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Suboptimal Rate Adaptive Resource Allocation in

Multiuser OFDM Communication Systems

Sanam Sadr
Master of Applied Science
Electrical and Computer Engineering
Ryerson University, 2007

This thesis aims to study the performance of adaptive resource allocation in the downlink
of multiuser OFDM systems with fixed or variable rate requirements (with fairness consid-
eration) as well as low complexity algorithms for real-time implementations in practical
systems.

We first verify the simplifying assumption of flat transmit power over the entire band-
width. Two different optimal and suboptimal power allocation schemes are applied in a
single-user system and the decrease in the total throughput due to the presence of the power
mask on subcarriers is measured. Based on the comparison of the achieved data rates, a
flat transmit power is then assumed in the proposed suboptimal multiuser resource alloca-
tion algorithms. Two suboptimal resource allocation algorithms are then proposed using
this simplifying assumption. The objective of the first algorithm is to maximize the total
throughput while maintaining rate proportionality among the users. The proposed subop-
timal algorithm prioritizes the user with the highest sensitivity to the subcarrier allocation
and the variance over the subchannel gains is used to define the sensitivity of each user. The
second algorithm concerns rate adaptive resource allocation in multiuser OFDM systems
with fixed rate constraints for each user. We propose a suboptimal joint subchannel and
power allocation algorithm which attempts to maximize the total throughput while support-
ing the users with their minimum rate requirements. The main feature of this algorithm is

its low complexity while achieving close to optimum capacity.
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Chapter 1

Introduction

1.1 Overview of Future Wireless Communications Sys-
tems

The future wireless communication systems should support a large number of users with
flexibility in their quality of service (QoS) requirements. The challenges to ensure the ful-
fillment of these requirements arise from the nature of the wireless channel as well as the
limited availability of radio resources i.e., the frequency spectrum and the total transmit
power. As the data rate requirements get higher and higher, the transmission bandwidth in-
creases significantly. In broad-band applications, the wireless channel encounters frequency
selective-multipath fading which means that the transmitted signal (considered as an elec-
tromagnetic wave) is scattered, diffracted and reflected, and reaches the antenna as an
incoherent superposition of many signals each as a poorly synchronized echo component of
the desired signal [1]. This phenomenon leads to severe intersymbol interference (ISI) both
in time and frequency. To solve this issue, intelligent radio resource management algorithms
in both the physical and the media access control layers are essential with the ability to
combat ISI.

1.2 Multicarrier Modulation (OFDM)

Orthogonal frequency division multiplexing (OFDM) is one of the promising solutions to
provide a high performance physical layer which is based on the concept of multicarrier
transmission. The idea is to divide the broadband channel into N narrowband parallel
subchannels each with a bandwidth much smaller than the coherence bandwidth of the
channel. The main building blocks of an OFDM wireless communication system are shown
in Fig. 1.1 2].
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Figure 1.1: Block diagram of an OFDM wireless communication system.

The high rate data stream is split into N parallel substreams of lower rate data which are
modulated into N OFDM M-level quadrature amplitude (QAM) symbols and transmitted
simultaneously on N orthogonal subcarriers [1]. Each of these parallel complex subchan-
nels can be treated as an ISI-free QAM subchannel. Therefore, the performance of the
system with multicarrier modulation can be analyzed as an aggregate of N ISI-free QAM
subchannels [3]. If the number of subchannels is sufficiently large (i.e., the bandwidth of
each subchannel is sufficiently small), the frequency response in each subchannel is close to
be flat. Further, the frequency spacing between the subchannels ensures the orthogonality of
the subcarriers. The complex symbols at the output of the modulators are then transformed
into OFDM symbols in time domain by the inverse fast Fourier transform (IFFT) in the
transmitter. Before transmission, a cyclic prefix (CP) which is the copy of the last IFFT
samples is added to the front of the OFDM symbol. CP is sized appropriately to serve as a
guard interval to maintain orthogonality between the subcarriers in the multipath wireless
channel. Therefore, the ISI could be eliminated provided that the amount of time dispersion
from the channel is smaller than the duration of the guard interval. In the receiver, the
guard interval is removed and the time samples are transformed into modulated symbols by
means of fast Fourier transform (FFT). The rest of the receiver blocks essentially invert the
operations at the transmitter.

In a single user system, the user can use all N subcarriers; however, wireless communica-
tion systems are essentially multiuser systems. In a downlink wireless system, a centralized
basestation needs to communicate to multiple users and there should be a multiple access
scheme to allocate the limited number of subcarriers and the power to the users. How the



resources are allocated among the users is very critical to the system performance.

1.3 Spectrum Sharing Technologies

Four typical spectrum sharing technologies are time division multiple access (TDMA), fre-
quency division multiple access (FDMA), code division multiple access (CDMA), and spatial
division multiple access (SDMA). In TDMA, the transmit time is divided into a serial num-
ber of time slots. Each user is assigned a predetermined time slot and may be able to occupy
the entire bandwidth throughout that interval. In FDMA, each user is assigned predeter-
mined frequency bands all the time. CDMA distinguishes the users in the code domain; each
active user is allocated a specific sequence and all the users share the entire bandwidth all
the time without causing significant interference to each other. In SDMA, multiple transmit
and receive antennas are utilized to separate users in the spatial domain, also allowing the
users to access the same bandwidth simultaneously. These multiple access technologies are
usually used in combination. In WCDMA, TDD employs CDMA with TDMA where the
transmission time is divided into a number of time slots and within each time slot, multiple
users employ CDMA to access the whole bandwidth. FDMA is used in almost all cellular
systems.

Each of these multiple access schemes could be combined with OFDM in an OFDM-based
multiuser communication system. When TDMA and FDMA are combined with OFDM, the
subcarrier allocation is referred to as static or non-adaptive, since each user is assigned a
time slot or frequency band respectively regardless of the channel status. In other words,
in non-adaptive fixed subcarrier allocation schemes, an independent dimension is allocated
to each user without considering the channel status. The wireless channel is however, time-
varying and frequency selective. The channels experienced by different users are largely
independent because of users’ different locations. Since the fading parameters for different
users are mutually independent, the probability that a subcarrier is in deep fade for all
users is very low. Each subcarrier is likely to be in good condition for some users in the
system and could be allocated to the user with the best channel gain on it. By exploiting
the multiuser diversity, channel aware adaptive resource allocation outperforms the static

resource allocation such as TDMA or FDMA in terms of system throughput.



1.4 Adaptive Resource Allocation in Multiuser OFDM
Systems

In a multiuser OFDM system with adaptive resource allocation, multiple users may be
scheduled for transmission on different subchannels within an OFDM symbol. In the down-
link of an OFDM communication system, the resources are the total transmit power and
the bandwidth (subchannels). Due to users’ different locations and their independent fad-
ing characteristics, the subchannels can be allocated to the users based on their chan-
nel conditions. The power is then allocated to the subchannels assigned to each user.
Fig. 1.2 shows the concept of adaptive resource allocation in multiuser OFDM systems.

£
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Figure 1.2: Block diagram of a multiuser OFDM transceiver with adaptive subcarrier and
power allocation.

The problem of resource allocation in a multiuser OFDM system with N subcarriers and
K users is basically to determine the elements of the matrix C=[ckn|kxn specifying which
subcarriers should be assigned to which user and the vector p=[p,]nx1 specifying how much
power should be allocated to each subcarrier. To determine the elements of C and p, the
problem is formulated in the form of an optimization problem with one or more constraints

according to the objective in the system. An overview of the problem is shown in Fig. 1.3.

Adaptive resource allocation in multiuser OFDM systems can be formulated as an opti-
mization problem to minimize or maximize a parameter of the system with certain condi-
tions specified in one or more constraints. Two major classes of dynamic resource allocation

4
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Figure 1.3: Overview of the problem of resource allocation in multiuser OFDM systems.

schemes have been reported in the literature: 1) Margin Adaptive (MA) [4-6] and 2) Rate
adaptive (RA) [7-16]. The optimization problem in margin adaptive allocation schemes is
formulated with the objective of minimizing the total transmit power while providing each
user with its required quality of service in terms of data rate and BER. The objective of
the class of rate adaptive algorithms is to maximize the total throughput of the system with
the constraint on the transmit power. While the sum capacity of a system provides a good
measurement of the spectral efficiency, it is not a valid indication of each user’s satisfaction
in a multipath fading channel. Therefore, rate adaptive algorithms are divided into two
major groups based on the user rate constraints; in the first group, there is a fixed rate
requirement for each user. The algorithms in this group (e.g., [7]) attempt to maximize the
total throughput of the system while supporting each user with its fixed rate requirement.
A large number of RA algorithms [8-17] fall into the second group where they consider
the concept of fairness or constrained-fairness by introducing rate proportional constraints
among the users.

The formulated optimization problems are often very difficult to solve and low complexity
algorithms have been proposed to reduce the complexity. It was proved in [8] and [12],
that the total throughput of a multiuser OFDM system is maximized if each subchannel is
assigned to the user with the best channel gain on it and the power is distributed with water-
filling policy. However, when the path loss difference among users are large, the users with
higher channel gain will be allocated most of the resources while leaving less for the users



with low channel gain. Therefore, a major category of the rate adaptive resource allocation
algorithms considered fairness among users.

In the group of RA algorithms, Song et al. [8] used the concept of utility function to
formulate the problem of maximizing the total data rate with the constraint on the power.
Utility function maps the network resources a user utilizes into a real number and is a
function of the user’s data rate. An extreme case of the problem is obtained when there are
infinite number of orthogonal subcarriers each with an infinitesimal bandwidth within the
total available bandwidth. In this extreme case, the whole bandwidth is divided into several
non-overlapping frequency sets that are assigned to the users. Song et al. investigated the
extreme case in two theorems [9, theorem I and II] (also see [10] for the proof of theorem
I). Combining the results of the theorems, they derived the optimal frequency set and the
power allocation for the extreme case and showed the necessary and sufficient conditions for
the global optimality of the solution.

The case of resource allocation in practical OFDM wireless networks with finite number of
subcarriers using utility functions is investigated in [11] where it is shown that the optimality
conditions for the extreme (continuous) case also hold for discrete case with finite number
of subcarriers.

The most important decision to make in a utility-based optimization problem is to choose
the utility function properly according to the objective of the system. Since in almost all
wireless applications the most important factor to determine a user’s satisfaction is its reliable
data transmission rate, the utility function is chosen to be a non-decreasing function of the
rate. If the utility function is chosen to be the data rate, for instance, the spectral efficiency
is maximized and the optimal solution derived in [8] becomes the same as the one obtained
in [12] by Jang et al. In this case, the first theorem gives the optimal subcarrier allocation
necessitating each subcarrier to be assigned to the user with the best channel gain on it.
The second theorem provides the optimal power allocation among the assigned subcarriers.
Although the total rate is maximized, the users with poor channel conditions are penalized.
To maintain fairness, the utility function should be chosen to prioritize the users with low
data rate.

One way to accomplish both efficiency and fairness is to use utility functions that are both
increasing and marginally decreasing. As a result, the slope of the utility curve decreases
with an increase in the data rate. Choosing a marginally decreasing utility function also
guarantees its strictly concavity which ensures the global optimality as well as uniqueness
of the optimal solution. A logarithmic utility function is both increasing and marginally
decreasing. Therefore, a resource allocation policy using a logarithmic utility function is
said to be proportionally fair [18]. Different types of utility functions have been proposed



in [10,11,18,19] depending on the type of application. Choosing the proper utility function
which ensures both efficiency and fairness is better obtained through subjective survey rather
than pure theoretical derivation.

The problem of maximizing the total throughput with fairness was formulated differently
in [13] and [14]. Rhee and Cioffi [13] studied the max-min problem, whereby maximizing the
worst user’s capacity, it is assured that all users achieve the same data rate. Shen et al. [14]
considered this problem by introducing proportional constraints among the users’ data rates.
their proposed algorithms were further modified in [16] and [17]. In all these algorithms,
while the objective is to maximize the total throughput within the power budget, the goal is
to maintain the proportionality among the users’ rates according to proportional constraints
rather than reaching a specific requested data rate.

The performance of each of the algorithms mentioned above highly depends on the for-
mulation of the problem, the validity of the assumptions and the optimization method they
have applied. Fig. 1.4 gives a summary of different classes of resource allocation in multiuser
OFDM systems.

The ultimate goal of all these adaptive resource allocation algorithms is to achieve the
highest possible data rate with the minimum transmit power while supporting the users with
variable or fixed rate constraints of the system. Various optimization and numeric methods
can be applied to obtain the optimal solution for the optimization problem formulated in
each group. The objective however, is not just reaching the optimal solution but to consider
the trade-off between the optimality of the solution and the complexity of the algorithm
and choose a method which not only has an acceptable performance but is also fast and
practical in real time applications. In this thesis, two low complexity suboptimal algorithms
are proposed with the objective of maximizing the total throughput with fixed and variable
rate constraints. The low complexity of the proposed algorithms is due to the simplifying
assumption of equal transmit power on all the subcarriers in the system, which will be
verified first.

1.5 Assumptions in the Thesis

There are certain assumptions regarding the system and the channel under consideration.
All these assumptions except the last one apply to both in referred existing algorithms as
well as the proposed algorithms in this thesis. The flat power spectrum density mask has
been applied in the proposed algorithms in this thesis and has been assumed in the referred

literature wherever indicated.
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Figure 1.4: Summary of algorithms developed for resource allocation in multiuser OFDM
systems.

e Perfect channel state information for all the users available at the base station before

any resource allocation

The advantages of adaptive resource allocation in multiuser OFDM systems are par-
tially due to multiuser diversity which is based on assigning each subchannel to the
user that has good channel gain on it. To do so, user channel information should
be known at the basestation. It is assumed that users perfectly estimate and feed-
back their channel information to the basestation and the channel condition is always
available to the basestation in the beginning of each transmission block although it
increases the system overhead due to the feedback information. Also, it is assumed
that the channel is quasi-static and that the channel condition does not change within
each OFDM transmission block. Otherwise, the resources will be assigned to the users
while the channel state has changed which makes the expected performance invalid.
Several authors have investigated channel prediction [20,21] to reduce the amount of



feedback overhead and the performance of adaptive OFDM systems with imperfect

channel state information is an on-going research area, e.g. [22].

Frequency-selective fading channel with additive white Gaussian noise

The mathematical model used for the channel under consideration should be able
to characterize many of the physical phenomenon of the wireless channel that we
encounter in practice. The simplest mathematical model for a communication channel
is the additive noise channel. In this model, the transmitted signal s(t) is corrupted
by an additive random noise process n(t). The additive noise in wireless channels
may be due to a variety of causes each modelled as a continuous, discrete or mixed
random variable. However, by the central limit theorem [23], the cumulative effect
of a large number of random variables will be approximately normal, regardless of
the nature or probability distribution of each random variable. This type of noise is
characterized statistically as a Gaussian noise process and the resulting mathematical
model for the channel with such noise is called the additive Gaussian noise channel. If
the noise has a flat (constant) power spectral density over the entire bandwidth, it is
called white noise. Since this channel-noise model applies to a broad class of physical
communication channels and because of its mathematically tractability, a channel with

additive while Gaussian noise (AWGN) is assumed in this thesis.

Furthermore, the wideband channel is assumed to be frequency selective. The broad-
band channel is divided into N narrowband subchannels. The bandwidth of each sub-
channel is assumed to be much smaller than the coherence bandwidth of the channel.

Therefore, it is assumed that each subchannel undergoes approximately flat fading.

Continuous Shannon channel capacity as a measure of achieved data rate

The Shannon capacity formula C = W log, (l + ﬁ) [24] is used to measure each
subchannel’s data rate in bits/second, where W and P denote the subchannel’s band-
width and allocated power, and Ny/2 denotes the power spectral density of the noise in
watts/Hz. In practical systems, the achieved data rates are discrete values due to the
type of modulation and different coding schemes. This formula however, being a con-
tinuous function, simplifies the analysis of adaptive resource allocation and provides an
upper bound on the achievable throughput. To model the signal-to-noise degradation
in the continuous Shannon capacity function due to bit error rate, a power gap [25]
can be included in the formula based on the modulation scheme.



e Single cell environment

In this thesis, only resource allocation in a single cell is considered. Hence, other-cell
interference is not modelled. In multi-cell OFDM systems, the resource allocation
problem becomes more complicated even if the assignment of sub-channels is predeter-
mined. This is because users in different cells reuse the same sub-channels and cause
interference to each other. For users at the cell edges, other-cell interference is not
negligible as it greatly impacts the user channel-to-interference-plus-noise ratio. The
resource allocation algorithms discussed in this thesis can be applied to users for whom
other-cell interference does not dominate the amount of additive white Gaussian noise.
The problem of resource allocation in multi-cell OFDM networks have been investi-
gated by several researchers, [26-28].

o K active users always present

In this thesis, it is assumed that there are I active users all the time requiring an
opportunity to communication. Also, when one user is scheduled for transmission,
he/she always has some information data to transmit. The algorithms proposed in

this thesis can be applied for those active users.

1.6 Contribution and Organization of the Thesis

In Chapter 2, the problem of rate adaptive resource allocation in multiuser OFDM systems
is formulated with: 1) fixed, and 2) variable data rate constraints. The problem formulation
of each group is followed by the discussion of the existing algorithms.

Chapter 3 presents the first contribution of this thesis: Measuring the decrease in the
total throughput of the system when there is a power mask on all the subchannels. We
apply two different power allocation methods in a singe-user system. The first method [14]
is optimal and consists of water-filling in frequency domain, while the second (3] is suboptimal
with flat transmit power on all the subchannels. Comparing the achieved data rate in two
cases, a simplifying assumption is verified for deriving the multiuser suboptimal algorithms
in Chapter 4.

The main contribution of this thesis, presented in Chapter 4, is on the sum capacity of
a multiuser OFDM system with proportional rate constraints. Since the optimal solution
to the problem of constrained fairness is extremely computationally complex to obtain, we
propose a low-complexity suboptimal algorithm consisting of only subcarrier allocation where
the power spectral density is assumed to be flat on the entire bandwidth. This assumption is

based on the results of the single-user power allocation obtained in Chapter 3. In performing
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the subcarrier allocation, users’ variance on subchannel gains is used to prioritize the users
to choose their best available subchannel.

The third contribution of this thesis, also presented in Chapter 4, includes a very low
complexity algorithm for rate adaptive resource allocation with fixed rate constraints. The
simulation results show that this algorithm achieves the predetermined required data rate
of all the users in the system while its total data rate is close to capacity.

The simulation results and performance comparison of all the proposed methods are
presented in Chapter 5.

In Chapter 6, we summarize the contributions of this thesis and discuss the future research
topics.
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Chapter 2

Rate Adaptive Resource Allocation in
Multiuser OFDM Systems

2.1 Introduction

The block diagram of a multiuser OFDM system is shown in Fig. 2.1 [15]. In the downlink
of a multiuser OFDM system, the basestation should communicate with multiple users with
limited resources i.e., bandwidth and power. Using the channel information, the basesta-
tion applies the combined subcarrier and power allocation algorithmm to assign subcarriers
to different users and the number of bits/OFDM symbol from each user to be transmit-
ted on each subcarrier. The power allocated to each subcarrier is then determined by the
number of assigned bits as well as the corresponding modulation scheme. Along with each
OFDM symbol, the subcarrier and bit allocation information is sent to the receivers via a
separate control channel; therefore, each user needs only to decode the bits on its respective
assigned subcarriers. The channel information is updated as fast as possible and the resource
allocation is carried out as soon as the channel information is collected.

In this chapter, we describe and formulate the optimization problems under consideration
in this thesis. First, we introduce the parameters and basic assumptions used in modelling
the wireless channel. The concepts of efficiency and fairness are described in Section 2.3.
The problem of rate adaptive resource allocation with variable rate constraints (constrained-
fairness) is formulated in Section 2.4 followed by the discussion of the existing algorithms.
The optimization problem with the same objective but with fixed user data rate constraints is
then formulated in Section 2.5. Finally, the advantages and practical limitations of adaptive

modulation will be discussed in Section 2.6.
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Figure 2.1: Block diagram of a multiuser OFDM system.

2.2 Channel Characteristics

It is assumed that there are K users and N subcarriers in a single cell system. In those areas
where there is no direct line-of-sight path between the transmitter and the receiver, multiple
reflections occur from different objects which result in the electromagnetic wave travelling
along different paths of varying length. The interaction between these waves causes multi-
path fading with frequency selectivity where the fading parameter changes with frequency.
Therefore, the wireless channel is assumed to be wide-band time-varying frequency-selective
multipath fading. .

One of the parameters to characterize such channels in frequency domain is the coherence
bandwidth defined as the range of frequencies over which the channel can be considered
flat [29]. In other words, the coherence bandwidth is the range of frequencies which are
passed by the channel with approximately equal gain and linear phase. By choosing the
bandwidth of the subchannels much smaller than the coherence bandwidth of the channel,
each subchannel is assumed to undergo flat fading.

There are several multipath models to explain the statistical nature of the wireless chan-
nel. The first model was suggested by Ossana [29] which was based on interference of waves
incident and reflected from the flat sides of randomly located buildings. Ossana’s model

assumes the existence of a direct path between the transmitter and receiver and is therefore
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inflexible and inappropriate for urban areas where the direct path is almost always blocked
by the buildings and other obstacles. The other widely used model for flat fading channels
(also used in this thesis) is Clark’s model based on scattering [29]. Based on this model, the
fading parameters of the channel is considered to be a random variable with Rayleigh distrib-
ution. It is generally assumed that the fading rate is slow enough such that the time-varying
channel can be considered quasi-static, where the channel status does not vary within each
transmission block. Finally, it is assumed that the additive while Gaussian noise (AWGN)
is present for all subcarriers of all users and that the basestation has full knowledge of the
instantaneous channel transfer functions at the beginning of each transmission block.

In an adaptive multiuser subcarrier allocation scheme, the subcarriers are assigned to the
users based on instantaneous channel information and the constraints and objectives of the
system. Fig. 2.2 shows a snapshot of a wireless channel with eight subcarriers and four users.
The snapshot shows two important properties of subchannel gains in a multiuser frequency-
selective fading channel: Firstly, different subcarriers of each user suffer from different fading
levels due to frequency selectivity of the channel; Secondly, the subchannels of different users
vary independently due to different locations of the users. Using the channel information, the
transmitter performs the subcarrier and power allocation to achieve the best performance in

the system.

2.3 Efficiency and Fairness

Efficiency and fairness are two crucial parameters in resource allocation for wireless commu-
nication systems. Spectral efficiency is defined as the data rate per unit bandwidth and is
calculated by dividing the total throughput of a system by its total bandwidth. Therefore, it
takes into account the total data rate rather than each user’s achieved data rate. A system
might achieve the highest throughput hence the highest spectral efficiency while being unfair
to those users far away from the basestation or with bad channel conditions. Fairness on
the other hand, indicates how equally the resources are distributed among the users. There
is always a trade off between efficiency and fairness in wireless resource allocation.

Fairness could be defined in terms of different parameters of the system. It could be
defined in terms of bandwidth, where each user is assigned an equal number of subcarriers (30]
or it could be in terms of power where each user is allocated equal portion of the power from
the budget. It could also be in terms of data rate where the objective is to allocate the
resources to the users such that all the users achieve the same data rate (13]. When the
objective is to ensure rate proportionality among the users, it is called optimization problem
with constrained-fairness [15]. The problem and suboptimal solutions proposed in [13] is a
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Figure 2.2: Snapshot of a wireless channel with eight subcarriers and four users, (N=8,K=
4).

special case of constrained-fairness with equal proportional constraints.

2.4 Problem of Rate Adaptive Resource Allocation with

Fairness

In order to formulate the problem, it is assumed that U={1,2, ..., '} and A={1,2,...N} are
the sets of users and subcarriers respectively. The data rate of the kth user Ry in bits/s is

given by:

N
B
Rk = —N— Z Ck'n 10g2 (1 + 'Yk‘n) 3 (2'1)

n=1
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where B is the total bandwidth of the system and Cin is the subcarrier assignment index
indicating whether the kth user occupies the nth subcarrier. ckn = 1 if the subcarrier n is
allocated to user k; otherwise it is zero. The bandwidth of each subchannel is 8 = L, where
T is the OFDM symbol duration. Note that as the symbol duration is increased, the relative
amount of dispersion in time caused by multipath delay spread decreases [12]. 7 is the

signal-to-noise ratio (SNR) of the nth subcarrier for the kth user and is given by:

2
pk.nhk'n
B
Noy

where py , is the power allocated for user % in subchannel n and hin and Hy, denote the

(2.2)

Yen = pk,nHk,n =

real magnitude of the channel gain and channel-to-noise ratio for user k in subchannel n
respectively. Ng-f% is the noise power on each subcarrier with Ny/2 as the power spectral
density of AWGN.

(2.1) gives the data rate achieved by the kth user in a zero margin system. In practical
modulation schemes however, the effective SNR has to be adjusted according to the modu-
lation scheme for the desired BER, 3. The difference between the SNR needed to achieve a
certain data transmission rate for a practical system and the theoretical limit is the power
loss called SNR gap. The SNR gap for MQAM modulation has been calculated in [25,31]
for certain cases as follows: If coherence phase detection is used, the BER for an AWGN
channel with MQAM modulation is bounded by [31]:

ﬂ < 26~l.57/(Al—1)’ (23)

where M = 2" and r denotes the number of bits. 7 is the SNR defined as in (2.2). If r > 2
and 0 <y < 30 dB, BER could be better approximated within 1 dB by [25]:

B < 0.2715/(M-D), (2.4)
Using (2.4), the number of bits r is given by:
r = log, (1 + %) , (2.5)
where T is the SNR gap and a function of BER:
r= _—_hl(_fnm_ (2.6)

1.5
From (2.1), the total data rate Rr of the system is thus given by:
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K N
B

Rr = N Z ch.n log, (1 + l;.,—") , (2.7)

k=1 n=1

where the required BER determines I'.

The optimization problem with proportional rate constraints is then formulated as:

Objective :

B & Pk nhz
¢  Rr=— : 0k
max T NZZCk,nlogz 1+ NO.[%-]_")’

Ck,n'Pk,n b1 1
'=1 n=

subject to :
Cl:cpn € {0,1}, Vk,n

K

C2: ch,,, =1, Vn
k=1

C3:pgn =0, Vk,n

K N
C4: Z ch'npk,'n < Botal’

k=1 n=1
C5:Ri:Ry:...: Rk =y :02: ... Qk,

(2.8)

In the formulation of the problem, the constraints are denoted by C1-C5. The first two
constraints are on subcarrier allocation to ensure that each subchannel is assigned to only one
user. The next two constraints are on power allocation where Piotal 18 the total transmit power
of the system. {a, a2, ...,ax} is the set of predetermined proportional constraints where ay

is a positive real number with amin=1 for the user with the least required proportional rate.

2.4.1 Existing Solutions

The optimization problem given in (2.8) is generally very difficult to solve. It involves binary
variables ¢y, for subcarrier assignment and continuous variables p, for power allocation.
Such an optimization problem is called a mixed binary integer programming problem. The
nonlinear constraints in C5 further increase the difficulty in finding the optimal solution
because the feasible set is not convex.

It was shown in [12] that the data rate of a multiuser OFDM system is maximized when
each subcarrier is assigned to only one user with the best channel gain for that subcarrier
and the total transmit power is distributed over the assigned subcarriers by the water-filling
policy. Therefore, to determine Cyn for subcarrier allocation, it is assumed that subcarriers

are not shared by different users. However, a common approach (e.g. in [4,13]) in order
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to make the problem tractable (by converting it into a convex optimization problem) is to
relax the constraint on ¢y, to allow it to take any real value on the half-open interval (0,1].
Consequently, the subcarriers could be shared and the original maximization problem is
transformed into a standard minimization problem. cy, is not allowed to be zero since the
objective is not defined for ¢t ,=0. After obtaining the optimal solution for the problem,
subcarrier n is assigned to the user that has the largest sharing factor cyy,. If the number
of subcarriers is much larger than the number of users, i.e. N >> K, the sharing factors will
be mostly zero or one, and the performance degradation is negligible.

Although the objective function becomes convex, the feasible set remains non-convex due
to the nonlinear constraints in C5. If the constraints are linearized, the achieved solution
would become slightly off the feasible set defined by the nonlinear constraints. Furthermore,
deriving the optimal solution may still not be practical in real time applications due to high
computational complexity. As a result, suboptimal algorithms have been developed which

differ mostly in:

1. the approach they choose to split the procedure into several (preferably independent)

steps to make the problem tractable and,

2. their simplifying assumptions to reduce the complexity of the allocation process.

The performance of each algorithm highly depends on the formulation of the problem and
the validity of these simplifying assumptions.

In a system with / users and N subcarriers, each of the NV subcarriers is to be allocated to
one of K users. In addition, the power allocated to each of the I users should be optimized.
Therefore, there are K + N parameters to optimize to achieve the optimal solution and there
are KV possible subcarrier allocations assuming no subcarrier can be used by more than one
user. Ideally, the subcarrier and power allocation should be carried out jointly which leads
to high computational complexity necessitating suboptimal algorithms.

To solve this problem, a very simple but highly efficient algorithm was proposed in [13].
It was suggested in [3] that in a single-user system, the total data rate of the zero margin
system is close to capacity even with flat transmit power spectral density (PSD) as long as
the energy is poured only into subchannels with good channel gains. This is a very important
result since it completely eliminates the major step of power allocation concentrating mainly
on subcarrier allocation. Based on this assumption that each subchannel is assigned to the
user whose channel gain is good for it, a flat transmit PSD was used in [13] indicating that the
power allocated to each subcarrier is constant and equal to B‘ﬁﬂ. Therefore, the resource
allocation reduces to only subcarrier allocation with N optimization parameters. In the
process of subcarrier allocation, two goals take place alternatively: 1) maintaining fairness
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among the users by giving priority to the user with the least achieved rate to choose the
next subcarrier; 2) maximizing the total data rate by allocating the best available subcarrier
to that user. The suboptimal algorithm proposed in [13], simulated with equal proportional
rate constraints, showed 50 ~ 130 % of capacity gain over a non-adaptive TDMA resource
allocation scheme. This algorithm achieves acceptable fairness as long as the number of
subcarriers is much larger than the number of users i.e. N > K [13].

Though proportional fairness amongst users in achieved in [13], the frequency selectivity
of the channel is not fully considered by allocating power uniformly across all subcarriers
belonging to a particular user. To improve its performance, Shen et al. [15] added a second
step of adaptive power allocation to further enforce the rate proportionality among the
users. They adopted a two step approach as follows: in the first step, the modified version
of the algorithm outlined in [13] is employed for subcarrier allocation to achieve coarse
proportional fairness. Hence, instead of giving priority to the user with the least achieved
data rate Ry, priority is given to the user with the least achieved proportional data rate
ie., %. In this step, the rate is calculated considering equal power on all the subcarriers.
After subcarrier allocation is carried out, the problem is simplified into a maximization
over continuous variables of power. In the second step, the power is reallocated between
the users and then among the subcarriers through the use of water-filling to enforce the
rate proportionality among the users. To find the kth user’s power py, Lagrange multiplier
techniques [32] are used to formulate and then solve the optimization problem resulting in
K nonlinear equations with K unknowns. These equations can not be solved directly and
numerical methods such as Newton-Raphson and its variants are used. Two special cases
were analyzed in [15] which are described below. In each case, the computational complexity
of the algorithm is calculated to be O(K).

1) High channel-to-noise ratio case: Based on the fact that adaptive subcarrier allocation
was used in the first step, it could be assumed that the best subchannels were chosen for each
user and that they have relatively small channel gain differences among them. Furthermore,
assuming the basestation can provide a large amount of power and the channel-to-noise
ratio is high, the signal-to-noise ratio is much larger than 1. With these approximations, the
system of K equations is transformed into a single nonlinear equation in one variable which
could be solved using Newton’s root finding method.

2) Linear case: In this case, it is assumed that the proportion of subcarriers assigned to

each user is approximately the same as the rate constraints (also assumed in [7]). In other

words:

Ni:Ny:..:Ng=a;:az:...:0ak. (2.9)
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The linear case was further investigated in [16]. In the proposed algorithm, the subcarrier
proportionality in (2.9) is not just an assumption; on the contrary, this proportionality is
enforced through the subcarrier allocation in the first step. In this algorithm, although the
user with the least proportional capacity is still getting priority to choose its best available
subchannel, the number of subchannels to be assigned to each user, Ny, is determined by
its rate constraints given by Ny = '-f%i%J Once the kth user gets the allotment of N
subcarriers, it will be assigned no more subchannels until all the users are assigned their
pre-determined proportion of subcarriers. With this approximation, it is shown in [15] that
the system of K nonlinear equations (in the second step) turns into a K linear simultaneous
equations which could be written in matrix form. The total power for each user, py, is
obtained solving these K linear equations and the water-filling is applied to allocate the
power to the assigned subcarriers of each user.

The suboptimal algorithms described above, either use fixed power allocation and perform
only subcarrier allocation [13], or handle subcarrier and power allocation separately as in
[15,16] to reduce the complexity of the algorithm. However, subcarrier and power allocation
have to be carried out jointly to achieve the optimal solution. A very subtle but effective
change in Rhee’s algorithm [13] was made by Mohanram et al. [17] to perform joint subcarrier
and power allocation thereby avoiding the second step of power allocation outlined in [15]
or [16]. In the algorithm proposed in [17], optimization of N + K parameters is carried
out by alternating between subcarrier and power allocation. The allocation procedure is
the same as [13] but differs in updating user’s achieved data rate to find the user with the
minimum achieved rate. When a subcarrier is allocated to a user, the power allocated to
that user is incremented by '—J‘ﬁ,ml, i.e. the power allocated to each user is proportional to
the number of subcarriers currently allocated to the user. The total power allocated to the
user is then distributed among the assigned subcarriers with water-filling policy resulting in
higher user rate. This updated rate information is then used in giving priority to the user
with the minimum achieved rate to choose the next available subcarrier. Since the power
redistribution is needed when there are more than one subcarrier assigned to a user, the
water-filling should be performed N — K times.

Interesting observations can be made from the simulation results: 1) The achieved total
throughput [17, Fig. 1] is slightly higher compared to Shen’s algorithm [15] with up to
25% gain (for 12 users) compared to Rhee’s algorithm [13]. It even achieves up to 28%
gain (for 12 users) when combined with the power allocation algorithm proposed in [15]. 2)
Combining the additional step of optimal power allocation proposed in [15] with the joint
resource allocation in [17] does not improve the data rate of the worst user (the user with the
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minimum achieved data rate) {17, Fig. 2]. 3) Finally, the algorithm shows higher achieved
gain in total throughput compared to [13] when the PSD of AWGN is higher. This could be
explained by the fact that applying water-filling versus fixed power allocation yields larger
gains at low SNRs [33].

An overview of the algorithms described above is shown in Fig. 2.3. It also includes their
main approaches and simplifying assumptions in formulating the problem and obtaining the

solution.

Song et al. (2002)

-Used Utility Functions.
Shen et al. (2003) 1. wong et al. (2004)
- Intoduced Rate —Discussed The
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Rhee et al. For Proportional Faimness.

Otani et al. (2005)
- Maintained Fairness in
Terms of:

Bandwidth
Power.

Rate Adaptive Algorithms With Fairness

Figure 2.3: An overview of the existing solutions in the class of rate adaptive algorithms
with fairness.

In Chapter 4, we propose a suboptimal subcarrier allocation algorithm which considers
a new parameter in order to find the best user for each subcarrier. The objective is still to

maximize the sum capacity while maintaining rate proportionality among the users.

2.5 Problem of Rate Adaptive Resource Allocation with

Fixed Rate Constraints

The optimization problem of rate adaptive resource allocation with fixed user rate constraints
is formulated the same as in (2.8). The only difference is in C5 which indicates the rate

constraints.
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(2.10)

C5 is to ensure that the achieved data rate of each user, Ry, is equal to or larger than its
minimum required data rate denoted by Ry min-
If there is a mixture of users with fixed required rates and users with variable rates, the

objective remains the same and only C5 slightly changes to:

Rl:Rg:...:RL=a1:a2:...:aL,
Rk > Rk,min k=L+ 1,L+2,...,](

C5: (2.11)

where it is assumed that among the first L users, rate proportionality should be maintained

while the rest of the users require fixed minimum data rates.

2.5.1 Existing Solutions

In the optimization problem formulated in (2.10), the maximum rate could be still achieved
by assigning each subcarrier to the user with the largest channel gain. However, although
the total rate is maximized, the rate constraint of each user would not be satisfied. This
problem was addressed by Yin et al. [7]. In [7], the problem has been partitioned into three
steps: 1) The first step determines how many subcarriers N and how much power p; are
needed for each user; 2) The second step includes the subcarrier allocation which determines
the particular set of subcarriers for each user; 3) The third step is the bit loading which
determines the number of bits for each subcarrier or in other words, the power allocation on
each user’s assigned subcarriers.

The complexity of this method arises from the fact that Ny and py are not independent.
Therefore, certain simplifying assumptions have been considered in each step. First, it is
assumed that the number of the subcarriers and the power allocated to a particular user
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depend on its rate requirement and its average channel condition. Second, the amount
of power assigned to each user is assumed to be proportional to the number of allocated
subcarriers. There is no power allocation to the subcarriers in the first step, and only the
total power of each user is determined. It is interesting to note that theses two assumptions
constitute the very basic assumptions of the algorithms in [16] where a flat transmit power
were used on all the subcarriers and the proportion of subcarriers for each user was assumed
to be approximately the same as the eventual data rate after power allocation. To calculate
Ni and pi in [7], each user’s channel condition is assumed to be flat on all subcarriers
represented only by its average channel-to-noise ratio hence neglecting the frequency diversity
in the first step.

Once N; and p; are determined, the exact subcarrier assignment is solved applying
Hungarian algorithm [34]. Finally, the bits are loaded to the subcarriers knowing the total
power of each user which is done by the known single user bit loading algorithm. It is in the
second and the final step that each user’s channel condition on each subcarrier is considered
while being neglected in the first step.

The problem of rate adaptive resource allocation with a mixture of variable and fixed
data rate constraints was introduced in [13] and was further discussed by Suh et al. [35]
where it is assumed that there are I users and only one of them requires a fixed data rate
called priority user.

In Chapter 4, we propose a suboptimal subcarrier allocation for the problem of rate
adaptive resource allocation with fixed user data rates. The proposed algorithm consists of
N major steps to assign N subcarriers to the users. The simulation results will be presented
in Chapter 5.

2.6 Adaptive vs Fixed Modulation

Each subcarrier in a multiuser OFDM system, can potentially have a different modulation
scheme and each modulation scheme provides a trade-off between spectral efficiency and
BER. In OFDM systems with a fixed modulation scheme over all subcarriers, the carrier
modulation is designed such that it maintains acceptable performance when the channel
quality is poor. Thus, these systems are effectively designed for the worst channel condition.
This results in such systems using BPSK or QPSK with poor spectral efficiency of 1 or 2
bits/s/Hz respectively. However, each subcarrier in a multipath frequency selective channel
experiences different fade which might result in received power variation of as much as
30dB [36]. Consequently for a subcarrier with good channel gain, the modulation can be
increased to 16-64 QAM significantly increasing the spectral efficiency of the overall system
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to 4-6 bits/s/Hz. In other words, using adaptive modulation, the subcarrier modulation is
matched to its channel signal to noise ratio, maximizing the overall spectral efficiency.
There are several limitations with adaptive modulation. Adaptive modulation requires
accurate channel estimates at the receiver and a reliable feedback path between the receiver
and transmitter [25]. If the channel is changing faster than it can be estimated and fed back
to the transmitter, adaptive techniques will perform poorly. Also, overhead information
needs to be exchanged and updated regularly, as both the transmitter and receiver must
know what modulation is being used which further increases the overhead with the mobility

of the receiver.
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Chapter 3

Resource Allocation in a Single User
OFDM System

Although the existing wireless communication systems should support more than one user,
the allocation algorithms for a single user OFDM system are important in the sense that
they give a better understanding of the issues involved. Also, most of the algorithms for
multiuser systems use the single user power allocation in one or more steps during their
allocation process. In this chapter, several algorithms developed for subcarrier and power
allocation to optimize the performance of a single user OFDM system are introduced. The

results will be used in the suboptimal resource allocation proposed in the next chapter.

3.1 Water-filling

The process of water-filling [24] is the optimal solution to the problem of adaptively distrib-
uting the power among various channels with the objective of maximizing the total capacity.
Basically, it is assumed that there are N independent Gaussian channels in parallel where
each parallel component represents a different frequency. The channel models a non-white
additive Gaussian noise channel and the noise level is assumed to be independent from chan-
nel to channel. Furthermore, it is assumed that there is a power constraint on the total
transmit power. The objective is to distribute the total power among the channels so as to
maximize the capacity.

It is shown in [24] that this problem could be reduced to a standard optimization problem
with a total power constraint and can be solved using Lagrange multipliers. The solution
indicates that more power should be allocated to the channels with the lowest noise level.
When the available power is increased further, some of the power is put into noisier channels.
The process by which the power is distributed among the various channels is identical to the
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way the water distributes itself in a vessel, hence the process is referred to as water-filing.
The process is illustrated graphically in Fig. 3.1 where N; and P, , 1 = 1,2,3, denote the
noise and the assigned power of each channel respectively..

Power A
water level

P1

P2

N3

N1

N2

-
Channel 1 Channel 2 Channel 3

Figure 3.1: Water-filing for parallel channels.

The problem of adaptive power allocation for a single user with a total power constraint

could be formulated as follows:

B

N
max g log, (1 + paHy)

n=1

subject to: (3.1)

N
an S Botah
n=1

where p, is the power allocated to subcarrier n and H,, is the amplitude of channel-to-noise
ratio for subcarrier n. P,y is the total power constraint. This problem assumes that there
are N subcarriers available for a single user. The same problem applies to a multiuser OFDM
system where the subcarrier allocation has been carried out and the total power for each
user pi is known (e.g., the second step in [14] or joint resource allocation in [17]). In such
cases, the problem of resource allocation is reduced to I single user power allocation with
fixed subcarrier assignment each formulated as in (3.1). In each problem, N indicates the
total number of subcarriers assigned to the user.

Using Lagrange method, the above optimization problem with only one constraint (total
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power) is reformulated as:

B N N
L(pm/\) = N Zlog2 (1 + Pan) -A [an - })lotal} ’ (3-2)
n=1

n=1
where L is the Lagrangian function and X is the Lagrangian multiplier corresponding to
the total power constraint. Since log,(.) is convex and continuously differentiable over the

interval of [0, Piotal], from the Kuhn-Tucker conditions [32], we will have:

logy (1 + puHa) = A =0, (3.3)
where the derivative is calculated with respect to p,. Hence, it becomes:

H,

—— = X=0, Vn. .
T+ p 0o, , Vn (3.4)

The system of N + 1 simultaneous equations for N + 1 variables will then become:

1 117
N = i
Pn [/\ Hn:l , n=1,2,...,N

N
Z Pn = Piotat,
n=1 (35)

where

]t = T, mZO.
0, <0

The operator shown by [z]* is necessary to ensure that the power allocated to each subcarrier
is non-negative i.e., p, > 0. The Lagrange multiplier ) is referred to as the level of water.
Usually, the optimal power allocation could not be obtained directly from (3.5) and iterative
algorithms are needed to obtain an appropriate water level A.

Shen et al. [14] derived another optimal strategy for power distribution among the sub-
carriers of a single user in resource allocation for multiple users with proportional rate con-
straints. They addressed the problem by separating the subcarrier allocation from the power
allocation. After the subcarrier allocation is carried out using Rhee’s algorithm [13], the

problem of power allocation among the users is formulated as:
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Objective :
B X pk."hz’.n
Compin =N Z ; log, ( NE )

subject to :

C1 : Qpare disjoint for all k,
C2: Ql U QQ U..uU QK g {1,2, ...,Ar},
C3:prn=0, VE,n

K

C4: Z Z Pk < Potal,

k=1 neNy

C5:Ri:Ry:...i:Ry=01:09:...: ak,

(3.6)

where N is the total number of subcarrier in the system, € is the set of subchannels for
user k and ) and € are disjoint when % # [ to ensure that each subchannel is assigned to
only one user.

Using Lagrange method, the optimization problem is equivalent to finding the maximum
of the cost function:

K B K
L = Z ]_V. log, (]_ + pk,nHk.n) + A\ (Z Z Pen — IDtotal)

k=1 neNy
(37)

K
B
+Z/\k (Z N10g2(1+pankn)__l' Z _10g2(1+pankn))

k=2 nesh Ak ea,

where {\}£, are the set of Lagrange multipliers. Differentiating (3.7) with respect to pyn

and setting each derivative to zero, the Kuhn-tucker conditions become:

oL B Hin K B Hy,

= FM+D M =
prn NI 1+paHin ?L:; *NIn(2)1+ pinHin

. Hin 3.8
aL B Hk,n + Al al B k, ( )

= —— =0
Opem  NIn(2) 1+ prnHin Yar NIn(2) 1+ pynHin

for k=2,3,...,K and n € Q4.

Using either of the equations in (3.8), it can be concluded that:
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H k,n — H k,m
1+ pk.nHk,n 1+ pk.mHk,m

(3.9)

for any two subcarriers n,m € Q. If the subcarriers of each users are sorted, (i.e., Hx; <
Hya < ... < Hi ), the optimal power distribution for a single user & on its nth assigned
subchannel can be rewritten as:

Dk = Prg + ————=, n=1,2,.., Ny (3.10)

Note that N is the total number of subcarriers assigned to the kth user. As (3.10) shows,
for each user (e.g., kth user), more power is put into the subchannels with higher channel-

to-noise ratio. Shen referred to this as water-filling in frequency domain.

The total power of the kth user py. is then given by:

Hin — Hi
Pk—Zmn—NLPU-FZ ILJ'“HK i (3.11)

In a system where the total power for each user p; and the subcarriers for each user Ny
are known, the power distribution among the subcarriers is carried out as follows: First, the
subchannel gains are sorted in ascending order. Using (3.11), the power of the subcarrier

with the lowest channel-to-noise ratio py, is t_;hen calculated as:

z”‘"‘ s
HL lHk,n
Pra1 = A

The power allocated to the rest of the subchannels py,,n = 2,3, ..., Ny is then calculated

(3.12)

using (3.10). As shown in (3.10), the power of the nth subcarrier consists of two parts: The
first portion is the power allocated to the first subcarrier and the second portion depends on

the difference of nth and the first (worst) subcarriers’ channel gains.

3.2 Greedy Algorithm: Bit Allocation

One of the well-known single user bit allocation solutions is the greedy algorithm [4]. When
the subcarriers assigned to a user are known, the optimization problem reduces to bit loading
for a single user. The greedy algorithm then assigns bits to the subcarriers one bit at a time
and in each iteration, the subcarrier that requires the least additional power is selected. The
bit allocation process continues till all the required number of bits are assigned (e.g., in a
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margin adaptive system with a fixed rate requirement R) or when the total allocated power
is equal or more than the transmit power constraint (e.g., in a rate adaptive system with
total power constraint P,yq). The basic structure of the greedy algorithm is as follows:

o Initialization
r, =0, Vn

Ryt =0,
AP, = B0=hto,

e Bit Assignment Iteration:
n = argmin, AP,,
Thn=Tn+1,

Riot = Ryt + 1,
Piot = Piot + AFRy;
AP, = fatra)-fa(ra),

n
end

In the algorithm outlined above, r, and P, are the number of bits and the power allo-
cated to subcarrier n respectively and f,(r) is the corresponding receive power (in energy
per symbol) required for reliable reception of r bits/symbol which depends on the minimum
bit error rate and the modulation scheme. Ry, and Py are the total number of bits and the
total transmit power respectively.

The initialization stage computes for each subcarrier the additional power to transmit
an additional bit. The additional bit is assigned to the subcarrier that needs the minimum
additional power and then the new additional power for that subcarrier is updated. In a
system with total power constraint Pjotar, the algorithm stops when Piot > Potal whereas in
a margin adaptive system with fixed rate requirement R, the minimum required transmit
power is obtained when the addition of the last bit leads to Ry, > R. Different modulation
schemes will lead to different f,(r), thus different bit allocation and total transmit power.

This algorithm is optimal since f,(r) is an increasing function of r and that the power
needed to transmit a certain number of bits in a subcarrier is independent of the numbers

of bits allocated to other subcarriers.
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3.3 Suboptimal Power Allocation: Flat Transmit Power

In a multiuser system with K users and N subcarriers, there are N parameters to optimize
in order to assign the subcarriers to the users. To each subcarrier, a portion of the total
transmit power should be allocated hence, there are N parameters in order to allocate the
power to all the subcarriers. However, if the total power allocated to a user is known, it will
be optimally distributed among its assigned subcarriers with water-filling policy. Therefore,
the problem is formulated to have a total of N + K parameters to optimize to allocate
subcarriers and distribute power among the users.

These N+ K parameters should be optimized jointly using iterative algorithms which still
leads to high computational complexity. An approach to gain a significant computational
advantage is to use a flat energy distribution over the entire bandwidth. A flat transmit
power spectral density would be necessary in case there is a power mask constraint on
each subcarrier and it is tighter than the total power constraint [13]. This approach would
significantly reduce the complexity of the allocation problem as it reduces the problem to
only subcarrier allocation with only N parameters to optimize. However, this complexity
reduction is only worthy if the performance degradation is negligible compared to optimal
water-filling method.

One way to gain insight about the validity of this simplifying approach is to examine the
performance of optimal and suboptimal power allocation (with flat power spectral density) in
a single user OFDM system. In [3], a very simple algorithm is proposed with the objective
of finding the optimal transmission bandwidth in terms of maximizing the overall data
throughput under the total power constraint. The system has one user with N available
subcarriers and Py, as the total power constraint. The objective is to find the optimum
number of subcarriers N,y from the available subchannels N such that Ny, < N and the

power on each subchannel is ’—;';ﬂii. The algorithm is summarized as follows:
op

e Step 1: Initialization
Tmaz = 0,
Nope = 0,m =1,
p = Bl
e Step 2: Sort the subcarriers in descending order such that
H,>H,,,Vn< N

e Step 3: Subcarrier Assignment Iteration:
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Tach = D ey 1082 (14 pHy),

if Tach > Tmaz * Tmaz = Tach, Jvopt =m;

if m#N:m=m+1, go to step 3;
end

In the algorithm outlined above, Tpe, is the maximum number of bits that could be
possibly obtained by equally distributing the available power P among the subcarriers.
Initially, there are N subcarriers available. However, it might not be optimal to use all the
N subcarriers. Therefore, the number of subcarriers used at each iteration and the optimal
number of subcarriers are updated and recorded in m and Ny, respectively. In Step 2, the
subchannels are sorted in descending order based on their channel-to-noise ratio. At each
iteration, the number of used subcarriers is incremented and the achieved number of bits
Tach is updated. An increase in 7o indicates that the added subcarrier should be used.
Otherwise, if there is no increase or if there is a decrease in Tqcn, the algorithm stops and
{'n}f’"p * gives the set of optimal subcarriers which is the first Noy subcarriers in the initial
sorted set.

This algorithm yields the optimum system bandwidth with flat power spectral density for
two reasons: First, log,() is a non-decreasing function with non-decreasing z. By calculating
the achieved number of bits at each iteration, the optimum number of usable subchannels is
determined and since the subchannels are initially sorted in descending order, the best set
of subchannels for the obtained number is chosen over all N possibilities.

In order to compare the performance of a system with optimal water-filling and subopti-
mal flat power allocation, we simulated two of the algorithms described above. The system
under consideration has only one user with N subchannels. The total transmit power is Pioqt-
The user can use all N subchannels. The first algorithm is based on Shen’s equations for
single user power allocation derived in (3.11) and (3.12) which used water-filling to distribute
power among the subcarriers. The second is the suboptimal power allocation which finds
the best number and set of subcarriers with flat transmit power. Both algorithms use the

same channel information as the subchannel gains. The simulation results are summarized

in Chapter 5.
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Chapter 4

Proposed Suboptimal Resource
Allocation Algorithms for Rate
Adaptive Multiuser OFDM Systems

Ideally, subchannels and power should be allocated jointly to the users. However, this
poses a computational burden at the basestation in order to reach the optimal solution.
Furthermore, the basestation has to rapidly compute the optimal subchannel and power
allocation as the wireless channel changes. Hence, low-complexity suboptimal algorithms
are preferred for cost-effective and delay-sensitive implementations. To achieve this goal,
it is necessary to consider certain simplifying assumptions to further reduce the complexity
of the optimization problem to make it tractable. These specific assumptions distinguish
each algorithm and its special approach from the rest, resulting in a different data rate and
total transmit power. A way to reduce the complexity of the allocation procedure is to
carry out the subcarrier assignment and the power allocation separately. In this chapter,
we propose two suboptimal subcarrier algorithms: The objective of both is to maximize the
total throughput of the system within a fixed total transmit power. In the first algorithm
(Section 4.1), rate proportionality it to be maintained among the users while in the second
(Section 4.3), the users should be supported with minimum fixed rate requirements.

4.1 Suboptimal Subcarrier Allocation Algorithm for

Multiuser System with Proportional Rate Constraints

In this section, a suboptimal subcarrier allocation algorithm is proposed based on the sen-
sitivity of the users to the subcarrier allocation. In the proposed algorithm, equal power
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distribution is assumed across all subchannels. The algorithm is based on prioritizing the
critical (most sensitive) user in the system, and the variance of the subchannel gains for each
user is used to define the sensitivity of the user to the subcarrier allocation. To describe
the method, a snapshot of the channel characteristics for a system with two users and eight

subchannels is shown in Fig. 4.1.

4.5 T T

3.5

n
m
T

Channel Gain
N

Jry
(8]

User number (K)

Figure 4.1: A snapshot of the channel with two users and eight subchannels.

Table 4.1: The channel characteristics of a two-user system shown in Fig. 4.1
User Number user 1 | user 2

Variance 0.1073 | 1.5617
Min Channel Gain | 0.6929 | 0.9229
Max Channel Gain | 1.6989 | 4.1256
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As shown in Fig. 4.1, the channel gains of user 1, have a small variance of 0.1073 while
user 2 has subchannels with channel gains changing from 1.6989 to 4.1256 and the variance
of 1.5617. This information is tabulated in Table 4.1. The changes in subchannel gains result
from multiuser diversity and frequency selectivity of the channel. In the wireless multipath
channel under consideration, the fading parameters for the users are mutually independent.
Therefore, each subchannel experiences different fades for different users. This phenomenon
is referred to as multiuser diversity. It is due to multiuser diversity that a subchannel is rarely
in deep fade for all the users. As a result of frequency selectivity of the channel, different
subchannels of the same user experience different levels of fade. However, how different they
undergo fading could be measured by their channel gain variance as indicated in Table 4.1.

Considering subcarrier i and subcarrier j for the kth user, the change in data rate of the
kth user due to assigning subcarrier ¢ instead of subcarrier j, ARy (3, ) is given by:

ARi(i,5) = Ri(i) — Ri(j)

= %[1%(1 + k) — log(1 + k)] (4.1)

_ Elog (1+pk.in,i>
N "**\1+ py;H;)’

where Ry(¢) and Ry(j) are the kth user’s achieved data rates on subcarriers i and j respec-
tively. Without loss of generality, we assume that Hy; > Hj ;. The maximum change in the

achieved rate of the kth user is then given by:

B 1+p(Hkmean+sk))
—1lo : ) 4.2
N 2 (1 + p(Hk,mean - sk) ( )

AIzk,maz =

where Hp mean is the average channel-to-noise ratio for user K, s is the kth user’s channel
gain standard deviation from the mean and a flat transmit power p is assumed on all the
subcarriers. Now if s is zero then ARy(i,5) = 0 implying that it results in no difference
in the kth user’s data rate whether it chooses subcarrier i or subcarrier j. However, as s
increases, so does ARy (%, j) increasing the sensitivity of the user’s data rate to the subcarrier
allocation.

In other words, from the user’s point of view, if the variance of the subchannel gains for
the kth user is small (e.g., user 1 in Fig. 4.1 and Table 4.1), it matters less which subchannel
is allocated to user k since the subchannels experience almost the same amount of fade for
this user. On the other hand, the user with high variance of subchannel gains (e.g., user 2
in Fig. 4.1 and Table 4.1) is more sensitive to the subchannel allocation. The user’s point
of view is not important when the objective of the resource allocation is to maximize the
overall throughput of the system regardless of individual’s achieved data rate. However,

35



when fairness is an issue, it is inevitable that each user should be allocated some portion of
the bandwidth.

In [13,14,16,17], the user with the least proportional data rate has the priority to choose
the next subcarrier. In the proposed algorithm, priority is given to the critical (most sensi-
tive) user with the largest variance on channel gains to choose its best subcarrier. However,
if a user has a large variance and this characteristic continues to hold, then this user ends
up getting all the subchannels while the others get nothing. To solve this problem, it is
assumed that the proportion of the subcarriers assigned to each user is approximately the

same as the rate constraints as in (2.9), which is repeated here:

Niy:No:...: Ny =a;:a9:...: ag,
(4.3)
apN
e ]
k=1 Ok

where N}, is the number of subcarriers to be assigned to user & and ay is the kth user’s
proportional rate constraint as defined in (2.8).

The proposed algorithm is described below: In the first step, all the variables are initial-
ized. A and A* are the sets of available (unallocated) and allocated subcarriers respectively.
N* is the sum of minimum number of subcarriers initially required by the users derived from
(4.3) and U is the set of all users.

In the second step, the variance of the subchannel gains for each user V; is calculated.
The critical user with the largest variance is then given priority to choose its best subcarrier.
At each iteration, the assigned subcarrier is eliminated from the set and the gain variance
of each user is updated taking into account only those subcarriers that have not yet been
assigned. Once user k gets the allotment of Nj subcarriers, that user can no longer be

assigned more subchannels.

o Initialization

ckn =0, VE,n
R, =0, VE
A={1,2,..,N},
A* =10,

N* = Zf:l Ny

U=1{1,2,..,K}.
e Subcarrier Allocation
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— form=1to N*
Vi = Var(Hi,), Vne A

k = argmax Vj, (if Ny > 0)
n = arg maxnea Hin,
Ckn =1, N = N, — 1,
A=A—-{n}and A* = A*J{n},
Ry, = Ry + Zlogy(1 + Yin)-
— while A # 0
Scenario 1:
k = argmin(Ry/ay),
n = arg MmaXpea Hin,
Ckn =1, Ny =Np +1,
A=A-{n}and A* = A*|J{n},
Ry = Ry + £ logy(1 + Yin)-
Scenario 2:
for n=1to (N — N*)
k = arg maxyey Hi,n,
Ckn=1,Np = N+ 1,
Ry = Ry + £ logy(1 + ),
U=U-{k}.

end

The remaining subchannels are allocated in the final step. We can have different scenarios
based on the flexibility in the objective of the algorithm and the number of unallocated

subchannels:

e Scenario 1: If adherence to the proportionality constraints needs be strictly enforced,
then the user with the least achieved proportional data rate should be given priority

to choose the best available subcarrier.

e Scenario 2: If a rough proportionality is acceptable, each user gets at most one sub-
carrier. In order to further increase the total rate, the user with the largest channel

gain chooses the first share.

For both scenarios, equal power allocation among the subcarriers is assumed. In the

simulation results, we refer to this algorithm as Alg. 1.
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4.2 Fairness Index

The fairness index is defined as [15]:

(S a)
TRyt .
with the maximum value of 1 to be the fairest case in which all users would achieve the
same data rate. Based on the above equation, we define a new parameter F}, to examine the

performance of the system in maintaining proportional fairness which is given by:

(4.5)

where Ry and oy are the achieved rate and the proportional rate constraint for the kth user
respectively. F, is a real number in the interval (0,1] with the maximum value of 1 for the
case that the achieved rate proportions among the users are the same as the predetermined

set {ax},.

4.3 Suboptimal Joint Subcarrier and Power Allocation

Algorithm for Multiuser System with Fixed Rate
Constraints

When the objective is to ensure fairness among the users, the subcarrier allocation intro-
duced in [13] was shown to achieve close to optimal performance with very low complexity.
The same but normalized version of this method was adopted in [14,16,17] to ensure rate
proportionality where the normalization is with respect to the proportional rate constraints.
However, with a slight change in this method, a very simple algorithm is obtained which
could apply to a class of rate-adaptive optimization problem where the goal is to ensure each
user achieves its minimum required data rate.

In this method, instead of prioritizing the user with the minimum achieved data rate (or
proportional data rate in case of proportional-fairness), the user with the highest data rate
to achieve is giving priority to choose the next subcarrier. The method is illustrated in Fig.
4.2.

Fig. 4.2 shows two users with different required data rates denoted by R;min and Rjmin-
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Figure 4.2: Prioritizing the user with the highest data rate to achieve.

The achieved data rates are denoted by R; and R; respectively. In this method, the user that
requires the highest data rate, i.e. the jth user with (Rjmin — R;) to achieve, is given priority
to choose the next subcarrier although it is the user that already has achieved a higher data
rate. Note that If the rate constraints are equal for all the users, i.e. R;min = Rjmin = Rmin

~

(complete fairness), then the user requiring the largest data rate, k:

E = arg max (Rmin — Rk)

. (4.6)
= argmin Ry.

would become the user with the minimum achieved data rate. Therefore the proposed
algorithm would have the same performance as that described by Rhee et al [13].

The proposed joint subcarrier and power allocation algorithm consists of N major steps
to assign all N subcarriers to the users which is described below:

e Step 1: Initialization

Ck,n = 0, Vk,n
R =0, Vk
A={1,2,.,N},
U={1,2..,K}.

e Step 2: Subcarrier Allocation

while (A#0 or U #0):
k = arg maxgey (Ri,min — R&),
n = arg maxnea Hip,
ckn=1,A=A-{n},
Ry(updated with water-filling policy),
if Ry > Rimin then U=U — {k}.

end.
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In the first step, all the parameters are initialized. In the second step, the user with the
highest required data rate is given priority to choose its best available subcarrier. Assuming
a flat transmit power over the entire bandwidth, each subcarrier adds an equal portion of the
total power (’—J'f;,m) to the user it has been assigned to. The current power of each user P is
then allocated to its subcarriers by either water-filling policy as in [17] or greedy algorithm
described in Section 3.2. After each iteration, the assigned subcarrier is excluded from the
set of available subcarriers A, and the difference between the original required data rate and
the achieved data rate becomes the new data rate constraint for each user. The procedure
continues till all the subcarriers are assigned to the users or all the users achieve their rate
requirements. In case there are unused subcarriers, they would be assigned to their best
user in the system to further increase the total throughput (not shown above), or may be
reserved for future use.

The main characteristic of the proposed algorithm is its low complexity. Also, by reallo-
cating the power among the subcarriers after assigning each subcarrier, we ensure that each
user has achieved its maximum data rate within its allocated power. Therefore, the goal
of supporting the users’ required rates is combined with the goal of maximizing the total
throughput of the system. In the simulation results, the proposed algorithm in this section

is referred to as Alg. 2.
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Chapter 5
Simulation Results

In this chapter, simulation results are presented to show the performance of the proposed
resource allocation algorithms. First, the simulation parameters are introduced. Simulation
results are then presented in two parts: In Section 5.2, the performance of a single user
system with optimal water-filing power allocation is compared with that of a single user
system with suboptimal flat transmit power (described in Chapter 3). The results will be
used in developing two suboptimal subcarrier allocation algorithms for multiuser OFDM
systems proposed in Chapter 4. The performance of the proposed algorithms compared
with the suboptimal existing solutions in terms of total data rate and fairness will be given
in Sections 5.3 and 5.4.

5.1 Simulation Parameters

In this section, the channel model and the simulation parameters are introduced. In all the
simulations, the wireless channel is modelled as a frequency selective channel consisting of
six independent Rayleigh fading multipaths with exponential power profile.

The Clarke’s model [29] has been used to characterize each flat fading multipath. In
each multipath, M scattered components arrive at the receiver each with E and H field
components. The E-field can be expressed as an in-phase T¢(t) and quadrature form T,(t)

as:

E(t) = Te(t) cos(2m fet) — T(t) sin(27 f.t) (5.1)

where f, is the carrier frequency and the two components are given by:
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M
Te(t) = Ep Y | Am cos(27 fint + frm)
™ (5.2)
To(t) = Eo Y AmSIn(27 fint + ¢m)
m=1
where Ej is a real constant, representing the local average E-field and A,, is a real random
variable representing the amplitude of individual waves. The amplitude of E(t) is normalized
such that the ensemble average of the A,;,’s is given by fn!=l A—fn = 1. fin = fyacosa,, where
fa is the maximum Doppler frequency and a,, denotes the angle between the direction of
the mobile’s receiver and the direction at which the mth wave arrives. ¢,, is the phase angle
of the mth wave.
If M is sufficiently large, E(t), Tc(t) and T(t) will all be Gaussian random processes at
any time ¢t. T, and T are uncorrelated zero-mean Gaussian random variables with an equal

variance of E2/2. The envelope of the received E-field is given by:

|EM)| = VTZ + T2 = (1) (5.3)

and it could be shown that the random received signal envelope r has Raleigh distribution
provided that T, and T, are Gaussian random variables.

Modelling the channel and running the simulations have all been done in Matlab. A,,
and ¢,, are both normal random variables with zero mean and variance of one. The random
numbers generated for A,, are normalized as mentioned above. The phase angles a, are
assumed to have uniform distribution on the interval (0,27]. It is assumed that the power
delay profile is exponentially decaying with e* where [ is the multipath index. After cal-
culating the in-phase and quadrature components for all six multipaths for each user, the
N-point FFT is taken which results in N complex numbers where N is the total number
of subcarriers. The magnitude of each complex number represents the amplitude of the
subchannel gain for that specific user.

Normalized values of 1W and 1MHz are chosen for the total power and the bandwidth
respectively to simplify the comparison. There are N = 64 subcarriers in the system and
perfect knowledge of subchannel gains is assumed (The subchannel gains are obtained as
described above). After each channel realization, different resource allocation algorithms
were run using the same subchannel gains. A total of 1000 different channel realizations

were used and the results were averaged.
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5.2 Single User Resource Allocation

In this section, two single-user algorithms are compared in terms of achieved total data rate.
In the first algorithm, the power is distributed among the subcarriers using water-filling
policy given by (3.9)-(3.12). In the second algorithm, the optimal number of subcarriers and
the best set to transmit the data is found. A flat transmit power is then assumed on all the
assigned subcarriers.

Fig. 5.1 shows the performance of the suboptimal algorithm (with flat transmit power)
in terms of the achieved data rate versus number of subcarriers involved in the transmission.
There are 64 subcarriers in the system. Starting with one subcarrier, if increasing the number
of subcarriers results in an increase in the achieved data rate, more subcarriers are used in
data transmission. At each iteration, the power allocated to each subchannel is the total

power divided by the number of subcarriers involved in that iteration.

The Achieved Data Rate (bits/s)

0 10 20 30 40 50 60 70
Number of Subcarriers Involved in Transmission

Figure 5.1: (Suboptimal algorithm) Achieved data rate versus the number of subcarriers
used in transmission. Total number of subcarriers is N = 64 and BER = 1073,

Fig. 5.2, shows the achieved data rate in each algorithm versus the total number of
available subcarriers, N = 10 ~ 100. In this figure, for any desired number of subcarricrs
N, the channel is realized 1000 times and the average achieved data rates are recorded. In
water-filling policy, all the subcarriers are always used unless the calculated power for the
subcarrier with the least channel gain (given by (3.12)) becomes negative. This happens when
the gain difference between the subcarriers are so large. In this case, the first subchannel
in the ascending order set (the subchannel with the least channel gain) is not allocated any
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power and the power distribution starts with the second subchannel.
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Figure 5.2: Achieved data rate versus the total number of subcarriers, N.

The portions of power allocated to the subchannels in water-filling algorithm indicate
their importance or share in data transmission. In the suboptimal algorithm with flat trans-
mit power, however, the power is equally distributed among all the subcarriers that are
involved in data transmission. It is clearly seen that the suboptimal algorithm with flat
transmit power achieves almost the same data rate on average, compared to the one with
water-filling power distribution.

Based on the results derived above, one may conclude that in a system with N subchan-
nels, a flat transmit power over all the subcarriers would give close to optimum performance.
However, this is not always the case. This rate difference between the optimal and sub-
optimal power allocation is negligible only when in the suboptimal algorithm, the optimal
number and set of subcarriers are chosen to transmit data and the total power is equally
distributed among these subcarriers while the rest of subchannels are allocated no power. In
other words, when the power is equally distributed only among the subchannels with good
channel gains, then the performance is close to optimal. The reason that in multiuser OFDM
systems, a flat transmit power is used over the entire bandwidth not just a group of selected
subcarriers is that it is assumed that due to multiuser diversity, only subchannels with good
channel gains are assigned to each user; hence almost all the subchannels involved in data
transmission are in good channel condition.
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5.3 Suboptimal Subcarrier Allocation in Multiuser OFDM

System with Proportional Rate Constraints

In this section, the performance of Alg. 1, proposed in Section 4.1, is compared with the
existing algorithms [13,15]. The objective is to reach the highest achievable data rate while
maintaining the rate proportionality among the users according to the given proportional
constraints.

The simulation results are presented in two parts: In the first part (Section 5.3.1), the
comparison is made over the achieved total data rate as well as fairness with different rate
proportionality among the users. In the second part (Section 5.3.2), the rate constraints are
set to be equal. The comparison is made between Alg. 1, the algorithm proposed in [13]
with flat PSD and the method proposed in [14] with adaptive power allocation.

5.3.1 Non-equal Proportional Constraints

Fig. 5.3 shows the achieved spectral efficiency in Alg. 1 and the method proposed in [14] for
average SNR ranging from 10-40dB. K = 16 and the proportional constraints are randomly

chosen from the set {1,2,4} for each channel realization. The average SNR is defined as

Protal
NoB *

Spectral efficiency versus average SNR for N=64, K=16 and BER=10e-3.
2 T T T T T T

—a— Alg. 1
—~&8— Shen et al. [14]

Spectral Efficiency (bits/sHz)

5 10 15 20 25 30 35 40
SNR (dB)

Figure 5.3: Spectral efficiency versus average SNR for N = 64 subcarriers and K = 16 users.
BER = 1073.

It can be seen that the proposed algorithm has achieved slightly higher total data rate
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compared to method [14]. This advantage is due to relaxation of the proportionality con-
straints which were enforced in [14] through the reallocation of the power among the users
and subcarriers.

The comparison of the two algorithms in terms of rate proportionality is shown in Fig.

5.4. The leftmost bars are the normalized constraints {¢x}X_,, where ¢) = —,;-5— The
same normalization is used for achieved data rates. It is shown that the method in [14] has

better performance since it applies adaptive power allocation to enforce the proportionality

among the users.

0.14 T T T T T T T T
I Normalized constraints

0.12f 1
! | ] - Shen et al. [14]

o
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°
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Figure 5.4: Normalized capacity ratios per user for SNR = 30dB, K = 16 and BER=1073.

The rate proportionality in Alg. 1 is enforced through the number of subcarriers assigned
to each user. However, the performance of our proposed algorithm is close to the required
proportional constraints with no power reallocation. To better examine the proportional
fairness of these algorithms for different number of users, their performance is shown in Fig.
5.5 in terms of F, using equation (4.5). It is shown that 0.999 < F,, <1 for the proposed
algorithm whereas F,, = 1 for the method in [14].

5.3.2 Equal Proportional Constraints

In this part, oy = 1 Vk, enforcing all the users to get the same amount of data rate. Fig.
5.6 shows the comparison of the minimum user’s capacity between Alg. 1 and the methods
proposed in [13] and [14] for K = 2 ~ 16 users. Both Alg. 1 and the method in [13] apply the

power mask of p, = ’—"ﬁﬂ on the subcarriers whereas the algorithm in [14] applies a second
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Figure 5.5: Fairness versus number of users /{ = 2 ~ 16, for SNR = 30dB and N = (4.

step of adaptive power allocation. User’s average data rate for different number of users is
also shown in Fig. 5.7. It is seen that both minimum user’s data rate and user’s average data
rate in the proposed algorithm are higher than the other two methods for different number
of users which shows higher achieved overall capacity by increasing each user’s achieved data
rate. Also, the performance of the algorithm proposed in [13] is very close to the algorithm
in [14] for equal rate proportions since they both apply the same subcarrier allocation.

47



) : : . —e— Alg. 1
. . . —&— Shen et al. [14]
: : : Rhee et al. [13]

P\ R SO SUPRE T T

Minimum User' s Capacity (bits/s/Hz)

Number of Users (K)

Figure 5.6: Minimum user’s capacity versus number of users for N = 64 subcarriers and
BER = 1073.
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Figure 5.7: User’s average capacity versus number of users. There are N = 64 subcarriers
and BER = 1073.

5.4 Suboptimal Subcarrier Allocation in Multiuser OFDM
System with Fixed Rate Constraints

In this section, the performance of Alg. 2, proposed in Section 4.3, is examined. As described

before, the proposed algorithm prioritizes the user that has the largest rate requirement. For
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Figure 5.8: Capacity per user for SNR = 30dB, K = 16 and BER=1073. The rate require-
ments are such that the first 4 users achieve 4 times the rate of the next 8 users and 1/4
times the rate of the last 4 users.

instance, in the case of two users, if R} min is 4 times as Rjmin, the second user would not
get any subcarrier until the first user achieves at leach 0.75 of its rate requirement.

In order to examine the effect of different rate proportionalities on the performance of
the algorithm, the rate requirements are set based on the results derived from simulating
the algorithm proposed in [14]. Shen et al. formulated the problem of maximizing the total
throughput with proportional rate constraints and derived the optimal power distribution
for any fixed subcarrier allocation. Also, they showed in [14] that if they apply their method
on the subcarrier allocation proposed in [13], their proposed algorithm would achieve 95%
of the optimal performance in a two-user system.

The performance of Alg. 2 is examined as follows: In each channel realization, the
algorithm proposed in [14] is run for a desired set of proportional rate constraints. The
achieved data rates are then adopted as the fixed rate requirements for Alg. 2.

Fig. 5.8 shows a snapshot of all the users’ achieved data rates as well as their corre-
sponding rate requirements. The left bars are the rate constraints whereas the right bars
are the achieved rates by Alg. 2. It is seen that all the users have achieved their minimum

rate requirements.
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Chapter 6

Conclusion and Future Work

6.1 Conclusions

The first contribution of this thesis, is measuring the decrease in the total throughput of the
system when there is a power mask on all the subchannels. Based on Shannon’s capacity
formula, the achieved data rate of a subchannel is a logarithmic function of the signal-to-noise
ratio in the subchannel. Hence, the achieved data rate depends both on the subchannel’s gain
and the power allocated to the subchannel. In a multiuser system, the channel conditions of
different users are largely independent due to users’ different locations. Therefore, adaptive
resource allocation algorithms can improve the system performance by adaptively assigning
the subcarriers to the users as well as adaptively allocating power to the assigned subchannels
in the system. However, subcarrier and power allocation are not independent in the system
and they should be optimized jointly to reach the optimal solution which poses a prohibitive
computational burden at the basestation.

To lower the computational complexity, a flat transmit power is assumed on all the
subcarriers. A flat power spectral density might also be necessary in cases where there is
a power mask on the subchannels of the system. To see the validity this assumption, we
compare the achieved data rates of two single-user systems with different power allocation
algorithms. In the first algorithm, the power is allocated to the subcarriers with water-filling
in frequency derived in [14]. In the second algorithm, referred to as the suboptimal method,
the best set of subchannels is used for data transmission and the power is allocated equally
among them. The simulation results showed a negligible degradation in the achieved data
rate of the suboptimal method compared to the water-filling power allocation provided that
the power is poured only into subchannels with good channel gains.

This result is used in the developing the proposed suboptimal subcarrier allocation al-
gorithm with proportional rate constraints which is the second contribution of this thesis.
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While adaptive power allocation can be applied to enforce the rate proportionality among
the users [14], the subcarrier allocation plays a significant role in the overall performance. In
Section 4.1, we propose a suboptimal subcarrier allocation algorithm to maximize the total
throughput while maintaining rate proportionality among the users [37]. This algorithm, re-
ferred to as Alg. 1, is based on prioritizing the critical users in the system and the variance
of subchannel gains for each user is used to define the sensitivity of the user to the subcarrier
allocation. Although the system capacity is maximized when each subchannel is allocated
to the user with the best channel gain on it, when considering the problem combined with
fairness, the system’s performance could be improved if the second best subchannel is se-
lected for data transmission when considering a user with low subchannel gain variance.
The simulation results show improvement in terms of total data rate with acceptable rate
proportionality compared to the algorithms proposed in [13,14]. In Alg. 1, the power is dis-
tributed equally on all the subcarriers based on the results obtained from power allocation
in single-user systems.

The third contribution of this thesis is developing a low complexity subcarrier allocation
algorithm to maximize the total data rate while supporting the users with their minimum
rate requirements. In the proposed algorithm, referred to as Alg. 2, the subcarrier and the
power allocation are carried out jointly. The proposed algorithm consists of N major steps
to assign all N subcarriers to the users. At each step, the user that has the highest data rate
to achieve is given priority to choose its best available subcarrier. Each subcarrier adds a
constant power proportion of P,,a/N to the user it has been assigned to. The power is then
redistributed among the assigned subcarriers with water-filling policy and the user’ achieved
data rate is updated. The achieved data rate subtracted from the initial rate requirement
would then become the data rate constraint for the next step. Compared to the algorithm
proposed in [4] and [7], Alg. 2 achieves the required rate constraints much faster without
separating the assignment of bandwidth from the power or applying an extra stage or power

allocation to the users and subcarriers.

6.2 Future Work

o Semi-adaptive Resource Allocation

For multiuser OFDM systems discussed in this thesis, it is assumed that the channel
conditions are perfectly estimated and fed back to the basestation and that the channel
condition remains almost the same while the resource allocation is carried out in the
basestation. In this framework, the system overhead for conveying the channel state
information from the users to the basestation and the resource allocation schemes from
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the basestation to the users has not been incorporated into the problem formulation.
One possible solution to reduce the system overhead is that at each mobile station, only
the channel conditions of those subchannels that have variations more than a certain
threshold be fed back to the basestation. Furthermore, the subchannel allocation could

be carried out once and only the power allocation be adapted to the channel variations.

Effectiveness of Adaptive Power Allocation

Several practical constraints were mentioned in [25] which limit the applicability of
adaptive modulation. A similar question addresses the applicability and the effective-
ness of adaptive power allocation in multiuser OFDM systems. With the relationship
between the data rate and the signal-to-noise ratio being of a logarithmic nature, it is
very much beneficial to know under which circumstances the adaptive power alloca-
tion has a major effect on the performance of the system. Knowing these conditions,
a time-efficient subcarrier allocation algorithm could be designed which attempts to
optimize the performance of the system while highly reducing the complexity of the
algorithm by meeting certain conditions accordingly and omitting the unimportant

parameters from the optimization problem.

Resource Allocation Separability

It is shown in [8,12] that with the objective of maximizing the total throughput of
the system, the optimal subcarrier allocation is independent form the optimal power
allocation. In this case, the subcarrier allocation is carried out independently based on
the subchannel gains and then the power is distributed among the subcarriers by water-
filling policy. The independence of the bandwidth from the power highly reduces the
complexity of the algorithm. It can be investigated if a similar approach could apply
to other optimization problems, i.e., if there are other system objectives where the
optimal power allocation is independent from the optimal subcarrier allocation.

52



Bibliography

[1]

[2]

(3]

[4]

[5]

[6]

[7]

H. Schulze and C. Luders, Theory and Applications of OFDM and CDMA Wideband
Wireless Communications. John Wiley, 2005.

Z. Shen, Multiuser Resource Allocation in Multichannel Wireless Communication Sys-
tems. Ph.D. dissertation, Dept. Electrical and Computer Engineering, The University
of Texas at Austin, 2006.

P. S. Chow and J. M. Cioffi, “Bandwidth optimization for high speed data transmis-
sion over channels with severe intersymbol interference,” Proc. IEEE Globecom, vol. 1,
pp. 59-63, December 1992.

C. Y. Wong, R. S. Cheng, K. B. Letaief, and R. D. Murch, “Multiuser OFDM with
adaptive subcarrier, bit and power allocation,” IEEE Journal on Selected Areas in
Commaunications, vol. 17, pp. 1747-1758, October 1999.

G. Zhang, “Subcarrier and bit allocation for real-time services in multiuser OFDM
systems,” In IEEE Communications Society, vol. 5, pp. 2985-2989, June 2004.

L. Xiaowen and Z. Jinkang, “An adaptive subcarrier allocation algorithm for multiuser
OFDM system,” In Proc. IEEE Vehicular Technology Conference, vol. 3, pp. 1502-1506,
October 2003.

H. Yin and H. Liu, “An efficinet multiuser loading algorithm for OFDM-based broad-
band wireless systems,” Proc. IEEE Globecom, vol. 1, pp. 103-107, November 2000.

[8] G. Song and Y. G. Li, “Utility-based joint physical-mac layer optimization in OFDM,”

Proc. of IEEE Globecom Conf., vol. 1, pp. 671-675, November 2002.

[9] G. Song and Y. G. Li, “Adaptive subcarrier and power allocation in OFDM based on

maximizing utility,” Proc. of IEEE Vehicular Technology Conf., vol. 2, pp. 905-909,
April 2003.

53



[10] G. Song and Y. G. Li, “Cross-layer optimization for OFDM wireless networks-part
i:theoretical framework,” IEEE Transactions on Wireless Communications, vol. 4,
pp. 614-624, March 2005.

[11] G. Song and Y. G. Li, “Cross-layer optimization for OFDM wireless networks-part
ii: Algorithm development,” IEEE Transactions on Wireless Communications, vol. 4,

pp. 625-634, March 2005.

[12] J. Jang and K. B. Lee, “Transmit power adaptation for multiuser OFDM systems,”
IEEE Journal on Selected Areas in Communications, vol. 21, pp. 171-178, February
2003.

[13] W. Rhee and J. M. Cioffi, “Increase in capacity of multiuser OFDM system using
dynamic subchannel allocation,” Proc. IEEE International Vehicular Tehcnology Con-
ference, vol. 2, pp. 1085-1089, May 2000.

[14] Z.Shen, J. G. Andrews, and B. L. Evans, “Optimal power allocation in multiuser OFDM
systems,” Proc. IEEE Globecom, vol. 1, pp. 337-341, December 2003.

[15] Z. Shen, J. G. Andrews, and B. L. Evans, “Adaptive resource allocation in multiuser
OFDM systems with proportional rate constraints,” IEEE Transactions on Wireless
Communications, vol. 4, pp. 2726-2737, November 2005.

[16] 1. C. Wong, Z. Shen, B. L. Evans, and J. G. Andrews, “A low complexity algorithm
for proportional resource allocation in OFDMA systems,” IEEE Workshop on Signal
Processing Systems, pp. 1-6, October 2004.

[17] C. Mohanram and S. Bhashyam, “A sub-optimal joint subcarrier and power allocation
algorithm for multiuser OFDM,” IEEE Communications Letters, vol. 9, August 2005.

[18] F. Kelly, “Charging and rate control for elastic traffic,” European Transactions on
Telecommunications, vol. 8, pp. 33-37, 1997.

[19] Z. Jiang, Y. Ge, and Y. G. Li, “Max-utility wireless resource management for best effort
traffic,” IEEE Transactions on Wireless Commaunications, vol. 4, pp. 100-111, January
2005.

[20] Z. Shen, J. G. Andrews, and B. L. Evans, “Short range wireless channel prediction
using local information,” In Proc. IEEE Asilomar Conference on Signals, Systems, and
Computers, vol. 1, pp. 1147-1151, November 2003.

54



[21] I. C. Wong, R. W. H. Jr., and B. L. Evans, “Low range channel prediction for adap-
tive OFDM systems,” In Proc. IEEE Asilomar Conference on Signals, Systems, and
Computers, pp. 732-736, November 2004.

[22] S. Ye, R. S. Blum, and L. J. C. Jr., “Adaptive OFDM systems with imperfect channel
state information,” IEEE Transactions on Wireless Communications, vol. 5, pp. 3255~

3265, November 2006.
[23] S. M. Ross, Intorduction to Probability Models. Academic Press, 2003.

[24] T. M. Cover and J. A. Thomas, Elements of Information Theory. New York: Wiley,
1991.

[25] A.J. Goldsmith and S.-G. Chua, “Variable-rate variable-power MQAM for fading chan-
nels,” IEEE Transactions on Communications, vol. 45, pp. 1218-1230, October 1997.

[26] Z. Han, Z. Ji, and K. J. R. Liu, “Power minimization for multi-cell OFDM networks .
using distributed non-cooperative game approach,” Proc. of IEEE Globecom Conf.,
vol. 6, pp. 3742-3747, December 2004.

[27] H. Kwon and B. G. Lee, “Distributed resource allocation through noncooperative game
approach in multi-cell OFDMA systems,” In Proc. IEEE International Conference on
Communications, vol. 9, pp. 4345-4350, June 2006.

[28] Y. J. Zhang and K. B. Letaief, “Multiuser adaptive subcarrier-and-bit allocation with
adaptive cell selection for OFDM systems,” IEEE Transactions on Wireless Communi-
cations, vol. 3, pp. 1566-1575, September 2004.

[29] T. S. Rappaport, Wireless Communications. Prentice Hall PTR, 2002.

[30] Y. Otani, S. Ohno, K. ann Donny Teo, and T. Hinamoto, “Subcarrier allocation for
mulit-user OFDM system,” Asia-Pasific Conference on Communications, October 2005.

[31] G. J. Foschini and J. Salz, “Digital communications over fading radio channels,” Bell
Syst. Tech. J., pp. 429-456, February 1983.

[32] D. Bertsekas, Nonlinear Programming. Athena Scientific, 1995.

[33] T. L. Tung and K. Yao, “Channel estimaltion and optimal power allocation for a
multiple-antenna OFDM system,” EURASIP J. Applied Signal Processing, pp. 330-
339, March 2002.

55



[34] E. D. Nering and A. W. Tucker, Linear Programs and Related Problems. Academic
Press, 1992.

[35] C. Suh, Y. Cho, and S. Yoon, “Dynamic subchannel and bit allocation in multiuser
OFDM with a priority user,” Proc. of ISSSTA Conf., pp. 919-923, September 2004.

[36] E. Lawrey, “Multiuser OFDM,” Proc. of ISSPA, pp. 761-764, August 1999.

[37] S. Sadr, A. Anpalagan, and K. Raahemifar, “A novel subcarrier allocation algorithm
for multiuser OFDM system with fairness: User’s perspective,” To appear in Proc. of
VTC Conf., October 2007.

56



	Ryerson University
	Digital Commons @ Ryerson
	1-1-2007

	Suboptimal rate adaptive resource allocation in multiuser OFDM communication systems
	Sanam Sadr
	Recommended Citation


	00001
	00002
	00003
	00004
	00005
	00006
	00007
	00008
	00009
	00010
	00011
	00012
	00013
	00014
	00015
	00016
	00017
	00018
	00019
	00020
	00021
	00022
	00023
	00024
	00025
	00026
	00027
	00028
	00029
	00030
	00031
	00032
	00033
	00034
	00035
	00036
	00037
	00038
	00039
	00040
	00041
	00042
	00043
	00044
	00045
	00046
	00047
	00048
	00049
	00050
	00051
	00052
	00053
	00054
	00055
	00056
	00057
	00058
	00059
	00060
	00061
	00062
	00063
	00064
	00065

