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Abstract—Multiuser orthogonal frequency division multiplex-
ing (MU-OFDM) is a promising technique for achieving high
downlink capacities in future cellular and wireless local area
network (LAN) systems. The sum capacity of MU-OFDM is max-
imized when each subchannel is assigned to the user with the
best channel-to-noise ratio for that subchannel, with power subse-
quently distributed by water-filling. However, fairness among the
users cannot generally be achieved with such a scheme. In this
paper, a set of proportional fairness constraints is imposed to
assure that each user can achieve a required data rate, as in
a system with quality of service guarantees. Since the optimal
solution to the constrained fairness problem is extremely compu-
tationally complex to obtain, a low-complexity suboptimal algo-
rithm that separates subchannel allocation and power allocation
is proposed. In the proposed algorithm, subchannel allocation is
first performed by assuming an equal power distribution. An opti-
mal power allocation algorithm then maximizes the sum capacity
while maintaining proportional fairness. The proposed algorithm
is shown to achieve about 95% of the optimal capacity in a two-
user system, while reducing the complexity from exponential to
linear in the number of subchannels. It is also shown that with the
proposed resource allocation algorithm, the sum capacity is dis-
tributed more fairly and flexibly among users than the sum
capacity maximization method.

Index Terms—Channel capacity, dynamic resource allocation,
multiuser OFDM, proportional fairness, water-filling.

I. INTRODUCTION

RTHOGONAL frequency division multiplexing (OFDM)
is a promising technique for the next generation of
wireless communication systems [1], [2]. OFDM divides the
available bandwidth into N orthogonal subchannels. By adding
a cyclic prefix (CP) to each OFDM symbol, the channel appears
to be circular if the CP length is longer than the channel length.
Each subchannel can, thus, be modeled as a time-varying gain
plus additive white Gaussian noise (AWGN). Besides the im-
proved immunity to fast fading [3] brought by the multicarrier
property of OFDM systems, multiple access is also possible,
because the subchannels are orthogonal to each other.
Multiuser OFDM (MU-OFDM) adds multiple access to
OFDM by allowing a number of users to share an OFDM sym-

Manuscript received June 16, 2003; revised June 15, 2004; accepted
September 24, 2004. The editor coordinating the review of this paper and
approving it for publication is L.-C. Wang. The work of B. L. Evans was
supported by the State of Texas Advanced Technology Program under Grant
003658-0614-2001.

The authors are with the Wireless Networking and Communications
Group, Department of Electrical and Computer Engineering, The University
of Texas at Austin, Austin, TX 78712 USA (e-mail: shen@ece.utexas.edu;
jandrews @ece.utexas.edu; bevans @ece.utexas.edu).

Digital Object Identifier 10.1109/TWC.2005.858010

bol. Two classes of resource allocation schemes exist, namely:
1) fixed resource allocation [4]; and 2) dynamic resource allo-
cation [5]—[8]. Fixed resource allocation schemes, such as time
division multiple access (TDMA) and frequency division mul-
tiple access (FDMA), assign an independent dimension, e.g.,
time slot or subchannel, to each user. A fixed resource alloca-
tion scheme is not optimal, since the scheme is fixed regardless
of the current channel condition. On the other hand, dynamic
resource allocation allocates a dimension adaptively to the users
based on their channel gains. Due to the time-varying nature of
the wireless channel, dynamic resource allocation makes full
use of multiuser diversity to achieve higher performance.

Two classes of optimization techniques have been proposed
in the dynamic multiuser OFDM literature, namely: 1) margin
adaptive (MA) [5]; and 2) rate adaptive (RA) [6], [7]. The MA
objective is to achieve the minimum overall transmit power
given the constraints on the users’ data rates or bit error rates
(BER). The RA objective is to maximize each user’s error-
free capacity with a total transmit power constraint. These op-
timization problems are nonlinear and, hence, computationally
intensive to solve. In [8], the nonlinear optimization problems
were transformed into a linear optimization problem with inte-
ger variables. The optimal solution can be achieved by integer
programming. However, even with integer programming, the
complexity increases exponentially with the number of con-
straints and variables.

Two RA optimization problems have been proposed by re-
searchers. Recently, Jang and Lee proposed the rate maximiza-
tion problem [6]. In [6], they proved that the sum capacity is
maximized when each subchannel is assigned to the user with
the best subchannel gain and power is then distributed by the
water-filling algorithm. However, fairness is not considered in
[6]. When the path loss differences among users are large, it is
possible that the users with higher average channel gains will be
allocated most of the resources, i.e., subchannels and power, for
a significant portion of time. The users with lower average chan-
nel gains may be unable to receive any data, since most of the
time the subchannels will be assigned to users with higher chan-
nel gains. In [7], Rhee and Cioffi studied the max—min problem,
where by maximizing the worst user’s capacity, it is assured that
all users achieve a similar data rate. However, the max—min op-
timization problem can only provide maximum fairness among
the users. In most wireless systems of interest, different users
require different data rates, which may be accommodated by
allowing users to subscribe to different levels of service.

In [9], Viswanath et al. discussed long-term proportional fair-
ness resource allocation with “dumb” antennas. They pointed
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Fig. 1. Multiuser OFDM system block diagram.

out that in multiuser systems, channel fading can be exploited
as a source of randomness, i.e., multiuser diversity. However, in
some scenarios, due to the limited scatters in the environment
and slow channel variation, the dynamic range of channel
fluctuation in the time scale of interest may be small.

In this paper, we formulate a new optimization problem
that balances the tradeoff between capacity and fairness. The
objective function is still the sum capacity, but proportional
fairness is assured by imposing a set of nonlinear constraints
into the optimization problem. The definition of fairness is
borrowed from the networking literature. In contrast to [9],
where large channel fluctuations are intentionally created with
“dumb” antennas for long-term proportional fairness resource
allocation, this paper proposes an algorithm to maintain pro-
portional rates among users for each channel realization, which
ensures the rates of different users to be proportional in any
time scale of interest. By formulating the problem this way, it
will be shown that a high capacity for all users (even those with
poor channel gains) can be achieved with low computational
complexity.

This paper is organized as follows. Section II introduces the
multiuser OFDM system model and presents the optimization
objective function. In Section III, the optimal multiuser sub-
channel and power allocation is developed, and two approaches
are discussed. In Section IV, the suboptimal algorithm is pro-
posed, where subchannel and power allocations are carried
out sequentially. Simulation results are presented in Section V
and conclusions are drawn in Section VI. The Matlab simula-
tion codes are available at (http://www.ece.utexas.edu/~bevans/
projects/ofdm/software ).

II. SYSTEM MODEL

A multiuser OFDM system is shown in Fig. 1. In the base
station, all channel information is sent to the subchannel and
power allocation algorithm through feedback channels from

user 1
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Subchannel and
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all mobile users. The resource allocation scheme made by the
algorithm is forwarded to the OFDM transmitter. The transmit-
ter then selects different numbers of bits from different users
to form an OFDM symbol. The resource allocation scheme is
updated as fast as the channel information is collected. In this
paper, perfect instantaneous channel information is assumed to
be available at the base station, and only the broadcast scenario
is studied. It is also assumed that the subchannel and bit
allocation information is sent to each user by a separate channel.

Throughout this paper, we assume a total of K users in
the system sharing /N subchannels, with total transmit power
constraint P; 1. Our objective is to optimize the subchannel
and power allocation in order to achieve the highest sum error-
free capacity under the total power constraint. We use the
equally weighted sum capacity as the objective function, but we
introduce the idea of proportional fairness into the system by
adding a set of nonlinear constraints. The benefit of introducing
proportional fairness into the system is that we can explicitly
control the capacity ratios among users, and generally ensure
that each user is able to meet his target data rate, given sufficient
total available transmit power.

Mathematically, the optimization problem considered in this
paper is formulated as

K N p i h2
k,n Ntk n
max Z Z —logy [ 1+ — 5
Pk,nsPk,n b1 n—1 N N()ﬁ
K
subject to Z Z Pk < Protal

k=1n=1
Din > 0forall k,n

Pkn ={0,1} forall k,n

K

Zpk,nZIfor all n

k=1

Ri:Roy:...:Rx=v1:7%:...:9x (1)
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where K is the total number of users, N is the total number of
subchannels, [V is the power spectral density of AWGN, B and
P;ota) are the total available bandwidth and power, respectively,
Dk,n 18 the power allocated for user & in the subchannel n, Ay, ,,
is the channel gain for user k in subchannel n, and py, ,, can only
be either 1 or 0, indicating whether subchannel n is used by user
k or not. The fourth constraint shows that each subchannel can
only be used by one user. The capacity for user k, denoted as
Ry, is defined as

N
R =3 P logs (1 + pk’"%’") SN
n=1 N NON

Finally, {m}fil is a set of predetermined values that are used
to ensure proportional fairness among users.
The fairness index is defined as

K 2
(=)
Fot=t L 3)
K> 72
k=1

with the maximum value of 1 to be the greatest fairness case
in which all users would achieve the same data rate. When
all ~; terms are equal, the objective function in (1) is similar
to the objective function of the max—min problem [7], since
maximizing the sum capacity while making all Rj terms
equal is equivalent to maximizing the worst user’s capacity.
Hence, [7] is a special case of the proposed constrained-fairness
problem.

III. OPTIMAL SUBCHANNEL ALLOCATION
AND POWER DISTRIBUTION

The optimization problem in (1) is generally very hard to
solve. It involves both continuous variables py, , and binary
variables py, ,,. Such an optimization problem is called a mixed
binary integer programming problem. Furthermore, the non-
linear constraints in (1) increase the difficulty in finding the
optimal solution, because the feasible set is not convex.

In a system with K users and N subchannels, there are
KN possible subchannel allocations, since it is assumed that
no subchannel can be used by more than one user. For a
certain subchannel allocation, an optimal power distribution
can be used to maximize the sum capacity, while maintaining
proportional fairness. The optimal power distribution method
is derived in the next section. The maximum capacity over all
K™ subchannel allocation schemes is the global maximum, and
the corresponding subchannel allocation and power distribution
is the optimal resource allocation scheme. However, it is pro-
hibitive to find the global optimizer in terms of computational
complexity. A suboptimal algorithm is derived in this paper
to reduce the complexity significantly while still delivering
performance close to the global optimum.

An alternative approach [5]-[7] to make the optimization
problem in (1) easier to solve is to relax the constraint that
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subchannels can only be used by one user. Thus, py , is
reinterpreted as the sharing factor of user k£ to subchannel n,
which can be any value on the half-open interval of (0,1]. The
optimization in (1) can be transformed into

L Pk Pk hi
min — " Jog, | 1 ke
K N
subject to Z Zpk,n < Piotal

k=1n=1

Pr,n = 0forall k,n

Pi.n € (0,1] forall k,n
K

Zpk,n =1foralln

k=1

Ri:Ry:...:Rg=m1:7:...:7x. &)

That is, the original maximization problem is transformed into
a minimization problem. In the third constraint in (4), p.n
is not allowed to be zero, since the objective function is not
defined for py ,, = 0. However, when py, ,, is arbitrarily close
00, (91 /N) logy (1 + (prnh?,.)/(prn No(B/N))) also ap-
proaches 0. Thus, the nature of the objective function remains
unchanged by excluding the case py, ,, = 0.

A desirable property of the objective function in (4) is that
it is convex on the set defined by the first two constraints.
The convexity is shown in Appendix I. However, the nonlin-
ear equality constraints make the feasible set nonconvex. In
general, such optimization problems require linearization of the
nonlinear constraints. The linearization procedure may lead the
solution slightly off the feasible set defined by the nonlinear
constraints. There is always a tradeoff between satisfaction of
the constraints and improvement of the objective. Furthermore,
it is still computationally complex to find the optimal solution.
For these reasons, we propose a suboptimal technique in the
next section.

IV. SUBOPTIMAL SUBCHANNEL ALLOCATION
AND POWER DISTRIBUTION

Ideally, subchannels and power should be allocated jointly
to achieve the optimal solution in (1). However, this poses a
prohibitive computational burden at the base station in order to
reach the optimal allocation. Furthermore, the base station has
to rapidly compute the optimal subchannel and power alloca-
tion as the wireless channel changes. Hence, low-complexity
suboptimal algorithms are preferred for cost-effective and
delay-sensitive implementations. Separating the subchannel
and power allocation is a way to reduce the complexity, because
the number of variables in the objective function is almost
reduced by half. Section IV-A discusses a subchannel allocation
scheme. Section IV-B presents the optimal power distribution
given a certain subchannel allocation.
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A. Suboptimal Subchannel Allocation

In this section, we discuss a suboptimal subchannel algo-
rithm based on [7]. In the suboptimal subchannel allocation
algorithm, equal power distribution is assumed across all sub-
channels. We define Hy, ,, = (R, ,,/No(B/N)) as the channel-
to-noise ratio for user k£ in subchannel n and € is the set
of subchannels assigned to user k. The algorithm can be
described as

1) Initialization
a) Set R, =0, Qp, =2 for k=1,2,...,
{1,2,...,N}.
2) Fork=1to K,
a) find n satisfying |Hy | > |Hy ;| forall j € A;
b) let Qp =QU{n}, A=A —{n} and update Ry
according to (2).
3) While A # &,
a) find k satisfying Ry /vy < R;/v; foralli,1 <i < K
b) for the found k, find n satisfying |Hy, | > |Hy ;| for
all j € A;
c) for the found k and n, let Q = QU {n}, A=A —
{n} and update R}, according to (2).

K and A=

The principle of the suboptimal subchannel algorithm is for
each user to use the subchannels with high channel-to-noise
ratio as much as possible. At each iteration, the user with
the lowest proportional capacity has the option to pick which
subchannel to use. The subchannel allocation algorithm is sub-
optimal, because equal power distribution in all subchannels is
assumed. After subchannel allocation, only coarse proportional
fairness is achieved. The goal of maximizing the sum capacity
while maintaining proportional fairness is achieved by the
power allocation in the next section.

B. Optimal Power Distribution for a Fixed Subchannel
Allocation

To a certain determined subchannel allocation, the optimiza-
tion problem is formulated as

w3 S Liog, (14 2l
Dk,n 82 NO%

k=1 nGQk

K
SUbjeCt to Z Z Pk,n < Ptotal

k=1 neQy

Dk,n > 0forall k,n
Qy, are disjoint for all k&

QU U...UQk C{1,2,...,N}

Ri:Ry:...:Rg=7v1:7 v (5)

where €2, is the set of subchannels for user k, and 2, and
are mutually exclusive when k # [.
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The optimization problem in (5) is equivalent to finding the
maximum of the following cost function

K
L — Z Z %logg(l + P Hi.n)

k=1neQy

K
1 (Z z Pen — Ptotal)

k=1neQy

+ Z/\k <Z T 10g2(1 +p1 nHl n)

ney

1
*ﬂ Z Nlogg(l +pk,nHk,n)> (6)

,yk neQy

where {); } —, are the Lagrangian multipliers. We differentiate
(6) with respect to py, ,, and set each derivative to 0 to obtain
oL 1 Hiy,
opi T NIn21+ Hinpin
K
1 Hi .,
A A : =0 (7
- 1+kZ:2 "NIn21+H upin @
oL 1 Hin
Oprn NIn21+ Hk,npk,n
1 Hk: n
+A—A =0 (8
b kN1n21+Hknpkn ®)
fork=2,3,..., K andn € Q.

1) Power Distribution for a Single User: In this section,
the optimal power distribution strategy for a single user k is
derived.

From either (7) or (8), we may obtain

Hk,m _
1+ Hk,mpk,m

Hk,n
1+ Hk,npk,n

€))

for m, n € Qi and k =1,2,..., K. Without loss of gener-
ality, we assume that Hy < Hypo <--- < Hp n, for k=
1,2,..., K and Ny is number of subchannels in €. Thus, (9)
can be rewritten as

Hy,, —Hy,

(10
Hy o Hy 1

Dk = Dk,1 +

forn=1,2,...,Nyandk = 1,2,..., K. Equation (10) shows
that the power distribution for a single user k£ on subchannel
n. More power will be put into the subchannels with higher
channel-to-noise ratio. This is the water-filling algorithm [13]
in frequency domain.

By defining P, 1o as the total power allocated for user £ and
using (10), P it can be expressed as

Ny
Pk,tot = E Pkn =
n=1

fork=1,2,..., K.

Hy, — H
Nkpsz - BLa

Hy, nHy 1
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2) Power Distribution Among Users: Once the set
{Pk,tot}szl is known, power allocation can be determined by
(10) and (11). The total power constraint and capacity ratio
constraints in (5) are used to obtain {Pk?tot}le. With (9) and
(11), the capacity ratio constraints can be expressed as

1 N1 Pl tot — Vl
1 1+ H 11— log, W-
TN (ng( + Hi N >+ 0Z9 1)
Vi

1 Ny Py tot —
=——1lo 1+ Hyy————
e N ( g2< Ni

(12)
fork =2,3,..., K, where Vj, and W}, are defined as
Hy . — Hi 1
(13)
Z Hy nHy 1
and
N Ni
Hk n
Wy = : 14)
fork=1,2,..., K.
Adding the total power constraints
K
> Prsor = Piotal (15)

k=1

there are K variables {Pk,tot}szl in the set of K equations
in (12) and (15). Solving the set of functions provides the
optimal power allocation scheme. The equations are, in general,
nonlinear. Iterative methods, such as the Newton—Raphson or
quasi-Newton methods [15], can be used to obtain the solu-
tion, with a certain amount of computational effort. In the
Newton—Raphson method, the computational complexity pri-
marily comes from finding the update direction. In Appendix II,
the computational complexity of each iteration is shown to be
O(K). Under certain conditions, the optimal or near-optimal
solution to the set of nonlinear equations can be found in one
iteration. Two special cases are analyzed as follows.
1) Linear case: If Ny : No:...: Ng =71 :7 ... VK,
then the set of equations, i.e., (12) and (15), can be
transformed into a set of linear equations by

1 1 ... 1 Py it Piotal
1 a2 ... 0 P2,tot bQ
L . . =1 . (16)
1 0 ar, k4 LPKg tot bk
where
Ny Hy 1 Wy,
__MH 17
sk Ny, Hy1Wh a7
N, Hy,ViW,
by = W, — Wy 4 -
" THLW, ( e N1
Hy 1 Vi Wy
’ 18
N, ) (1%
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for k=2,3,..., K. The matrix of {a; z} _, in (16) has
nonzero elements only on the first row, the first column,
and the main diagonal. By substitution, the solution to
(16) can be obtained with a computational complexity of
O(K).

2) High channel-to-noise ratio case: In adaptive modula-
tion, the linear condition rarely happens and the set of
equations remains nonlinear, which requires considerably
more computation to solve. However, if the channel-
to-noise ratio is high, approximations can be made to
simplify the problem.

First, consider (13), in which V}, could be relatively
small compared to Py, ¢ if the channel-to-noise ratios are
high. Furthermore, if adaptive subchannel allocation is
used, the best subchannels will be chosen, and they have
relatively small channel gain differences among them.
Thus, the first approximation is Vi = 0.

Second, assuming that the base station could provide a
large amount of power and the channel-to-noise ratio is
high, the term H}, 1 Py 1o, /Ny is much larger than 1.

With the above two approximations, (12) can be re-
arranged and simplified to be

Hy W\ o M H Wi\ o v
71 Ny Tk Ng
< 1]’\171 1> (Prtot) 1 = <I€Z\;;Ck) (Pg tot)

(19)

where k =2,3,..., K.
Substituting (19) into (15), a single equation with the
variable P ;. can be derived as

Fﬂw

Ck Pl tot — Piota1 = 0 (20)
k=1
where
cr = (ﬂﬂg%% on
ot ifk=23... K
N
and
1, ifk=1
Niv1’ 3Dy ey .

Numerical algorithms, such as Newton’s root-finding
method [14] or the false position method [14], can be
applied to find the zero of (20).

C. Existence of Power Allocation Scheme

1) Solution to Single-User Power Allocation: For a certain
user k, there is no power allocation if Vj, > Py 0. This situ-
ation could happen when a subchannel is allocated to a user
who does not have a high channel gain in that subchannel.
The greedy water-filling algorithm would rather stop using this
subchannel. In case this situation happens, the set of {2, as well
as the corresponding values of Ng, Vi, and Wy, needs to be
updated and the power allocation algorithm presented in this
paper should again be executed, as shown in Fig. 2.
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Subchannel allocation
Section IV-A
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Water-filling algorithm
for each user
Eqns. (10) & (11)

Fig. 2. Proposed resource allocation algorithm.

2) Solution to Multiuser Power Allocation: In case that
the channel-to-noise ratio is high, there is one and only one
solution to (20), since every item in the summation monoton-
ically increases and (20) achieves different signs at P (o = 0
and P o = Piotal. A numerical algorithm can be used to
find the solution to (20). The complexity of finding the so-
lution will primarily rely on the choice of the numerical al-
gorithm and the precision required in the results. After P i
is found, {Pk,tot}f:2 can be calculated using (19). Then the
overall power allocation scheme can be determined by (10)
and (11).

In general, it can be proven that there must be an optimal
subchannel and power allocation scheme that satisfies the pro-
portional fairness constraints and the total power constraint.
Furthermore, the optimal scheme must utilize all available
power. Several facts lead to the above conclusion. First, to a
certain user, the capacity of the user is maximized if the water-
filling algorithm is adopted. Furthermore, the capacity function
is continuous with respect to the total available power to that
user. In other words, Ry (P o) is continuous with Py tot.
Second, if the optimal allocation scheme does not use all avail-
able transmit power, there is always a way to redistribute the
unused power among users while maintaining the capacity ratio
constraints, since Ry (P o) is continuous with Py o, for all
k. Thus, the sum capacity is further increased. In Appendix II,
we describe the Newton—Raphson method to find Py ¢or, With-
out considering the constraints on P, (o, i.€., Pk tor > Vj for
k=1,2,..., K. If the Newton—-Raphson method returns a
nonfeasible Py 1o, the set €2 and the associated Ny, Vi, and
W), would need to be updated. The Newton—Raphson method
should be performed until all Py, 1oy > V.

D. Complexity Analysis

The best subchannel allocation scheme can be found by ex-
haustive search; i.e., for each subchannel allocation, one would
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Fig. 3. Performance comparison of optimal and suboptimal algorithms,

with two users and ten subchannels. AWGN power spectral density is
—70 dB - W/Hz. Total available bandwidth and transmit power are 1 MHz and
1 W, respectively.

run the optimal power allocation algorithm in Fig. 2, which
has the computational complexity of O(K). The subcarrrier
allocation that gives the highest sum capacity is the optimum.
In a K-user N-subchannel system, it is prohibitive to find
the global optimum, since there are K possible subchannel
allocations. The complexity of the proposed algorithm consists
of two parts, namely 1) subchannel allocation with the com-
plexity of O(K N) and 2) power allocation of O(K). Hence,
the complexity of the proposed method is approximately on the
order of K times less than that of the optimal, because the
power allocation is only executed once. The proposed method
is described by Fig. 2.

V. NUMERICAL RESULTS

In this section, we present simulation results to show the
performance of the proposed resource allocation algorithm. We
also show the tradeoff between sum capacity and the fairness
constraints.

In all simulations presented in this section, the wireless
channel is modeled as a frequency-selective channel consist-
ing of six independent Rayleigh multipaths. Each multipath
component is modeled by Clarke’s flat fading model [12]. It is
assumed that the power delay profile is exponentially decaying
with e 2!, where [ is the multipath index. Hence, the relative
power of the six multipath components are [0, —8.69, —17.37,
—26.06, —34.74, —43.43] dB. The total available bandwidth
and transmit power are | MHz and 1 W, respectively.

A. System With Two Users and Ten Subchannels

Fig. 3 shows the sum capacity versus 7; /72, from which
the fairness index as defined in (3) can be calculated. Both the
suboptimal results and the optimal results are plotted. A small
number of users and subchannels are used in order to reduce the
time to find the optimal solution. The sum capacities shown in
Fig. 3 are averaged over 200 channel realizations. In Fig. 3, we
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can see that the sum capacity is not very sensitive to the fairness
constraint ratio 1 /y2 when there is no path loss difference
between the two users. However, when there exists path loss
difference, e.g., 10 dB, the sum capacity varies greatly with
the fairness constraint ratio. For example, when the averaged
channel power of user 1, denoted as E(ch;), is 10 dB higher
than average channel power of user 2, denoted as F(chs), the
sum capacity reduces as 7, /72 decreases. The reason is that as
~1/7v2 decreases, more priority is assigned to user 2. Hence,
user 2 will be assigned most of the available resources, i.e.,
power and bandwidth, which, consequently, lowers the sum
capacity, since the average channel power of user 2 is 10 dB
lower than user 1.

In Fig. 3, the proposed method achieves about 95% of
the optimal performance in a two-user ten-subchannel system.
Although in a real cellular or wireless local area network
(LAN) system, the number of users and subchannels is much
larger, we still expect the proposed method to perform close
to the optimum, because the subchannel allocation algorithm is
designed to utilize the subchannels with large channel-to-noise
ratio as much as possible, and the power distribution is always
optimal for any determined subchannel allocation.

B. Comparison With the Method in [7]

The objective in [7] is to maximize the minimum user’s
capacity. By setting y; :y2:...:yg =1:1:...:1, the ob-
jective of the optimization problem in (1) is identical to the
one in [7], since the worst user’s capacity is maximized when
all users have the same capacity and the sum capacity is
maximized. Hence, the problem in [7] is a special case of the
framework presented in this paper. In this section of simula-
tions, the worst user’s capacity is compared. In [7], a suboptimal
algorithm is proposed to achieve near-optimal capacity using
adaptive subchannel allocation, but an equal power distribution
is assumed. When the number of users increases, the equal
power distribution does not equalize every user’s capacity. By
transferring power from the users with high capacity to the
users with low capacity, the worst user’s capacity could even
be increased. For the purpose of comparison, we use the subop-
timal algorithm in [7], which is a special case of the sub-
channel allocation algorithm in this paper, to allocate the
subchannels first and then apply the optimal power alloca-
tion scheme proposed in this paper. Both of these adaptive
schemes are compared with the fixed TDMA resource alloca-
tion scheme.

The wireless channel is modeled as before, and the total
transmit power available at the base station is 1 W. The power
spectral density of AWGN is —80 dB - W/Hz, and the total
bandwidth is 1 MHz, which is divided into 64 subchannels.
The maximum path loss difference is 40 dB, and the user
locations are assumed to be uniformly distributed. In this part
of the simulation, the subchannel SNR is high, hence, the power
allocation algorithm can be reduced to the high channel-to-
noise case discussed in Section IV-B2.

Fig. 4 shows the capacity versus number of users in an
OFDM system. In Fig. 4, it can be seen that adaptive resource
allocation can achieve significant capacity gain over nonadap-
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Fig. 4. Minimum user’s capacity in multiuser OFDM versus number of users.
The total power available at the base station is 1 W. The power spectral density
of AWGN is —80 dB - W/Hz. The overall bandwidth is 1 MHz, which is
divided into 64 subchannels. This plot shows the capacity gain of optimal power
allocation over equal power distribution, as well as the capacity gain of adaptive
resource allocations over a static TDMA system.

tive TDMA. In addition, the adaptive scheme with optimal
power allocation achieves even higher capacity than the scheme
with equal power distribution. Notice that this capacity gain
is purely from the optimal power allocation algorithm, since
both adaptive resource allocation algorithms adopt the same
subchannel allocation. Fig. 4 also shows that the capacity gain
over TDMA increases when the number of users increases. This
can be explained by multiuser diversity: The more users in the
system, the lower the probability that a given subchannel is in
a deep fade for all users. In a system of 16 users, the adaptive
scheme with the proposed optimal power allocation achieves
17% more capacity gain than the scheme with equal power
distribution, when compared to fixed TDMA.

C. Comparison With the Method in [6]

In this subsection, we compare the sum capacity achieved
by the proposed algorithm with the method in [6]. The sim-
ulation parameters are the same as the previous section, i.e.,
the total available bandwidth is 1 MHz, the total transmit
power at the base station is 1 W, the AWGN power density is
—80 dB - W/Hz, and the number of subchannels is N = 64.

In Fig. 5, we show the sum capacity of our proposed resource
allocation algorithm in an eight-user OFDM system versus
different fairness constraints, which are defined in Table 1. The
average channel power of user 2 to user 8 is the same, while the
average channel power of user 1 is 10 dB higher than the other
seven users. In Fig. 5, we also show that

1) the sum capacity achieved by the method in [6];

2) the capacity achieved by a static TDMA system, in which
each user is allocated an equal share of time slots and
equal transmit power;

3) the capacities of two types of single-user systems, one for
the user with high average channel power, and the other
for those with low average channel power.
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Fig. 5. Ergodic sum capacity of multiuser OFDM systems versus various
I"-sets. The total transmit power is 1 W. The total bandwidth is 1 MHz,
which is divided into 64 subchannels. The AWGN noise power density is
—80 dB - W/Hz. The number of users is 8. The average channel power is
E(ch1) = 10E(chg) fork = 2,. .., 8. The rate constraints are y; = 2" and
v, = 1 for k # 1, where m is the I'-set index.

All sum capacities shown in Fig. 5 are ergodic capacities
averaged over 5 x 10* channel realizations. It can be seen that
the sum capacity maximization method in [6] achieves the
maximum sum capacity, because all resources are allocated to
the users with the best channel gains. The capacity achieved
by the proposed algorithm varies as the rate constraint changes.
As more priority is allocated to user 1, i.e., as the I'-set index
increases, higher sum capacity is achieved. This is reasonable,
since user 1 has higher average channel gain and, hence, can
more efficiently utilize the resources.

Fig. 6 shows the normalized ergodic capacity distribution
among users for I'-set index 3 in Table I, where y; = 8 and
Yo =73 = --- =g = 1. With the proposed subchannel and
power allocation algorithm, the capacity is distributed very well
among users according to the rate constraints. However, for
the capacity maximization method in [6], user 1 gets most of
the resources and, hence, achieves a significant part of the sum
capacity. Static TDMA tends to allocate similar capacity to each
user, since all users get the same opportunity to transmit. Notice
that the capacity distribution of the method in [6] and static
TDMA cannot be changed by varying the I'-set values, because
there is no fairness control mechanism in these systems.

Since the problem formulation in (1) is to allocate resources
to satisfy the rate constraints strictly for each channel real-
ization, we define a quantity to measure how well the rate
constraints are satisfied. Let Ry ; be the capacity of user k
for a certain channel realization 7, Ek,i =R,/ 25:1 Ry, be
the normalized capacity for user k, and 7, = i/ Zszl i be
the normalized rate constraint. The normalized rate constraint
deviation measure for channel realization ¢ is defined as

|Rii — k|

M=

D; = k=1

— .
max > [Ri,; — Ykl
Ry k=1

(23)
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Notice that the denominator in (23) refers to the maxi-
mum deviation over all possible Ry ; values. It is shown in
Appendix III that

K

maxz |§]€’i — k| =2 — 2min 7.
Ry k
ki k=1

(24)

Table I shows the averaged rate constraint deviations, de-
noted as D = Zle D;/I, where I is the total number of
channel realizations of the eight-user OFDM system. The rate
constraint deviation of the proposed subchannel and power
allocation is orders of magnitude smaller than those achieved
by the method in [6] and the static TDMA. In other words, the
price of maximizing ergodic capacity is that the short-term data
rates vary widely and users may have poor performance over a
certain block of time.

Fig. 7 shows the ergodic sum capacities in a multiuser
OFDM systems with 16 users. The simulation parameters
are the same as those in the previous eight-user system.
The average channel power of the first four users are 10 dB
higher than the rest of 12 users. The I'-set index and the rate
constraint deviations are shown in Table II. Fig. 8 shows the
normalized average sum capacity distribution among users with
M =--=7=8andy; =--- =6 = 1. It should be noted
that higher sum capacity is achieved by the method in [6] in
this 16-user OFDM system, since more users with high channel
power are in this system, hence, more multiuser diversity.
However, it can be seen from Fig. 8 that the users with lower
average channel power, i.e., users 5—16, get very small portions
of the sum capacity, since in most channel realizations, the
subchannels and power are allocated to the users with larger
subchannel gains.

VI. CONCLUSION

In this paper, we present a resource allocation framework
in MU-OFDM systems to achieve variable proportional rate
constraints. For different rate constraints, i.e., {wc}f:l, differ-
ent proportional rates can be achieved among users. The term
“variable” refers to the facts that the rate constraints can be
configured at the base station and, hence, rate allocation among
users is flexible.

The proposed optimization problem considers maximizing
the sum capacity while maintaining proportional fairness
among users for each channel realization. The algorithm to
find the optimal solution is discussed, and a low complexity
suboptimal algorithm, which reduces complexity from O(K ™)
to O(KN), is also proposed. In the suboptimal algorithm,
subchannel and power allocation are carried out separately. The
optimal power allocation to a determined subchannel scheme
is developed. A two-step procedure may be taken to get the
optimal power distribution. First, a set of nonlinear equations
has to be solved in order to get the power distribution among
users. Then to a particular user, the greedy water-filling algo-
rithm is adopted to maximize the capacity. The existence of
power allocation is also discussed.

Simulation results show that the suboptimal algorithm
can achieve above 95% of the optimal performance in a
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TABLE 1
RATE CONSTRAINTS (I'-SETS) AND RATE CONSTRAINT DEVIATIONS FOR FIGS. 5 AND 6, K = 8

I-Set Index m o | 1 | 2 | 3 | a4 | 5 | 6 | 7
1= gm 20 21 22 23 24 25 26 27
Y2=V3= =8 1 1 1 1 1 1 1 1
D, proposed subchannel + optimal power | 0.0026 | 0.0024 | 0.0020 | 0.0015 | 0.0012 | 0.0010 | 0.0013 | 0.0012
D, sum capacity maximization in [6] 0.8848 | 0.7825 | 0.6441 | 0.5004 | 0.3878 | 0.3216 | 0.2902 | 0.2751
5, static TDMA 0.1118 | 0.1114 | 0.2247 | 0.3867 | 0.5453 | 0.6633 | 0.7377 | 0.7799
T T I I I T T 11 T T T T T T T
Il ideal, defined by I'-set : <= : > : o ;
Il proposed subchannel+optimal power 105 F------ e M . : : ]
[0 sum capacity maximization in [6] n ’ . . i | == sum capacity in [6]
[ static TDMA 10 =4=single user (higher SNR) )
"""""""""""" = proposed subchannel+optimal power |
4 1@ static TDMA
OB Frrerrereiciiineeeia == _single user (lower SNR) 1

Normalized Ergodic Capacity Per User

User Index

Fig. 6. Normalized ergodic sum capacity distribution among users. The
simulation parameters are the same as in Fig. 5. The rate constraint is y; = 8
andyo =--- =g = 1.

two-user system. It is also shown that in a system of
16 users, the proposed optimal power allocation achieves 17%
more capacity over fixed TDMA than the max—min method
in [7]. We also show that with the proposed resource allo-
cation algorithm, the sum capacity is distributed more fairly
among users than the sum capacity maximization algorithm
in [6].

APPENDIX [
CONVEXITY OF THE OBJECTIVE FUNCTION IN THE
RELAXED OPTIMIZATION PROBLEM

First, consider the following function

TLH n
f(Pr,ns Pkn) = pon logy (1 + pk’pkk’) (25)
where Hy, , = hi,n/(No(B/N)).
The Jacobian of f(pk n, Pk.n) is calculated as
Vf(pk,napk,n)
Penilk,n 'nHk n 1 pkm,Hk,n
— log2 ( + Pk,n ) T In2 prntpe,nHeon (26)

1 pk,nHk,n
In2 pr,n+Pe,nHin

Ergodic Sum Capacity (bits/s/Hz)

1.5 2 2.5 3
I'-Set Index m

Fig. 7. Ergodic sum capacity of multiuser OFDM systems versus various
I'-sets. The total transmit power is 1 W. The total bandwidth is 1 MHz,
which is divided into 64 subchannels. The AWGN noise power density is
—80 dB - W/Hz. The number of users is 16. The average channel power of
users 1-4 is 10 dB higher than the rest of 12 users. The rate constraints are

r =2" fork=1,...,4and 7, =1 for £ =5,...,16, where m is the
I‘ set index.

The Hessian of f(pk n, Prn) is calculated as

VQf(pk,n7pk’,n)

1 peadR,
In2 (pk,n + pk,nHk,n)z

} .27

1 ' _ Pk,n
Pk,n
Since pk n, Pk,n. and Hy, , are all positive, it is not difficult to
see that the Hessian of f(py n,Pk,n) is negative semidefinite
and, hence, f(pk.n,Pkn) is concave. Thus, the Hessian of

—f(pkn,Pr,n) is positive semidefinite and — f(pg p, P,n) 18
convex. The objective function in (4) can be expressed as

K N 1
k=1n=1

and, thus, is a summation of a set of convex functions, which is
also convex.

(28)

APPENDIX II
NEWTON-RAPHSON METHOD TO SOLVE THE
NONLINEAR EQUATIONS

In the following, we describe the major steps to find the
power allocation with Newton—Raphson method.
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TABLE 1II
RATE CONSTRAINTS (I'-SETS) AND RATE CONSTRAINT DEVIATIONS FOR FIGS. 7 AND 8, K = 16

I'-Set Index m ‘ 0 ‘ 1 ‘ 2 ‘ 3 ‘ 4
Mnm=y=--=y=2" 20 2! 22 23 24
Y5 =6 = """ =716 1 1 1 1 1

D, proposed subchannel + optimal power | 0.0015 | 0.0015 | 0.0013 | 0.0012 | 0.0018
D, sum capacity maximization in [6] 0.9238 | 0.8361 | 0.7438 | 0.6662 | 0.6133
D,static TDMA 0.1150 | 0.1093 | 0.2548 | 0.4071 | 0.5193

0.25

Il ideal, defined by I'-set
B proposed subchannel+optimal power

[ sum capacity maximization in [6] gr(P)= % <10g2 <1 + Hl,lw) + log, Wl)

@
(2]
>
5 02 [ static TDMA i Ny
>
S 7 Nk Py tot — Vi
@ — ——|logy|1+ Hpy1———— |+ logys W,
§ 0.15 ] % N ( gz( k,1 N, gy Wi
& =0 (€2))]
(=]
2 01 J
L fork=2,..., K.
2 Denote AP as the update direction. The major step in
E 0.05 1 Newton—Raphson method is to solve the following equation to
5 find AP
z
0 JP)AP = —g(P 32
6 8 10 12 14 16 ( ) g( ) (32)
User Index
and update P as
Fig. 8. Normalized ergodic sum capacity distribution among users. The
simulation parameters are the same as in Fig. 7. The rate constraint is y; = P=P+ AP (33)
co=mya=8andys =+ =716 =1
where
. dg dg dg
Denote the variables as b} Pl,tot B pﬁot e apK,lmt
992 992 093
OP1 tot OPs ot Y 0Pk tot
P = [Piiot Patot - Prciot]” (29) J®)=1"" S . (34)
+ . . 3!}K 8.‘}1( 3!}1{
where [o] represents the operation of matrix transpose. OP1 ot OPator " 0Pk tot
Furthermore, define a square system of equations g(P) =0 | . .
where is the Jacobian matrix of g(P) evaluated at P.
It is true that the computational complexity is still high,
K since, in general, a matrix inversion or LU decomposition has
a(P) = Z Py tot — Protal =0 (30) to be performed in order to get AP each iteration. Fortunately,
k=1 the Jacobian matrix of g(P) has a good structure that can be
r_ 991 _9q1 091
OP1tot  OP2tot " OPk tot
092 992 992
j(P) _ aPl,tot aP2,toc e 8PK,tot
aéK 85;1{ af;K
L aPl,cot aP2,toc e aPK,tot
i 1 1 e e 1
H1,1 1 - m H2,1 1 0
Nln2 14+H; 1 Pl,txft;Vl Y2 Nln2 1+Ha P2,t1(<7c2*V2
= : : o . (35)
Hia a1 O . O 71 Hgra ] 1
i Nln2 1+H1,1P1'EX;17V1 Yk N1ln2 14+ Hg PK,t]\c;;;VK
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fully utilized to reduce the computational complexity [see (35),
shown at the bottom of the previous page]. Every except the
first row of the Jacobian matrix has only two nonzero entries.
By substitution, AP can be calculated with the complexity of
O(K).

APPENDIX IIT
CALCULATION OF MAXIMUM DEVIATION
DEFINED IN (23)

Notice that Zszl Ek,i =1and Zszl v = 1. Hence, there
must exist some k, such that ﬁk,i — 9, < 0. Without loss
of generality, assume that Ek,i -k <0for k=1,2,... .k
and ﬁk,i — Ak >0 for k=Fk"+1,..., K, then the objective
function can be written as

k=1
K B K
= (’Yk - Rk,z) + Z (Rk,i - %)
k=1 k=k"+1
K K K k*
=D Tk~ Z Vi + Z sz_ZRk,z
k=1 k=k*+1 k=k*+1 k=1
K K K
=D At D -2 >
k=1 k=k*+1 k=k*+1
K B B
+ Y Rii+ Y Rpi—2Y R
k=k*+1 k=1 k=1

Slmekin%Jrl

=2 kainﬁk. (36)

Let argming Y = Kpmin, then one maximizer of the objec-
tive function in (24) is Ry ; = 1 for k = kyin and Ry ; =0
otherwise.
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