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Abstract—The resource allocation problem at the downlink The cell capacity maximization problem under considera-
of a wireless multiuser multicarrier system is addressed, where tion is a bottom-up optimization, and throughout the paper
each end user in the cell has two QoS requirements that \q refer to the module that solves this optimization as the

need to be fulfilled, namely the minimum data throughput .
and the maximum latency time. Under these QoS constraints resource allocator(RA). We propose a RA algorithm that

and with limited available radio resources (frequency band and gives a suboptimal solution by solving a sequence of top-
transmit power), the capacity of the system in terms of the down optimizations,i.e.,, iteratively, the minimum amount
number of servable users is to be maximized. A cross-layer of resources needed to serve a specific subset of users is
framework is introduced where subchannel assignment, power computed and compared with the total amount available. The

allocation, adaptive modulation and coding, and ARQ protocol . .
are jointly taken into account. Due to the complex structure of tre cross-layer framework from [4] is adopted and adjusted ¢o th

optimization a suboptimal solution is proposed, which is shown SPecial features of multicarrier systems.
by numerical experiments to be computationally tractable yet

yielding relatively satisfactory system performance. II. SYSTEM MODEL
Consider the downlink scenario of an isolated single-cell
. INTRODUCTION multicarrier system withD users each having one data stream

to be served.The data streams, or equivalently the users, are

By jointly adapting variables from several layers in &haracterized by two QoS parameters each, nathedyighput
communication system and thus making more efficient ua@d latencywhich are defined as:
of the radio resourcesross-layer optimizatiorhas become Definition 1: The throughpup,, of userk is the data rate that
one of the key approaches to meet the increasing demagicvailable on top of channel coding. LEtbe the length of
for better quality of service(QoS) in current and future atransmission time intervg[TTI), i.e., the time slot in which
wireless networks. On the other hand, due to their ability @ packet is transmitted, an@l, be the number of information
overcome frequency selective fading and support high daiis that are successfully transmitted during one TTI, then
rates, multicarrier systems have drawn much research gno= B, /T.
industrial attention. In this work, the application of csdayer Definition 2: The latencyr, of a packet from usek is the
optimization technique to a multicarrier system that sea®a delay it experiences until received correctly with an oetag
downlink transmitter is investigated, aiming at allocgtiadio probability of no more than the predefined valmé&"). Let
resources to the end users in the cell in an efficient mannef,[m] be the probability that it takes exactly, TTI's to

The resource allocation problem in multicarrier systerns h&tansmit a packet error-free, thep = (M, —1)(RTD+T)+T
long been studied. In the early work of [1], a multiuser OFDMvhere RTD represent®und trip delay and
subcarrier, bit, and power allocation algorithm to minienthe M
total transmit power is proposed. In [2], the Lagrange dual M, =min M st Z fulm] > 1 — w0,
decomposition method is employed to solve both weighted M o N
sum rate maximization and weighted sum power minimization
problems in OFDMA systems. When cross-layer technique?,
come into play, such optimizations would involve variable
from different layers and can be categorized into two ckss
namely thebottom-up optimizations, where the amount ofa. channel Model
resources is given and users’ QoS are to be optimized, and th
top-downoptimizations, where the QoS requirements of users

are given and the resources needed to provide such QoSSaerI(S3 ctive fading over the total system bandwidth and

to be optimized. In [3], the maximization of a utility funoti frequency-flat fading over eacsubchannelwhich is consist

takes both efficiency and fairness of resource allocatiom inOf Ne adjacent subcarriers. FDMA is employed meaning the

account. SU(fh a framework falls into the bott_om-up Ccalegoryithe case where each user has more than one data stream carilbe eas
where the utility value serves as a QoS metric. extended from this work.

In the following subsections, the mathematical descrifgio
the regarded system components are derived which lay the
asis for cross-layer optimization.

The downlink broadcast channel is modeled as frequency-



assignment of every subchannel is exclusive to one uskr,order to apply this upper bound on code word error prob-

and intercarrier interference(ICl) is not taken into account. ability to the extensively used turbo decoded convolutiona

Moreover, we restrict ourselves here to the single-anteasa code, quantitative investigations have been done in [4] and

both at the base station (BS) and at the mobile stations (M&h expression for thequivalent block lengtks derived based
Let Hy,, ando? , be the channel coefficient and Gaussiaan link level simulations. The result from [4] shows that the

noise variance of usér on thenth subchannel, ang, be the performance of a turbo decoded convolutional code apptied t

amount of power allocated on subchannelWhen assigned a packet of coded lengthi,, in a very good approximation

to userk, thesignal-to-noise-ratidSNR) on subchannel can equals the performance of a block code with block length

be computed as

Neq = B0 Ly, 4
— |Hk',n 2 (1) “
T = ot b where parametef is used to adapt this model to the specifics

of the employed turbo code, and, = NN, log, A,,. Con-
We choose the TTI to be of lengti’ = 2 ms and gequently, the transmission df, bits is equivalent to the

assume th_at the channel is constant d_uring one TTI. Reso%%ﬁuential transmission df, /neq blocks of lengthn., and
allocation is updated on a per TTI basis, and one TTI contaifss an error rate of

Ny = 16 symbols for data transmission. 5
_ , Thm = 1 — (1 — 7 ) ea
B. FEC coding and modulation L

S 1-— (1 — 2inSQ(R0(’kan*An)7Rn log, An)) "rea . (5)

We assume that modulation and coding across the subchan-
nels are done independently, and with reference to the WiMAX
standard8 modulation and coding schemes (MCS) are chosen
as candidates, which are listed in Table I.

C. Protocol
Table | .
MODULATION AND CODING SCHEMES (MCS) At t'he MAC layer anautomatic repeat reque§ARQ) pro-
tocol is employed. The data sequence transmitted in one TTI
Index | Modulation Type | Alphabet SizeA | Code RateR | Rlog, A on one subchannelg., apacket is used as the retransmission

; g';gﬁ i };; 05 unit. Since with ARQ, the corrupted packets at the receiver a

3 QPSK a 377 15 simply discarded, we assume that _the packet error prot;abili

4 16-QAM 16 1/2 2 (PEP) of a retransmitted packet is the same as that of its

5 16-QAM 16 3/4 3 original transmission, which consequently gives

6 64-QAM 64 2/3 4

7 64-QAM 64 3/4 45 _

8 64-QAM 64 5?6 5 femlm] =, H1 =), meZt.

) ) ) ] ] The number of transmissions needed to keep the outage
Since intersymbol interference is not present in the SySteﬁbeability belowr©") is obtained as

with the help of cyclic prefix or an equalizer, each subchanne

can be modeled asdiscrete memoryless chan{@&MC) over In r(out)
which thenoisy channel coding theorefb] can be applied. Min = ’711171—1671“ )
Let the modulation alphabet and the coding rate on subchanne ’
nbeA, = {ai,...,as, } andR, respectively. Theutoff rate Now denote the set of subchannels assigned to kses
of subchanneh with SNR v, ,, can be expressed as Sk. The latencyr;, is determined byM; = maxy,ecs, Min
according to Definition 2. Throughput, on the other hand,
Ro(Vk,n, An) 1A equals the sum throughput on every subchamnel S, and
=logy A, —log, |1+ Al > Z e la—amPrn | can be computed as
m=1 l=m+1 @ P NgN, Z R logy An(1 — m00) 7
Note that the cutoff rate is monotonically increasing withRS neSy

when the modulation alphabet is fixed, yet it is not monotone
with varying modulation levels when SNR is fixed. L : : .
. . well as their simulation values are summarized in Table II.

The noisy channel coding theorem states that there always
exists a block code with block lengthand binary code rate
R, logy A, < Ro(Yk,m, An) in bits per subchannel use, such
that with maximum likelihood decoding the error probalilit A. Problem Formulation
7k,n Of & code word satisfies

The quantities mentioned in this section, their notati@ss,
I1l. CROSSLAYER OPTIMIZATION

As introduced, the RA is provided witl) data streams,
T < 271 E Ok, An)=Rn logy An), (3) each with QoS parameters'® and 7"”. The bottom-up



Table I

SYSTEM PARAMETERS _As_ it is infnrqctable to enumerate all user subsets, _strict
priority order is imposed on thB users such that the reduction
Total bandwidth 10 MHz and expansion ok is simplified. The general RA procedure
Center frequency  fc 2.5 GHz . ized in Al ithm 1
FET size 1024 is summarized in Algorithm 1.
Number of data subcarriers 720
Number of subchannels N 30 Algorithm 1 Resource Allocation Procedure by RA
Number of subcarriers per subchannel N 720/30 = 24 — ioritized D d ith -
Transmission Time Interval (TTI) T 2ms Require: anrmze D data streams with QoS requirements
Number of data symbols per TTI N 16 Ensure: Mam(rr;um (sget of data streaniS that can be served
Round Trip Delay (RTD) RTD 10 ms mouteN®
Turbo code dependent parameter 3 32 Compute ’9/’ k K ()
Outage probability 7(°ut)  0.01 K —maxK' st >, N~ ~ <N
Number of users in the cell D 24 K —{1,...,K}, solve (9) with

while P, > Piot do
K~ K\{K}, K +— K —1, solve (9) withC
optimization of maximizing system capacity is formulated a end while
for K=K+2,...,D do

K,{S%?:A,RVQ if N}P + D ke N,El) < N then
st 1Tp < Py, Solve (9) withK U {K}
SnNS;j =0, i,jeK,i#j if Pnin < Pioy then
UkexSk C N, 8 K—KU{K}
(Ap,Rp) € M, n=1,....,N end if
pr > pl Y kek end if
< Tk(:YQ)7 kek, end for

where P, is the total available transmit powek;, N' and

M are the set of users, the set of subchannels, and the Bet'he Three-step Approach

of available MCS, respectively. The top-down optimizatafn =~ The non-convex top-down optimization has intrinsically a
minimizing transmit power with respect to user subkeis complicated structure in that the optimization variables a

formulated as tightly coupled causing a direct decomposition of the owd)i
min 17p problem impossible. In [6], a non-iterative method is pregad
{Sc}.p,A,R to solve the sum-rate maximization problem in OFDMA
st. &§ins; =0, L,jEK,i#£]j systems subject to the constraints on the proportionality o
UkexSk C N, 9) user data rates. Based on this idea we propose a three-step
(A, R,) e M, n=1,...,N approach to solve (9)i.e. first the subchannel assignment
P > pgq>7 Lek (SA) is determined, then power allocation (PA) is performed
< T,E”“, kek, at last SA and PA are adjusted if there are free subchannels

left. At each step, some variables are kept fixed while some
and its optimum value is denoted I%,;,. Note that sinceM  others are being optimized: in the SA step, the MCS on every

is a finite set of MCS, (9) can be infeasible. subchannel is fixed and different assignments are compared b
As the latency requirement bounds the maximum numbesmputing the power needed on each subchannel to achieve
of transmissions to the required PEP; in the PA step, the subchannel assignment
(rq) is fixed and the best combination of MCS on each subset of
7 =T -
My, = { + J , (10) subchannels is found.
RTD+T 1) Subchannel Assignment (SAW):this step the same MCS

) ) ) is assumed on every subchannel. If fact, whichever specific
the maximum tolerable PEP is computed a§” = ncs is chosen wil yield the same SA. According to (2),
M/x(out), This means, constraint, < 7" is equivalent (4), (5), the minimum power required to achiex€® on a
to mg, < 771(;(1)- n € S,. As R, log, A, is within the range subchannel can be computed by using a binary search on the
from 0.5 to 5, the minimum number of subchannels requiredutoff rate curve, and the results are recorded in magix
by userk, N and the maximum number of subchannelR'f'XN. The SA problem is formulated as

userk can possibl useN(“), are computed as .
P y k P Héln Z Z Pk.n
1 p(YCI)T p(YQ)T Sk} ke neSy
N = v |t N = oEwa |- @ st. §;NS; =0, ijeki#j
: siVc $J siVc UkEICSk g./\/', (12)
Therefore a sufficient condition for (9) to be feasible is Skl > N, kek

Shex NV < N, S| < N ke Kk,



i.e,, from each column ofP one entry is picked such that the(R,, log, A,)as, but still fulfills (14). Note that to achieve the
kth row has betweerj\f,il) and N,g”) picked entries, and the same PEP, the most power-saving MCS combination is always
sum of all picked entries is minimized. an efficient one.

Intuitively the minimum entry from every column i® is For each MCS combination, the optimal power allocation
picked up. If N,E,l) < |8k < N,E“),k € K is not fulfilled, is the solution to problem

then a set of unsatisfied uséés with |Si| < N,il), and a set i Z

of oversatisfied userk, with |S;| > N,El) are obtained. We {mh.nn€Sk} P

deprive from the ovgrsgtlsfled users the subchannels (\{\)ﬂih th st 0<mp, < W;SrQ), ne s, (15)
least advantage assigning to them, uvitile K., |Sx| = N, . ' ' (ra)

All the deprived subchannels form a set of extra subchannels Z Ry logy Ap(l — g p) > Pi .

N.. The same assigning procedure is then repeated oand neSk NsNe

Ne. The recursion stops when there are no more unsatisfiggh .o the mapping from PEP to transmit power is monotonic,

users. The SA algorithm is summarized in Algorithm 2. It i§,e second constraint in (15) must be active at optimalityah
a greedy algorithm in the sense that during the assignmgatore if the MCS combination satisfies
the unsatisfied and exactly-satisfied users never give up the ' ()

rq T

subchannels already assigned to them. Z Ry logy A, > 0 p,z.rq))N —
— Ty siVe

Algorithm 2 Subchannel assignment neESk
Require: P = (py.), N and N{" then mp,, = 70% n € S, is optimum. However, other
Sy —0,kek properties of the mapping which provide more insight on
forn=1,...,N do solving (15), such as differentiability and convexity, dvard
k — argming pg n, Sk — S U {n} to prove. As the expense to further reduce the PEP when
end for it is already small can be very high, central points in the
Ko {k:|Sk| < Nél)}, Ne 10 polyhedron defined by the constraints of (15) could serve as
while K, # 0 do good approximations to the optimal solution. In the implame
for eachk € {k : |Sk| > ngl)} do tatiqn we choose thanalytic center{7] of the polyhedron in
while |S;| > N" do particular. S
n — argmin,cs, (Mingex, (Pr/n — Phn)) 3) Adjustment: The outcome Qf PA might indicate zero
Ne = NoU{n}, Sp — S\ {n} MCS on some subchannels, which means these subchannels
end while are released from occupation, and can be assigned again to
end for other users. As higher MCS are much more power consuming
for eachn € A, do than lower MCS, we find the subchannels using the relatively
k = argming . P, Sk — Sp U {n} highest MCS as well as their possessors, and compare each
end for b alternative of assigning the empty subchannels to thess.use
K — {k S| < N,il)}, N, — 0 The adjustment phase is in fact an amendment to SA.
end while

IV. SIMULATION RESULTS

24 users uniformly located in a cell of radiuis km are
assumed, each having one data stream to be served. The data
streams are characterized by the typical QoS parametars fro
3 classes of traffic, namely voice traffic, video streaming] a
other interactive streaming applications such as gamihg. T

. . . QoS requirements of the data streams used in the simulations
2) Power Allocation (PA):With the SA result as input, re listed in Table Il according to their priority order, are

power aIIocat_lor_1 is no longer coupled among the users. .TEhee unit of p is kbit/s and the unit of is ms.
top-down optimization (9) can therefore be decomposed in

N, — {n : extra subchannels assigned to the last K, }
Ko — {k: |Sk| < N3
for eachn € N, do
k = argmingcx. P, Sk < Sk U {n}, updatelC,
end for

(0]

|| independent optimizations as Table Il
. QOS REQUIREMENTS OF20 USERS FOR SIMULATION
min Z Pn St opp > ng),T}c < T]grq). (13)
neSk N U
. . . . . ser T ser T
Firstly we look for allefficientMCS combinations om € S, 16 ]_pzkg 2’6 1318 §§4 4%
such that 7-12 1600 40 19-24 | 200 50
p(TQ)T
> Rylogy Ap > 2k (14)
NN, . . .
neSy The wireless channel is modeled as a frequency-selective

is fulfilled. A MCS combination)/, is said to beefficient fading channel consisting of six independent Rayleigh imult
if AM! # M., such thatvn € Sy, (R, log, An)m; < paths with an exponentially decaying power profile. The ylela
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Figure 1. Probability density of the minimum power to serve2éllusers Figure

spreads are uniformly distributed within /s, resulting in a
rms delay spread of about O& which is consistent with the
assumed channel coherence bandwidth. The path loss in dB ¢ °®
is computed asPL(d) = 140.6 + 35.0log;, d following the
COST-Hata model, wheré is the distance between MS and
BS in km. We assume a receiver noise level-dfr4 dBm/Hz
and a total transmit power d¥,,; = 10 W, which plus antenna
gain and minus BS internal loss results inedfective isotropic
radiated power(EIRP) of 54 dBm.

For the purpose of comparison, the allocation schemes volle= CLARA
with static SA, where each user is assigned with adjacent -8~ static SA
fixed subchannels, with static PA where the same MCS and ~ */ —~ zg:g EQHDA
PEP are applied on every subchannel the user occupies, anc o, ‘

o
3

o
o

o
~

o
w

Probability of getting service
o
[9,]

with static SA+PA which combines the former two are also ) PUser index © ®
simulated. The program is executed with 1000 independent
channel realizations. In Fig. 1-3 it is clearly shown that th Figure 3. Probability of each user to get served

allocation scheme proposed in this paper, under the name
CLARA outperforms the other three static schemes in reducing
power consumption and providing service to more usefMumerical experiments have demonstrated the effectigenes
whereas static SA+PA performs the worst as expected. Tokthe proposed scheme, which can serve as a good starting
importance of an efficient dynamic SA scheme is also stresgagdule for a more sophisticated cross-layer framework.
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