocation

Ain(t —1)Usy, andUd =U — {s:}. does not caus®;- — ¢ ; ., < mre and Ry, < mry,, Vm €

+ ComputeRy, Vk € A;n(t), according to (4), (6). 4;,n A, . Otherwise, the reallocation will not be done and
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new t*, n* will be identified from the rest of the subcarriers
This subcarrier reallocation process repeats for usentil
its data rate requirement is satisfied, otherwise an outage
occured.

V. COMPLEXITY ANALYSIS

In order to analyze the computational complexity of th
proposed algorithm, recall that” refers to the total number

Sum of the users’ data rates (bit/s/Hz)

of users in the system arild refers to the number of transmit 15 %EEEQEQ 8
antennas at the B3V on the other hand refers to the numbe A e
of subcarriers, which is much larger than bdthandT". 9 P

In Step 1 of the proposed algorithm, the best usamong 10 o wee | . . i i
K users is found for subcarrien = 1,2,..., N, which h : . " " " 6
requiresO(K N) operations. Then, at mo%t — 1 other users Number of users
are found for subcarrien which requires the evaluation of at
most7" data ratesy ; . In order to evaluatey ; ,,, inversion Fig. 2. Sum of the users’ data rates vs K.

of H, (A;(t — 1) Usy)H, (A;(t — 1) Us;)* is required which
can be done in timé(7?), for the worst case, wheli users

—5— Alg.in[20
occupy each subcarrier, using the matrix inversion lemma 1oE e, == 4
described in [17]. Repeating this over at mdst— 1 users oe Eif Wé P :
(st ¢ Ai(t—1)) in each one of the = 2 to T steps, and over o . % ¢ 1
all subcarriers of sef, the overall complexity of Step 1 is 0.7 Z : : % .
obtained to beD(K NT?). %o.eﬁ S /-
In Step 2, while loop runs for at most times for each user. € o5 P % ]
In the while loop, cost function is calculated which reqsire S 0al o |
T comparisons for the max functio®(N7T?) time for the 3 =
data rates(,i,n, rk+,in, Ty i ,,) fOr all subcarriers and’ N .l i F |
multiplications. Therefore, cost function requir€§T*N?). o2y - s ]
Finding t*, n*, requiresO(T'N). Thus, complexity of Step e P z B é/ g R
2 is O(KN*T*) which is also the complexity of the whole RN Sa— © o= 6

proposed algorithm. Number of users
As was mentioned the complexity of exhaustive search for

the optimal solution of the original problem is given By, Fig. 3. Outage probability vs K.

where I = Zszl Il{ . Alternatively, the complexity is

O(KNT) and is prohibitive even for moderate valuesiof N, tap to the first tap being equal to 2. A maximum delay
andT. Thus, it is easily observed that the proposed algorithapread of5us and maximum doppler o30Hz is assumed.
has a very dramatic reduction in complexity compared fbhe channel information is sampled eveiyyms to update
O(K™NT) required by the exhaustive search. the proposed algorithni = 4, N = 128 and the number of
channel realizations is equal 10°.

In Figs. 2, 3,K varies from4 — 16 in increment of2 and

The proposed algorithm is compared with the algorithm$NR = 20, while in Figs. 4, 5,K = 16. Also, Figs. 2, 4
proposed in [17]-[21], Round Robin (RR) algorithm, andiepict the sum of the users’ data rates vs number of users
Maximal Ratio Combining (MRC) transmission, only to theand average channel SNR, respectively, and Figs. 3, 5 depict
user with the strongest channetr;, = 1.5 bits/s/Hz,Vk, and the outage probabily for different values of number of users
in [20], proportional data rate constraints afe= Z;l“# and average channel SNR, respectively. Outage probatsility
Vk and system parameters ate= 0.1, L =T. In KRR algo- defined as the ratio of the users that have not reached their
rithm, each user is given a fair share of the channel resoutegget data rate ovek.
regardless of the channel state ahidusers are selected in In Figs. 2, 4, it can be seen the reasonable price being
each subcarrier. Both equal power (EQ) allocation and wat@aid in order to guarantee minimum data rate requirements
filling (WF) power allocation over the parallel subchanneks aby using the proposed algorithm. In Fig. 2, as the number
considered. of users increases, the difference in sum data rates iregeas

In all simulations presented in this section, the frequencipecause additional multiuser diversity is available to] [1B8]
selective channel consists of six independent Rayleighimukhat only target sum data rate maximization. On the othedhan
path components. As in [20], an exponentially decaying powsiore users put more constraints to the proposed algorithm,
delay profile is assumed, the ratio of the energy of iMie because new users need to share the same resources. Atgorith

VI. SIMULATION RESULTS
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60 T T

8 — Alg.in [20] downlink over frequency-selective channels was introduce
% MRC b The main goal was to satisfy the minimum data rate re-

.50 - —+—Alg.in[17] . . .
g o Prop. alg. b qguirements of users despite the loss with respect to the
3 ||~ ~Aginf2 P unconstrained case where the only target is the maximizatio
| A RPN of the sum data rate. Simulation results provide proofs abou
§ —>— Alg. in [18] AT these statements and complexity analysis shows the damati
g s ‘ 1 reduction in complexity compared with exhaustive search.
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