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Abstract—In this paper, an optimal downlink resource man-
agement scheme for heterogeneous packet transmission in
orthogonal frequency-division multiplexing (OFDM) wireless
communication systems is proposed. By making use of the channel
impulse response and the properties of the OFDM physical layer,
a resource management scheme is developed by integrating power
distribution, subcarrier allocation, and the generalized processor
sharing (GPS) scheduling. The scheme can: 1) maximize system
throughput; 2) guarantee the required signal-to-noise ratio for het-
erogeneous traffic; 3) provide fairness to all the traffic admitted in
the system; and 4) satisfy the total transmission power constraint.
For practical implementation, a simplified power and subcarrier
allocation algorithm, a robust H, channel estimation algorithm,
and a truncated GPS (TGPS) scheduling scheme are introduced.
Simulation results show that the proposed resource management
scheme exhibits good throughput performance.

Index Terms—Generalized processor sharing, multiuser diver-
sity, orthogonal frequency-division multiplexing, power distribu-
tion, subcarrier allocation, wireless communications.

I. INTRODUCTION

HE increasing demand for large volumes of multime-

dia services in wireless communication systems requires
high transmission rates. However, high transmission rates may
result in severer frequency-selective fading and intersymbol
interference (ISI) if the bandwidth of the transmitted signal
is large compared to the coherence bandwidth of the chan-
nel. Orthogonal frequency-division multiplexing (OFDM) has
been proposed to combat these types of channel disturbance
[1]-[4]. In an OFDM, the signal is transformed into a num-
ber of components, each with a bandwidth narrower than the
coherence bandwidth of the propagation channel. Each of the
OFDM signal components is modulated onto a distinct sub-
carrier. With OFDM, the signal fading across the bandwidth of
each subcarrier is uniformly distributed, and OFDM is said to
have transformed frequency-selective fading to flat fading. This
feature makes OFDM an attractive multiple-access scheme for
future multimedia wireless communication systems.
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As the wireless access to the Internet becomes increasingly
popular, the downlink (from the base station to the mobile
users) may have to transport more traffic. However, support-
ing multimedia traffic, such as voice, video, and data, and
making efficient use of the radio resource are very challeng-
ing tasks for the downlink OFDM wireless communication
systems. This is due to the following: 1) the scarce radio
resource and the limited base station transmission power;
2) the time-variant channel conditions resulting from the fading
and user mobility; and 3) the diverse quality of service (QoS)
requirements of multimedia users, in terms of delay, delay
variance, throughput, and bit error rate. One of the promising
approaches to efficiently support multimedia traffic in downlink
OFDM systems is to employ a resource management scheme
at the link layer which can dynamically allocate bandwidth
to mobile users in accordance with the variation of traffic
load and channel conditions. The resource management scheme
should be efficient in utilizing the radio resources and be fair in
scheduling services. By efficiency, it is meant that a user can
get as much service as needed whenever there are available
resources in the system. By fairness, it is meant that every
user is guaranteed the agreed-upon service rate with QoS sat-
isfaction, even though other users may be greedy in demanding
bandwidth.

An ideal fair scheduling discipline is the well-known gen-
eralized processor sharing (GPS) [5]. The basic principle of
GPS is to assign each user a fixed weight, instead of a fixed
bandwidth, and to dynamically allocate bandwidth (or service
rate) to all the users according to their weights and traffic
load. With GPS, each user is guaranteed a minimum bandwidth
proportional to its weight; in addition, if a user does not fully
use its guaranteed bandwidth, the excess bandwidth can be dis-
tributed to other users in proportion to their weights. This
results in perfect isolation of heterogeneous traffic flows and
guaranteed bandwidth provision. The main drawback of GPS
is that it is defined on virtual time and is not practically im-
plementable. Several modified GPS fair scheduling schemes,
such as packet GPS (PGPS), have been proposed for wireline
packet networks [5], [6] and extended to wireless networks
[7]-[10]. These modified GPS scheduling schemes are based on
a time-scheduling approach, which entails extensive computa-
tion for the virtual time of each packet [6]. The time-scheduling
approach is suitable for time division multiple access-based
wireless networks [7], [8] and has been extended to code
division multiple access (CDMA)-based wireless networks
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[9], [10]. However, to the best of our knowledge, little re-
search has been done on fair scheduling for packet-switched
OFDM wireless systems. On the other hand, resource allocation
schemes, which appropriately allocate power and transmission
rates for each subcarrier, have been proposed to support mul-
timedia traffic in single-user and multiuser OFDM systems
[11]-[14]. In [15], a low-complexity power and subcarrier
allocation algorithm is proposed. However, all these schemes
assume persistent transmission and do not take fairness and
burstiness of the traffic into account. Therefore, it is very
important and challenging to develop an effective and effi-
cient resource allocation scheme for multiuser packet-switched
OFDM systems.

The effectiveness of the mechanisms used in the physical
layer has a significant impact on the design and operation of
upper layer protocols. For the OFDM system, its physical layer
has the following properties.

1) Total bandwidth of the OFDM system is divided into
many narrow bands such that information from different
users can be transmitted in parallel. This feature en-
ables the use of parallel-transmission-based scheduling
schemes, for example, the GPS scheduling.

2) Different subcarriers of the same user experience differ-
ent channel fading due to frequency selectivity, and chan-
nel fading experienced by different users are independent.
These differences introduce the so-called multiuser diver-
sity, the incorporation of which has been proven to offer
significant capacity improvement [16].

3) Each subcarrier transmits at a fixed symbol rate. If the
modulation scheme is fixed, all subcarriers have a fixed
transmission bit rate.

These physical layer properties should be considered in
developing resource management schemes at the link layer to
determine the subcarrier and power allocation to a mobile user.

In this paper, an optimal downlink resource management
scheme is proposed for heterogeneous packet transmission in
OFDM wireless communication systems. By making use of the
physical layer properties of the OFDM system and the channel
impulse response, the resource management scheme is devel-
oped by integrating power distribution, subcarrier allocation,
and GPS scheduling. The scheme can:

1) achieve maximum system throughput;

2) guarantee the required signal-to-noise ratio (SNR) for
heterogeneous traffic;

3) provide fairness to all the traffic admitted in the system;

4) satisfy the total transmission power constraints.

To reduce the implementation complexity of the optimal re-
source management scheme, the overall optimization problem
is decomposed into a hierarchy of two subproblems (schedul-
ing and a combination of power and subcarrier allocation).
Then, a distributed resource management scheme based on
a simplified power and subcarrier allocation algorithm, a ro-
bust H,,-based channel estimation algorithm, and a truncated
GPS (TGPS) is introduced. Simulation results show that the
proposed resource management scheme can achieve a much
better performance in terms of system throughput and transmis-
sion delay than the conventional resource management scheme
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based on PGPS scheduling and can achieve similar fairness as
GPS scheduling.

The remainder of this paper is organized as follows. In
Section II, the OFDM system model is described. An optimal
resource management problem by integrating power distribu-
tion, subcarrier allocation, and ideal GPS scheduling is for-
mulated in Section III. A TGPS and a simplified power and
subcarrier allocation algorithm are presented in Section IV.
The H,, channel estimator for channel impulse response esti-
mation is adopted in Section V. Simulation results are given
in Section VI to demonstrate the performance of the pro-
posed resource management scheme in terms of the system
throughput and transmission delay under the homogeneous and
heterogeneous traffic, respectively. Conclusions are given in
Section VII.

II. SYSTEM MODEL

Fig. 1 shows the structure of a downlink OFDM to support
N users. At the base station transmitter, the serial data sequence
from the scheduler, which is a sequence of samples occurring
at interval T%, is first serial-to-parallel (S/P) converted into
M low-rate parallel streams to increase the symbol duration
to T'= MT,. The low-rate streams can be represented by
the symbols b,, [k], where m = 0,1,... , M — 1, k=1,2,....
Through scheduling, b, [k] for different 7 may come from the
same user or from different users. b,,[k] for some m may be
equal to zero, which means no transmission on these subcarriers
at the kth epoch. In order to eliminate interference between
parallel data streams, each of the low-rate data streams is
modulated onto a distinct subcarrier belonging to an orthogonal
set with subcarrier spacing 1/7". The parallel streams are then
multiplexed and a cyclic prefix is added to eliminate the effect
of ISL. Thus, the signal transmitted during the kth epoch y(t)
can be written as

M1 j2rmt
y(t) = Z \/Pm[k]bm[k]e] T
m=0
—p+ kT <t<(k+1)T (1)

where P, [k] is the transmission power of the kth data symbol
in the mth stream, M is the total number of subcarriers, and p
is the length of the guard interval.

The transmitted signal y(t) passes through the wireless chan-
nel that introduces signal distortion and additive noise. For
each user, the wireless channel can be modeled as a multipath
frequency-selective fading channel using a tapped delay line
with time-varying coefficients and fixed tap spacing [17]. For
user ¢, the channel impulse response can be represented as

i

X

hi(t, ) =Y hi(t)s (1 —17),

=

i=0,1,...,N—1 (2)

where hi(t) and 7/ are the complex amplitude and the delay
of the Ith path, respectively. x* + 1 is the total number of taps
and 7')7'( represents the maximum multipath delay spread. For
OFDM to be effective, the length of the cyclic prefix p should be
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Fig. 1. Transceiver structure of the OFDM system.

larger than the maximum multipath delay spread of the channel.
hj(t) can be modeled as a wide-sense stationary uncorrelated
scattering process, with correlation function [18]

o (A1) 2 B {ni(0) [ie — 0]}
= (of)" pu(A0) 3)

where * denotes complex conjugation, (o})? is the variance of
the channel fading at path [ of the ith user, which is deter-
mined by the power delay profile of the channel and satisfies
the normalized condition le;o (01)2 =1, and ¢y (At) is the
normalized correlation function.

The received signal of the ith user 7% (t) can be expressed as

ri(t) = /hi(t, Tyt — 7)d7 + n'(t)

=> hiy (t—7f) +n'(t) )
=0

where n‘(t) is an independent identically distributed (i.i.d.)
complex Gaussian background noise for any +.

At the ith user’s receiver, the received signal is first de-
modulated after cyclic prefix removal to obtain the output of
each subcarrier. For practical implementation, modulation and
demodulation can be achieved by inverse fast Fourier transform

(IFFT) and fast Fourier transform (FFT), respectively. In Fig. 1,
the second index ¢ at the output of the demodulator refers to the
qth subcarrier, and sL o 18 the output for the gth subcarrier in the
kth epoch. Assume that the channel impulse response is quasi-
static during one symbol interval, i.e., during the kth epoch,
hi(t) ~ hi(kT), for kT <t < (k + 1)T. Under this condition,
the intercarrier interference (ICI) is negligibly small compared
to the background noise. Thus, the g¢th subcarrier output
stqg ¢€{0,1,...,M —1}, from the demodulator can be
expressed as

, (k+DT [ s Mot
Ska = 7 / STRKT) S/ Pulk]bim k]
kT =0 m=0
j21r7n(t77’7") . jorqt
xe7"+n%ﬂ]e'2 dt
1 X' M-1 iamt
1 _ 1
:i;E:hﬂkT)E:\/Pmmwmwp T
=0 m=0
(k+1)T (k+1)T
j2m(m—q)t 1 o _g2mat
X e 1 dt+ T n'(t)e” T dt

kT

kT
= \/ Pylk]bg[K]H}, , + v}, (5)
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where
) X' ) j2mqr}
Hj =Y hi(kT)e 7"
1=0
(k+1)T
) 1 . j2m
Vhy =7 ni(t)e” ST dt. 6)
kT

v}'% o 1s an iid. complex Gaussian random variable with zero
mean and variance af, for any i, ¢, and k. After demodulation,
each user selects the appropriate subcarriers that contain the
desired signals for detection.

From (5) and (6), the following can be observed. 1) For each
OFDM downlink, a wideband multipath frequency-selective
fading channel can be modeled as M separate narrowband flat
fading channels (Fig. 2), each of which has a time-varying
multiplicative complex channel fading gain H }C o This indicates
that the OFDM system possesses the capability to support
parallel transmission so that some parallel-transmission-based
scheduling schemes, such as GPS scheduling, can be applied in
OFDM downlinks. Moreover, parallel transmission in the fre-
quency domain provides an opportunity to apply a more flexible
resource allocation for the OFDM system. Since each subcar-
rier experiences flat fading, the channel gain can be defined as

ap,=|HLS,  a=01,...M-1. (]
2) The frequency selectivity of the channel fading results in
nonuniformly distributed channel gains among all subcarriers,
i.e., for a given user ¢, a? o, may be different for a different sub-
carrier index q. When the distance between two subcarriers is
larger than the coherence bandwidth of the channel, the channel
gains of these two subcarriers may be considered independent.
Furthermore, since each user experiences i.i.d. channel fading,
O‘;‘mq is independent for different ¢, ¢ = 0,1,..., N — 1. The
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difference in channel gains has the following impacts on the
resource allocation. a) Multiuser diversity exists, where the di-
versity gain can be achieved by appropriate resource allocation
at the link layer. Therefore, multiuser diversity should be taken
into account. b) Since the channel gains are different for differ-
ent subcarriers and different users, in addition to determining
the number of subcarriers allocated to each user, resource allo-
cation should also determine which set of subcarriers should be
allocated to the given user in order to achieve maximum system
throughput. 3) With the transmission symbol rate fixed for each
subcarrier, transmission bit rate can only be changed by chang-
ing the modulation level or the number of subcarriers allocated.
This is completely different from the CDMA system where the
symbol duration, or the symbol rate, can be set dynamically.
In addition, in an OFDM system, a symbol is the minimum
unit for transmission. All these properties at the physical layer
of the OFDM system introduce new requirements and features
for designing resource management schemes at the link layer.
In other words, efficient and effective resource management
schemes for the OFDM wireless communication systems can
be developed by making full use of these properties.

III. OPTIMAL RESOURCE MANAGEMENT

In this section, an optimal resource management scheme with
ideal GPS scheduling to maximize OFDM system through-
put while satisfying the total transmission power constraint
and heterogeneous SNR requirements is developed. Since the
discussion focuses on each OFDM symbol interval, in what
follows, the symbol index £ will also be used as the time index
to denote the epoch corresponding to the symbol interval.

A. GPS Scheduling

GPS has been shown to offer fair scheduling [5]. GPS is
ideal in the sense that it is designed in virtual time and hence
not implementable. Consider N sessions! sharing a network
link with a total link transmission rate W. Each session i is
associated with a positive weight 7);. Let W; (7, t) be the amount
of session 4 traffic served during the interval (7, t]. Then, a GPS
server is defined as a work-conserving service discipline for
which

Wi(Ta t) > &

= ’ ]207177N_1 (8)
Wj(rt) —

for any session i that is continuously backlogged in the interval
(7,t] [5]. If both session ¢ and session j are continuously
backlogged in the interval (7,t], then (8) holds with equality.
It can be shown that in a GPS server, any backlogged session @
is guaranteed a service rate R; given by

Ri= — 0. 9)
Zj:o nj

In fact, R; is the service rate of session ¢ when all sessions are
busy. Whenever fewer than N sessions are active, the system

Here, the terms session and user are used interchangeably, as these terms
are being used quite freely in the literature.
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A queuing model for the OFDM system.

resources (¥) will be shared among those busy sessions, and
hence each busy session will be served at a rate greater than its
guaranteed service rate.

There are several interesting features associated with GPS
that make it an attractive scheduling scheme for integrated
services networks. A significant feature is the flexibility to treat
different classes of service differently according to their QoS
requirements. Such flexibility is achieved by assigning different
7);S to various classes of service. This in turn results in dissimilar
service rates, and hence different performance specifications in
terms of throughput and/or delay [9].

B. Optimal Resource Management

Consider an OFDM system with an infinitely large number
of subcarriers such that the subcarrier (or bandwidth) allocation
can be carried out at any small frequency band. Assume a
fixed modulation level for all subcarriers. Then, the number
of subcarriers or the system bandwidth completely defines the
system transmission rate. Therefore, the considered OFDM
system can be modeled as a queuing system, as depicted in
Fig. 3, where each virtual channel is a combination of the sub-
carriers allocated to the given session and W, denotes the
effective system bandwidth, defined as the bandwidth that the
system can support at the kth epoch. Fig. 3 obviously indicates
that the considered OFDM system can support both parallel
transmission and fine granularity in resource allocation such
that ideal GPS scheduling can be applied to achieve optimal
fairness performance. Although in a wireless system Wy, is time
variant, which is a consequence of the channel condition and
the resource allocation algorithm applied, (8) and (9) still hold
for time-variant W, since all the sessions share the bandwidth
in parallel. The subcarrier allocation functions, each of which
represents the subcarrier distribution of the given user over the
whole bandwidth, can be defined as a continuous function in the
frequency domain since the number of subcarriers M is infinite.
Let {AL(f),i=0,1,...,N —1}, f € [0, W), denote the sub-
carrier allocation functions, where W is the total bandwidth of
the system. Afﬁ( f) is an indicator function, i.e.,

AL(f) = 1, frequency f allocated to session %
AV 71°0,  otherwise.

The objective of resource management is to maximize the
normalized system bandwidth utilization or the normalized
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throughput, defined as ¥y, /W, subject to the constraints on total
transmission power, users’ SNR requirements, and satisfaction
of GPS fair scheduling. Let the set of backlogged users be A.
Optimal resource management in the OFDM system can be
described as follows:

Wy W A] (f)
maX{AZ(f)} —maX{A, (f)} ZLEA df
subject to
S OW iNRLAz (Hdf < U% (Condition 1) (10,
AN AL =0

foranyi,j € Aandi # j (Condition IT)
Y AL (f)d
M =1L i,j €A (Condition IIT)
J,ALar

where P is the base station target transmission power and
{SNR;,i=0,1,..., N — 1} is the SNR requirement of user
1. In (10), Condition I means that the total transmission power
should be less than the target transmission power while sat-
isfying all users’ SNR requirements; Condition II means that
no more than one user transmit in the same subcarrier; and
Condition III describes the requirement of the GPS schedul-
ing. Since the noise power 03 is a constant, it has no effect
on the solution of the optimization problem in (10). Without
loss of generality, in what follows, o2 is normalized to 1 for
simplicity.

If the optimal solutions of (10) could be obtained, they would
act as the performance benchmark. Unfortunately, solving (10)
is too time consuming for a practical system. In addition, both
the ideal GPS scheduling, which is based on the fluid-flow
model (i.e., the flow generated from each session is assumed
to be a continuous flow), and the OFDM system with an
infinite number of subcarriers are difficult to implement in
practice. As a way to render the resource management problem
implementable, a truncation of the ideal GPS is proposed in the
next section.

IV. PRACTICALLY IMPLEMENTABLE SCHEDULING
AND RESOURCE MANAGEMENT SCHEMES

In this section, a TGPS to facilitate implementation of the
resource management scheme is proposed.

A. TGPS Scheduling

Application of GPS scheduling to the OFDM channel re-
quires M to be infinitely large, or the width of the subbands to
be infinitely small. For practical implementation, the number of
subcarriers has to be finite. It is assumed that, on the basis that
the width of the subbands is sufficiently small, a finite number
of subcarriers can yield a relative good system performance.

Although GPS scheduling provides optimal fairness perfor-
mance, it is not practically implementable for the practical
OFDM systems with M subcarriers due to the following two
aspects. 1) For practical OFDM systems, the total bandwidth
is quantized to M subbands. This results in a limitation on
the maximum number of sessions which can be transmitted
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simultaneously, i.e., the maximum number of parallel trans-
missions must be no greater than M. When the target trans-
mission power is taken into account, the number of effective
subcarriers, defined as the number of subcarriers that can be
actually supported by the system, is even less than M due to
severe channel fading. Thus, at certain instants when the total
number of backlogged sessions is larger than the number of
effective subcarriers, some backlogged sessions cannot obtain
the bandwidth which should be guaranteed with ideal GPS
scheduling. 2) A side effect of the quantization is that in the
OFDM system, the minimal transmission unit is a symbol. Even
when the total number of backlogged sessions is less than the
number of effective subcarriers, the scheduling scheme may
still not be able to guarantee the capacity allocation according
to the predefined weights {7;,7 € A}, because the required
capacity may not be an integer number of subcarriers. Under the
GPS approach, the effective number of subcarriers for session
i at time epoch k is a real number. To facilitate implementation
of GPS in a practical OFDM system, we convert each user’s
effective number of subcarriers to an integer value by truncation
and refer to the modified scheme as TGPS.

Consider a busy period beginning at time epoch k = 0. Let
the set of all backlogged sessions be A. Given the number
of effective subcarriers Mfffective at any epoch k in a busy
period, the effective number of subcarriers allocated to user  is
(i) Y jen M) M Lgective> Which is converted to an integer value
by truncation

Mik = \‘Z:mn‘MfffectiveJ Vie A (11)
jeAN 'y

where M} denotes the number of subcarriers allocated to the
ith session and |z| denotes the floor function that takes the
maximum integer less than or equal to x. Define the capacity
loss of each backlogged session {e¥,i € A} as the capacity
difference between the ideal GPS scheduling and M}
i€ A.

eh= M gk — MF (12)

effective )
E:jeA.nj
Since € results from the quantization of the OFDM system
in the frequency domain, using the same terminology as in
amplitude quantization, ¥ is called the quantization error.
Define the cumulative quantization error {AMPF i € A} as the
quantization error accumulated from epoch O to epoch k, where
AJ\{QO = 0. From (12), the cumulative quantization error can be
obtained as
AMF = AMF Y4k e A (13)
After the allocation from (11), there may be some subcarriers
that are not allocated. Define the number of unallocated subcar-
riers as
k k k
Mleft = Meffective - Z Mi : (14)
€A

According to the work-conserving principle, the unallocated
subcarriers need to be allocated to some sessions. Since the cu-
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mulative quantization errors reflect the total difference between
the proposed TGPS scheduling and the ideal GPS scheduling, in
order to minimize the difference, a compensation algorithm is
introduced to allocate the unallocated subcarriers to the sessions
with maximum cumulative quantization errors. The compensa-
tion algorithm in the kth epoch can be described as follows.

1) Select the session 4 that has maximum cumulative quan-

tization error

AMF = mjax{AMf,j €A}. (15)

2) Allocate one unallocated subcarrier to session ¢ and carry
out the following upgrades

AMF =AMF -1

Mlléft :Mllgft -1 (16)

3) Repeat steps 1 and 2 until M}, = 0.

During a busy period, in any epoch k, the proposed TGPS
scheduling allocates the effective subcarriers to each back-
logged session, calculates the cumulative quantization errors,
and distributes the unallocated subcarriers using (11), (13), and
(16) until one session completes its packet transmission and
departs from the set A. In that epoch, the session’s cumu-
lative quantization error is set to zero. The reason is that
when the session completes the transmission of all its packets,
the cumulative quantization error has been translated into the
transmission delay of the packets. The error should not be
reconsidered for future transmissions.

From the description of the proposed TGPS scheduling
(11)—(16), we make the following observations.

1) Given the effective system capacity at the kth epoch
MPE; w0 €ach backlogged session can be guaranteed
the capacity allocation [ (1;/ > ;ca ;) MPE. iive)» which
is a function of 7;, i € A. Compared with the ideal
GPS scheduling, the difference of the guaranteed capac-
ity allocation equals the cumulative quantization error
AMF Vi € A. The guarantee on capacity allocation indi-
cates that the proposed TGPS can provide fairness among
sessions, which is determined by the predefined weights
{%i € A}

2) I (i) 3 jen 15) Mgeerive Were an integer for all i € A,
then TGPS would achieve the same fairness as the ideal
GPS scheduling.

3) Given the total system bandwidth W, the quantization
errors are determined by the number of the quantization
levels, i.e., the total number of subcarriers M in the
frequency domain. When M — oo, the TGPS scheduling
approaches the ideal GPS.

4) The compensation algorithm (15) and (16) can compen-
sate the quantization errors with the capacity allocation.
The minimum compensation unit is one subcarrier.

B. Power and Subcarrier Allocation Algorithm

The information M f ,© € A, generated by the TGPS schedul-

ing, is actually a function of the parameter M ekffective. It can be



1694

determined by the power and subcarrier allocation algorithm,
which is designed to determine which set of subcarriers should
be allocated to the given user according to the information MF
so that the total transmission power is minimized.

Given the number of subcarriers required by each user to
transmit at the current symbol duration MF, i € A, the optimal
power and subcarrier allocation can be derived from (10) as

M-1
. SNR; 4i
min 4i (g) D icA Zo o, Aj(q)
q= s

subject to

M-1 (17)
> Ailg) =M, ieA

q=0

Dien Ai(0) <1, ¢=0,1,...,M—1.

Different from (10), the subcarrier allocation function AZ(q),
1€ A, is a discrete two-valued function defined on ¢ €
{0,1,..., M — 1}. Although the optimization problem defined
in (17) can be solved using linear programming, since a fast
allocation algorithm is required for a practical OFDM system, a
simplified power and subcarrier allocation algorithm for solving
(17) is proposed based on the fact that the users with higher
SNR requirement will dominate the power consumption. This
can be explained as follows.

Consider an OFDM system with only two users, user 1 and
user 2, having SNR requirements of SNR; and SNRg, re-
spectively. Assume SNRy > SNR;. If subcarrier ¢ is allocated
to user 2, from the minimum power consumption criterion, it
requires that

SNR; _ SNRs

1 2
@ @y

SNR, o
Za 18
SNR, @ (18)

1
q
Equation (18) indicates that only when the channel gain of the
user with high SNR requirement is more than SNRy/SNR,
times larger than that of the user with lower SNR requirement,
allocating the subcarrier to the user with higher SNR require-
ment can achieve the minimum transmission power. In addition,
the power consumption at a given subcarrier is determined
by the function g(«) = SNR/a. Its derivative with respect to
a is —SNR/a?. Therefore, increasing the channel gain will
decrease more transmission power for the user with high SNR
requirement than the user with a lower one since the function
SNR/« has a larger absolute value of derivative at any given
« for the user with higher SNR. Therefore, the user with high
SNR requirement has a greater effect on the power consumption
and should get a higher priority to occupy the subcarriers with
the largest channel gains.

The simplified power and subcarrier allocation algorithm is
presented as follows.

1) During any epoch k, the power and subcarrier allocation
algorithm accepts the information {M},i € A}, the re-
quired number of subcarriers allocated to user ¢, from the
TGPS scheduling.

2) The power and subcarrier allocation algorithm sorts the
users in a nonincreasing order according to their SNR re-
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quirements. Then, the algorithm allocates the subcarriers
to the users one by one.

3) At the jth step of subcarrier allocation, let QJ be the
set of subcarriers that have not been allocated till the
jth step and user [ be the user with the maximum SNR
requirement among the unallocated users. The power and
subcarrier allocation algorithm selects M} subcarriers
with maximum channel gains from the set / and allo-
cates them to user [.

4) After the subcarrier allocation, the algorithm calculates
the power needed for each subcarrier.

C. Distributed Resource Management Scheme

1) The base station establishes one individual queue for
each user. The arriving packet from each user is stored
in its own individual queue in a first-in first-out order.
At the beginning of each OFDM symbol interval k, set
Mekﬂective =M.

2) The base station operates TGPS scheduling to determine
the number of subcarriers allocated to each backlogged
user MF, i € A, based on the given MkE, .. = The
information M} is transferred to the power and subcarrier
allocation algorithm.

3) The base station operates the power and subcarrier alloca-
tion algorithm based on the information {MF,i € A} to
determine the subcarrier distribution of each backlogged
user and calculates the transmission power for each sub-
carrier.

4) The base station calculates the total transmission power
required and compares it with the base station target
transmission power. If the total power consumption is
less than the target transmission power, the resource
management procedure is complete.

5) Otherwise, the base station decreases 1M/, fﬁective by 1 and
repeats steps 2—4.

6) The base station selects M} head symbols from the ith
individual queue, ¢ € A, and transmits them on the allo-
cated subcarriers with the allocated transmission power.

V. CHANNEL ESTIMATION

The resource management schemes developed in the previ-
ous sections require the channel impulse response of the OFDM
system. In this section, we present a robust estimation of the
channel impulse response using an H,, approach.

In order to estimate the channel impulse response, the base
station inserts some pilots to certain subcarriers at given symbol
intervals. At the receiver end, each user estimates the individual
channel impulse response based on these pilots using the pilot-
assisted estimation algorithms and feeds back the estimates to
the base station through some uplink (from the mobile users
to the base station) signaling channels. The base station then
carries out the proposed resource management schemes for
the next symbol interval using the feedback channel impulse
response. Here, no feedback errors are considered. In order to
reduce the number of information fed back from the mobile
users, which consists of the overhead of the system, only the
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channel estimates at the pilot positions need to be fed back to
the base station, in which interpolation is carried out to obtain
the channel estimates at the nonpilot subcarriers. Since the
system is working under a slow fading channel, i.e., the channel
fading is time invariant over a few OFDM symbols, the small
feedback delay inherent in the OFDM system [21] should have
little effect on the resource management performance.
Consider the pilot pattern shown in Fig. 4, where the known
pilots are inserted in every Dy OFDM symbols and Dy subcarri-
ers at the base station. In general, the values of D; and D¢ may
significantly affect the estimation performance and they should
be selected properly [22]-[24]. Since all users implement the
same channel estimation algorithm, in the following, the user
index 7 is omitted for simplicity. Without loss of generality, let

W klbglk] =B, k€6, qe b

where (3 is a constant; 6; and 6; are the sets of pilots in the time
and frequency domains, respectively. Then, (5) becomes

Sk, = Hpq + Ur q, keb, qe b 19)

where §g g = Skq/0 and ¥y 4 = vk /0. The channel estima-
tion at each mobile user is to estimate Hj , based on the
observations 5y, 4.

From (3) and (6), the correlation function of the channel
fading {H} 4, k € 0y and ¢ € 6¢} for different instants and
subcarriers can be written as [19]

A *
¢H [ma n] =FE [Hk-,qu—th,q—an]

= ¢[m]o¢[n] (20)

D data

where
fon [m] = ¢t(thT)
W& 3 ape
=0
Let
btq]
$ela=| o)
brl—K +1+4)
Dp = [d6[0]  [l] e[ K —1]]

where K = M /Dy is the number of pilots in the frequency
domain for any given k € 6;. Assuming that the correlation
matrix ®¢ is diagonalizable, the eigendecomposition of ®; is

®; = U"'DU (1)
where the superscript H denotes Hermitian transposition, U
is a unitary matrix consisting of the eigenvectors of ®¢, and
D is a K x K diagonal matrix with the diagonals consisting
of Ko(Ky < K) nonzero eigenvalues d;, [ = 0,1,..., Ky — 1,
and K — K zeros. Let

Sk = [8k,0 Sk,D¢ Sk, (x—1)p; | UM
gr = [Hro Hyp, Hy, (k-1)p, | U!
Vi = [Uro0 Ok,Dy By,(k—1)p; ) UM
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Fig. 5. Joint time—frequency channel estimator for OFDM system.

From (19) and (20), we have

Skl =Gk, + Uk, 1=0,1,...,Ko—1

$g1[m] 2 E (91,19} mp,1] = 6 [m]U1@; UL = dihy [m)]

02 BB [|opu?] = E [tk 2] = o2
(22)

where 55, gi,1, and 7y, are the [th elements of S, gy, and
Vi, respectively; Uj is the /th column of U. Since the columns
of U form a unitary system, i.e., E[gk 195, ;] = U@ UL, =
U, UL, =0, for i # 0, from (19)-(22), we can obtain a
channel estimator structure shown in Fig. 5, where the joint
time—frequency estimation problem for H}, , is transformed to
K one-dimensional time-domain estimation problems for gy, ;.

For the slow-fading channel gy, ;, it can be approximated by
an autoregressive process [25], [26]

n
Ikl = Z ;1 9k—iDy,l + Wk (23)

i=1

where n, a; ;, and wy, ; denote the order, the coefficient (tap-gain
parameter), and the model noise, respectively. Without loss of
generality, let the zeroth time-domain estimator be the reference
and drop off the second index [. Combining (22) and (23), the
one-dimensional time-domain channel estimation problem can
be formulated by the following state-space model:

Xi =AXg_1 +Bwyg (state equation) (24)
5, =CXy + Tk (measurement equation) (25)
where
Xy = [gk—(n—l)Dtagk—(n—2)Dta - 9k ],
0 1 0 ... 0 0
0 0 1 ... 0 0
A | . : . . .
0 0 0 0 1
Ap Ap—-1 QAp-—2 ... Qg a1
C=10,0,...,0,1]

B =[0,0,...,0,1]

the superscript ' denotes matrix transposition. Since the knowl-
edge of the channel fading statistics and the variance of the
background noise are ordinarily unknown a priori in practical
systems, in the following, an H.-based channel estimation
algorithm [27], which does not require channel statistics, is
adopted as the channel estimator. A brief description of the H
estimator is given below.

Let zp = €Xj, where £ is a 1 X n linear transformation
operator and Z; be the estimate of z;. Define the estimation
error as

€L é Zk — ik (26)

The design criterion of the H,, estimator is to provide a
uniformly small estimation error for any wy, Uk, and initial
condition X. The measure of performance is defined as the
transfer operator that transforms the wy,, Uy, and the uncertainty
of the initial condition X to the estimation error e¢;. The
objective function is

> ico |€i|gg
Xo — Kol21 + SZo {louft s il }

1>

J

27)

where XO is an a priori estimate of X, (Xo — XO) represents
the unknown initial condition error, and @ > 0, pp > 0, Wy >
0 and Vi > 0 are weighting parameters. pg denotes a positive
definite matrix that reflects a priori knowledge on how close the
initial guess X is to Xo. Wy and Vi are weighting variables.
In practical systems, the values of W and Vi can be chosen
as the estimates of the covariances of w; and v;. The optimal
estimate of z, among all possible Z;’s (i.e., the worst case
performance measure), should satisfy

A _
[Tl = sup_ J <47

Vg, W, X0

(28)

where “sup” stands for supremum and (> 0) is a prescribed
level of noise attenuation.

For the state-space model (24) and (25), with the perfor-
mance criterion (28), there exists an H,, estimator for zj if
and only if there exists a stabilizing symmetric positive definite
solution Iy, to the following discrete-time Riccati-type equation

)41 = ATy, (I— QT + C'V;'CT,) ' A’ + BWy B’

L'y =po (29)
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where pg is the initial condition. If a solution I';, exists, then
the H, estimator is given by

2 = Xy, k=1,2,3,... (30)
where
Xy = AXj 1 + Gi(55 — CAXj 1), Xo = [0]nx1
(31)
and Gy, is the gain of the H, estimator given by
A 1y7—1 -1~y -1
G, =T} (I —vQTI'y + C VH CI‘k) C VH . (32)

From (29)—(32), the following observations can be obtained
to reveal a glimpse of the implementation complexity of the H
algorithm compared to the Kalman and MMSE algorithms. 1)
From a similar observer structure between the proposed H,,
and the Kalman estimation algorithms, the H,, estimator has
a similar hardware structure and computation complexity as
the Kalman estimator. 2) For the H,, estimation algorithm,
different estimation results can be obtained with different vec-
tor €. For example, if we choose &€ =[1,0,...,0]1xy,, the
H., estimation algorithm is designed to obtain the optimal
estimation of gi_(,_1)p,, Which should give a better estima-
tion of channel fading g,_(,-1)p, in the kth epoch since the
estimation is based on the {5;}, 1 <4 < k. This estimation
is equivalent to the fixed-lag smoothing problem. The only
difference from the traditional fixed-lag smoothing problem
is that no additional computation is required in this case. 3)
Although the MMSE estimation algorithm proposed in [19]
can endure some mismatch on the correlation function of the
channel fading, information on coherence bandwidth of the
fading channel and the variance of the background noise is
still required. Obtaining this information accurately may greatly
increase the complexity of the receiver design. For the proposed
H, algorithm, the inherent robustness reduces the dependence
of the estimation performance on the accuracy of the parameter
estimation, which significantly reduces the complexity of the
receiver design.

The parameter v in the algorithm is determined by guaran-
teeing I'. 41 in (29) to be positive definite, i.e.,

I'v(I-~QTy +C'V,'CTy) ' >0

=71 > max{eig [Q (' + C'Vglc)il] } (33)

where max{eig(X)} denotes the maximum eigenvalue of the
matrix X. It has been shown in [27] that very accurate channel
estimates can be achieved by the proposed H,, estimation
algorithm.

VI. SIMULATION RESULTS AND DISCUSSIONS

In this section, simulation results are presented to demon-
strate the performance of the proposed downlink resource man-
agement scheme for OFDM system.
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A. Simulation Parameters

Consider an OFDM system using quaternary phase-shift
keying (QPSK) [19]. The entire system bandwidth is 800 kHz,
which is divided into 128 subbands. The four subcarriers on
each end are used as guard tones and the rest (120 tones) are
used to transmit data. To make the tones orthogonal to each
other, the symbol duration is 160 us. An additional 40 us guard
interval is used to provide protection from ISI due to channel
multipath delay spread. This results in a total block length of
T =200 ps and a subcarrier symbol rate s = 5 kBd/s, or
equivalently, a bit rate 7, = 10 kb/s for QPSK. In general,
the channels corresponding to different users have the same
but independent statistics. The channel in the simulation is a
two-path Rayleigh fading channel with delay O and 20 us,
respectively. The normalized Doppler fading rate is {47 = 0.01
and the delay power spectral density satisfies uniform distri-
bution. Channel fading is generated using Jakes’ model [28].
At the receiver end of each mobile user, H,.-based channel
estimation algorithm is adopted to obtain the channel fading
information, where the SNR at the pilots is set to 40 dB. The
parameters for channel estimation are the same as those in
[27]. For performance comparison, without loss of generality,
no feedback delay is considered.

Two classes of packetized traffic are considered: voice and
video. Voice traffic is generated using an on—off model. During
the on state, the voice packets arrive at a constant rate R, =
16 kb/s. The voice activity factor is assumed to be 0.4. The
SNR requirement for the voice traffic at the receiver end is set
to 10 dB. Video traffic is modeled by an eight-state Markov-
modulated Poisson process [20]. The average duration in each
state is chosen to be 40 ms, which is equivalent to the length
of one frame of the video sequence with a frame rate of 25
frames/s. The SNR requirement of the video traffic at the
receiver end is set to be 14 dB. Both classes of traffic have the
same packet length of 1000 bits/packet or 500 symbols/packet.
The buffer for the individual queue is assumed infinite, i.e., no
packet dropping is taken into account.

B. Simulation Results

We first simulate four homogeneous video flows with
the same weights, 77 = 172 = 13 = 14. For comparison, the
conventional resource management scheme based on PGPS
scheduling [6] is also simulated. Since the target transmission
power determines the number of effective subcarriers, in the
simulation, it is regulated to reflect different system loads. Let
the packet transmission delay be the time difference between
the time when the packet arrives at the base station and the time
when the packet transmission is finished. The performance of
the various resource management schemes is compared using
the following performance measures:

1) the packet maximum transmission delay;

2) the packet average transmission delay;

3) the system throughput (the total number of packets trans-
mitted over the simulation duration).

Figs. 6-8 show the performance comparison in terms of
maximum transmission delay, average transmission delay, and
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Fig. 7. Average transmission delay for 71 = 12 = 13 = 74.

system throughput, respectively. The main observations from
the simulation results are as follows.

1) The proposed resource management scheme outperforms
the conventional one based on PGPS scheduling in terms
of maximum transmission delay, average transmission
delay, and system throughput. The performance improve-
ment is due to the parallel transmission properties of
the TGPS scheduling, which allows the power and sub-
carrier allocation algorithm to make use of the multi-
user diversity gain. The performance gain also indicates
that multiuser diversity must be considered in a multi-

2)

3)

user system. Lower transmission delay indicates that the
proposed scheme is much more suitable to support the
delay-sensitive traffic such as voice.

When the target transmission power becomes large
enough, each user will experience the same system ca-
pacity, i.e., each user can use all the subcarriers, in any
time epoch. No effects of channel fading difference exist
between the users, and the two resource management
schemes achieve the same performance for large target
transmission power.

Figs. 6 and 7 also demonstrate the effects of the target
transmission power on the transmission delay. At low
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target transmission power, only a small number of subcar-
riers can transmit simultaneously, i.e., the system works
under a heavy load condition and the traffic experiences
large maximum transmission delay and average transmis-
sion delay. With an increase in the target transmission
power, the transmission delays decrease significantly un-
til they reach a saturated value when the system capacity
is independent of the target transmission power.

In Fig. 8, when the target transmission power is small,
system throughput is mainly determined by the target
transmission power, and increases with the increase of

it. However, after the target transmission power is above
a threshold, for example, 36 dB in our simulation, the
system throughput of the proposed scheme is saturated;
it is mainly determined by the traffic load and the total
number of subcarriers in the frequency domain. The
lower saturation threshold also indicates the multiuser
diversity gain of our proposed scheme.

In order to evaluate the fairness of the proposed TGPS

scheduling, the subcarrier allocation for each video flow over
a time duration is shown in Fig. 9 where the target transmission
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power is set to be 30 dB. It can be observed that the subcarrier
allocation of each flow is proportional to its weight as long as
it is continually backlogged, except for a very small fluctuation
due to the quantization error. Therefore, the proposed TGPS
scheduling can achieve nearly the same performance as the
ideal GPS in terms of fairness.

The same simulation is carried out for flows with different
weights n1 =1, 7o =2, n3 = 3, and 14 = 4 and flows with
significant different weights n; = 100, s = 10, n3 = 9, and
na4 = 1. The results are presented in Figs. 10—13. From the fig-
ures, the same performance gain can be observed as that under

Capacity allocation for P = 30dB, m = 1,72 = 2,73 = 3,and 4 = 4.

the same weight case and the fairness of the TGPS scheduling
is further verified. One additional observation from Fig. 13
is that the capacity of flow 1 equals O during, for example,
130-131 ms. The reason is that during this period, at any
OFDM symbol interval, the total number of symbols of flow 1
waiting for transmission is 0. According to the work-conserving
principle, the unused subcarriers by flow 1 should be allocated
to other backlogged users according to their weights. This
explains why at some instants, the capacity allocated to flow 1
is less than that allocated to other flows even though the weight
of flow 1 is the largest.
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To demonstrate the performance of the proposed resource
management scheme in a heterogeneous traffic environment,
ten voice and four video flows are simulated. For heterogeneous
traffic, the weights should be selected carefully based on each
traffic’s delay and bandwidth requirements [29], [30]. For sim-
ulation purpose, the weights of the voice and the video flows
are set to be 2 and 1, respectively, in order to provide higher
priority to the voice flows by assuming that the voice flows are
more delay sensitive than the video flows. The higher priority
to the voice flows can be explained as follows. The video flows
usually have, e.g., K times larger bandwidth requirement than

Capacity allocation for P = 30 dB, 71 = 100, 72 = 10,73 = 9,14 = 1.

the voice flows. Normalizing the bandwidth requirement of
both classes of traffic by the bandwidth requirement of the voice
flows results in one unit normalized bandwidth requirement for
the voice flows and K units normalized bandwidth requirement
for the video flows. From the bandwidth requirement point of
view, the weights (1y, = 1, 1y = K) give the same priority
to both flows, where 7, and 7,; are the weights of the voice
and the video flows, respectively. Thus, other weight allocations
(Mvo > 1, Ny < K) will give higher priority to the voice flows.
Without loss of generality, the target transmission power is set
to be 33 dB. Simulation results are summarized in Table I. It
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TABLE 1
PERFORMANCE FOR HETEROGENEOUS TRAFFIC: P = 33 dB,
m=--=nmo=2m1=--=m3=1
Maximum Delay|Average Delay
Traffic Type| ™ illisccond) | (millisccond) | | MOugiPut (packets)
Flow 1 5.7 29 292
Flow 2 3.2 24 313
Flow 3 5.7 2.6 295
Flow 4 42 2.7 315
Flow 5 Voice 5.7 3.1 297
Flow 6 5.7 34 275
Flow 7 3.7 2.5 289
Flow 8 49 2.7 269
Flow 9 5.7 32 283
Flow 10 3.8 2.9 294
Flow 11 22293 885.7 5682
Flow 12|  Video 485.5 119 4697
Flow 13 11454 5773 5223
Flow 14 504.8 212.7 5171

can be seen that a lower maximum transmission delay and a
lower average transmission delay are achieved by the voice
traffic flows, since they have larger weights than the video
traffic flows.

VII. CONCLUSION

A downlink resource management scheme for packet trans-
mission in OFDM wireless communication systems has been
proposed. By integrating power distribution, subcarrier allo-
cation, and GPS scheduling, the proposed resource manage-
ment scheme maximizes the system throughput while satisfying
the constraints on the target transmission power and fairness
requirements. The proposed resource management scheme is
formulated based on a knowledge of the channel impulse
response. In the absence of this knowledge, an H,, channel
impulse estimator is used to provide a reasonably accurate esti-
mate of the channel impulse response. The ideal GPS algorithm
is made practically implementable by truncation. The resource
management scheme with TGPS exhibits better throughput
performance than the PGPS. It is conjectured that the proposed
resource management scheme is useful for future development
of efficient OFDM systems supporting multimedia services.
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