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Absract

Algorithms for finding suboptimal and optimal solutions to total power minimization or
capacity maximization resource allocation problems in OFDMA-based networks haven
been studied by many authors. But the complexities of finding the optimal solution
and some suboptimal are prohibitively high and only few numerical examples for low
dimension cases can be found. On the other hand, low-complexity suboptimal solutions
often give unsatisfactory performance.

In this thesis, we propose optimal and suboptimal resource allocation solutions for
OFDMA and MIMO-OFDMA wireless networks. " Various design criteria and system
constraints are considered. The corresponding complexities for all suboptimal solutions
are relatively low while that for the optimal algorithm is only moderate high. We
first investigate the problem of transmit power minimization in an OFDMA downlink
network subject to user rates and BER requirements constraints. We provide near-
optimal and optimal solutions based on the dynamic programming and branch& bound
methodologies. The second scenario we consider is a weighted sum rate maximization
problem which is solved via dynamic programming and dual decomposition. We then
proceed to consider the product rate maximization scenario and present a suboptimal
solution. Finally, we consider a total power minimization problem for a MIMO-OFDMA

wireless networks and present a low-complexity solution.
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The main concept in our proposed algorithms can be easily applied to obtain a
near-optimal solution for many similar multi-constraints optimization problem with low

complexity.
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Chapter 1

Introduction

As the demand for high data rate multi-media wireless communications increases, it
also becomes more and more important that one takes into account the energy /spectral
efficiency factor in designing an anti-fading transmission scheme for mobile terminals.
A fast and proper adaptive algorithm in allocating both the physical and MAC layer
resources is essential to provide high quality high rate multiuser transmissions. Because
of its robustness against frequency-selective fading and its flexibility in appropriating the
transmission resources, the OFDM-based Frequency Division Multiple Access (OFDMA)
scheme in which each user is allocated a collection-of time slots and sub-carriers for
transmission, has been adopted in several industrial wireless communication standards.
If the allocation is predetermined and static, there may be unused sub-carriers and time
slots if the designated users do not need so many signal dimensions.

When there are limited power and multiple orthogonal channels available for trans-
mitting multiuser/multimedia signal, a proper channel and power allocation scheme is
needed to minimize the average power consumption, co-channel interferences while meet-
ing various users and media’s rate requirement and maintaining the link quality. For an
OFDMA system, this problem is complicated by the fact that a subcarrier (channel)®
is bad, in deep fade and with low channel signal-to-noise ratio (SNR) for one user may

be good (with high channel SNR) for another user. In [1], the authors proposed a sub-

'We shall use the terms subcarrier and channel interchangeably throughout this paper.



optimal multiuser subcarrier/bit allocation scheme which minimizes the total transmit
power with rate constraints. They relaxed the discrete-(integer-)rate constraint by al-
lowing time-sharing use of a subcarrier by multiple users—an idealized assumption that
was subsequently used by many investigators. [4] considered a continuous-rate version
of the same problem but forbad the multiple-user-per-subcarrier scenario and suggested
a method for computing the optimal solution. Obtaining the exact optimal solutions
to either problem requires high computing complexity and become impractical for large
channel and/or user constraints. There are many works that studied variations and ex-
tensions of [1] or [4]; each deals with different objective function (maximizing weighted
sum rate [9], utility [12]), constraint (fairness [7], proportional rates [8]), or scenario
(e.g., multi-cell [10], relay-aided [7]). A survey on various dynamic resource allocation
(RA) solutions was recently reported in [6].

In Chapter 3 we present two efficient algorithms for solving the problems of [1] and
[4], i.e., efficient subcarrier, power and rate assignment schemes that satisfy multi-user
multi-media requirements with the minimum total transmitted power are given. The
first algorithm uses a dynamic programming (DP)-approach; it is simple and offers
near-optimal performance. The second algerithmiinvokes the branch-and-bound (B&B)
principle, uses a good initial bound and tight lower bounds along with some complexity-
reduction techniques. It gives the optimal solution with a moderate increase of com-
plexity. Our discourse concentrates on the continuous-rate case but both algorithms
can be used for the discrete-rate case with a minor modification (see Section IV.D).
It is not difficult to see that, through suitable modifications, our algorithms can also
be applied to solve a similar RA problem of maximizing the aggregated throughput or
weighted sum rate with individual power constraints. The rest of this paper is organized
as follows. The ensuing section describes the operation scenarios of concern and gives an
optimization problem formulation. Section III presents the proposed DP-based resource

allocation algorithm and the B&B-based approach is given in Section IV. We also derive



some useful properties and suggest design guidelines there. Numerical performance of
the proposed algorithm and some existing suboptimal algorithms is presented in Section
V. Finally, we give concluding remarks in Section VI and derive an optimal mono-rate
(single user) power allocation (OMPA) algorithm in Appendix A.

Most of the previous approaches show how to efficiently maximize total transmission
or minimize the total transmitted power under the related constraints of system and
users. In addition to the issue that to minimize total transmitted power under all
users’ constraints can ensure the benefits of users far away from the base station, most
formulated problems and the corresponding solutions are focus on the efficiency issue
such that the users closer to the base station or with higher power capability will get the
most resource/benefits. The fairness issue in resource allocation is addressed in Chapter
4. First, we discuss the problem of maximizing the weighted sum rate under uplink
users’ power constraints. A similar weighted downlink sum rate maximization problem
with a total power constraint has be investigated and the corresponding optimal solution
was known [4]. The problem of maximizing the ergodic rates was discussed in [14].

We propose two efficient suboptimal resource allocation algorithms for the weighted
sum rate maximization problem. The first algorithm is a modification of the DPRA
algorithm, replacing the original cost function and the OMPA algorithm. The sec-
ond solution exploits the dual decomposition method in convex optimization theory.
The resulting algorithm requires lower complexity but suffers from minor performance
degradation. In the second part of chapter 4, the proportion fairness is considered. The
distributed users can negotiate via the BS to make their decisions on the subcarrier usage
cooperatively such that all users jointly agreements are made. This kind of cooperative
problem motivates us to apply the game theory and especially cooperative game theory
can achieve the fairness and maximize the overall system rate [15], [16], and [17].

Fair-rate allocation for classical OFDMA systems based on the Nash bargaining

solution (NBS) have been recently considered in [16]. As the proposed solution was too



computational intensive, the number of users was limited to 8 or less. Our DP-based
algorithm is much simpler while its performance is super. The corresponding optimal
solution can still be obtained by the BBRA approach with minor modifications.
Finally, we extend our investigation to MIMO-OFDMA systems, focusing on the
total transmitted power minimization under users’ BER and rate requirements. The
multiple antennas at the base station are built for spatial multiplexing of transmissions
to multiple users in the same time subcarrier. Our precoding scheme is based on the
block diagonalization method. With block diagonalization, each user’s precoding matrix
is designed such that the transmitted signal of that user lies in the null space of all other
remaining users’ and multiuser interference is pre-eliminated. The resource allocation
problem in a MIMO OFDMA system using block diagonalization becomes that of se-
lecting users who can share the same subcarrier for all subcarriers. [19] has discussed
the similar power minimization problem without user selection over each single carrier.
[21] proposed a user selection scheme based, onithe users’ channel conditions and correla-
tions for MISO systems. Both considered only the single carrier case whence frequency
assignment is not needed. The propese of Chapter 5 is to present a dual decomposi-
tion based low-complexity suboptimal solution-which employs a correlation-based user
selection scheme to simultaneously complete the task of user selection and subcarrier

assignment in a MIMO OFDMA system.



Chapter 2

Review of Some Optimization
Methodologies

2.1 Introduction to Dynamic Programming

The dynamic programming (DP) was coined by Bellman [22] to describe the tech-
niques which he brought together to study a class optimization problems involving se-
quences of decisions. There have been many applications and further developments
since its inception. In this thesis, we focus, on the situations where decisions are made

in stages.

2.1.1 The Basic Problem

We now formulate a general multi-stage statistical decision problem under stochastic
uncertainty. This problem, which is called basic, is very general. In particular, it is not
necessary to require that the state, control, or random parameter take a finite number
of values or belong to a space of n-dimensional vectors. An attractive aspect of dynamic
programming is that its applicability depends very little on the nature of the state,
control, and random parameter spaces. For this reason, it is convenient to proceed
without any assumptions on the structure of these spaces.

We are given a discrete-time dynamic system

Tht1 = fk(xkaukywk)y k= 07 17 7N -1 (21)



where

k  the index of discrete time,
xr  the state of the system and summarized past information that is relevant for
future optimization, z;, € S,
Uy, the control or decision variable to be selected at time k, u; € CY,
wy  arandom parameter,
N the horizon or number of times control which is applied,
fr  a function that describes the system and in particular the mechanism by which
the state is updated.
The control variable u; is constrained to take values in a given nonempty subset
U(zy) C Ck, which depends on the current state xy; that is, uy € Ug(xf) for all x € Sy

and k. We consider the class of policies (also called control laws) that consist of a

sequence of functions
7 =/ {ho; <5 N =1 | (2.2)

where 1, maps state z into controls pg = pr(y) and is such that py(xy) € Ug(xy) for
all x,, € Si. Such policies are called admissible.

Given an initial state o and an admissible policy 7 = {po, ..., in_1}, the states xy
and disturbances wy, are random variables with distributions defined through the system
equation

LTk+1 = fk(xk,,uk(xk),wk), k} = 0, 1, ceey N — 1 (23)

Thus, for given functions, gz, kK = 0,1, ..., N, the expected cost of 7 starting at x is

Jr(x9) = E {gzv(xzv) + Z_ (ks (), wk)} (2.4)

k=0
where the expectation is taken over the random variables w; and z,. An optimal policy

7* is one that minimizes the cost; that is,
o (x0) = min J(zo) (2.5)
mell
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where II is the set of all admissible policies.

2.1.2 The Dynamic Programming Algorithm

The dynamic programming technique is built upon a very simple idea, the principle

of optimality which can be formally stated by

Principle of Optimality

Let 7" = {ug, i3, ..., ty_1 } be an optimal policy for the basic problem, and assume that
when using 7*, a given state x; occurs at time ¢ with positive probability. Consider the
subproblem whereby we are at x; at time ¢ and wish to minimize the “cost-to-go” from

time 7 to time N

E {QN(xN) + Z_gk(xhﬂk(xk)awk)} (2.6)

k=i

Then the truncated policy {su, ptf 1, ..., sty } is optimal for this subproblem. |

The principle of optimality suggests that ‘an.optimal policy can be constructed in
piecemeal fashion, first constructing an optimal policy for the “tail problem” involving
the last stage, then extending the optimal policy to the “tail problem” involving the last
two stages, and continuing in this manner until-an optimal policy for entire problem is
constructed. The dynamic programming algorithm is based on this idea: it proceeds
sequentially, by solving all the tail subproblems of a given (time) length.

We now state the dynamic programming algorithm for the basic problem.

The Dynamic Programming Algorithm
For every initial state x¢, the optimal cost J(zy) of the basic problem is equal to Jy(xg),
given by the first step of the following algorithm, which proceeds forward in time from

stage 1 to stage IV:

Jo(z0) = go(wo),

J(xy) = min  E{gx(Tr, uk, wr) + Je—1(fo(zp, ug, wi))}, k=1,..,N (2.7)

up€UL (), wi



where the expectation is taken with respect to wy, which depends on zp and ug. Fur-
thermore, if u} = pj(x;) minimizes the right side of (2.7) for each z;, and k, the policy
7 ={us, pwy, -, w1} is optimal. [ |

The term “dynamic programming” coined by Richard Bellman was originally referred
to the process of solving problems where one needs to find the best decisions one after
another. It was later refined to referring to the general approach of nesting smaller deci-
sion problems inside larger decisions. Equivalently, DP means simplifying a complicated
problem by breaking it down into simpler subproblems in a recursive manner. Note that
a dynamic programming algorithm is capable of obtaining the optimal solution only if

the “cost-to-go” can be decomposed into the recursive form of (2.6).

2.2 The Branch and Bound Principle

Solving an NP-hard discrete optimization problem is often an immense job requiring
a very efficient algorithm, and the Branch'and:Bound (B&B) paradigm is one of the
main tools used in constructing such-a selution. A B&B method searches for the best
solution in the complete space of solutions according to a given problem. However,
explicit enumeration is normally impossible due to the exponentially increasing number
of potential solutions. The use of bounds for the function to be optimized combined
with the value of the current best solution enables the algorithm to search parts of the
solution space only implicitly.

At any point during the solution process, the status of the solution with respect to
the search of the solution space is described by a pool of yet unexplored subset of this
and the best solution found so far. Initially only one subset exists, namely the complete
solution space, and the best solution found so far is co. The unexplored subspaces
are represented as nodes in a dynamically generated search tree, which initially only
contains the root, and each iteration of a classical B&B algorithm processes one such

node. The iteration has three main components: selection of the node to process, bound



calculation, and branching. In Fig. 2.1, the initial situation and the first step of the
process are illustrated.

The sequence of these may vary according to the strategy chosen for selecting the
next node to process. If the selection of next subproblem is based on the bound value
of the subproblems, then the first operation of an iteration after choosing the node is
branching. For each of these, it is checked whether the subspace consists of a single
solution, in which case it is compared to the current best solution keeping the best of
these. Otherwise the bounding function for the subspace is calculated and compared
to the current best solution. If the subspace cannot contain the optimal solution, the
whole subspace is discarded. The search terminates when there are no unexplored parts
of the solution space left, and the optimal solution is then the one recorded as ”current

best”

[ ) S
S
S,
S3
S S, S3
Sll SIZ
SZ]
Ss %S, S»
. s . . .
S 1 S 12 S a1 S ” = Doesn’t contain opntimal solution

Figure 2.1: Ilustration of the search space for a B&B procedure.



2.2.1 Terminology and General description

In the following subsection, we consider minimization problems - the case of maxi-
mization problems can be dealt with similarly. The problem is to minimize a function

f(z) of variables (z1...x,) over a region of feasible solutions, S:

min f(x)

zes

The function f is called the objective function and may be of any type. The set of
feasible solutions is usually determined by general conditions on the variables, e.g. that
these must be non-negative integers or binary, and special constraints determining the
structure of the feasible set. In many cases, a set of potential solutions, G, containing
S, for which f is still well defined. A function g(z) often defined on G (or S) with the
property that g(z) < f(z) for all z in S arises naturally. Both S and G are very useful
in the B&B context. Fig. 2.2 illustrates the situation where S and G are intervals of

real numbers.

v

Figure 2.2: The relation between the bounding function ¢ and the objective function f
on the sets S and G of feasible and potential solutions of a problem.

2.2.2 Bounding Function

The bounding function is the key component of any B&B algorithm in the sense

that a low quality bounding function cannot be compensated for through good choices

10



of branching and selection strategies. Ideally the value of a bounding function for a
given subproblem should equal the value of the best feasible solution to the problem,
but on account of obtaining this value is usually in itself NP-hard, the goal is to come
as close as possible using only a limited amount of computational effort. A bounding
function is called strong, if it in general gives values close to the optimal value for the
subproblem bounded, and weak if the values produced are far from the optimum. One
often experiences a trade off between quality and time when dealing with bounding
functions: The more time spent on calculating the bound, the better the bound value
usually is. It is normally considered beneficial to use as strong a bounding function as
possible in order to keep the size of the search tree as small as possible.

Bounding functions naturally arise in connection with the set of potential solutions
G and the function g mentioned in above. Due to the fact that S C G, and that

g(x) < f(z) on G, the following is easily seen to hold:

2€G minge s g(x) — z€S

min g(z) < { i 61t f(E) } < min f(z) (2.8)
If both of GG and g exist there are now choices between three optimization problems,
for each of which the optimal solution will.provide @ lower bound for the given objective

function. The ”skill” here is of course to chose G and/or g so that one of these is easy

to solve and provides tight bounds.

2.2.3 Branching Rule

All branching rules in the context of B&B can be seen as subdivision of a part of the
search space through the addition of constraints, often in the form of assigning values
to variables. Convergence of B&B is ensured if the size of each generated subproblem is
smaller than the original problem, and the number of feasible solutions to the original
problem is finite. Normally, the subproblems generated are disjoint - in this way the
problem of the same feasible solution appearing in different subspaces of the search tree

is avoided.

11



2.2.4 Strategies for Selecting Next Subproblem

The strategy for selecting the next live subproblem to investigate usually reflects
a trade off between keeping the number of explored nodes in the search tree low, and
staying within the memory capacity of the computer used.

If one always selects among the live subproblems one of those with the lowest bound,
called the best first search strategy, BeF'S. Fig. 2.3 shows a small search tree -the numbers
in each node corresponds to the sequence. A subproblem P is called critical if the given
bounding function when applied to P results in a value strictly less than the optimal
solution of the problem in question. Nodes in the search tree corresponding to critical
subproblems have to be partitioned by the B&B algorithm no matter when the optimal
solution is identified - they can never be discarded by means of the bounding function.
Since the lower bound of any subspace containing an optimal solution must be less than
or equal to the optimum value, only nodes of the search tree with lower bound less than

or equal to this will be explored.

f=5.5,8=3 f=5,g=2.5

Figure 2.3: Search strategies in B&B: the Best-First Search.

Even though the choice of the subproblem with the current lowest lower bound makes

good sense also regarding the possibility of producing a good feasible solution, memory
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problems arise if the number of critical subproblems of a given problem becomes too
large. The situation more or less corresponds to a breath first search strategy, BFS, in
which all nodes at one level of the search tree are processed before any node at a higher
level. Fig. 2.4 shows the search tree with the numbers in each node corresponding to the
BFS processing sequence. The number of nodes at each level of the search tree grows
exponentially with the level making it infeasible to do breadth first search for larger

problems.

Figure 2.4: Search strategies in B&B: the Breath First Search.

The alternative used is a depth first search strategy, DFS. Here a live node with
largest level in the search tree is chosen for exploration. Fig. 2.5 shows the DFS
processing sequence number of the nodes. The memory requirement in terms of number
of subproblems to store at the same time is now bounded above by the number of levels
in the search tree multiplied by the maximum number of children of any node, which
is usually a quite manageable number. An advantage from the programming point of
view is the use of recursion to search the tree - this enables one to store the information
about the current subproblem in an incremental way, so only the constraints added in
connection with the creation of each subproblem need to be stored. The drawback is

that if the incumbent is far from the optimal solution, large amounts of unnecessary
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bounding computations may take place. In order to avoid this, DFS is often combined
with a selection strategy which is that exploring the node with the small lower bound

first hopefully leads to a good feasible solution.

f=5.5,g=3 =5, g=2.5

Figure 2.5: Search strategies in B&B: the Depth First Search.

2.3 Dual Decomposition method for Non-convex Op-
timization

We consider a non-convex optimization problem defined over domain D, the set of

all non-negative real z;(7) for j = 1,--- ,K and ¢ = 1,--- , N such that for each 7 at
most one x;(7) is positive for k =1,--- | K, as follows
N K N K
max Y Y fi(w(0) = Y Y logy(1+2(i)ay,)
G i=1 j=1 i=1 j=1
N
s.t. ij(z) <P
i=1
where xj = {z;(1)z;(2) - - - z;(N)} (2.9)

Then the Lagrangian of the above problem can be represented as

L{a(i), Ay =) 0> fiila; (i) — Z Aj <Z (i) — Pj> (2.10)

=1 i=1
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where A = (A1, Ag, -+, Ag). The Lagrange dual function is given by

g(A) = max L{x;(i), A} (2.11)

The maximization of £ can be decomposed into N independent optimization prob-

lems given by

gz( = {Ln]fie}%){zfm ‘TJ Z)\ IJ } =1, 7N (212)

The Lagrange dual function can be reformulated as

N K
=Y G+ NP (2.13)
i=1 j=1

With a fixed A, the argument on the right hand side of (2.12) becomes a convex
function of {x; = (z;(1) z;(2) --- x;(N))}. As a result, we can take the derivative of
the above function with respect to z;(i) and obtain the ¢;(A) maximization solution

w;(i) = (A; m )+, (2.14)

Ay

where \; = 1/(log2 - );) and (¢)* 4t max(0,%).

Since for each i = 1,2,--- , N only one'z;(7) can be positive, we search over all K
possible user assignments for ¢ = 1,2,--- , N, and decide that z, (i) > 0, where j, and
gi(A) are

1\t
Jo = arg max [logQ(l +xj(i)aj;) — A ()\; — ) ]

() = max llog2<1+x]<>aﬂ>—& (A;— 1) ] (2.15)

1<G<K Qs

We need to modify { A} to meet the constraints S°~ | z;(i) = P;. Even if the constraints
are satisfied there is no guarantee that the solution is optimal unless a convergence

criterion is in place.
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2.4 Efficient Suboptimal Non-convex Optimization
via Dual Decomposition

For the dual decomposition method just discussed, the process to obtain the optimal
solution consists of the following main steps. Step 1. fixed a multiplier vector {\;}. Step
2. for each 1 < i < N, decide the index j* whose {z,.(7)} is maximal among other values
{x;(7) j # j*} which will be forced to zero. In Step 3, based on the result obtained in
Step 2 check if this current multiplier vector is optimal, i.e. if the constraints in 2.9 are
met. If the answer is negative, the search of multiplier vector is needed.

The main ingredients of the above method are (i) releasing the constraints in (2.9)
initially and by applying the dual decomposition approach to obtain a local optimal
solution which takes into account the other N constraints such that only one x;(7) is
positive among 1 < 7 < K and i = 1,2,--- , N, and (ii) finding the multiplier vector
used in the dual decomposition approach to meet the constraints (2.9). The relation
between the decision of which one xz;i.can be positive and a different given multiplier
vector is not obvious such that the seareh of the optimal multiplier is complicated.

Based on these discussion, we propose an efficient suboptimal algorithm via dual
decomposition. The main concept in our algorithm is that we release the N constraints
in which each constraint denotes only one x;(i) > 0, for 1 < j < K to replace releasing
K constraints {3~ | z;(i) < P;, for 1 < j < K}. In other words, we extend the domain
D such that x;(7) can be positive for 1 <j < K,1 <i < N.

Then run a finite number of iterations which at most is to be IV in order to taking into
count some constraint among the previously released constraints. Within each iteration,
we can get a multiplier vector under the constraints {Zfil z;(i) < P, for 1 < j < K}
and try to meet one of the released constraints before current iteration. In detail, we

exploit this multiplier vector into dual decomposition and get the efficiency value for

16



1<i< Nand1<j <K as following.

€0 = fij — Aj(;(4)) (2.16)

In addition, we have to decide which one among released constraints previously to
be meet with each iteration. We take the sum of efficient values over all 1 < j < K for
all released constraints. We select i* whose sum efficiency value v} is largest which is

given by

. *
i* = argmaxy;
BUESY
K

= argmax » €j; (2.17)

€S 4
Jj=1

where S denotes a set whose elements represent the indices of released constraints. We
decide which x;(i*) can be positive in the similar way in optimal dual decomposition
method by (2.15). The difference between ours and optimal dual decomposition method
occurs. In our algorithm, we just take i-=7* into (2:15) not ¢ = 1,2,--- , N. In addition,
the constraint ¢ = ¢* will be not discussed anymore. As a result, after N iterations, the
final solution will meet all the constraints. Detailed procedure is given in the following

table.
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Step 1: (Extend the domain D
by release constraints on only one x;(7) is positive
among 1 < j < K forall 1 <i < N)
Set C(j) ={i |1<i< N}, for1<j<K,
where m € C(j) represents that x;(m) can be positive
set S={1,2,--- N} and t =0
Step 2: (Select one of released constraints for taking into count )
Based on C(j) and SN 2;(i) < P for all 1 < j < K,
get a multiplier )\;.“ for maximization Zf\il fij(z;(2))
ift <N
U= arg; s
Set S = S\{i*}, t =t + 1, then goto Step 3.
else goto Step 5.
end
Step 3: Decide which x;(@).can be positive for all 1 < j < K,
when given 7 = ¥, j* =argmaxe; ;.
goto Step 4
Step 4: (Modify set C(j) for'b <4< K.)
for j=1: K
if j # j* then C(5)\{i*} end
end
goto Step 2
Step 5: (Output) a suboptimal solution is obtained

Table 2.1: An efficient suboptimal optimization method for non-convex optimization via
dual Decomposition.
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Chapter 3

Power Minimization Resource
Allocation Algorithms

This chapter is concerned with a simple but general scenario in which the object is
to allocate the available multiple carriers to multiple users such that the total transmit
power is minimized while each user’s rate and BER requirements are met. As will
become clear in later chapters, the methodologies presented in this chapter serve as
prototype approaches which can be easily modified to solve problems arose from other

similar system design criteria.

3.1 Assumptions and Problem Formulation

3.1.1 Basic Assumptions

We assume that there are N orthogonal subcarriers. C = {1,2,--- , N} and d user
data streams with the rate requirements R = {R;,j = 1,2,--- ,d} to be transmitted
over an OFDMA downlink, where the required transmission rate of user j is denoted by
R;. We further assume that the base station and d user terminals are each equipped with
single antenna. The base station assigns a set of subcarriers to each user and determines
the power and number of bits per OFDM symbol to be transmitted on each subcarrier.
The cyclic prefix (guard interval) is long enough to remove all intersymbol interference
caused by multipath propagation. In addition, sharing the same subcarrier by different

users is not allowed. The base station’s resource allocation decision is sent to all users
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through a separate control channel. At each terminal, user can demodulate the signals
over those subcarriers assigned to it. Denoting by ¢;; the bit rate of the ith subcarrier
which serves the jth user, we can express the maximum achievable rate (capacity) c;;

using transmitted power p;; as

ij|hij)?
cijzwilogQ(HM),1§z‘§N,1§j§d (3.1)

]
where W is the bandwidth for channel 4, |h;;|* and afj denote the channel gain and noise
power of the ith channel which serves the jth user. The normalized capacity (rate) r;;

of the ith channel when used for serving the jth user is given by

Cij hij|*pij
Ty = g7 = 108 (1 + %) = log, (1 + ai;pi;) , (3.2)

)

where a;; = |hy|?/07; is the corresponding channel gain-to-noise ratio (GNR).
3.1.2 Problem Formulation

Given the multi-user transmission requirements and channel state information (i.e.,
a;;’s), one would like to find the subearrier assignment and power allocation that min-
imize the total transmitted power. We define the IV x d subcarrier assignment matrix
A = [Aj] by A;; = 1 if the ith subcarrier is used to transmit the jth user; otherwise,
Ai; = 0. As a subcarrier can only serve one user at a given time interval, A;; is either 1
or 0 and a legitimate channel assignment matrix A must satisfy

d N
D A<l Y Ay>1, 1<i<N, 1<j<d (3.3)
j=1 i=1
For the downlink case, all signals are transmitted from the same base station, hence only
the total transmitter power will be considered. Let P be the power allocation matrix
with (7, j)th entry, p;;, then the problem of concern becomes

N d d
IP{{TZZA’JPU s.t. Z Tij Z Rj, ZAZJ S 1

i=1 j=1 i€C () j=1

where C(j) = {i|A; = 1,1 <i < N} (3.4)
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Although in reality there is a total power constraint Zfil Z?Zl pij < F., we shall not
consider this constraint to begin with. Solving the problem with the total power con-
straint follows a two-step procedure. In the first step we solve the unconstrained problem
to obtain the required optimal total power and then check if the solution meets the to-
tal power constraint. The problem is solved if the constraint is satisfied; otherwise the
problem does not have an admissible solution and one is forced to go to the second step.
In the second step, one can prioritize users’ transmission requests, modify (decrease)
some rate requirements according to the corresponding latency requirements, or settle
with a suboptimal channel/power allocation to accommodate the total power constraint.
Which of these options is chosen depends on other system design considerations and the
final solution is likely to be obtained by an outer iterative process. As far as this paper is
concerned, however, the total transmit power constraint will not be discussed henceforth.

In the next section, we adopt a DP approach to derive a simple and practical solution
which requires much lower complexity than:that of [4] and, more importantly, offers

near-optimal performance.

3.2 Dynamic Programming based Near-optimal Re-
source Allocation

When d = 1 the optimal solution to (4) can be obtained by a water-filling process (for
parallel Gaussian channels). The water-filling level, however, is difficult to determine.
We present a very efficient algorithm called OMPA in Appendix A. Hence if the channel
assignment is known, one can determine each user’s optimal power allocation by using
the proposed OMPA algorithm.

For the general case (d # 1), an obvious optimal solution to (4) is the exhaustive
search over all possible channel assignments with the associated power allocation ma-
trices computed by the OMPA algorithm (or water-filling method) to satisfy all users’

rate requirement. Although this algorithm is guaranteed to yield the optimal solution,
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the searching process is prohibitively complicated, especially if the numbers of users
and/or subcarriers are large. An improvement is suggested in [4] which first determines
the “water-filling” levels and the channels for each user. Overbooking of channels is
inevitable as every one wants the best channels. A complicated process is thus needed
to resolve such conflicts and recompute the “water-filling” levels iteratively. Although
optimal solution can be found, the complexity is still very high and is practical for small
N and d only (e.g., the case N = 8,d = 2 was given in [4]). Although [1] considered a
discrete-rate scenario the authors relaxed the discrete constraint to find a lower-bound
solution of (4) iteratively. The quantized version of this solution gives a suboptimal
subcarrier allocation, {C(j) : 1 < j < d}, where C(j) is the jth user’s serving-channel
set (SCS) that consists of the indices of the assigned channels. A single-user rate (bit)
allocation algorithm is then applied to each C(j). Numerical behavior of this approach
was shown but no comparison with the optimal performance was given.

Other earlier suboptimal proposals [5],.[6];{8] for solving (3.4) start with some initial
subcarrier (channel) allocation and assign remaining available subcarriers sequentially
according to some ad hoc criterion. ~Since “a given channel has different GNRs when
serving different users, [8] gives a channel-to the user with strongest gain, i.e., the ith
subcarrier is assigned to the kth user if k£ = argmax;<;j<4a;;. However, the ordering of
the subcarriers or the user is arbitrary and it is highly likely that the best channels for
two users are the same, say channel k, but the second best channel for the first user
is much better than that for the second user. When the first user obtains channel k
the second user can only use its second best channel which is much worse than channel
k. 1If instead, the first user is given its second best channel which is not much worse
than channel £ while the second user is assigned channel k then the overall performance
(required total power) will be much improved. On the other hand, [5] makes an initial
SCS size |C(j)| decision based on users’ average channel GNRs and rate requirements

R;’s. The average GNR ignores frequency selectivity and the resulting algorithm is
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unlikely to find the optimal solution.

In contrast, our approach begins with the fair initial condition that all users are
given the opportunity to take every subcarrier. The proposed channel allocation process
consists of a series (N-level) of deletion decisions. At each level, a subcarrier is given to
an user and is simultaneously removed from the SCSs of all other users, where the SCS
for the jth user at the ¢th level, C(j), is the set of all subcarriers allocated to serve user
j then. Obviously, our fair initial condition implies that C§(j) = {1,2,--- , N}, ¥ j. We
initially eliminate the constraint C$(¢) NCF(j) =0,V i # j,t = 0,1,--- , N and, at stage
t, impose the constraint that t € C7(j) for only one j (i.e., the tth channel can only
be in one of SCS’s) so that the original single-user-per-subcarrier (SUPS) constraint is
eventually re-installed and satisfied. Hence, in a sense what we adopt is a constraint
relaxation approach.

In such a sequential assignment process the order of subcarriers may be important
as once a subcarrier is assigned, no re-assignment is possible. A reasonable ordering is
to sort (re-arrange) the N subcarriersin descending order of their maximum GNR, af =
maxi<;<q @;; such that with the new channel'order, channel 1 has the best GNR, followed
by channel 2, channel 3, - - -, etc. Formally;-this-channel sorting is the permutation p on
the ordered integer set {1,2,---, N} which satisfies the inequality a;“rl(l) > a;“rl(Q) >
T+ > @y, Where p~t is the inverse mapping of p.

Our DP-based algorithm can be described by a d-ary tree in which there are d
outgoing branches at the root (initial level) to represent possible assignment of the
channel 1. Similarly, every node at any given level (height), say the ¢th level, has
d outgoing branches (to d child nodes), each represents a possible channel-assignment
(removal) decision and a tentative channel allocation. The channel allocation is tentative
because only ¢ channels are assigned and the remaining /N — ¢ channels still belong to all
SCSs and unassigned. If we associated each level’s decision with a cost, then at the kth

level, we shall assign channel £ to user ¢ and remove it from the SCSs of all other users
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(branches) if the associated cost is minimized. Such a decision is equivalent to selecting
the ith branch emitted from the surviving node at the (k — 1)th level as the survival
branch while all other d — 1 branches are terminated.

Given the initial fair channel allocation and the ultimate object of minimizing the
required power, the cost for a decision at any level should be the minimum required power
for the corresponding tentative channel allocation. Hence if we define the SCS collection
at the tth level as C; = (C7(1),---,C7(d)), then the corresponding cost function J; is

J(C)) =Y a(R;: C3(5) (3.5)
J
in which each g(R;; C;(j)) is determined by applying the OMPA algorithm to solve the
problem
Given Cp(j), find g(Rj; Ci(j)) = min ) py
i€C; (4)

S.t. Z Tij Z Rj. (36)

i€C; (7)

C;(j) for each j is modified at each level so that the subcarrier and power assignment pro-
cess is guaranteed to end at the Nth level. “As the minimum required power g(R;; C; (7))
for each j is a decreasing function of the cardinality |C;(j)| of its SCS, the cost J; is an
increasing function of ¢. At each level, however, we find the removal of the subcarrier
from all but one C7(j) that results in minimum cost (total power) increase. As the
collection {C$(j)} = C; allows multiple channel assignments, i.e., C;(j) N Cs (k) # 0, if
j # k and t < N, it does not satisfy the constraints (3) of a legitimate channel assign-
ment matrix. But as the subcarriers are assigned to users one by one, at the end of the
Nth level, {C%(7)} = C% will correspond to a legitimate one. Therefore, the metric de-
fined by (5)-(6) is simply the minimum total transmit power for a given rate-subcarrier
assignment with various degrees of relaxation on the SUPS constraint.

Since a path in the tree that visits the jth child node at the kth level implies a

channel assignment that gives the kth subcarrier to the jth user, an N-level path would
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represent a complete channel allocation. But not all paths are legitimate for a path may
assign no serving-channel to an user. In particular, if at the end of the tth level there are
still more than N — ¢ users without any serving-channel, i.e., whose SCS cardinality is
equal to N —t, then there will be at least one user with an empty SCS at the end of the
Nth level. To avoid such a possibility and rule out all illegitimate channel assignments,

we modify the cost function as

J:(C{) = min {ZQ(RjaOf(ij))

1<h<d | &
]:
d
+wp | ) 6N —t— |Cf(j;’€)|)] }
j=1
dif . k s
= nin Ji(C) (3.7)
where
. -
Ci(jik) = v »J 3.8
0 = { Gl 7 35
1 - 2=0
o(x) _{ 0, otherwise
and
0 , z<N-—t
wilz) = { 00 x>N-—t (3.9)

By adding the weight function wy(+) in the cost function, we avoid continuously assigning
channels to some users while other users might not be able to obtain any channel,
although the probability of such an event is almost zero so long as N > d and the GNR
distributions {a;j,7 = 1,2,--- , N} for each user are independent.

The resulting DP-based resource allocation (DPRA) algorithm, unlike other ap-
proaches [1][8][6], accomplishes channel and power (rate) allocations simultaneously and
is listed in Table 3.1. Early terminations and computational complexity reduction are

possible if certain conditions are satisfied; see Guidelines 4, 5 in the next section.
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Step 1: (Channel-sorting) Given N, d,a;; and R, find
a; = maxj<j<q a;; and re-arrange the channel
indexes by decreasing magnitude of the
maximum GNR such that a] > a3 > --- > a}y
with the new channel indexes.

Step 2: (Initial channel allocation)

Set Ci(j) ={i|1<i< N}, for 1 <j<d.

Step 3: (Sequential channel-power-rate assignment)
fort=1: N
k*=arg minj<j<4 JF(C3)

J(Cy) = Jf*(Cf)
for j=1:d
if j = k* then Ci(j) = €5, ()
else C7(3) = Ce(G\{1}
end
end

Step 4: (Output) The final channel allocation is the Nth
level SCS collection C3;. The power-rate
allocation is obtained while computing Jn(C%)

through (5)-(7).

Table 3.1: A dynamic programming based resource allocation (DPRA) algorithm

26



3.3 An Optimal Resource Allocation Algorithm

The N-level tree shown in Fig. 1 is a graphic representation of the solution space
of (4). The tree contains all possible-legitimate or illegitimate—channel assignments. At
each level we allocate a channel so that each “complete” path L from the root node to a
leaf node represents a candidate assignment and can be denoted by L = (by, by, -+ ,by),
where b; is the ith node visited by the path and, for brevity, the initial (root) node is
not included in the notation. A partial path I, = (by,ba, -+ ,b,),n < N is thus defined
as the part of a complete path that starts at the root node and ends at some internal
node.

Searching over the complete tree can certainly lead to the optimal solution but the
complexity is of exponential order. The DPRA algorithm calls for the elimination of d—1
child nodes at each level and promises to finish the tree-search process in N stages. As
will be shown in Section V, this approach is very efficient in that it yields near-optimal
solution with low complexity. However; there is no-guarantee that the optimal solution
will be obtained as it is possible that-the optimal channel assignment path is discarded
somewhere along the way, especially if SNR is-low. Many other techniques can be used
to reduce the prohibitive high complexity of searching the total solution space. We
employ a simple linear programming technique called branch-and-bound (B&B) which
has the potential of significant complexity reduction if the bounds are properly chosen.
Besides presenting novel tight bounds, we also suggest a subcarrier-sorting procedure,
which is crucial in reducing the search complexity, use a good initial upper bound and

derive some useful properties and guidelines for further complexity reductions.

3.3.1 A Branch-and-bound Approach

In the search tree shown in Fig. 1, each parent node has d child nodes to enclose all
possible solutions. Similar to our description of the DPRA algorithm, a path in Fig. 1

that passes through the jth child node at the kth level of the tree (i.e., by, = j) represents
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a channel assignment that gives the kth subcarrier to the jth user and a (complete) path
is legitimate only if it visits every candidate child node at least once. The B&B paradigm
needs an upper bound B, on any v(ly) (i.e., legitimate channel assignment or complete
path) and a lower bound B(l;) associated with each partial path [, of length ¢. The
use of the upper bound for the cost (minimum required total power) combined with the
lower bound which represents the current best solution value (associated with a partial
path) enables the algorithm to prune the non-promising subtrees rooted at certain nodes
and search parts of the complete tree only. These bounds should be updated as soon as
possible to accelerate the searching process but the initial upper bound often plays an
important role in the reducing the search complexity. A weak bound will not be capable
of eliminating many visits to nodes that lie outside of the correct (optimal) path. To

find a tight lower bound, we need the following fundamental definition.

Definition 1. The node value (cost) v(l;) of an internal node of the search tree is
defined by (7) with each C{(j) obtained by removing from C§(j) the channels that have

been assigned to other users along the partial path [; that ends at the current node.

Obviously, the node value so defined is a function of the node and the associated
partial path. We thus denote the node value by v(l;) to emphasize such a dependence. To
see that the node value is indeed a lower bound, we first notice that, like the cost function
of the DPRA algorithm, it is a function of a channel allocation that is illegitimate and
optimistic. The channel allocation is illegitimate because a subcarrier may be assigned
to more than one user and it is optimistic since an user tends to own more than its share
of subcarriers, resulting in reduced required power. In the search tree shown in Fig. 1,
each parent node has d child nodes to enclose all possible solutions. When we search
along a path to visit an internal node of the tree, we compute the associated “node
value” by (7) with each C7(j) obtained by removing from C{(j) the channels that have
been assigned to other users along the partial path [; from the root node to the current

node. Obviously, the node value so defined is a function of the node and the associated
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partial path. To emphasize such a dependence, we denote the node value by v(l;). As
an user’s SCS is a decreasing function of the partial path length in the sense that a child
node’s SCS is a subset of their parent node’s, the node value of a child node must be

equal to or greater than that of its parent node. In other words, the fact
Co() =C0) D C1() DC5() D= DCR(), ¥V (3.10)
implies

Property 1. Both g(R;,C;(j)) and the cost function J,(C;) defined by (3.7) are in-

creasing functions of t.

As every complete path is associated with a sequence of shrinking SCSs {C§(j),

Ci(4), - C%(j)} and C%(j) is the cost of this path, we have

Property 2. The node value v(l;) defined by (7) is a lower bound for the cost of any

complete path that coincides with the t-level-partial path ;.

Thus, if J; at a parent node is not smaller than the upper bound, we are sure that
there is no optimal solution in its child nodes and‘one should check other nodes of the
same level. On the other hand, the order of visiting the d child nodes of a parent node
should be based on their node values as the node value represent our current best es-
timate of all subsequent assignments. For the convenience of subsequent reference, we
summarize these two observations, which often brings about significant search complex-
ity reduction (see Table 3.3) of a B&B-based resource allocation (BBRA) algorithm,

as

Guideline 1. The order of visiting d child nodes of a given parent node should be the
same as the ascending order of the magnitudes of the corresponding node values. In
other words, one should visit the node with the least node value, followed by the one with

second smallest node value, and so on.
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Guideline 2. When visiting a node (say at the tth level) of a partial path l,, we compute
the node value v(l;) and compare it with the current upper bound B,. If v(l;) < B, then
wisit its first child node in the next level. Otherwise, searching on the subtree rooted at
this node is terminated and the search should continue on the next unvisited child node
of the same level or backtrack to the next unexplored nodes in the previous level, where

the order of d siblings descending from the same parent node is determined by Guideline

1.

Because only a complete path corresponds to a candidate solution, the depth-first-
search (DFS) strategy is suitable for our B&B approach. The initial upper bound B?
can be obtained by the DPRA algorithm. The ensuing DFS searching procedure tries
to continuously separate the parent space into the subproblem (child) space. Therefore,

we have

Guideline 3. Upon arriving at the final level, we check the resulting cost (node value)
to see if B has to be updated. We then backtrack to-the nearest parent node determined

by Guideline 1 and resume the searching process.

Note that the above three Guidelines are valid for general B&B approaches and are
listed for the convenience of subsequent discussions.

Definition 1 and the above guidelines all assume that we compute the node values
when transversing along a path based on the same principle used by the DPRA algo-
rithm. In other words, every user is given all channels initially and, at each level along
a path, a channel is assigned to the user associated with the selected child node and
removed from all other users’ SCSs. Such a procedure will not exclude any legitimate
solution from the tree search. With this assumption, we note that the node values along

a path may reach a steady state before the leaf node is visited. A necessary condition is

Property 3. Further traversing on a path will not change the node value if the set of

remaining unassigned channels (; C;(j) = Cu satisfy either (i) Vi € Cy = r;; =0,V j,
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or (i) Vi€ Cy,ie C:(j) for only one j.

This property can be used to accelerate our search without missing the optimal

solution.

Guideline 4. Besides those terminations specified by Guideline 2, early termination (of

a path) is possible if one of the conditions in Property 3 is satisfied.

Since computing the node value via (7) requires repeated calls to the OMPA subrou-
tine, the search complexity can be reduced if we can minimize the numbers of calls. A

careful examination of (7) and the search procedure reveals

Guideline 5. In computing the node value for the kth child node of a (t — 1)th level
parent node, the fact C;(k) = C;7_ (k) implies that g(Rg, Ci(k;k)) = g(Rk, C;_(k)).
Furthermore, if in computing the parent node’s value we have ry; = 0 for some j, then
g(R;,Ci(j)) = g(R;j,C;_1(j)). For both cases there is no need to call the OMPA subrou-
tine to compute the minimum required power. Finally, although for a fixed k, d OMPA
calls are needed in computing each costg(R;, C5(jik)), d — 1 of them can be reused for

other k’s.

The last two guidelines can be used to reduce the computing complexity of the DPRA
algorithm as well. In particular, Guideline 5 implies that only d OMPA calls are needed

to compute d child node values of a given parent node.

3.3.2 Sorting The Serving Channels

We have suggested a channel ordering for the DPRA algorithm according to the maxi-
mum GNR’s. This channel indexing is simple but, according to our simulation, does not
yield fast convergence. Like the DPRA algorithm, the order of the channels is very im-
portant. If our ordering (indexing) of the channels is such that the ith (: < N) channel
is so “bad” that it is not used in the final optimal solution (no user really wants it) then

we have to check all its d child nodes in the next level. Simulations indicate that the
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channel ordering affects the search speed significantly. In view of Guideline 1, Property
2 and given we have decided the first k& channels, the (k£ + 1)th channel should be the
most demanded one such that its assignment to a user (thus is removed from the SCSs
of all other users) increases the costs (node values) of all other users most significantly.
The channel-sorting algorithm based on this idea, is presented in Table 3.4.

We have several remarks on the above channel-sorting process.

R1. The sole purpose of this algorithm is channel-sorting and the corresponding channel

assignments are auxiliary operations, not to be realized.

R2. Step 2 in Table 3.4 defines the most demanding channel as the one that offers
the highest sum rate and is requested by two or more users given the current SCS
collection. When a channel offers the highest rate but serves only one user, it must
render relatively low GNR for all other users, hence the decision of its order in the

tree should be postponed.

R3. Step 4 deals with the ordering-of those channels which, after several rounds of

filtering the most demanded channels; are still requested by one user only.

With this channel-sorting procedure and in view of the properties and guidelines men-
tioned before along with our definition of the node value, we propose the BBRA algo-

rithm of Table 3.2.

3.3.3 Complexity Reduction Techniques

To explore the effectiveness of various techniques implied by properties and guidelines
on reducing the computing complexity, we have performed 10° simulated runs of the
BBRA algorithm that incorporates (1) the channel-sorting process in Table 3.4 and the
combinations of (2) Guideline 1, (3) Property 3 and (4) the fifth Guideline. The numbers

of users and channels are 5 and 128, respectively, and the normalized rate for each user
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Step 1: (Initialization) Use the DPRA algorithm to obtain
the initial upper bound BY and the
channel-sorting process in Table 3.4, to rearrange
the channel order. Set the initial level at N =1

Step 2: Visit the child nodes of the Nth level according
to Guideline 1 and invoke Guideline 2.

Set N «— N+ 1 if no backtracking is needed;
otherwise set N «— N — 1.

Property 3 should be used at every node visited
to check the possibility of early termination

of a candidate path.

Step 3: Go to Step 2 if N < N. If X = N then terminate
the searching process if all nodes have been
visited or been excluded from further
consideration; otherwise invoke Guideline 3.

Set N «— N — 1 and go to Step 2.

Table 3.2: A branch and bound based resource allocation (BBRA) algorithm

d=5N=128 DPRA | (1) (D)+(2) | (D)+3) | ()+(4) | (1)+(2)+(3)+(4)
Enep) 44.61 | 2587.2 773.98 | 578.09 | 116.19 | 88.32

Engplne, <2 x 10°] | 44.61 | 1717.8 773.98 | 549.91 | 93.78 88.32

Prob[n,, > 2 x 10°] |0 0.0012 0 0.00005 | 0.00004 | O

max{n,, } 81 21622894 | 180132 | 1800602 | 981053 | 587

Table 3.3: The effects of (1) channel-sorting in Table 3.4, (2) Guideline 1, (3) Property
3/Guideline 4, and (4) Guideline 5 on the computing complexity reduction of the BBRA
algorithm; 10° runs are performed to obtain the statistics. The complexity is measured
in terms of numbers of calls n,, to the OMPA algorithm. The complexity of the DPRA
algorithm is also included for comparison purpose.
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is uniformly distributed in [0,3]. The results are summarized in Table 3.3 with the
complexity measured in terms of the number of calls to the OMPA algorithm.
Channel-sorting is most critical for with other conventional channel-sorting methods
(e.g., that used by DPRA), the searching complexity often becomes greater than 10°.
Hence it is always assumed as part of the initialization step in the BBRA algorithm. The
reuse of existing OMPA results (i.e., Guideline 5) also brings about significant reduction
as it is applicable in every node visit. Proper branching and early terminations help

accelerating the search process a lot as well.

3.3.4 Application to Integer Constellation Systems

With minor modifications, our algorithms remain valid and are applicable for solving
a similar RA problem with integer constellation (discrete-rate) constraints. All we to
have to do is inserting an SNR gap, which depends on the constellation size and the
BER requirement, in the rate-power equation (2) and replacing the OMPA (water-
filling procedure) algorithm by a known bit-loading algorithm, e.g., Campello’s optimal
algorithm whose complexity is upper=bounded by O(N) [3].

A B&B approach was also suggested in [13] to solve a similar problem for integer con-
stellation systems. Besides not having the attributes mentioned in the second paragraph
of this section, their method differs from ours in at least two major aspects. First, their
approach implies a tree structure that grows a (dM + 1)-ary sub-tree out of each node
where M is the number of discrete rates allowed while we need only a d-ary sub-tree. In
other words, [13] converts both user and rate selections into node selections, each node
represents a fixed user/rate assignment for a given subcarrier but our tree search has to
do with user selection only. Second, each node value (lower bound) of [13] is obtained by
solving a linear programming problem after relaxing three major constraints, namely, (i)
the SUPS, (ii) the single-rate-per-subcarrier, and (iii) the discrete-rate constraints. The

first two relaxations are directly related to their tree structure and the last relaxation
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is needed to convert the integer linear programming problem into a (real) linear one
which is much easier to solve. As a result, the lower bound so obtained is not very tight.
In contrast, we use either the OMPA algorithm or Campello’s algorithm [3] to perform
the corresponding (provisional) optimal rate/power allocation once an user is selected
(for using a subcarrier). The corresponding bounds do not have to remove constraints
(ii) and (iii) mentioned above whence are much tighter and result in far less search

complexity.

3.4 Numerical Results and Algorithmic Complexity

We report some simulated performance and complexities of the proposed algorithms
and two suboptimal algorithms modified from existing ones in this section. As the
performance of two proposed algorithms is almost identical, that of the BBRA algorithm
is not shown and is used as the reference for comparison only. 10° runs, each with a
different channel realization, are performed to'obtain the numerical results presented

here.

3.4.1 Relative Efficiency Performance

» Performance of BBRA and DPRA algorithms

As only the GNRs q; affect the performance we assume, without loss of generality, that
oij = 0, YV i,j. We normalize the bandwidth of each sub-carrier (channel) such that W =
1 and set the normalized noise power lever 0% to be 1. We also normalize the Rayleigh-
distributed channel gains ||h;;||* such that E[|h;;|*] = 1 and assume that channels are
independently faded. These two normalization assumptions effectively imply E[a;;] = 0
dB. Since the channel capacity or the normalized rate is a function of the product p;;a;;,
the simulation results shown in Figs. 3-6 are scalable in the sense that a higher (lower)
Ela;j] needs a proportionally lower (higher) minimum required power. The normalization

of the channel bandwidth W has a similar purpose in interpreting the normalized data
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rates R; which now have the unit of bits/sec/Hz. We also have the normalized sum rate
as Z?Zl R;. Various normalized rate distributions with the same sum rate are examined.

Let Jpp and Jgp be the total required transmit power determined by the DPRA
and BBRA algorithms, respectively, and define the relative efficiency (RE) of the former

algorithm by
E[Jpp] — E[JBE]
ElJpg]

n=1- (3.11)

Since the power-rate allocation is solely determined by OMPA once the subcarrier as-
signment is fixed, we say two algorithms give the same solution if both suggest the
same subcarrier allocation. Fig. 3.2 plots the probability that the DPRA algorithm
converges to the optimal solution for several cases (N = 64,128 d = 5,10, 15). Since
the BBRA algorithm is guaranteed to give the optimal solution, this probability is equal
to P.[Jpp = Jpp|. It is found that when d < N (say d/N < 0.1) the probability that
the DPRA algorithm yields the optimal solution is greater than 0.9 if the sum rate is
less than 8 bits/sec/Hz. Although for other cases. under investigation, this probability
is smaller than 0.9, Fig. 3.3, which plots the RE of the DPRA algorithm, indicates that
the corresponding solutions still lie very close to the optimal one. It is clear that the
DPRA algorithm is capable of offering a mear-optimal solution that even in the worst
case (64 channels, 15 users and a normalized required sum rate of 20) it achieves a RE
as high as 99.82%.

In general, the larger the number of the users d or the sum rate is, the less efficient
the DPRA algorithm becomes. Such a behavior is consistent with the fact that, when
d increases but N is fixed, a correct channel selection at each level become less likely
so is the probability of obtaining the optimal channel allocation. On the other hand,
the assumption of independent fading of channels implies that the probability of having
“good” channels increases as N increases, and the probability of correct or good decision
at each level increases as well. Hence, for a fixed d, the probability of obtaining the

optimal or near optimal solution is an increasing function of N and so is the RE (n).
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Step 1:

Step 2:

Step 3:

Step 4:

Step 5:

(Initialization) Set t = 1 and let the SCS

and the assigned channel set (ACS) for user j be
Ci(7) ={1,2,---,N} and C(j) = 0, respectively.
(Find the most demanded channel) Compute the

sum rate R; et ijl r;; for each channel, where
ri; is obtained by applying the OMPA algorithm
for each SCS C}(j), compute

V) ={jl1<j<d, Tij # 0},Ca :U;‘lzlcg(j)?
Ch={i]1<i<N, |[¥(i)| > 2}

If |Ch] # 0 and ¢ = max;ec, Rf, then the fth channel
is re-indexed as channel ¢ (i.e., u(¢) =t)

and assign this channel to user k if £ = max; ry;.
Go to Step 4 if |Cy] = 0.

(Updating) The ACS for user k£ and the SCSs

are updated by Cy(k) «— C¢(k) U {(},

Cy(j) «— C2(4) \ {£}, ¥ 5 k, respectively.

The tree level index-is updated by ¢ «— ¢ + 1.

If t < N, go to-Step 2;

otherwise, the sorting process is completed.
(Sorting the less demanded channels)

If G5 () N C2(j) 2 B¥ficgo to Step 5

otherwise, for all j, C$(5) (N C(j) # 0, modify
the corresponding SCS by C§(j) < C;(5) \ {Jm},
where j,, = arg max;ecs ;) ce () Tijs

and go to Step 2.

(Sorting the remaining channels) The order
(numbering) of the channels in the set

{i]l1 <i < N,i ¢ Cy} is determined

by the maximum GNR criterion used in

the DPRA algorithm.

Table 3.4: The channel-sorting algorithm
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» Performance of Representative Sub-optimal Algorithms

Although many RA schemes have been proposed, they assume different scenarios
and costs. Those dealing with RA problems similar to (4) often follow a three-step
procedure [5],[6]. (S1) Resource allocation—determine the resource (number of channels)
to be given to each user based on some criterion. (S2) Subcarrier assignment-decide
which subcarrier should serve which user. (S3) Local optimization—each user computes
the optimal power allocation according to its channel set and rate requirement. The
average GNR criterion, i.e., the BABS (bandwidth assignment based on GNR) algorithm
[5], is perhaps the simplest and most popular choice for use in (S1). Such an approach
treats the channel of concern as a flat-faded wideband channel when determining the
number of subcarriers an user is entitled to possess. It simplifies the resource allocation
procedure by ignoring the selectivity of a wideband channel but is very likely to exclude
the optimal solution from further consideration. Many methods were proposed to obtain
the water-filling solution for (S3) with various degrees of precision. The main difference
lies in (S2).

The first approach called the amplitude eraving greedy (ACG) algorithm [5] sequen-
tially assigns the subcarriers to the user with'the largest GNR unless the channel number
quota determined in (S1) has been exceeded. An alternate method called rate craving
greedy (RCG) algorithm [5] finds the water-filling rate level for all users, assuming they
have been given all subcarriers. The subcarriers are then assigned to the one with the
highest achievable rate unless its channel number quota is exceeded. The original ACG
and RCG algorithms can not be used to solve (4) as they are designed for discrete-rate
constraints. Moreover, they use an approximate instead of exact water-filling solution.
For the purpose of fair comparison, we modify both algorithms by using the rate-power
equation (2) and the OMPA solution. The resulting algorithms are henceforth referred
to as the modified ACG (MACG) and RCG (MRCG) algorithms, respectively.

We assume GNR =20 dB for all subcarriers and R; = 5 bits/sec/Hz for all j. Besides
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the independent-fading channel model, for N = 128 we also consider the I'TU Vehicular A
model [11] which has been adopted by UMTS and WiMax forum as one of the reference
channel models. The RE performance shown in Fig. 3.4 indicates that our DPRA
algorithm does outperform both MACG and MRCG algorithms. It yields a near-optimal
solution that even in the worst case (N = 64,d = 14), achieves a 99.92% RE while the
the two modified algorithms give 91.74% and 92.92% efficiencies. Due to the fixed rate
requirement, a larger NN results in better performance for all suboptimal approaches. The
increase of d, on the other hand, leads to reduced efficiency but DPRA is much more
robust in the sense of maintaining almost constance RE for different d, N and channel
conditions. The optimal allocation probabilities for these two suboptimal algorithms are

not presented for they are simply too small.

3.4.2 Complexity Evaluation

The computing complexity of various RA methods is dominated the number of
calls to the single-user (mono-rate) water-filling algorithm whether it is the OMPA or
any other algorithm that computes-the power or rate associated with each channel
assigned to an user. An exhaustive search requires O(Nd”) single-tone power- or rate-

level computing operations [4] or O(d - dV) calls of OMPA.
» Average complexities of the proposed algorithms

For the DPRA algorithm, at most d? x N calls of OMPA is needed. But the complexity
of BBRA method is difficult to analyze directly for it depends on the channel order
and the initial upper bound value. By using computer simulation, we estimate the
average complexities, measured in terms of number of calls of the OMPA algorithm, of
the DPRA and BBRA algorithms and present the results in Figs. 3.5-3.6. We assume
that the normalized GNR is 0 dB and examine the required complexity for different
numbers of users with the same normalized sum rate. A few observations on the last

two figures can be made. First, because of Guidelines 4 and 5, the complexity of DPRA
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algorithm is limited to at most d/N 4 2d OMPA calls. Second, although the complexities
of both DPRA and BBRA algorithms increase with the number of users d, the latter is
much more sensitive to this parameter. Finally, the average complexity of the BBRA
algorithm is higher when there are 64 channels than if there are 128 channels. The
reason for this interesting fact is that there are more good channels when N = 128 and,
for a fixed sum rate requirement, as good channels tend to support higher data rates,
fewer channels are needed and early terminations due to Guideline 2 and Guideline /

occur more often.
» Complexities of Other Sub-optimal Algorithms

Since the complexity of water-filling is a function of the channel number involved,
a more precise and fair comparison is counting the number of rate(power)-evaluation
iterations, i.e. the [MR2]-[MR4] loop of the OMPA algorithm; see Appendix A. For
BBRA or DPRA algorithms, the iteration number in every call is upper-bounded by
log, N as bisection search is in place. The complexity of the DPRA algorithms can be
reduced by using Guidelines 4, 5 and the iteration number is thus upper-bounded by
(dN + 2d)log, N.

Fig. 3.7 shows the average complexity performance of our algorithms and the MACG,
MRCG algorithms for N = 64 and 128. The system and channel parameter values used
here are the same as those used in Fig. 3.4. As expected, the performance in correlated
fading is worse than that in independent fading and the computation complexity of
all algorithms are far less than the DRRA upper-bound, (dN + 2d)log, N. Moreover,
BBRA requires the highest average complexity, followed by DPRA, MRCG and the
MACG algorithms. The complexity of the DPRA algorithm is about twice that of the
RCG based algorithm but is far less than that of the BBRA algorithm. The DPRA
algorithm, as mentioned before, yields near-optimal performance and is robust against

the variations of the numbers of users and subcarriers.
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sapoued] p

Figure 3.1: A complete search tree for multiuser channel allocation. For the DPRA
algorithm, only one child node survives at each level.

3.5 Chapter Summary

OFDMA is an effective multiple access scheme in a wideband wireless mobile net-
work. Besides its anti-fading capability, an OFDMA system can achieve high spectral
efficiency in a multiuser environment by adaptively allocating subcarriers and time slots
to the the most suitable users with the minimum required transmit power. An efficient
dynamic RA algorithm to solve the corresponding constrained optimization problem in
real time is thus crucial for realizing this potential advantage.

Based on the principles of dynamic programming and branch-and-bound, we propose
two algorithms—the DPRA and BBRA algorithms—which give either near-optimal or op-
timal solution. In contrast to the existing algorithms, which suffer from the shortcomings
of requiring high complexity and/or unsatisfactory performance, the DPRA algorithm
renders near-optimal performance with relative low complexity. Since the existing effi-

cient algorithms are designed with a discrete-rate constraint and use some suboptimal
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Figure 3.2: The DPRA algorithm’s probability of correct convergence (i.e., the probabil-
ity of obtaining the optimum subcarrier/power/rate allocation) in an OFDMA downlink.

water-filling solution, we make some modifications for fair comparisons. As expected,
the resulting ACG and RCG based DPRA “algorithms are shown to provide less satis-
factory performance with reduced complexities.-With proper reuse of the water-filling
solution obtained in earlier stages, the average DPRA complexity can be further reduced
and is insensitive to d, N and the required sum rate. The average complexity of the
BBRA algorithm, on the other hand, is at least an order higher than that of the DPRA
algorithm when the number of users is greater than 10 but is still much less than the
known algorithms for obtaining the optimal solution.

Our numerical experiment in both independent and correlated fading environments
have demonstrated that the near-optimal DPRA algorithm is suitable for real-time re-
source allocation application and the optimal BBRA algorithm is practical only if d < 5.
Nevertheless, the latter algorithm offers the optimal solution and performance for large N

and d with reasonable complexity, which has never been achieved before and is needed
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Figure 3.3: Average relative efficiency () performance of the DPRA algorithm.

for benchmarking and comparison purposes. Finally, we would like to mention that,
although we restrict our discourse to the capacity (rate) constraint, the proposed al-
gorithms are applicable to other constraints such as fixed BER or weighted capacity

constraint by modifying the corresponding rate-power function.
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Figure 3.4: Average relative efficiency of the DPRA, MDPRA, and MRCG algorithms;
R; =5 bps/Hz for all j, IF = independent fading, CF = correlated fading.
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Figure 3.5: Average complexities (numbers of calls to the OMPA algorithm) for the
BBRA and DPRA algorithms in a 64-subcarrier OFDMA system.
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Figure 3.6: Average complexities (numbers of calls to the OMPA
BBRA and DPRA algorithms in a 128-subcarrier OFDMA system.
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Figure 3.7: Average number of power (or rate) level evaluation iterations for various
dynamic RA algorithms; R; = 5 bps/Hz for all j, IF = independent fading, CF =

correlated fading.
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Chapter 4

Capacity Maximization Resource
Algorithms

Recall that the object of the fundamental problem-single user resource-allocation
across parallel orthogonal channels—is to maximize the achievable sum rate subject to a
power constraint. This problem, as mentioned before, can be optimally solved by means
of the water-filling method and an efficient algorithm, i.e., the OMPA algorithm has
been developed and given in Appendix A.'The rate allocation in each subcarrier is then
determined by the corresponding power allocation through the rate-power equation. In
a single-cell multiuser system, when subcarriers assignment is fixed, optimal power-rate
allocation can be independently carried out'wia the OMPA algorithm. However, since a
subcarrier’s link gain depends on the user involved, which leads to the so-called multiuser
diversity, subcarrier and power assignment must be jointly considered. We thus have a

scenario similar to that addressed in the previous chapter.

4.1 System Description

We consider a single-cell multiuser OFDMA uplink system. The users want to access
the base station and must share the same multicarrier band. We assume that the base
station and each user are equipped with a single antenna and the inter-symbol interfer-
ence (ISI) is completely removed by maintaining the orthogonality amongst subcarriers

through proper netwrok timing synchronization so that each subcarrier suffers from
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frequency-flat fading. In addition, we also assume the multiple channels are slow-fading
and all channel gains remain unchanged within each OFDM frame. The base station
is provided by mobile users the perfect channel gain information via reliable feedback
channels.

The jth user’s transmission rate R; is given by

N
Ry =Y Ajirjs,
i=1

where 7;; denotes the jth user’s transmission rate over the ith subcarrier. Define the
subcarrier assignment matrix [A];; = A;;, where the (j,4)th entry, A;;, is nonzero and
equal to one iff the ith subcarrier has been allocated to the ith user. The rate-power

function is the same as (3.2).

4.2 Resource Allocation Algorithm for Weighted Sum
Rate Maximization

The weighted sum rate maximization(WSRmax).problem of concern can be stated as
K N
maximize Z 1 Z AR i
j=1 =1

subject to Z Ajipjs <P, for1<j<K

K

S A <1 for 1<i<N

J=1

Aj;ef{0,1}, for 1<i< N 1<j<K (4.1)

where 115 is the weight assigned to data rate of user j and K denotes the number of users.
Given the weight vector and the channel gains, we want to find the power allocation
that maximizes the weighted sum rate with the power constraints {F;}. This is not
a convex optimization problem due to the subcarrier set selection procedure must be
carried out. However, The boundary of the achievable rate region can be traced by

solving this problem for all possible weight vectors.
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If all users have equal weights, the original problem becomes a sum-rate maximization
problem. In addition, if the individual power constraint is replaced by the total sum
power constraint for downlink scenario, the optimal subcarrier set selection becomes
that of assigning each subcarrier to the user with the highest subcarrier GNR and the
optimal power allocation is a single level water-filling over this optimal set. Once, the
users’ weights are not equal, giving the subcarrier to the user with the highest subcarrier

gain is not necessarily the optimal solution.

4.2.1 A Dynamic Programming Based Algorithm

Since the channel condition for a specific subcarrier may looks “good” to more than one
user, there are competitions among users. Conventional suboptimal algorithms tend to
assign a subcarrier to the user who has the largest GNR for that subcarrier and give
a fixed pre-determined number of subcarriers to each user to avoid the unfair situa-
tion that a few users dominate the competition result and get most of the subcarriers.
Unfortunately, for our case it is not easy: to determine the number of channel assigned
to each user. In general, the above conventional subcarrier assignment scheme is not
a good solution for maximizing eitherthe weighed sum rare or sum rate. First, each
user has a peak transmitted power limit, hence if it is given too many subcarriers there
will be not enough power to achieve the maximum rate. Second, those users who lost
competition and are given few subcarriers with small GNR can not use their power ef-
ficiently. In short, the system throughput (sum rate) performance can be improved by
other allocation methods.

The proposed constraint relaxation and reinstallation with user removal process has
been proved to be both powerful and efficient for this kind of optimization problem. As
has been shown in Chapter 3, the DPRA algorithm based on this concept does yield
near-optimal solution. We thus use the same approach for dealing with the current

WSRmax non-convex problem. The proposed subcarrier allocation process still consists
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of a series (N-level) of users deletion decisions. Similar to that described in Section 3.2,
we assign a subcarrier to an user at each level and simultaneously remove this subcarrier
from the SCS of other users. As the objective function is the weighted sum rate instead
of the total transmitted power, the selection of the child node at each level is based on

the new cost function given by

J(C) = max {Z/‘j@(f)jvcf(ﬁk))_wt Zé(N—t—ICf(j;k)l)”

1<k<K
j=1 j=1
def k s
= C 4.2
lg}%}% Ji (C}) (4.2)

where §(P;, C;(j : k)) represents the maximal rate of user j based on its virtual channel
set C7(j : k). We use an algorithm similar to the OMPA algorithm of Appendix A to
compute the maximal transmission rate for the single user case.

The DP-based WSRmax solution can be described by using 4.15 to replace the ones
of Table 4.1 in Chapter 3.

4.2.2 A Low Complexity Algorithm via Dual Decomposition

The Lagrangian of the WSRmax problem can be defined over domain D as

L{pji}Ariih, ) = Zﬂj ZW = Z Aj <ij,z' - Pj) , (4.3)

where the domain D is defined as the set of all non-negative p;; for j =1,2,--- | K, and
t=1,2,---, N such that for each ¢ at most only p;, is positive for j = 1,2,--- , K for
satisfying the constraint ZJK:1 A;; <1. A= (N, Ag,- -+, Ak) represents the Lagrangian
multipliers of all users.

Then, the Lagrange dual function can be given

_ L), 4.4
g(N) {pjﬁgi}epﬁ({pg,z},{w},k) (4.4)

The maximization of £ can be decomposed into the following N independent optimiza-

tion problems, which is given by

K
gl()\) = max {Z (,ujrj,i — )\jpj,i)} s for i = 1, 2, s ,N. (45)

B {pj,i}:{rji}€D

Jj=1
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Hence, the original Lagrange dual function can be written as

9N = D50+ oMb (4.6

With a fixed A, the maximization of 4.5 is a convex function of {p;;}. We take the
derivative of this object regarding p;;, the optimality condition to maximize g;(\) is

given by

+
() = _ 4.
p],l()\]) (ln 2)\] a/j’i) ( 7)

where a;; denotes the GNR of the jth user’s ith subcarrier. Because each subcarrier

can serve at most one user, g;(A) can be obtained as
gi(\) = m]ax {,ujr;’i(/\j) — )\jp;fvi()\j)} , fori=1,2,---,N. (4.8)

Finally, we need to find the optimal A to maximize g(\). The update of A can be
done by using the ellipsoid method until evéry user power converges. Unfortunately the
corresponding complexity for finding-the optimal solution is still very high. Hence we
propose a simple and efficient dual decomposition based iterative algorithm to obtain a
suboptimal solution.

For the dual decomposition approach, if A is fixed, we can choose the best user for
each subcarrier by (4.8). Since A can gave as large as K* possible values, we try to
search for a suboptimal A and obtain the corresponding feasible subcarrier assignment
within at most IV iterations. First of all, we release all channel-using constraint such
that the maximal number of each sucarriers is enlarged to be the number of total users
and each user perfectly detect its data without interference from other users who use the
same subcarrier. Hence, each user can use the single user rate maximization algorithm,
which can be obtained by modifying the OMPA algorithm, to compute every user’s

subcarrier efficiencies as following.

) = i — AP for 0 <k <N -1 (4.9)
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where )\;k) denotes the Lagrangian multiplier of user j at the kth iteration (level) and

+
(k) 14 1
(SR o B 4.10
” <ln 2)\§.k) aj,i) ( )

fj(i) = 10g2 <1 +ﬁ§-{i~)&j’i> (411)

At each iteration, ug.k) and pﬁ) will be re-computed by the single user rate maximization
algorithm since the SCS of the jth user may have been changed. In other words, each
iteration will decide the assignment of one subcarrier means that the communication
over this subcarrier has to be realistic considered by forcing the number of users at most

be one.

K
vi=3c (4.12)
j=1

where v; denotes the overall efficiency value of the ith subcarrier, the corresponding
individual efficiency values are computed by (4.9). The larger v; is, the more efficiency
the ith subcarrier is for all users. Hence, the subcarrier with larger v need to be as-
signed as soon as possible such that the user who lost it at current iteration can enlarge
efficiency values of other unassigned-subcarrier according to its requirement (rate) at
next iteration. Once the subcarrier number is obtained at each iteration, the remaining
work is to decide which users will be given this subcarrier. For the SISO FDMA system,
just only one user can occupy the subcarrier of each iteration. Hence, we pick up the
user with highest efficiency over this subcarrier. Hence, within each iteration, a smart
subcarrier selection and a corresponding user selection are operated according on the
efficiency value computed by dual decomposition. Finally, after N iterations, a subop-
timal feasible solution can be obtained since all subcarriers’s constraints are satisfied.

The detailed algorithm is summarized in the following table.

4.2.3 Numerical Results and Discussions

In this section, we show some simulated performance of weighted sum rate maximization

algorithms. For simplicity, we set all users’ weight to one. For the MaxGain algorithm, a
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Step 1: (Initial channel allocation)
Set C(j) ={i |1 <i< N} forl1 <j<K.
set S={1,2,--- ,N}and t =0
Step 2: (channel selection )
each user individually run OMPA algorithm based on its available channel set C'(7)
ift<N
1" = arg maX;eg V;
Set S = S\{i*}, t =t + 1, then goto Step 3.
else goto Step 5.
end
Step 3: (user election )decide which user'can transmit in the ¢* subcarrier
and other users are deleted
J* = argmaxi<j<k €j;.
goto Step 4
Step 4: (modify channel set C(j) for 1. << K.)
for j=1: K
if j # j* then C(5)\{i*} end
end
goto Step 2
Step 5: (Output) The final channel allocation and user election

Table 4.1: A resource allocation algorithm for weight sum rate maximization.
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subcarrier is always assigned to the user with the largest GNR. In Figs. 4.1 and 4.2, we
plot the sum rate performance and average fairness indices as a function of the number of
users. We assume that the maximum individual normalized transmitted power is P and

all subcarriers suffer from independent Rayleigh fading. The fairness index is defined as
2
K
(Z j=1 RJ' )
F = f
K (25 )

The sum rate performance of the proposed and the MaxGain algorithms are fairly close

(4.13)

as is shown in Fig. 4.1. MaxGain algorithm’s fairness performance, however, is much
inferior to the proposed algorithms, especially when the number of users becomes large.

In Fig. 4.3, we consider the ITU Vehicular A model [11] which has been adopted
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Figure 4.1: Average sum rate performance as a function of number of users; P = 60, N =
64, GNR = 0 dB.

by UMTS and WiMax forum as one of the reference channel models. We observe that
our algorithms achieve far better sum rate performance than that of the MaxGain al-

gorithm. This is a result of the clustered behavior of the correlated fading channels,
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Figure 4.2: Average fairness index performance as a function of number of users; P =
60, N = 64, GNR = 0 dB.

i.e., neighboring subcarriers tend to have similar gains and thus users who have a strong
(weak) subcarrier are likely to have a-bunch of strong (weak) subcarriers. The clustered
behavior results in dominance by some sers, i.e:; a great portion of the subcarriers is
given to a small group of users while some users get only a few weak subcarriers. It

4

leads not only to the “waste” of good subcarriers because of peak power limitation but
also to the “waste” of power in subcarriers with poor gains. Fig. 4.3 shows the system

throughput improvement defined as

Sum Rateye, — Sum Ratenraecain

Sum Rateraecain
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Figure 4.3: System throughput improvement versus number of users in a correlated
fading channel; N = 128, and GNR = 0 dB.

4.3 Resource Allocation Algorithms for Product Rate
Maximization

In this section, we will take proportional fairness into account in resource allocation
management. Most of the previous approaches show how to efficiently maximize total
transmission or minimize the total transmitted power under the related constraints of
system and users. In addition to the issue that to minimize total transmitted power
under all users’ constraints can ensure the benefits of users far away from the base station,
most formulated problems and the corresponding solutions are focus on the efficiency
issue such that the users closer to the base station or with higher power capability will
get the most resource/benefits. Although the max-min criterion has been considered for
the resource allocation fairness among users in multiuser orthogonal frequency-division
multiplexing (OFDM) systems. However, there are two main drawbacks in the max-min

criterion. First, resource allocation based on the max-min criterion is not easy to take
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into account that users’ different requirements. Secondly, since the max-min approach
deals with the worst-case scenario, the system will penalize user with better channels
and drop the efficiency very much. Based on the above discussion, it is necessary to
develop an approach that jointly considers the resource allocation fairness and system

efficiency. In addition, it is also low-complexity for practical scenario.

4.3.1 Nash Bargaining Solution and Problem Formulation

In this subsection, we briefly introduce the concept of Nash bargaining solution. The
Nash bargaining solution from game theory is a classical solution to fairness resource
allocation problem.

We denote by K = {1,2,--- | K} the set of players and by U a closed and convex
subset of RX which represents the set of feasible payoff allocations that the players would

obtain if they cooperate. We further denote by R’

min

the minimal payoff the jth player
(user) expects; otherwise, it will not cooperate and define R, = (RL. -+, RE. ).
Suppose {R; € U|R; > R’ Vj €K} is amonempty bounded set, then the pair

(U, Rppin) is called a K-person bargaining problem.- The notion of Pareto optimal is

defined as a selection criterion for the bargaining solutions.

Definition 2. The point (R, Ry, -+ , Rk) is said to be Pareto optimal, if and only
if there is mo other allocation ]A%j > R;,Vj, which yields superior performance for some

specific users without incurring performance degradation for some other users.

As there may exist many Pareto optimal solutions if no additional condition is im-
posed. By introducing some fairness requirements, we have a fair Pareto optimal oper-

ating point called the Nash bargaining solution (NBS), which is defined below.

Definition 3. T is said to be an NBS in U for Ry, t.e., T = ¢(U,Rppin), if the

following axioms are satisfied.
min

(1) Individual Rationality: R; = Zjvzl i > R, Vi
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(2) Feasibility: T € U

(3) Pareto Optimality: For every t € U, if Zjvzl Tij > z;vzl Tij Vi, then z;vzl Fij =
N _
Zj:l Tij

(4) Independence of Irrelevant Alternatives: If T € U C U, T = ¢(U,Ryuin), then
r= ¢(ul’ Rmzn)

(5) Independence of Linear Transformations: For any linear scale transformation 1,

(6) Symmetry: IfU is invariant under all exchanges of agents, ¢;(U, Ronin) = ¢j:(U, Rynin)

-/

Vi, 7"

It can be shown that there exits an unique NBS [15] which happens to be equivalent
to the maximum product rate solution.

Note that a popular fairness criterion'is the anax-min criterion which implies that
the system performance will be dominated by the user with the worst channel condi-
tion. This criterion actually penalizes the users with good subcarriers, and as a result,
generates inferior overall performance. This is'not truly fair for users with more or
better communication opportunities. Another fairness index is the proportional fairness
concept, which can be shown to be a special case of NBS fairness. As a result, by max-
imizing the product rate we in effect impose the fairness concern in our algorithm. Our
RA problem can now be stated as follows.

K N
maximize H E Ajiri

j=1 i=1

N
subject to Z Ajipji <Py, for1<j<K
i=1

K
d A<l for 1<i<N
j=1

Aj;e{0,1}, for 1<i< N 1<j<K (4.14)
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In the next section we propose a suboptimal dynamic programming based solution for

product rate maximization.

4.3.2 DP Based Algorithm for Product Rate Maximization

The DP based resource allocation algorithms developed in Chapter 3 and previous sec-
tion have been proved to be capable of offering near-optimal performance. Using the

same idea, we modify the corresponding cost function J; as
d d
H(Cf) = max {HQ(PJ,CE(J';/@) )—wi [ > (N —t— ICf(j;k)l)] }
<k< o
= max JF(C3) (4.15)

where §(P;, C;(j : k)) represents the maximal rate of user j based on its virtual channel
set CF(j : k). We use a modified algorithm similar to the OMPA algorithm to compute
the maximal transmission rate for the single user case.

The DP-based WSRmax solution can be describe by using 4.15 to replace the ones
of Table 3-1 in chapter 3.

4.3.3 Numerical Results and Discussions

Here, we take the MaxGain algorithm discussed in the last section and the DPRA
algorithm under maxmin criterion for comparison. The second algorithm is denoted by
DP based maxmin algorithm which uses DPRA process to maximum the minimal user
rate at each level. In the other words, in DP based maxmin algorithm we just exploit

the following objective function to replace the original one.

J(C}) = max {min 9(P;, CP(Ji k) ) — wr 25(N—t—|05(j;k)!)”

1<k<K | 1<j<K
def k s
= 4.1
1She K Ji(CY) (4.16)

In Fig. 4.4 under considering independent channel fading scenario, we can find the
solution of DP based NBS has the largest fairness index. It is expected that DP based

maxmin algorithm outperforms than the MaxGain algorithm.
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Figure 4.4: Fairness index performance as a function of number of users; N = 64, P = 60,
GNR = 0 dB.

Fig. 4.5 shows the performance i1 correlated channels. We assume the same the
correlated channel model as that mentioned in the last section. From Figs. 4.4 and 4.5,
we find that, for independent fading channels, fairness can be enhanced by adding the
number of subcarriers. Simultaneously, it is shown in Fig. 4.5 that there is no noticeable
difference in fairness performance between DP based NBS algorithm and the DP based
maxmin algorithm. But in Fig. 4.5, the DPRA algorithm for NBS still yield the best
system performance measured by the sum rate without degrading too much fairness

performance.
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The fairness index

Figure 4.5: Fairness index versus number of users, (N = 128, GNR = 0 dB) for correlated
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Chapter 5

Resource Allocation for
MIMO-OFDMA Downlinks

In the downlink of a multiuser multiple-input multiple-output (MIMO) system, the
multiple antennas at the base station (BS) allow for spatial multiplexing of transmissions
to multiple users in the same time slot and frequency band. Due to their geographical
dispersion, coordination among users is difficult, which makes the downlink of a multiuser
system more challenging compared to single user' MIMO systems.

From information theoretic point: of view, the sum capacity achieving precoding
or preprocessing technique is dirty paper coding (DPC) [18]. The DPC solution uses
successive interference pre-cancellation approaches that employ complex encoding and
decoding schemes. An intensive research effort is thus underway to devise suboptimal
but more practical approaches to multiuser downlink signal processing. Beamforming
or transmit pre-processing is a suboptimal and reduced complexity (compared to DPC)
strategy, where each user stream is coded independently and multiplied by a beamform-
ing weight vector for transmission through multiple antennas.

Proper design of the beamforming weight vectors allows the interference among dif-
ferent streams to be minimized (or eliminated), thereby supporting multiple users si-
multaneously. As a result, multiuser MIMO system substantially increases the system
capacity by multiplexing users in the spatial domain.

The challenge is thus to design transmit and receive processing vectors such that
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space-division multiplexing is effectively achieved. Despite its suboptimality, for in-
dependently fading channels linear beamforming has been shown to achieve the best
trade-off between performance and complexity. In this chapter, we consider orthogonal
linear precoding techniques to achieve orthogonal space division multiplexing (OSDM)
in the downlink of multiuser MIMO systems, in which both base station as well as mobile
stations employ multiple antennas. The orthogonal precoding allows transmission to the
mobile users to be multiuser interference free. OSDM for multiuser MIMO systems has
been proposed by several researchers [19] [20]. We consider two OSDM techniques that
use a subspace projection methods to design precoding matrices: block diagonalization.
With block diagonalization, each user’s precoding matrix is designed such that the trans-
mitted signal of that user lies in the null space of all other remaining users’ channels, and
hence multiuser interference is pre-eliminated. With the sum power constraint, block
diagonalization takes the sum rate maximization approach, which tends to select the
strong users often causing unfairness among users. Hence, minimizing transmit power
while achieving desired quality of service for users:may be interesting in practice. In this
thesis, we will propose a low-complexity suboptimal algorithm to solve this problem.
Due to the null space dimensional requirements of block diagonalization, the numbers
of users supported in the same time/frequency slot are limited for a given number of
transmit antennas. Therefore this technique should be combined with radio resource
management so that a multiuser diversity gain can be achieved. Multiuser diversity
arises when a large number of users with independently fading channels are present,
and hence it is likely that a user or multiple users experience high channel gain in any
given time/frequency slot. In addition ,to reduce the hardware complexity at the mobile
units, there is no receive antenna selection when users are selected for transmission in
any given time/frequency slot, with which all antennas are selected for reception.

In [21], the authors proposed a user selection for single carrier case in MISO systems.

However, due to the coupling of all users’ channels in an OFDMA network, optimal
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selection of user subsets involves exhaustive search through all combinations of active
users, which is computationally very complex for systems with a large number of users
and frequency/time slots. Hence, we propose simplified user selection resource alloca-
tion algorithm for block diagonalization. The rest of the Chapter is organized as follows.
Section 2.1 describes the system model. The brief review of block diagonalization tech-
nique is shown in section 5.2. Section 5.3 describes the problem formulation. Finally,
we propose our low-complexity suboptimal algorithm and some numerical results for

discussion.

5.1 System Description

In this section, we provide a general description of a typical cellular-based MIMO-
OFDMA system. Fig. 5.1 shows a downlink multiuser MIMO system in which a base
station transmits data to K users over N subcarriers. The BS is equipped with Np
antennas and the jth user terminal has n; antennas. The total number of receive an-
tennas is thus given by Np = Z]K:1 n;. We also assume that BS has perfect channel
state information (CSI) of all active system users. The CSI may be obtained via chan-
nel reciprocity for time division duplex (TDD) systems or through feedback links. The
issue of inaccuracy of CSI at the transmitter as well as the emerging partial CSI feed-
back schemes are some of the practically important issues for multiuser MIMO downlink
transmission but will not be addressed.

We denote by H;; € C%* 7 the downlink channel matrix of the jth user. A flay
Rayleigh fading channel is assumed so that the elements of H;;, 7 =1,2,--- , K and ¢ =
1,2,--- ) N can be modelled as independent and identically distributed (i.i.d.) complex
zero-mean Gaussian random variables with variance of 0.5 per dimension. Hence, for

the 7th subcarrier, the received signal of the jth user can be expressed as

K;
Yii= Hj,i ZWk,ixm + n;; for VJ < Qz (51)

k=1
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Figure 5.1: Block diagram of a multiuser MIMO system.

where n;; € C"*NT denotes zero mean additive Gaussian noise with E{n;n;} = ¢°I,,.
K; = |Q;| represents the number of users who simultaneously communicate over the ith
subcarrier. After linear processing at the receiver, the received signal can be reformulated

as

K;
v = Ui (Hy, Z WXk +nj;) (5.2)

k=1
where Uj; € CN7*™ ig the receive process matrix of user j over the ith subcarrier.
We focus on the scenario of multiuser interference free environments. Based on the

above assumptions, Wy ; should be designed such that

H;W,,=0forall k=#jand k,j€Q (5.3)
and

K;

> n; < Npfor VjeQ;, and1<i<N (5.4)

j=1

64



As a result, the multiuser MIMO system with K; users over the ith subcarrier can be

decomposed into K; parallel single-user MIMO system as follows.

Vii = Hji WX + 15, (5.5)
5.2 The Block Diagonalization Approach

In this section we describe the transmission scheme for the MIMO-OFDM channels by
using linear transmit and receive equalization to block-diagonalize the spatial channel.
Block diagonalization (BD) can be used to spatially separate the users when more than
one user share a certain subcarrier. This process creates decoupled spatial channels for all
the users when they use the same subcarrier. For each user, singular-value decomposition
(SVD) is applied to the combined channel matrix of all the other users. The last few
right singular vectors that correspond to zero singular values form a base for the null
space of this combined matrix. Next, each user’s channel matrix is multiplied by the
corresponding null space base that was obtained earlier, and SVD is performed on the
resulting matrix. These two steps would give the transmit and receive equalization
matrices and different user’s MIMO channels become completely decoupled, with no
interference amongst users.

We use an example to explain the above discussion, assuming that there are K,,
users transmitting their data in subcarrier m simultaneously.

Let us denote the aggregate channel and precoding matrices of all users by
H = (HT H] - HE)T 5.6
w o =W, Wy - Wk ). (5.7)
The precoding matrices of users are designed using null space projection method as
follows. Let us define a (ZJK:@ iz M) X Nr aggregate channel interference matrix for

user k as

Hy=HE - HE HE, - HE T (5.8)
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Zero multiuser interference constraint requires that the precoding matrix W, of user k
lies in the null space of Hy, which requires the null space of Hj, to have a dimension
greater than zero. This condition imposes a constraint on the number of base station

antennas to be
K’"L
NT Z an, (59)

Jj=1

We assume that the channel matrices are of full rank for all users (which occurs with
probability of one in i.i.d. Gaussian channels). We denote the SVD of H, by
i, = U, (zk 0) (V1 Vo) (5.10)
where 3, is a 7, X 7, diagonal matrix containing 7, non-zero singular values of H &, and
71, is the rank of ]:Ik
f/ko has the Ny — 7 right singular values of ﬁk as its columns. These columns
constitute the orthonormal basis for the null space of Hj,. We assume that the fading
among the antennas of a user as well ag among the users is independent (hence the
matrices are of full rank). Hence, there exists Ny = Np — 7 columns of f/ko, which form
the null-space basis of Hj. Constructing, the precoding matrix with the columns of f/ko
will satisfy the zero multiuser interference constraint. With this, the multiuser channel
decouples into K parallel non-interfering single-user MIMO channels (also referred to as

null space projected channels), which is expressed as
Hy, = HV? = U5,V (5.11)

where the last equality represents the SVD of H,. Thus, on each subcarrier, for the
group of users that are currently served, their channels are completely decoupled, and

they do not interfere each other.

5.3 Problem Formulation and the Optimal Solution

In this section, we present a mathematical formulation for the problem of total power

minimization under user rate constraints and derive the optimal solution. The complex-
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ity of the optimal solution is huge because of the need for an exhaustive search over a
large set of possible subcarrier allocation options.

Our objective is to find the optimal subcarrier allocation o;,; and power allocation p;;
that minimize the overall transmit power subject to each user’s data rate requirement
R; in bits per second (bps), which can be formly stated as

N K
minimize Z Z Dji
i=1 j=1
N
subject to Z rii > R; Vj
i=1

pii =0, Vi j (5.12)

where r;; denotes the transmitted rate of user j on subcarrier 4, it can be written as

Nj,i ~ 2
PjilS;;
rji =y _log, (1 + %}é’ ’l) (5.13)
=1

where s, ;; is the [th diagonal element of user j’s;equivalent channel SN on subcarrier ¢
and 0 < n;, < min(n;, Nr), Vi.

In addition, s;;; is dependent on the user selection o;; on subcarrier 7, which indicates
the presence of the jth user on subcarrier 7. If the jth user is present, o;; = 1; otherwise,
0;; = 0. {0;;} denotes the user selection on each subcarrier. p;;,; is the power loading
on eigenchannel [ for user j on the ¢ subcarrier, and p;; = Z?i’l Dj.ii- According to the
previous definition of o;;, if 0, = 0, p;; will be set to 0, p;;; = 0,Vl,and r;; = 0. In

(5.13), T represents the SNR gap, which is given by

5 BER
1.5

=

(5.14)

When the subcarrier assignment {o;;} is fixed, the power allocation can be found sep-

arately for each user. For example, if user k is of interest, the original problem can be
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written as

p;i =0, ifo;; =0. (5.15)

Through water-filling processes, the corresponding optimal power and rate allocation

can be carried out over user j’s eigenchannels across all the subcarrier, which can given

by
- 122 ' Ny +
Diis = (=5 — =) (5.16)
J In2 8?7“
- 9
- DjiiS5,
Tiig = logy (1 + —]FZNZ; ’l) (5.17)

In a water filling process, u;/In2 can be‘interpreted as the common water level of the

2

power or water that is poured over channels, with the river beds being equal to I'Ny/ S%il

The conventional method for obtaining eptimal water level is to start with the maximum
number of streams, I’:L—JQ is evaluated for a decreasing number of streams until the point
where the water level is above the highest river bed.

However, in order to obtain a globally optimal solution, an exhaustive search is
needed over all possible subcarrier assignments {o;;} to find the minimum transmit sum
power. Thus, K water-filling procedures over Nny singular values have to be carried

out for each of 2K¥ possibilities. Even if a constraint is imposed such that only one user

can occupy each subcarrier, there still be KV possibilities to be tested.

5.4 A Low-complexity Power-Minimization Solution

The transmitter performs user selection and linear beamforming so that each subcar-

rier can support multiple users while meeting the users’ rate constraints. Since finding
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the optimal user set and multiple subcarriers assignment to minimize the total used
power requires an almost exhaustive search and is not computationally feasible.

In this section, an efficient solution to the power minimization problem is derived
based on a Lagrange dual decomposition. The overall process to obtain the solution
is similar to the DPRA algorithm. All users will share all subcarriers initially. Then,
remove unsuitable users at each subcarrier iteratively in order to satisfy the constraint
that the number served by a subcarrier is at most equal to the maximum number of
users. The maximum number of users over each subcarrier is designed by the precoding
scheme used. We adopts the block diagonalization approach to ensure that there will
be no cochannel interference. The maximum number of users served by a subcarrier is
therefore equal to Ny /n,, where the number of receive antennas at each user terminal
is assumed to be n; =n, forall 1 < j < K.

There are two major differences between current proposal and the DPRA algorithm
of Chapter 3. First, the channel order is.not:meeded since at each level we determine
the assignment of the subcarrier whose efficient value computed by dual decomposition
is the largest among all remaining subcarries which are still in the SCS of all users.
Second, user selection is replaced by an simple method based on the utilization efficiency
computed by dual decomposition; there is no need to compute the K possible cost values.
However, the DPRA algorithm still can be adopted to solve the MIMO OFDMA resource
allocation problem by extending the number of tests at each level (subcarrier) from the
number of users (K) to all possible user selection. But the resulting complexity would
be so high that it becomes impractical.

We now describe the proposed solution as following. Our algorithm starts, like
previous cases, by releasing all channel-using constraint such that the maximal number
of each sucarriers is increased to be the number of total users, assuming that each user
can perfectly detect its data without interference from other users who use the same

subcarrier. Simultaneously, each user employs the OMPA algorithm by extending the
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original N subcarriers to N x r eigenchannels. We then compute the efficiency of all

eigenchannels of each user over all subcarriers by

€jin = Mg.k)fj,i,l — Py for 0<k<N-—1 (5.18)
where
(k) +
- M I'Ny
o= (B 5.19
~ 2
- Pj.i,155
= o (14 70)
(5.20)

where ,ug.k) denotes the Lagrangian multiplier of user j at the kth iteration(level), it
will be re-computed after each iteration since the subcarriers sever the jth user possibly
change and the received eigenchannel quality will be faded due to block diagonalization
for interference-free communication. In other words, at each iteration we assign one
subcarrier, limit the number of users to be less than the maximal number of users, and
modify the cochannel users’ channel quality by

K T
v = Z Z €541 (5.21)

=1_1=1

where v; denotes the over all efficiency value of the ¢th subcarrier and r denotes eigen-
channel number over each subcarrier for all user. The larger v; is, the more efficiency
the 7th subcarrier is for all users. Hence, the subcarrier with larger v need to be decide
its assignment such that the deleted users at next iteration can enlarge efficiency value
of other subcarriers whose user deletion is not yet operated and which can be arbitrary
occupied by all users. Once the subcarrier number is obtained at each iteration, the
remaining work is to decide which users will occupy this subcarrier.

For the SISO OFDMA system, just only one user can use a subcarrier at each iter-
ation. Hence, we pick up the user with highest efficiency for this subcarrier which has
been discussed in Chapter 4. Now, we focus on MIMO system and must pick up some

users under the maximal user number constraint.
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We now focus the user selection issue and present some efficient schemes .

5.4.1 Correlation Based User Selection Method via Dual De-
composition

First, we show a simply user selection without considering the orthogonality of users’
channels in space domain. In addition, we choose the number of users at each subcarrier
to meet the maximal number of users K = Ny /... Hence, the K users whose efficiency
is larger than other K — K users will be selected at each iteration. After each decision is
completed, the channel GNR of the selected users will be modified based on block diago-
nalization approach and the unselected users will cant’t occupy this subcarrier assigned
at this iteration. Then, run K OMPA algorithm again and go into next iteration.

However, such user selection scheme don’t take the orthogonality into account. Al-
though the selected K users have larger efficiency computed by dual decomposition
under perfect interference free communication. However, it is possible the channel of
these K users may be high-correlated, this case will make the channel quality decrease
much through block diagonalization in erder to fit the interference free communication
criteria. So, we propose another user selection-scheme which jointly consider the users’
channel correlation and the users’ channel efficiency.

We propose a second user selection scheme based on the semi-orthogonal user selec-
tion (SUS) and all users’ spectrum efficiency within each iteration.

Specifically, the transmitter selects the first user from initial user set Ag = {1,2,--- , K}

over the mth subcarrier as

n

Vem = Z €k,m,l (522)
=1
1) = . 2
(1) Arg MAX Vi (5.23)

If the maximal number of users can simultaneously over the same subcarrier is equal

to one for SISO system discussed in chapter 3, the user selection is completed now.
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For MIMO system there are more than one user can transmit over the same subcarrier.

Hence, after select p users, if ¢ < K , the p 4 1th user is selected within the user set

A, ={1 <k <K:g(hg hy)) <T,1<j<p} (5.24)
as
1) = m- 2
w(p+1) =arg max vy, (5.25)

P
where 7 is a design parameter that indicates the maximum spatial correlation allowed
between users’ channels. In this way, the transmitter will choose users that have high
efficiency over current discussed subcarrier and mutually semi-orthogonal. g¢(z,y) de-

notes spatial correlation value. For the case x,y are vector in MISO system, g(z,y) can

be given by
g(z,y) = % (5.26)
For MIMO system, x,y are matrices; g(z,y)-1S.computed by
stony) Sl (5.27

where the columns of # represent the right singular vectors of z. We summarize the

proposed joint subcarrier (channel) and user assignment algorithm below.

5.5 Numerical Results and Discussion

Some simulated performance of the proposed resource allocation algorithms are pre-
sented in this section. We assume the channel matrix with i.i.d zero-mean, unit-variance
complex Gaussian entries. For simplicity, we assume that all users are with the same
required data rate and BER, i.e. R; = R,Vj. The same required data rate is possible
decided after some scheduling in MAC layer. In Fig. 5.2, we compare the fixed subcar-
rier assigned and our proposed algorithms in MISO communication with base station

has 4 antennas and all mobile terminals are equipped with single antenna. The proposed
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Step 1:

Step 2:

Step 3:

Step 4:

Step 5:

Step 6:

(Initial channel allocation)
Set C(j)={i|1<i< N} for1<j<K.
set S={1,2,--- ,N}and t =0
(channel selection )
each user individually invokes the OMPA algorithm based on its SCS C(j)
ift <N
i* = arg,;.gv; according to (5.21)
Set S = S\{i*}, t =t + 1, then goto Step 3.
else goto Step 6.
end
(initial user election )decide the first user in the i* subcarrier
Set Ag ={1,2,--- , K} and
Vgix = 27:1 €k,i* 1
7(1) = arg maxye 4, Vi,i*-
Set p =1 goto Step 4
(user election )
Set Ay = {1 <k < K : g(hgihnp)s T 1 <5 <p}
if A, =0 thent=1t+ 1 goto Step 5.
else if p = K then t =t =+ 1 goto Step 5.
else
m(p + 1) = argmaxye 4, Vi,m
Set p = p+ 1 and goto Step 4.
end
(modify GNR via block diagonalization and channel set C(j) for 1 < j < K.)
for j=1: K
if j ¢ {n} then C(5)\{i*} end
end
modify GNR via block diagonaization for selected users’ indexes {7}
goto Step 2
(Output) The final channel allocation and user election

Table 5.1: A joint channel assignment and user selection algorithm
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algorithm 2 has be described in Table 5.1. In addition, we show the performance of the
proposed algorithm1 in order to see what importance the user selection. The algorithm1
is done by always selecting the K users which have better efficient values, whereKX is
equal to Nr/n, = 4. The proposed algorithm 2 with user selection is superior to the
algorithm 1 without user selection. The reason is that even if the number of eigen-
channels in the same subcarrier in algorithm 1 than in algorithm 2, but the users which
have good efficient values may be correlated each other. It produces that after block
diagonlization the original good channel condition of these users will decrease very much.
Simultaneously, we can find the difference among these three schemes increase when the
required rate increase. It presents that subcarrier assignment play an important role

when the traffic load of system increases and the wireless resource is still limited.

—o— fixed
—— algorithm1
—&— algorithm2
107 F:| —o—fixed

—v— algorithm1
—*— algorithm2

-5 I I I I

5 10 15 20 25 30 35
Average Power(dB)

Figure 5.2: Average power per user for the case of 8 subcarriers, 8 users; GNR=0dB,
Nr =4,n, =1, and R = 10, 20 respectively.

Fig. 5.4 plots the effect of the transmit antenna numbers on the system performance.

Several performance trends are observed. First, the more the transmit antennas the more
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important the user selection from the comparison between algorithm 1 and algorithm 2.
The difference between fixed assignment and the algorithm 1 decreases when transmit
antenna number increasing. In other words, the traditional fixed assignment can improve
its poor performance by adding antennas. Finally, this figure shows that the proposed
algorithm 2 at the N = 8 case outperform the traditional fixed assignment at Ny = 16
and is close to the performance of the algorithm 2 at N = 16. For the same performance
constraint, we can reduce the transmit antennas by the joint user selection and subcarrier

assignment proposed algorithm described in Table 5.1.

—o— fixed(8x2)
—7— algorithm 1(8x2)
—#— algorithm 2(8x2)
—o— fixed (16x2)

10 ¢ —v— algorithm 1(16x2)
—#— algorithm 2(8x2)

NOo—V O

-5 0 5 10 15 20
Average Power (dB)

Figure 5.3: Average power per user for K = 32, N =64, R =20, n, = 2, GNR=0dB,
and Np = 8, 16 respectively.

Next, we discuss the case GNR=-10dB and the other parameters are the same in Fig.
5.4. We can observe that the more transmit antennas are robust to the poor channel
conditions. In the same way, the user selection still play an important role in resource

allocation.
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—o— fixed(8x2)
—v— algorithm 1(8x2)
—%— algorithm 1(8x2)
10 F::| —o— fixed(16x2) == |
—s7— algorithm 1(16x2)| -1\ -
—*— algorithm 2(16x2)|. "~

5 10 15 20 25 30
Average Power (dB)

Figure 5.4: Average power per user for K = 32, N =64, R = 20, n, = 2, GNR=-10dB,
and Np = 8, 16 respectively.
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Chapter 6

Conclusion

OFDMA is an effective multiple access scheme for wideband wireless mobile net-
works. Besides its anti-fading capability, an OFDMA system can achieve high spectral
efficiency in a multiuser environment by taking advantage of the multiuser diversity
and adaptively allocating subcarriers and time slots to the the most suitable users with
the minimum required transmit power. Alternatively, one can also maximize the total
(weighted) rate or product rate, if fairness is of concern, with power and/or some QoS
constraints. Efficient dynamic RA algorithms to solve the above constrained optimiza-
tion problems in real time is thus crucial for realizing this potential advantage.

Based on the principles of dynamic programming and branch-and-bound, we propose
two algorithms-the DPRA and BBRA algorithms—which give either near-optimal or op-
timal solution. In contrast to the existing algorithms, which suffer from the shortcomings
of requiring high complexity and/or unsatisfactory performance, the DPRA algorithm
renders near-optimal performance with relative low complexity. Since the existing effi-
cient algorithms are designed with a discrete-rate constraint and use some suboptimal
water-filling solution, we make some modifications for fair comparisons. As expected,
the resulting ACG and RCG based DPRA algorithms are shown to provide less satis-
factory performance with reduced complexities. With proper reuse of the water-filling
solution obtained in earlier stages, the average DPRA complexity can be further reduced

and is insensitive to d, NV and the required sum rate. The average complexity of the
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BBRA algorithm, on the other hand, is at least an order higher than that of the DPRA
algorithm when the number of users is greater than 10 but is still much less than the
known algorithms for obtaining the optimal solution.

The DP-based weighted sum rate or product rate maximization algorithms are as
efficient as their counterpart for power minimization. The product rate maximization
enjoys the benefit of being highly fair. We also apply the dual decomposition approach
to develop low-complexity algorithms for solving the weighted sum rate and product
rate maximization problems. Channel ordering is not needed for these cases and the
number of calls to single user optimization process (water-filling or OMPA) is at most
equal to the product of the subcarrier and user numbers. Finally, we extend our work
to MIMO system and propose a low-complexity high performance suboptimal algorithm
for MIMO-OFDMA networks.

Our numerical experiment in both independent and correlated fading environments
have demonstrated that the near-optimal power-minimization DPRA algorithm is suit-
able for real-time resource allocation-application. \In fact, when operating in a more
practical correlated fading environment, the outstanding features of the proposed sub-
optimal algorithms become even more obyieus:-the performance gains of our algorithms
are much higher than those in the ideal i.i.d. fading environments.

On the other hand, the optimal BBRA algorithm is practical only if the user number
is small, e.g., d < 5. Nevertheless, the latter algorithm offers the optimal solution
and performance for large N and d with reasonable complexity, which has never been

achieved before and is needed for benchmarking and comparison purposes.
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Appendix A

An optimal mono-rate power
allocation algorithm

Let us redefine the normalized channel capacity r; by

hilp,
r; = log, <1 + | |2p > = log, (1 + p;a;) (A.1)

0;

2

where the subscript ¢ denotes the ith channel and |h;|?, p;,0? are the corresponding
channel gain, transmitted power, and noise power, respectively. In addition, the N
orthogonal channels are sorted according to deseending channel gain-to-noise ratio, e.g.,
a; > ag > -+ ay, a; = |h;|*/o?. Note that because of (A.1), power and rate allocations
are equivalent provided that a; is known.

For the mono-rate case, (4) becomes

N

N
: . 1. > > )
m}lnzlpz, s.t Zﬂ_Ra pi > 0, (A.2)

i=1
The water-filling solution implies that only the strong channels (those whose reciprocal
channel gains are below the water-filling level) will be used. Hence we assume that
only the strongest x channels are used so that the power and rate for the weakest N —x
channels are identically zero, i.e., p;(x) = r;(x) = 0, x < i < N, where p;(z), r;(z) denote
the power and rate of the ith channel when only the first x channels are activated. The

optimization problem (A.2) then become that determining the optimal x. Define the
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Lagrange dual function as

N

f{ri(@)} Api(2)}, A) = [Zpi(fﬂ)] —A [Z ri(z) — R

i=1

(A.3)

and omit the constraints 0 < p; for the moment. Taking derivative with respect to r;

. . 1/z
fori=1,2,---,x we obtain A = BR(;(;)HQ, where a(z) = (szl aj> and

n@y—R+m&(;i>,¢:LG-@ (A.4)

Tz a(x)

Obviously, it is possible r;(z) < 0 as the constraint p; > 0 has been removed.

Note that

re(z) = [rx_l(a: — 1) + log, (ajxl)} (A.5)
Using the fact that, a; > ay > -+ > ay, we conclude that
Lemma 1. The sequence {r.(z),x =1,2,--- 2} is monotonically decreasing.
To find the constrained solution we need the following definition.

Definition 4. An unconstrained solution w(x,N') /= (ri(z),72(x),..,72(x), O1x(N—2)) @8
said to be admissible if the least rate r, (x)>0. The admissible active channel number
sets for the problem defined by (A.2) is defined by F = {z|r,(z) > 0,1 <x < N}, where

r.(x) is given by (A.4).

Lemma 2. The total transmitted power associated with the admissible unconstrained

optimal rate assignment (A.4) is a decreasing function of the number of channels used.

In other words, N; < Ny —> Zfﬁl pi(Ny) > Efvjl pi(Na), for N1, Ny € F.

Proof. To begin with, let us assume that Ny = m and No = Ny +1 =m + 1, i.e,,

Ny — Ny = 1. If the Lemma is valid in this case, it will also be valid when Ny — Ny > 1.

o) _ 1
pi(r) = ———, 1<i<ua, (A.6)

Q;
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The minimum required power for the case x = m is given by

Q>
S

i

~ m eri(m)_l m eR/m 1
Pm = —_— = — [EE—
> -2l
elt/m 1
- m. N AT
m 2; (A7)

3=

where a(m) = [[]", a;)™. The minimum required power for the case x = m + 1 can be

expressed as a function of 7,,.

. - mer'im) _q

e
Ppi1i = P, +pmi1 = ZT + Pt
i=1 v

” [€<R—rm+1<m+1»/m 1

= > - —} + D1

— a(m) a;

(B=rm1 (1)) fm

a(m)
1 emmnlmtl) _q

e "

Am41

Expressing the difference between ]5m and ]5m+1 as @ function of r,,11(m+ 1), we obtain

9(rmir(m+1)) =Py =P

_ M R (R—rmii(mt1))/m
a(m) (e © )
erm+1(m+1) -1
am—l—l
9g(rm+1(m + 1))

Ormy1(m + 1)
p(R=rm 1 (m+1))/m

g (rma(m+1)) =

a(m)
erm+1(m+1)

S (A.10)

Am41
The solution of ¢'(rmi1(m +1)) =0, ), (m + 1), is given by

* (m+1) Ro,m
r m = -In
mtl m+1 m+1

o]

R Am41
= | Om Al
m+1+n{d(m+1)} (A.11)
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For 0 < r,41(m+ 1) < R, the second derivative of g(r,+1(m + 1))

—1
9(2)(rm+1(m +1)) = W
Um+1 e(R=rm+1(m+1))/m d<m)€rm+1(m+1)] (A.12)
m

is always negative. Since g'(r, . (m +1)) =0, ¢'(rms1(m +1)) > 0, for 0 < rppyy(m +
1) < 71 (m + 1), the fact that g(0) = 0 then lead to the desired conclusion that
g(r}, 1 (m+1)) > 0. In other words, the minimum power for the case x = m is larger than

that for the case = m+ 1 which can be achieved with 7,,.1(m+1) =r} ;(m+1). O

The above two Lemmas suggest that the solution to the constrained optimization
problem (A.2) can be found by repeatedly calculating the unconstrained solution (A.5)
forx = NN — 1, N — 2,--- until the constraints p; > 0, V 1 < i < x are satisfied. A
similar but less efficient solution was proposed by Fischer and Huber [2] who iteratively
recompute (A.5) by excluding all negative-rate channels and setting « < x — [, where
[ is the number of negative-rate channels. Such an. approach does not necessarily give
the optimal solution and the issue of optimality was not addressed in [2]. Instead of
sequentially decreasing x with a decrement of 1, we accelerate the process of locating
the optimal x through a bisection search so that the optimal power allocation can be
found in Table V.

The resulting algorithm will be referred to as the optimal mono-rate power allocation
(OMPA) algorithm henceforth. Note the OMPA algorithm can easily be modified to

solve the maximum sum-rate problem

maeri, s.t. Zpi <P p; >0, (A.13)

Table V: An Optimal Mono-rate Power Allocation Algorithm
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Step 1:

Step 2:

Step 3:

Step 4:

(Initialization) Given a;,1 <i < N,and R,
set upbound = N, lowbound = 1,

and x* = [(upbound + lowbound)/2].
(Update the lowest rate)

o () = Iﬁ* + log, [%},

where a(z*) = (Hle aj)l/z ,

the number of iterations.

If 7y« (2*) > 0, lowbound «— x*,

else upbound «— x*

If lowbound < upbound — 1,

z* « [(upbound + lowbound) /2],

go to Step 2; else x* <+ lowbound,

ri(z*) « 0, for i > 2* and compute r;(z*),
for 1 <i < z*.
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