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Abstract

Most existing work on adaptive allocation of subcarriersl grower in multiuser orthogonal
frequency division multiplexing (OFDM) systems has foaligg homogeneous traffic consisting
solely of either delay-constrained data (guaranteeda®yor non-delay-constrained data (best-effort
service). In this paper, we investigate the resource dilmtgroblem in a heterogeneous multiuser
OFDM system with both delay-constrained (DC) and non-delaystrained (NDC) traffic. The
objective is to maximize the sum-rate of all the users withQ\itaffic while maintaining guaranteed
rates for the users with DC traffic under a total transmit poeenstraint. Through our analysis we
show that the optimal power allocation over subcarrieroied a multi-level water-filling principle;
moreover, the valid candidates competing for each sulerantclude only one NDC user but all
DC users. By converting this combinatorial problem with exential complexity into a convex
problem or showing that it can be solved in the dual domaificieft iterative algorithms are
proposed to find the optimal solutions. To further reducedmputational cost, a low-complexity
suboptimal algorithm is also developed. Numerical studiesconducted to evaluate the performance
the proposed algorithms in terms of service outage proibghiichievable transmission rate pairs

for DC and NDC traffic, and multiuser diversity.

Index Terms

Orthogonal frequency division multiplexing (OFDM), coast-rate transmission, variable-rate

transmission, power control, convex optimization, wat#ing.

I. INTRODUCTION

Future broadband wireless networks are expected to suppade variety of communica-
tion services with diverse quality-of-service (QoS) requients. Applications such as voice

transmission and real-time video streaming are very de#msitive and need guaranteed
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throughput. On the other hand, applications like file trangsihd email services are relatively
delay tolerant so variable-rate transmission is acceptdfiiom the physical layer point of

view, transmission of delay-tolerant or non-delay-caaisted (NDC) traffic can be viewed as
an ergodic capacity problem [1], where maximizing the lo@gn average transmission rate
is the goal. Thus, wireless resources, such as transmipsiwar and frequency bandwidth,
can be dynamically allocated so as to exploit the time ordeagy selectivities of broadband
wireless fading channels. Likewise, transmission of dekaysitive or delay-constrained (DC)
traffic can be regarded as a delay-limited capacity probl2mn which a constant trans-

mission rate should be maintained with probability one reéiggs of channel variations. In
this case, it is desirable to allocate more transmissiongp@nd frequency bandwidth when
the channel experiences deep fade and to allocate lessecesomhen the channel is under
favorable conditions. We investigate in this work resowatiecation in a broadband wireless
network that supports simultaneous transmission of usehsdelay differentiated traffic. Our

focus is on the formulation of an analytical framework frone tphysical layer perspective
as well as the design of efficient and practical algorithms.

Multicarrier transmission in the shape of orthogonal freaey division multiplexing (OFDM)
is a leading technique to provide spectrally efficient matiah as well as user multiplexing
in future wireless systems. With OFDM technique, the braadbwireless channel is divided
into a set of orthogonal narrowband subcarriers. In a singkr system, since the channel
frequency responses are different at different subcatrigre system performance can be
significantly enhanced by adapting the transmission paemsuch as modulation, coding,
and power over each subcarrier. For instance, the tramsnaidin send at higher transmis-
sion rates over subcarriers with better channel conditibrierlower rates or no data over
subcarriers in deep fade. This follows the well-known w4diteng principle. In a multiuser
system, different subcarriers can be allocated to diffeusers to provide a multiple access
method, also known as OFDMA. As the channels on each subcame likely independent
for different users, the subcarriers experiencing deep fad one user may not be in deep
fade for other users. As a result, each subcarrier could lgoaa condition for some users
in a multiuser OFDM system. By adaptively allocating the@rbiers among multiple users
based on instantaneous channel information, multiusersity can be utilized to boost the
overall system efficiency.

Adaptive resource allocation in multiuser OFDM systems fogsised on homogeneous

traffic only. In such systems, the traffic consists solely itiex DC data requiring constant-



rate transmission [3], or variable-rate NDC data which carserved in a best-effort man-
ner [4]-[6]. For systems with pure DC traffic, the problemasniinimize the total transmit
power while satisfying a basic transmission rate for eadr,ushich is often referred to as
margin adaption [7]. In [3], an iterative algorithm was proposed to allocaseh user a set of
subcarriers and then determine the power and rate for earhounsts allocated subcarriers.
For systems with pure NDC traffic, the problem is often foratetl as maximizing the sum-
rate of the system subject to a total transmit power comgtrahis formulation is also known
as rate adaptation [7]. In [4], it was shown that the total sum-rate of a multiu§€eFDM
system is maximized when each subcarrier is allocated tagbewith the best channel gain
for that subcarrier. The total transmit power is then distieéd over the subcarriers using the
water-filling algorithm. This result holds, however, onlyr fsingle-antenna systems. It is no
longer optimal when multiple antennas are deployed at tlse Iséation due to the spatial
multiplexing gain [5], [6], [8]. Other problem formulatienfor systems with pure NDC
traffic take user fairness into account. For example, [9listl the max-min criterion which
aims to maximize the transmission rate of the bottleneck. us€10], it was proposed to
maintain proportional rates among users for each chanaktagon. A utility-function based
optimization framework to balance system efficiency and teeness was also discussed in
[11].

In this paper, we consider the subcarrier and power alloggiroblem in a heterogeneous
multiuser OFDM system where DC and NDC traffic is supportedusianeously. Users in the
system are classified into DC users and NDC users based orrtdféc delay requirements.
We assume that the total transmit power from the base statifined. Our objective is to
maximize the sum-rate of all the NDC users while maintairtimg basic transmission rates
of all the DC users over every transmission frame. A simila@bgem was studied in [12].
However, it assumed static subcarrier allocation so ondytthnsmit power adaptation was
discussed. Our work, instead, considers joint subcarner @ower adaptation in multiuser
OFDM systems, which is one step forward of the previous wdtks multiuser subcarrier
and power allocation problem is a mixed integer programngrapblem, the complexity of
which increases exponentially with the number of subcerri€ make the problem more
tractable, we transform it into a convex programming probley introducing time-sharing
variables. We show that, for a given subcarrier assignnteatpptimal power distribution is
achieved by multi-level water-filling. In particular, theater level of each DC user depends

explicitly on the channel gains of its assigned subcarrgerd its basic rate requirement,



and can differ from one another. On the other hand, the wateild of all NDC users are

the same. We also show that, for the optimal subcarrier agsgt, the set of valid user
candidates competing for each subcarrier consists of allugers from the DC group and
one from the NDC group with the best channel gain. Using tipeeperties, we propose an
efficient iterative algorithm to compute the optimal sadatinumerically. Alternatively, the

original problem is solved in the dual domain by using dualaeposition. It is shown that

the dual updates can be done efficiently using an ellipsgidrahm. In addition, we present
a suboptimal algorithm with linear complexity in the numieérsubcarriers and the number
of users.

The rest of this paper is organized as follows. In Sectiondlimtroduce the system model
and describe the problem formulation. In Section Il we fatate the resource allocation
problem as a convex optimization problem by using timeisigatechnique and present
analytical frameworks of the optimal solution. An iteratialgorithm to search the optimal
solution is also presented. In Section 1V, we attempt toestihe problem using dual approach.
A low-complexity suboptimal algorithm is given in Section M Section VI, we present
numerical results of our proposed algorithms in a multi@ebM system. Finally conclusion

and discussions are given in Section VII.

[I. SYSTEM MODEL AND PROBLEM FORMULATION

We consider the downlink of a multiuser OFDM system with Blaiagram shown in
Fig. . The system consists & mobile users. The firsk; users have DC traffic, which
requires a constant transmission rate Qf (¢ = 1,..., K;) bits per OFDM symbol, re-
spectively. The traffic of the remaininf’ — K; users has no delay constraint and can be
delivered in a best-effort manner. Note thatis the number of users that are scheduled for
transmission during a certain transmission interval. Tdial thumber of users in a practical
system may be much larger thdt and, hence, other multiple access techniques such as
time-division multiple access (TDMA) are needed in conjioit with OFDMA. The data
streams from thé{ users are serially fed into the encoder block at the baserstaansmitter.
The total channel bandwidth iB Hz and is divided intoNV orthogonal subcarriers, which
are shared among th€ users. The transmission is on a time-frame basis, where featie
consists of multiple OFDM symbols. The fading coefficienfsall users are assumed to
remain unchanged within each transmission frame but cay fram one frame to another.

All channel information is assumed perfectly known at thatcd controller, which can



be embedded with the base station. Typically, the chanriefnration can be collected by

estimating it at each user terminal and sending it to the bt@n via a feedback channel,
or through channel estimation of the uplink in a time-diersiduplex system. Based on the
instantaneous channel inputs, the central controllecalés different subcarriers to different
users and determines the amount of power/bits to be tratleshon each subcarrier through
the subcarrier and power/bit allocation algorithm. Theut@sy allocation information is used

to configure the encoder block at the base station trangnaitig to facilitate the subcarrier

selector and decoder at each user receiver. Note that tbeatbn information may be sent
to each user via a separate channel. The output data symbaistfie encoder are then
modulated by the inverse fast Fourier transform (IFFT). i@uaterval is inserted to ensure
orthogonality between OFDM symbols. The total transmit pofrom the base station is
fixed and is given byPr.

The broadband wireless channel between the base stati@aahdiser terminal is assumed
to be frequency-selective Rayleigh fading. However, thenclel in each subcarrier is narrow
enough to experience flat fading. Ligt, denote the transmission rate of useon subcarrier
n in bits per OFDM symbol. It depends on the channel gain and the allocated power

P, of userk on subcarriem. In general;r;,, can be expressed as

Pk,n|hk,n|2
TNyB/N )’

where N, is the power spectral density of additive white Gaussiasenandl' is a constant,

ron = log, (1 i 1)

usually called the signal-to-noise ratio (SNR) gap [7]. Wiestantaneous mutual information
is used to characterize the achievable transmission raejavel’ = 1 (0 dB). If practical
signal constellations are usdd,s a constant related to a given bit-error-rate (BER) regjuir
ment. For example, when uncoded QAM modulation is used we hav — In(5-BER)/1.5.
In general, the gap serves as a convenient mechanism fojzargakhe difference between
the SNR needed to achieve a certain data rate for a pracyist@ns and the theoretical limit.
Throughout this paper we udéd (1) as a unified form to chaiaetboth the theoretical mutual
information and practical transmission rate.

The problem we consider here is to optimize the allocatiorsuifcarriers and power
under the total transmit power constraint so as to maxintieesum-rate of all théd — K,

NDC users while satisfying the individual rate requiremént each of thek; DC users.



Mathematically, the given problem can be formulated as

K
hax Z Z Thn (2
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subject to Z Thm > Ry, k=1,..., K

neQy

K
> Pin=rPr
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QU U---UQg C{1,2,...,N}

01,9, ..., Qk are disjoint

where (2, is the set of subcarriers assigned to user),’s must be mutually exclusive
since each subcarrier is allowed to be used by one user anlyereral, it is necessary to
share the same subcarrier among multiple users in orderhiev&cthe multiuser capacity
region [13]. This suggests that superposition coding togretvith high complexity decoding
should be used. However, there is only a small range of frequevith overlapping sharing
according to [13] when optimal power control is used. We e¢f@e focus on mutually
exclusive subcarrier assignment schemes, which can algplisi transmitter and receiver

implementation for practical systems.

[l. TIME-SHARING BASED OPTIMAL SUBCARRIER AND POWER ALLOCATION

Finding the optimization variableg, and P, ,, for all £ andn in (@) is a mixed integer
programming problem. In the system wikh users andV subcarriers, there a&” possible
subcarrier assignments since each subcarrier can be uselser only. For each subcarrier
assignment, the total power will be allocated to meet theviddal rate requirement for each
DC user and at the same time to maximize the sum-rate of the NE¥@s. The subcarrier
assignment together with its associated power allocatan results in the largest sum-rate
while satisfying all the constraints is the optimal solatio

An approach to make the problem more tractable is to relaxcthrestraint that each
subcarrier is used by one user only. We introduce a sharicigrfa;,, € [0, 1] indicating
the portion of time that subcarrier is assigned to user during each transmission frame.
This time-sharing technique was first proposed in [3] and tbeen frequently used in the

context of subcarrier assignment in multiuser OFDM systéonsonvert a mixed integer



programming problem into a convex optimization problem, [®], [9], [10]. In addition,
we introduce a variable;,, and define it as;,, = pr P, for all & andn. Clearly, sy,
becomes the actual amount of power allocated to kismr subcarrien, whereask, ,, is the
power as if subcarrien is occupied by usek only. If p;. ,, = 0, we always havey, ,, = 0 but
Py, is not necessarily equal to zero. For notation brevity, wevle, = |ht,|*/(TxNoB/N)
for all £ and n, which is called the effectivehannel-to-noise ratio (CNR) of userk on
subcarriemn. Here, for the purpose of generality, the subindes added to the SNR galp
to include the case when each user has different BER reqeiremf adaptive modulation
and coding is used. With the aid of time-sharing factars we now readily transform the

original problem[(R) into:

K N
max DS pratog, (14 22080 @)

loenssent | S 000 Pk,n

N

subject to Zpk,n log, (1 + Sk’nak’n> > Ry, 1 <k<K; 4)
! Pk,n
K N
SN s = Pr 5)
k=1 n=1
K
S pin =1, ¥n ®)
k=1
Sk >0, 0< ppp <1, VE, 1 . (7)

The objective function(3) is a sum of functions of the fofitps. ., Sk.n) = pr.nlogy (1 +
C’Sk,n/pk,n), whereC' is some positive constant. By evaluating the Hessian meriX oy ,., S )
at py., andsy ,,, we can prove thaf(px ., sx.») is concave [14]. Thus, the objective function is
also concave since any positive linear combination of cemfanctions is concave. Moreover,
since the inequality constraint functions [d (4) are conaex the constraints iml(5)(7) are
all affine, the feasible set of this optimization problem aex. Therefore, the problem in
@)-(@) is a convex optimization problem and there existamuwe optimal solution, which
can be obtained in polynomial time. In the following we dersome desirable properties of

the optimal solution.



The Lagrangian of the above problem is given by

N Uprnt Asknts B, 1 0) = Z Zﬂknlog2< P ’“")+

k=K1+1 n=1 Pryn

Zﬁk [Zﬂknlogz <1+ kpnkkn>—Rk
K N

M(PT_ZZSkn>+ZUn (1_Zpk,n>a (8)
k=1 n=1 = k=1

where3 = (B1,...,0k,) = 0, p > 0 andv = (vy,...,vy) are the Lagrange multipliers for
the constraints{4)[15) and](6), respectively. The boundanstraints[{[7) will be absorbed
in the Karush-Kuhn-Tucker (KKT) conditions [14] as showtelaLet p; , and s; , denote
the optimal solution, if it exists, fot < £ < K, 1 <n < N. Applying the KKT conditions,
we can obtain the necessary and sufficient conditiongifgrands;, . Specifically,pj ,, and

sy, should satisfy the following equations:

a5i(..) ) =0, 55, >0

- , Vk,n )
Oin | <0, sf, =0
. <0, pr, =0
oJi(.. ’
apk,n pk,n
>0, /)Z,n =

By —0, 1<k<K,. (11)

AN St m
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A. Optimal Power Allocation for Given Subcarrier Assignment

In this subsection, we present the optimal power distrdyutvhen subcarrier assignment
is given.

Let {px,} be any given subcarrier assignment scheme. Differengjatie Lagrangian in
@) with respect tos;,,, and substituting the result into the KKT conditidd (9), wetab:

’ Pk pwln2 g,
fork=1,...,Kyandn=1,..., N, and
pro= b ( - ) (13)
' Pk Mln2 Okn

fork=K, +1,...,K andn=1,...,N. Here,(z)* £ max (0, z).



Equations[(1R) and (13) clearly show that the optimal powlecation follows the standard
water-filling approach, except that the allocated powernly @n for p;,, portion of time.
For each user, more power will be allocated to the subcarméth higher CNRs and vice
versa. But the water levels of different users can be differ8pecifically, the water level
of each DC user is given by, = 5/(nln2), for £ = 1,..., Ky, and it should ensure the
basic rate requirement;, in (4). Substituting[(12) into the KKT conditiof (IL1) and irew

of g, # 0, we obtain the closed-form expression oy given by:
1/ E"EQk, Pk,n

28
, (14)

[ Hneﬂk (ak7n>pk’n

where ;. is the set of subcarriers that is assigned to usevith p,,, > 0 and satisfies

Ly =

o, > 1/L;. In the case where the given subcarrier assignment is niyitexetlusive, i.e.,
all the p; ,,’s only take one or zero, the water levelg can be re-expressed as
9 Ry, 1/ gk

v () )
whereay 11 > a2 > ..., > ay o, are the ordered CNRs of tiieth DC user on its allocated
subcarrier sefl;, and g, (< |Q|) is the largest integer satisfying, , > 1/L;. The water
level of all the NDC users, on the other hand, is observed f§d8) to be the same and is
given by Ly = 1/(uIn2). Let Pocr = >0 o0 prw Py, represent the actual total power
consumed by thd<; DC users. Then the water level of NDC usefs, can be obtained
numerically by using the total power constraicr + > . 1 Son_ ) praPi, = Pr.

Fig. 2 illustrates the optimal power distribution based ounltiHevel water-filling in a
multiuser OFDM system with’ = 4 users andV = 8 subcatrriers. In the figure, the height
of each blank region represents the inverse of the chanrabise ratio and the height of
shadowed ones is the allocated power. The water levels ofwbeDC users.t = 1 and
k = 2, are given byL; and L,, respectively, and they are determined explicitly by thsiba
rate targets. The water level of the two NDC usets= 3 and &k = 4, is given by L,
and it depends on the total available power after the suiraof the power consumed by
DC users. This interpretation on the determination of whaeels implicitly imposes higher

priorities on DC users, for which the basic rate targets mhesgjuaranteed all the time.

B. Optimal Subcarrier Assignment

The subcarriers and power should be allocated jointly tee@etthe optimal solution of the

problem formulated il (3)=(7). The previous subsectiorassed the analytical expressions of
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the optimal power allocation for a given subcarrier assignmin this subsection, we derive
the optimal strategy for subcarrier assignment assumiagtwer allocation is optimized.

Taking the partial derivative of the Lagrangian n (8) wi#spect top, ,,, we have:

6J1() A SknOkn SknCkn
= By [logy (1+ k) na, ~ U, 16
6pk,n g 52 Pk.n In 2(pk,n + Sk,nak,n) ( )

where;, = 3, for 1 < k < K, and 3, = 1 otherwise. Now we substitute the optimal power
allocation [I2) and[{13) intd (16) and apply the KKT conditifd), then we get:

1, v, < Hk,n(L(]a Lk)
pk,n = ~ .
0, vy, > Hk,n(L(]a Lk)

Here, the variabld.,, for k = 1,..., K is defined ad., = L, for 1 < k < K, and L, = L,

otherwise, and the functio;. (Lo, L) is given by:

+
~ L NG 1 1
Hyn(Lo, Li) = L—z { [logz (ak,nLk)} o3 (1 - ) } : (17)
kntik

Due to the constraint iil]6), we conclude that the optimatautier assignment is decomposed

into V independent problems. That is, for each subcanieif HM(LO,Ek)’s, for k =
1,..., K, are all distinct, then only the user with the Iarge‘ﬁ;m(Lo,Ek) can use that

subcarrier. In other words, we have:

plt:’(n),n = 17 plt:,n = 07 vk 7& k/(n) (18)

wherek’(n) = arg maxi<p<x Hin(Lo, Zk). Hence, it follows that for a given set of water
levels {Lg, L1, ..., Lk, }, or equivalently, a given set of Lagrange multipligr8, 11}, we
can determine the optimal subcarrier allocation using .(H)wever, the optimal solution
obtained may not satisfy the individual rate constrdihta@ddl the total power constrairi (5).
FunctionHy,,( Lo, L) in @I72) plays a key role in finding the optimal solution of salrter
and power allocation. We now take a closer look at its featuFérstly, by differentiating
Hy..n(Lo, Li,) with respect tav ,, atay.,, > 1/Ly, it is seen thatdy, ,, (Lo, L) is monotonically
increasing inwy .. As a result, for each subcarrier, the user with a larger CiRare likely
to be assigned this subcarrier. In the extreme case wheresefS are absent (i.&; = 0),
each subcarrier will be assigned to the user with the lar@&8R. This agrees with the
previous result in [4]. In the general case, the candidatd foy accessing each subcarrier
consists of all the; DC users and the only one NDC user with the largest CNR. This
consequently suggests that the exhaustive search for @psuabcarrier assignment in the

original problem [(2) has a complexity df; + 1)V rather thank™. Secondly, we also
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observe thatHk,n(LO,Ek) is a non-decreasing function df, and L, respectively, when
1<k < K;andK; < k < K. This is obtained by differentiating/y. ,,( Lo, Ek) with respect
to L, and Ly for 1 < k < K; and K; < k < K, respectively. Thus, increasing the water
level L, of DC userk increases its chance to occupy more subcarriers. Similadyeasing
the water levell, of NDC users allow them to access more subcarriers.

Using the above observations, we propose in the next subset iterative algorithm to
find the optimal water levels and determine the correspandubcarrier assignment so that

all the rate and power constraints are satisfied.

C. Iterative Algorithm

The thrust of the algorithm is to obtain the set of optimalevdevels{ L, L1, ..., Lk, }
using two nested loops. The outer loop varigsto meet the total power constraint. The
inner loop searche§L,, ..., Lk, } and determines the optimaj ,, for all £ andn at a given
value of L, to satisfy the basic rate requirement for every DC user. Téparighm is outlined

as follows.

Optimal Subcarrier Assignment Algorithm

Main function

a) SetLyp = Lyp = ming,<k<i {1/0xn} — AH

b) Find the optimak Ly, pf:}?gt Ly = Lyg
Compute the actual power consumptifh using [12) and[(I3)
if P, < Pr, updateLyg = 2Lyg, and repeat Step b)
else, go to Step ¢)

c) Find the optimaK Ly, pr»} at Ly = (Lig + Lus)/2
ComputeP;. using [12) and[(T3)
if P> P, let Lyg = Lo
elseif P < Pr, let Ly = Lo
Repeat Step ¢) untiP,. = Pr

Function: find the optimal{ L, px.} at a givenL,

1) SetL; using [15) withQ, = {1,...,N},fork=1,..., K;
ComputeH, ,, using [AT),Vk,n
Obtain py,, using [A8),Vk, n

1A is a very small number.
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2) ComputeR; = N prnllogy( Ly )]t for k=1,... K,
3a) Findk* with R;. < Ry- andR}. — Ry« < R}, — R forall 1 <k < K,
3b) Find the subcarrier set, = {n|py-,, < 1} for the foundk*
for eachn € A,
Let k(n) = argmax <<k Hy, and obtainL-(n) such that- , = (1+A)Hymyn
3c) while R.. < Ry~ for the foundk*
Denotem = argming,ca,. Ly~ (n)
UpdateL;- = Ly+(m)
Updatepgs ., = 1, pp.m = 0 for Vk # k%, and A = A — {m}
ComputeR. = 31", pre n[10gs (L e )]
3d) if R > Ry, let Rj. = R} — logy(Lygs m)
if R < Ry~
Updatepy », = (Ri- — Rj.)/ 108 (L= g ) @NA premym = 1 — prem
elseif R;. > Ry
Updatepy+ m, = 0, prim),m = 1 and computel,- using [14)
4) Repeat Steps 2)-3) untit, = R, forall k =1,..., K,

In the outer loop (main function), we initializé, to a value slightly below the minimum
reciprocal of the CNRs of all NDC users over all subcarriershat none of the NDC users
is assigned any power resource based[oh (13). By doing Hassubcarrier and power will
be initially allocated to all DC users as if NDC users wereegibs\We then keep increasing
Ly until the actual total power consumptidrf. exceeds the total available pow& and
an upper bound of., is obtained. Note that if the number of subcarriers in a ract
system is large enough, we can always find at least one sidrcarly occupied by one
NDC user and, therefore, an analytical upper boundLgfcan be derived from[(13) as
Lyg = Pr+maxg, <k<x{1/ax,}. The algorithm then proceeds to use the bisection method
to updatel, so tﬁé@v converges taPr. The outer loop converges because the actual total
power consumptiorP}. increases monotonically witth, given the target data rates for all
DC users are satisfied.

The operation in the inner loop (function: find the optir{dls, p,} at a givenLy) is
similar to the algorithm introduced in [3]. Eadly, is first initialized to the minimum water
level needed by DC useér to achieve its target data rate, which happens when all\the

subcarriers in the system are assigned to this user. We tiaelnaly increasd.,, for one of
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the DC users until the target data rate for this user is sadisfncreasing.; is carried out
step by step and the increment at each step is the minimunredqualue allowing only
one more subcarrier to be added to this DC user. During tlisgss, there are chances that
the newly added subcarrier is not fully needed and shouldnbe-shared with other users. It
is also possible that this subcarrier is not needed at allitaodly needs to adjust; using
(@4). The algorithm then switches to another DC user andatsgbe process until the target
data rates for all DC users are satisfied. The inner loop e¢gesebecause for a given DC
userk, asL; increasesH , for all n increases and morg, ,, become one. Hence the data
rate R, = ZnNzlpk,n[log2 (Lrag )] increases. On the other hand, the rates of some other
DC users may drop due to theif,, changing from one to zero. Nevertheless, as allith's
increase, the rate of each DC user increases and hence thwlopt’s can be approached
iteratively.

The complexity of the above algorithm lies in the number efations needed to update
Ly, in the outer loop and the number of iterations to upd@gte, px,,} for each L, in the
inner loop. Sincel, is searched by the bisection method, it requikes, (1/¢) iterations
to converge, where is the accuracy. The empirical study in the Appendix shoves the
exact number of iterations to find the optim@ly, py .} for eachL, can vary for different
values of L, and different CNR realizations, but the averaged total nemdd iterations
required to update the set of water levélsy, L, ..., Lk, } in the whole algorithm can be
well approximated byO(K?/+/N log, (1/€)). Since the computational load in each iteration
is linear in K N, the overall complexity of the proposed algorithn$K 2K N'/2 log, (1/¢)).

D. Feasihility and Service Outage

Similar to the delay-limited capacity problem in infornatitheory [2], the constant-rate
transmission of DC users considered in this paper can onlyuleanteed in a probabilistic
manner since the total transmit power is fixed and finite. Téwise is said to be in an
outage if any of the basic rate requirements cannot be satistihus, the feasibility of the
optimization problem in[{3):(7) is directly related to thendition thatPr > Ppc min, Where
Ppe min 1S the minimum total power needed to supportajls in the absence of NDC users.
Finding Ppc min reduces to the margin adaption problem [3]. The algorithoppsed in the
previous subsection is able to detect the service outageobtain the outage probability
numerically in an efficient way. Specifically, i, computed in Step b) of the main function

is greater thanPr when Lyg is still given by the initial value set in Step a), the algonit
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will terminate and declare an outage.

When outage occurs, one may ignore all thg DC users and allocate all subcarrier
and power resources to thi€é — K; NDC users only. Alternatively, one may ignore one or
more DC users from the user list so that at the current chasoradition the resources are
sufficient to provide the basic rates of the remaining DC si1sEnhose ignored DC users may
be re-scheduled for transmission at the next transmissané by a higher layer scheduler.

Further analysis on higher layer scheduling is out of thgpsaaf this work.

IV. SUBCARRIER AND POWERALLOCATION USING DUAL DECOMPOSITION

The convex relaxation technique in Section 11l permits tsharing of each subcarrier. The
system model it employs thus differs from the original OFDMystem where only mutually
exclusive subcarrier assignment is allowed. As a resudtstilution gives an upper bound on
the achievable maximum sum-rate of all NDC users under tthieidual rate requirement for
each DC user and the total transmit power constraint. Rcénis shown in [15] that the
duality gap of non-convex resource optimization problemsnulticarrier systems is nearly
zero if the number of subcarriers is sufficiently large. THhe original problem can be solved
in the dual domain using decomposition method. Applying tla@sult, the authors in [16]
developed efficient algorithms to solve the weighted sute-raaximization and weighted
sum-power minimization problems in the downlink of muleasOFDM systems. In this
section we shall apply the result from [15] and solve ouriaagproblem [(2) using the dual
decomposition method. Note that the subcarrier and povu@cadion solution in this section
provides a lower bound on the maximum sum-rate of all NDCsusdren all the target rates
for DC users and the total power constraint are satisfied.

DefineD as a set of all non-negativg, ,,’'s for 1 < k£ < K and1 <n < N such that for

eachn only oneP, , is positive. The Lagrange dual function of the probléin (2yiisen by:

— o (1P}, B, 19
g (B, 1) e > ({Prn}, B, 1) (19)
K N Kq N
SR ID DD YIRS A SR
{Pk‘,n}ED k=K _ . _
= 1+1 n=1 k=1 n=1
K N
" (PT—ZZPM) ,
k=1 n=1

where J({ P}, 3, 1) is the Lagrangian and the dual variablgs, i} are defined in the
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same way as ir{8). The dual optimization problem is then tdated as:

minimize ¢ (3, ) (20)

subject to B > 0,u > 0.

Note that the Lagrangiady(...) is linear in 5, and p for fixed P ,, and g (3, ) is the
maximum of these linear functions, so the dual problenh (2@)anvex.
To solve the dual problem, we first decompose the dual funamdo N independent

optimization problems:

N K1
9(B:1) =Y gn (B, 1) = > _ BrRi+ pPr, (21)
n=1 k=1
where
K K1 K
gn (Ba :u) = PmaXD Z Tkon + Z Bkrk,n Y Z Pk,n . (22)
Pentel |, 0 k=1 k=1

Suppose subcarriet is assigned to usek. Using the KKT condition similar to[(9), the
optimal P;,, that maximizes the object of the max operation[inl (22) fordigeand . can
be readily obtained and is given by [(12) wheér< k < K, or (I13) whenKk;, < k < K.
Substituting [(1R) and_(13) intd_(22) and comparing all fiepossible user assignments of

this subcarrier, we obtain

~ + - +
B > Qe Ok Br 1
gn (B, 1) = max {ﬁk [logQ <Mln2 )] — K <u1n2 - am) } , (23)

wheref, = 3, fork=1,..., K, andf, =1 for k=K, + 1,..., K.
Once [2B) is solved for alk’s, the dual functiong (3, 1) can be obtained using _(21).
Since it is convex, a gradient-type algorithm can minimig€3, 1) by updating{g3, 1}

simultaneously along some appropriate search directiwhigh is guaranteed to converge to
the optimal solution. In genera, (3, 1) is not differentiable, and thus its gradient does not
exist. Nevertheless, we can resort to the subgradienteteriv the following proposition.

Proposition 1: For the dual problem_(20) with primal defined id (2), the daling is a
subgradient ofy (3, i)

N

Aﬁk:Zsz—Rk, k’:l...,Kl,
! N N
AM:PT_ZZPI:,na

k=1 n=1

whereP;;, maximizes the Lagrangiaf(. . .) overD at3 andy, andr; ,, = log, (1 + P, ag.n)-
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Proof: By definition of g (3, 1) in (19):

S S zrmzﬁk(z%— )w(PT—zza:,n)

k=Ki1+1 n=1 k=1 n=1
Ky K N
= 9B+ (B — B (Z Thin — Rk) + (W = p) (PT > ZBS}) :
k=1 n=1 k=1 n=1
Proposition 1 is hence proven by using the definition of satignt. [ |

With the above subgradient, both the subgradient and elpsiethods [17] can be used
to update{3, u}. Here we choose the ellipsoid method which converge® (0K, + 1)?)
iterations. The algorithm details can be found in [17]. Tbkofving lemma leads to a suitable
choice of the initial ellipsoid.

Lemma 1: The optimal dual variable§3*, 1*} must satisfy

k max 1
O wm =™ =0 e, {aka),
1<n<N
0 < B < pmax o Qkn} [Pt :
= max (077 .
i Ki<k h T ming<pen {akn}

1<n<N
Proof: The dual variabled 3", n*} must satisfy the KKT conditions in order to be
optimal. Taking the partial derivative ok(...) in (19) with respect taP;,, results in

Afon
) = 24
hl 2 (1 + ak,nPk,n) 'u’ ( )

if userk, for K; < k < K, is active in subcarrien, or

ﬁkak,n
In2 (1 + ak,nPk,n

o (25)

if userk, for 1 < k < K, is active in subcarrier.. Since P, ,, must always satisfy) <

Py, < Pr due to the power constraint, we obtain the upper boufitf by letting P ,, = 0

in (24) and the upper boung** by substitutingu™** into (28) and lettingP;,, = Pr. ®
Using Lemma 1, one may choose an initial ellipsoid that esedahe hyper-cuboid where

{B*, u*} resides, namelyE(Ay, zo) = {x|(x — zo)TAy ' (x — 29) < 1}, where

Ao = disg [ (1 £0) (38p) -+ (L 1) () (1 ) (3

T
— 1 omax 1 pmax 1, max
ZO—|:§1 P ) K172ILI/ } .

Due to duality gap, after obtaining the optimal dual vamsb{3*, 1*} that minimize
the dual function, it remains to find the optimal primal s@uos {F;, } that maximize the

Lagrangian/(...) and satisfy all the rate and power constraints in the originablem [2).
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We can solve this by first identifying the subcarrier assignt§Q2; } using [23) with{3", *}
substituted and then determining the power allocafiéif,} using the results derived in
Section llI-A.

V. SUBOPTIMAL SUBCARRIER AND POWER ALLOCATION

In this section we present a suboptimal allocation algorithat has a much lower compu-
tational cost compared with both the optimal iterative alfpon in Section 111-C and the dual
update algorithm in Section IV. The idea is to first obtain subcarrier assignment for the
DC users by assuming that the power is equally distributed alf subcarriers and that all the
NDC users are absent. After that, the power distributionefach DC user over its assigned
subcarrier set is individually refined. The purpose of tHeenent is to minimize the power
while maintaining the basic transmission rates. At las,résidual subcarriers and power are
distributed among the NDC users using the optimal resoultoeation algorithm in [4] to
maximize the sum-rate. This algorithm is suboptimal beeahe subcarrier assignment for
DC users in the first step is obtained by assuming equal polieration. The decoupling
of subcarrier assignment and power allocation for DC usamsed out in the first two steps,
though being suboptimal, can greatly simplify the compleaind is often used for resource
allocation in multiuser OFDM systems such as [9], [10], [18]

The outline of the proposed suboptimal subcarrier assighreeheme for DC users is

presented below.

Suboptimal Subcarrier Allocation Algorithm for DC users

1) setR, =0, =0forall k=1,...,K; and A= {1,2,...,N}
2) while A# () andRj, < Ry, forany1 < k < K;
a) findk* with R,. < Ry- andR;. — Ry- < R, — Ry forall 1 <k < K,
b) for the foundk*, find n* satisfyingay« ,« > ay+,, forn € A
c) for the foundk* and n*, updateQ) = Q- U {n*}, A = A— {n*} and R,. =
Rl +log, (1 4 2aelr)

At each iteration of Steg) in the above algorithm, the DC user whose current data rate
R, is the farthest away from its target rakg will be allowed to pick a new subcarrier from
the available subcarrier set. Preferably, the subcarritr the highest CNR will be chosen.

Upon acquiring$?,, for 1 < k£ < K, the power distribution for each DC user is then

adjusted using the analytical solutidn12) and (15). Indase wheregy,, < || for somek,
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the above suboptimal subcarrier assignment algorithm-al@cates subcarriers to DC user
k. To efficiently utilize all the wireless resources, the ranma (2| — g, subcarriers should

be returned to the residual subcarrier dewhich will be distributed among th& — K; NDC
users. LetPhc r denote the actual power consumption of all thie DC users. IfPyc r is
larger than the total power limi®r, a service outage occurs. Otherwise, the residual transmit
power Pr — Ppc r together with the residual subcarrier sétare allocated over th& — K,

NDC users. Specifically, each subcarrierAnis assigned to the NDC user with the highest
CNR, and the power is distributed over these subcarrierkiénfarm of water-filling [(1B),
where the water level can be determined®y— Ppc 7.

The number of iterations involved in finding the suboptintgls for k. = 1,..., K is
limited by N since N is the total number of subcarriers available. That is, theppsed
suboptimal algorithm only performs a fixed number of itevas rather than iterating till
convergence. The power allocation for givén, } has explicit analytical solution as shown
in Section IlI-A and its complexity is linear ik’ N. Therefore, the overall complexity of

this suboptimal algorithm is only linear iR and N.

VI. NUMERICAL RESULTS

In this section we present numerical performance resultthefproposed optimal and
suboptimal resource allocation algorithms. We consideu#dinser OFDM system withlV =
64 subcarriers and<{ = 8 users. Therein); = 4 users have DC traffic and the others
have NDC traffic. For simplicity, we let the rate requirensent all DC users be identical
and equal toRpc/K; bits’fOFDM symbol, whereRp denotes the sum of the basic rates.
In all simulations, the channel from the base station to as#r terminal is modeled by
the HiperLan/2 channel model A [19], which is an 8-tap chamwi¢gh exponential power
delay profile, 20MHz sampling frequency and 50ns rms (roeaémsquare) delay spread.
The channels for different users are assumed to be independle also assume that the
path losses from the base station to all user terminals arseaime. The average channel gain
on each subcarrier is normalized. The system total tranSiKR is defined as’r/(NyB).
The SNR gap in the rate functionl (1) is set to 6.6 (8.2 dB) fahbdaC users and NDC users.
In practice, when uncoded QAM constellation is used the SIHR @f 8.2 dB corresponds
to a BER requirement of 0—°.

To evaluate the performance of the three proposed adageeirce allocation algorithms,

we also present the results for two non-adaptive schemeemparison. In both schemes,
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the subcarrier assignment is predetermined but the polmration for each user over its
predetermined set of subcarriers follows the optimal apghaderived in Sectidn 1II-A. In the
first scheme, all the 8 users are treated equally and eaclsignad 8 subcarriers. We refer
to this scheme as Fixed Subcarrier Assignment with Optinoald? Allocation (FSA-OPA).

In the other scheme, DC users are given higher priority thBENisers and each is assigned
12 subcarriers, whereas each NDC user is allocated 4 sidysawnly. This scheme is called
Fixed Subcarrier Assignment wifriority and with Optimal Power Allocation (FSAP-OPA).
In addition, for both schemes, we let the predeterminedauiecs for each user spread over
the entire bandwidth in a comb pattern [20]. This prevengsdituation where all subcarriers
of a user are in deep fade.

We first compare the performance in terms of service outapevier. Fig.[B illustrates
the service outage probability versus total transmit SNRwthe total target transmission
rate of DC users ifRpc = 80 bits’fOFDM symbol. It is first observed that the time-sharing
based optimal algorithm and the dual method perform alndesttically. This suggests that
two algorithms result in almost the same subcarrier assggnrsolution for DC users. This
observation is expected because the duality gap vanishes Whis sufficiently large and,
as a result, both the upper bound given by the optimal alyorivith time sharing and the
lower bound given by the dual method approach the truly ogitisolution. One can also
see that the performance loss due to the suboptimal sudcassignment in the suboptimal
algorithm is marginal. In particular, at a service outagebpbility of 1%, the SNR loss
is within 0.5 dB. In addition, it is seen from Fid.] 3 that the proposed agapdlgorithms
significantly outperform the two fixed subcarrier assignt@8A) schemes. At moderate
and high SNR regions, the service outage probability is ntbam an order of magnitude
lower. Besides, the FSA scheme with priority outperforme dme without priority as more
subcarriers are assigned to DC users in the former.

In Fig.[4, we plot the minimum required total transmit SNR &bfferent Rpc at a given
service outage probability of%. It is again observed that the optimal algorithm with time
sharing and the dual method have almost identical perfocmarherefore, only the results of
the former will be illustrated hereafter. From Hig. 4 we atveehat, for a wide range dipc
that the multiuser OFDM system can support withh outage probability, the difference on
the minimum required SNR between the optimal and suboptatwgdrithms is consistently
less thart).5 dB. In particular, agipc decreases, the performance of the suboptimal algorithm

becomes closer to that of the optimal algorithm. This is etgutas the suboptimality of the
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proposed suboptimal algorithm lies only in the subcarriercation for DC users. If the rate
requirement for DC users is small, the suboptimal algorithith become nearly optimal.
Fig.[4 also shows that, aBp increases, the minimum required total SNR of the proposed
adaptive algorithms increases at a much lower speed thamftilae two FSA schemes.

We next study the achievable transmission rates of the dggapus multiuser OFDM
system with the proposed adaptive subcarrier and poweraditm algorithms. Fid.]5 shows
the achievable pairs of the basic sum-rate for DC traftigc and the average sum-rate
for NDC traffic Rxpc at a total transmit SNR 020 dB. The average sum-rate for NDC
traffic Rypc is obtained by averaging the instantaneous sum-rates of NE&@s over500
independent channel realizations. To ensure a servicgg@uieobability of 1% or below,
the maximum value ofRpc in our simulation is set tal76 bitsfOFDM symbol for the
proposed algorithms, and tol2 and 80 bits/OFDM symbols, respectively, for FSAP-OPA
and FSA-OPA. The maximum achievalilg - with an acceptable service outage probability,
for example1%, at a given total SNR can be obtained from Higj. 4. From Elg. & can
observe that, compared with the optimal subcarrier and pallexation algorithm, the loss of
the average achievable NDC traffic rate at a givgn: by using the suboptimal algorithm is
within 2% ~ 9%. On the other hand, compared with the two FSA schemes, betpriposed
optimal and suboptimal adaptive algorithms demonstrabstantially larger achievable rate
regions. We also observe that, at the safig, the Rxpc of FSA-OPA is larger than that
of FSAP-OPA. This is because NDC users have fewer subcaineFSAP-OPA. However,
the maximumRpc FSAP-OPA can support is larger than that of FSA-OPA.

Finally, we demonstrate the multiuser diversity exploitgd our algorithms. We let the
number of DC users in the system be fixedrat = 4 and vary the number of NDC users
betweend and 16. Fig.[8 presents the average sum-r&g,c as a function of the number
of NDC users atiRpc = 32 bits/fOFDM symbols. Same to Figl 5, the total transmit SNR is
20 dB and Rypc is obtained by averaging00 independent channel realizations. In the two
FSA schemes, the subcarrier allocation for DC users is theesas before, but the rest of
the subcarriers are all allocated to one NDC user, whichlextsd in a round-robin fashion
at each transmission frame. The valuesiaf for the two FSA schemes remain constant
since no multiuser diversity is achieved. On the contrdtypc obtained by the proposed
adaptive algorithms increases as the number of NDC usersases, which clearly shows
the multiuser diversity. In particular, the achievalilepc of the optimal algorithm is about
110% and 140% higher than that of the FSAP-OPA scheme when the system laasl 16
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NDC users, respectively.

VII. CONCLUSION AND DISCUSSIONS

Supporting communication services with diverse QoS requants in future broadband
wireless networks is crucial. This paper considered theure® allocation problem in an
OFDM based downlink system that supports simultaneousitnegsion of users with DC
traffic at constant rates and users with NDC traffic at vaeaistes. We investigated this
problem from the physical layer perspective and aimed toimiae the sum-rate of NDC
traffic while maintaining individual basic rates of DC traffor each channel realization under
a total power constraint. It was shown that the optimal poaiercation over the subcarriers
in such a heterogeneous system has the form of multi-levieniling; moreover, the set of
valid user candidates competing for each subcarrier censi®nly one NDC user but all DC
users. We converted this combinatorial problem with exptinecomplexity into a convex
problem using the time-sharing technique and developedfiareat iterative algorithm with
polynomial complexity. We also solved the original problesing dual decomposition method
which leads to polynomial complexity as well. To further sgeup the resource allocation
and make it more suitable for practical systems, we thenqaeg a suboptimal algorithm
whose computation load is only linear in the number of usadssubcarriers in the system.

The performance of our algorithms was evaluated in termspfie outage probability,
achievable DC and NDC traffic rate pairs, and multiuser @iter The numerical results
showed that the convex relaxation technique with time sigaaind the dual decomposition
approach obtained almost the same solution and that thepSotad algorithm has the
near optimal performance. Results also demonstrated lieaproposed adaptive subcarrier
and power allocation algorithms significantly outperforine tschemes with adaptive power
allocation but fixed subcarrier assignment.

This paper adopted the continuous rate functldn (1), whigatty helped to derive the
insights of optimal resource allocation. If discrete raées used in practical systems, our
algorithms can be modified accordingly. In particular, sitlbe proposed suboptimal algo-
rithm has near-optimal performance at significantly lowemplexity, it is more desirable
to modify the suboptimal one. For instance, one can obtanstibcarrier assignment using
the proposed suboptimal algorithm and then apply the grégdgading algorithm for each
single user as in [3]. Nevertheless, our continuous rat@uitation provides the performance

upper bound for systems with discrete rates.
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We have also assumed that the channels from the base sw@tadinthe NDC users have
the same path loss. By symmetry, our formulation also egeslithe long-term average
throughput among all the NDC user. To achieve fairness wheim thannel path losses are
different, we can simply modify our cost functidnl (2) by dling the channel-to-noise ratio
with the path loss. By doing so, the effective channel gaoansafi NDC users are normalized.
Therefore, only the user whose current channel conditiat its peak level will be selected
to compete with DC users for each subcarrier. This is simdathe concept of “riding on

the channel peak” in opportunistic scheduling.

APPENDIX
EMPIRICAL STUDY ON THE CONVERGENCE SPEED OF THE ITERATIVE ALGORITHM IN

SECTION III-C

Simulation settingsPr = 100, 2 NDC users,R;, = 16 bits/ OFDM symbol forl < k& <
Ky, Ky €{1,...,12}, N € {16,32,64,128}. o}, = N|hy,|* are randomly generated with
hi,, modeled as complex Gaussian variables of zero mean andasiahee and independent
for all ¥ andn. The accuracy of bisection-searchiihg is set toe = 10~7, and it leads to
26 iterations in the main function throughout this simulatginody. The parametek in Step
3b) of the inner function is set @ 005. Note that it typically takes very few iterations in the
while loop of Step 3c) in the inner function to find tlig. for DC userk* that meets its rate
requirement. Thus we choose to count the number of timegpéats for Steps 2)-3) as the
number of iterations to update.;, px.»} at a givenL,. Fig.[4 shows the snapshot of iterations
to update{ Ly, p,} at each updating step df, for three random channel realizations. The
number of iterations varies for differeiit) and different channel realizations and, in general,
more iterations are needed whén increases. To extract the rules on how the number of
iterations change withiv and K, we plot in Fig.[8 the averaged total iterations needed to
find the set of optimal solution§L, Ly, px»}, Where each value is obtained by averaging
over 20 independent channel realizations. For comparison we dtfdhe curves generated
using the analytical expressief?/v/N with the constant beinge = 26 x 5.1 = 132.6. It is
observed that the analytical expression provides a verg gpproximation on the shape of
the simulated curves. Therefore, we conclude that the pegpame-sharing based optimal

subcarrier assignment algorithm convergeifi?/v/N log, (1/¢)) iterations.
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Fig. 2. lllustration of multi-level water-filling for giversubcarrier assignment in a multiuser OFDM system with 2 DC

users, 2 NDC users and 8 subcarriers.
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