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ABSTRACT

Cooperative communication and orthogonal frequency
division multiplexing (OFDM) technology are both promising
candidates for next generation wireless communication
systems. In this paper a Linear Programming (LP) based
subcarrier allocation algorithm for cooperative multiuser
OFDM system with grouped user is proposed. The proposed
algorithm maximizes the data rate of all users over downlink
under given constraints over non-sharing of carriers and
fairness of data rate among all users. In this proposed
algorithm the non sharing constraint of subcarriers have been
relaxed initially into sharing constraint so that the non—convex
optimization problem becomes a convex optimization
problem, and thus, can solved efficiently using standard
convex optimization tools. After maximizing total capacity of
all active users in the system, the subcarrier allocation
constraint is, then converted back to non-sharing constraint.
The performance of proposed algorithm is studied and
simulation results show that higher total capacity can be
achieved using the proposed algorithm.
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1. INTRODUCTION

In wireless communication systems, the demand for higher
and higher transmission rate is ever increasing. Orthogonal
Frequency Division Multiple Access (OFDMA) is an
effective technique for combating channel noise, multipath
effects and enabling high data rate transmissions [1] over
fading channels. Meanwhile, cooperative communication has
become very promising in various wireless systems [2]
because of its attractive features such as high throughput, low
power consumption and wide cell coverage. Therefore, the
incorporation of OFDMA and cooperative communication
can provide a promising structure that offers more reliable
services for the next generation wireless networks. In
cooperative communication, the users can be grouped into a
number of groups and partners of a group cooperate one
another for their communication. A cooperative system thus
may be consider as a virtual antenna array, where each
antenna in the array corresponds to one of the partners. The
partners can overhear each other’s transmissions though the
wireless medium, process this information and re—transmit to
collaborate. This provides diversity of the transmitter signals
at the corresponding receivers, and hence, can improve the
transmission and reception in wireless communication
system. Radio resource allocation is an important task in
OFDMA based cooperative communication systems, wherein,
users in the system are allocated resources, such as subcarrier,
power etc, optimally. Many researchers have been working in
this area of resource allocation in cooperative OFDMA
systems. Jang and Lee proposed the rate maximization
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problem [3] and proved that the sum capacity is maximized
when each subchannel is assigned to the user with the best
subchannel gain and power is distributed by the water—filling
algorithm. However, fairness is not considered in [3]. When
the path loss differences among users are large, it is possible
that the users with higher average channel gains will get
allocated most of the resources, i.e., subchannels and power,
for a significant portion of time. The users with lower average
channel gains may not be able to receive any data, since most
of the time the subchannels will assigned to users with higher
channel gains. Resource Allocation problems are in general
NP—Hard [4]-[5] and can rapidly becomes intractable as the
number of users and subcarriers increases. However, problem
can be solved if we resort to a relaxed problem formulation
wherein a non—convex optimization problem is converted to a
convex optimization problem, and thus, can be solved
efficiently using standard convex optimization tools e.g.
"linprog".

The main objective of this research work is to devise efficient
subcarrier allocation for grouped cooperative users in
OFDMA systems. A cooperative wireless network downlink
system on a TDMA based relaying protocol with multiple
cooperative pairs of users who can relay their respective
partner’s messages are considered. It is assumed that users are
employing Amplify and Forward (AF) relaying scheme [6],
where each user forwards an amplified version of the signals,
received from Base Station (BS), to its partner in the
cooperation phase. This approach is one of the most widely
adopted schemes in the literature due to its lower cost, simpler
design and ability to achieve full diversity through simple
operations compared to Decode and Forward (DF) relays. In
this paper, an LP based subcarrier allocation algorithm for
cooperative OFDMA system with grouped user is proposed.

The remainder of this paper is organized as follows. In section
2, system model is introduced along with appropriate
assumptions. Section 3 describes problem formulation. In
section 4, an LP based fair subcarrier allocation algorithm is
proposed. In section 5, simulation results have been
discussed. Finally, the paper is concluded in section 6.

2. SYSTEM MODEL AND

ASSUMPTIONS

The cooperative OFDMA system model is shown in Fig. 1.
There are G groups (1 < g < G) and in each group number of
users is U (1 < u < U). So total number of users in system is
GxU. Total N subcarriers (1 < n < N) is considered. Total
number of users in each group is two i.e. U=2 is considered.
A downlink scenario is considered and for simplicity of
analysis, a flat power allocation is assumed. The total transmit
power at the base station is assumed to be P over the whole
bandwidth; therefore, transmit power over each subcarrier is
P/N. Let total bandwidth of system is B Hz. Therefore, each
subcarrier is occupying a bandwidth of (B/N) Hz. The
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wireless channel is modeled as frequency selective Rayleigh
fading channel. Assume (B/N) is far less than the coherence
bandwidth of channel, thus the channel response over each
subcarrier is flat. Consider Additive White Gaussian Noise
(AWGN) is present with single sided noise power spectral
density (PSD) of N, for all subcarriers and all users.

Base Smtion

h:l"_L]_{_

ha‘;l;p

Fig. 1. System Model, U=2

For simplicity of analysis, a TDMA based Amplify and
Forward (AF) cooperation protocol is considered with two-
phases of operation: broadcast and cooperation. Broadcast of
data by Base Station occurs in first time slot while the
cooperation for transmission of data among users occurs in
second and third time slots. In broadcast phase (the first
timeslot), base station transmits the data to various users (in
this case grouped users are UEy; and UE,,). In cooperation
phase (second and third timeslot), UEy; and UEgy, after
receiving the other user’s signal in the first timeslot, amplify
and forward it in the second and third timeslot respectively. It
is assumed that each subcarrier is assigned to one and only
one user i.e., none of the users are sharing subcarriers.
According to Fig. 1, the p" subcarrier is allocated to UE,, and
the q™ subcarrier to UE,,. Let us denote the channel gain on
the p™ and g™ subcarrier between BS and UE,; as hy;, and
hg1,4 respectively and between BS and user UE, as hg,, and
hg2q respectively. Here hy,q and hy,, are the inter user
channel gains from UE;; to UEy, and UE;, to UEg;
respectively. A maximal ratio combiner is employed at each
grouped user (UEy; and UEg,) to combine the received
signal from the direct and indirect paths.

Let dg,, is the data stream of UE,, of g™ group. The signal
received at the UEy; and UEg, during the first time slot is
given by [7]:

PT

Yoip = \/%hg.l.pdg.l T g1 M
PT

Yo1q = Why.l.ng.z tNg1q
PT

Yg2a = \/%hg.l.qdyz T Ng1q ()
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PT
Yg2p = Whg,Z.pdg.l +Ng2p

Where y, .., is the received signal at UEy, (u = 1, 2) on the
p™ subcarrier. ng,,, is AWGN added to the received signal at

UE,, on the p™" subcarrier. (%) is the transmit energy of
UE,, over one symbol period, T.

Now Each user UEy, normalizes the received signal by a
factor of /s{|yg‘u,p|2} (so that the average energy is unity)

and retransmits it to other user (its partner) in the second or
third timeslot with the same energy of (%) The received

signal, yrg..p, in the second and third timeslots at UE,, is
given as [7]:

_|PT Yg,2,p
YTg,l,p - F hrg,z,p e{lygz plz} + nrg,l,p (3)
’PT Yg.1.q
Yrg2a = (N higaq \/7 t Nrg2q 4)
£{l.’){t],l,qlz}

Where n,,,, is the additive noise at UEy, on the p"
subcarrier and &{|yg.p|°} is the average energy of the
received signal at UEg, in the first timeslot. The maximum
error—free data rate of UE, (u=1, 2) can be written as follows

[8]:

To1p = %IOQZ {1 + N:;B (|hg.1pl* + 1l’g,Z,p|hg,2,p|2)} ®)

Tg2q = 3%1092 {1 + # (Ihg.2.ql® + g1 |hg,1.q|2)} Q)

Where g, is a cooperation coefficient parameter and
represent the contribution level from UE, for the data rate of
the user to which the p™ subcarrier is allocated. Yg1,4 and
Pg,2p are given as:

ll) _ |hrg,1,q|2 (7)
919 — P
1+m+|hw,1,q|2
|nrg2pl?
Vgop =7 . ®
1+m+|hw}2,p|2

It should be noted that the cooperation coefficient i ,,,, in an
AF protocol cannot exceed one, which means that the impact
of cooperation in the capacity from the indirect path is always
less than the direct path.

3. PROBLEM FORMULATION

In this section, subcarrier allocation problem is formulated to
determine the optimal assignment of subcarriers that
maximizes the total capacity from all the sources to the
destination. A cooperative multiuser OFDM system with N
subcarriers and G groups of U cooperative users has been
considered.  Let pg,, be a hbinary decision variable
representing the assignment of subcarrier to user from a
group. When pq,» =1, this means that subcarrier n is assigned
to user u in a group g and when pg,, = 0, this means
otherwise. None of the users shares subcarrier, therefore in
case pqn = 1 then py ;=0 forall g' # gand u' # u.

After subcarrier allocation, the total data rate of the two users
in the g™ group can be written as:
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N
Rg,l = Z PginTgin €C))
n=1

N
Rg,Z = Z Pg2nTg2n (10)
n=1

Based on fairness consideration and flat power allocation, the
optimization problem in a cooperative network with the
objective to maximize the downlink data rate of the system
can be formulated as:

Pgun

G
max Z (Rgx + Ry2) (11)
g=1

Subject to:
ClL pgun € {01}, Yg,un

C2: X5 % ipgun=1 Vn
C3: Rl,l = R1,2 =...= Rg_l = RG,Z

Constraints C1 and C2 state that subcarrier sharing is not
allowed and constraint C3 reflecting the fairness
consideration i.e. equal data rate requirement for all users.

4. LINEAR PROGRAMMING BASED
ALGORITHM

In this section, a novel algorithm based on Linear
programming technique is proposed. The optimization
problem stated in (11) is an integer linear programming (ILP)
problem. One challenging aspect of this problem in the
context of OFDMA is the discrete nature of subcarrier
assignment, which is the hard problem to solve. Therefore,
finding the optimal solution for this non—convex problem
requires searching through all the possible user and subcarrier
allocations, which is prohibitively complex to employ in large
system. However, to make the problem tractable, the integer
constraints on pg,, is relaxed by allowing time sharing of
each subcarrier, which means that pg,, can take on any value
between 0 and 1. The duality gap of any optimization problem
satisfying the time-sharing condition is negligible as the
number of subcarriers becomes sufficiently large [9]. Once
optimization problem is relaxed by allowing time-sharing of
each subcarrier, it can be solved by using the dual method and
the solution is optimal [9].

The basic idea in this proposed algorithm is that once the
subcarrier time sharing solution is available for this problem,
then each subcarrier can be enforced to non-time sharing by
allocating the subcarriers to the user whose sharing for the
subcarrier is the most.

Now relaxed linear optimization problem can be written as:
G

max Z (Rg1 + Rg2) 12)

Pgun =

Subject to:
Cl: 0< pgun=<1, Ygun

C2 X5 Xk 1pgun=1, Vn

C3: Ry1=Ry;=..=Rg1=Rg:
In this problem constrint C1 indicates the time sharing of

subcarriers. Satisfying constraint C1 and C2 simultaneously
suggest that the condition p,,,, < 1 on constraint C1 can be
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dropped as it is redundant. Therefore, final optimization
problem becomes:

G
max Z (Rg1 + Ry2) (13)
Pgun =
Subject to:

Cl: pgun=0, Ygun

c2: xf,
C3: Ry1 =Ry, =-"=Rg1=Rg,

letzlpg,u,n =1 vn

4.1 Use of "linprog™ to get the optimal

solution

Now (13) can be solved by using any existing LP solver,
which can be based on primal-dual method. One such
existing function in MATLAB simulation tool is "linprog"
which is based on Linear Interior Point Solver [10] and it is a
variant of Mehrotra’s predictor—corrector algorithm [11], a
primal-dual interior—point method. A number of pre—
processing steps need to be carried out before the algorithm
begins to iterate. The standard form of the LP that can be
solved by "linprog" is

min fTx (14)
X
Subject to:
Ax<bh
Aeq.x = beq

Where f, x, b and beq are vectors and A and Aeq are
matrices. Here x is the list of variables, f is the list of
coefficient of variables in x for the objective function. Now
there are two type of constraints in the standard form of LP.
One where all the constraints are in the form of A.x < b and
other where all the constraints are in the form of Aeq.x =
beq. All the coefficient of variables in the first kind of
constraint will form the Matrix A and all the constants in the
first kind of constraint will form the Vector b. Similarly all
the coefficients of variables in the second kind of constraint
will form the Matrix Aeq and all the constants in the second
kind of constraint will form the Vector beq.

4.2 Mapping of optimization problem into

standard form

In this section, the algorithm to map the the optimization
problem into standard form is presented. This mapping is
required so that the standard "linprog" function can be used
directly in the MATLAB simulations. This has the form as
below:

x = linprog (f, A4, b, Aeq, beq)

Where x represents the solution vector. In the optimization
problem under consideration this x represents the subcarrier
allocations to different users in the system. The generation of
different vectors and matrices required to obtain the solution
vector x is explained in the steps given below:

Step 1: Creating vector f
In this step, equation (15) is used to create vector f.

G G 2 N
Z(Rg,l + Rg,Z) = z z Z(pg,u,n X 7"g,u,'ﬂ) (15)
g=1 g=lu=1n=1
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Note that standard objective function is for minimization, but
objective function given in (13) is for maximization.
Therefore, in order to make use of standard form, the element
of vector f need to be negated. The following algorithm
describes the creation of vector f:

i<—0;
forg—1:G,u—1:Uandn<—1:Ndo
i—i+1;
Set the value of f(i) = —r(g, u, n);
end

Step 2: Creating matrix A and vector b

Matrix A contains all the inequality constraints and
corresponding constants will form vector b. In the
optimization problem, the only inequality constraint is C1, as
given in (13), i.e., pgun =0, V g,u,n. Now, because the
standard form of inequality constraint is A.x < b, therefore,
the values of constraint C1 need to be negated. Thus
constraint C1 can be written as —pg,,, < 0, V g,u,n. Vector
b will contain all the zeros. The following algorithm
illustrates the generation of Matrix A and vector b.

S« (GxUxN);
Create the vector b with size S;
forrow < 1:Sdo

initialize the value of b[row] « 0;
end

Creat the matrix A with size (S x S);
for row < 1 : Sand col < 1:Sdo

initialize the value of A(row, col) =0;
end

fori<—1:Sdo

set the value of A(i, 1) «— —1;
end

Step 3: Creating column vector beq

In order to generate matrix Aeq and vector beq, constraints
C2 and C3, given in (13), will be used together. In this step
the generation of column vector beq is discussed. As seen
from constraints C2 and C3, the total number of elements in
column vector beq will be [N + (G x U) — 1]. Due to
constraint C2, the first N elements of column vector beq will
be filled with the constant value of unity. The remaining [(G
x U) — 1] elements of column vector beq, are assigned zero
value from constraint C3. The corresponding algorithm to
generate vector beq is given as:

A—[N+(GxU)-1];
Create the column vector beq with size A;
forrow < 1:1do
initialize the column vector beq(row) = 0;
if row <N then
set the value of column vector beq(row) = 1;
end
end

Step 4: Creating matrix Aeq

The steps 4 to 8 explain the generation of matrix Aeq, having
[N + (G x U) — 1] rows and [GxUxN] columns. In this
particular step 4, matrix Aeq is initialized as below:

S «— (G xUxN);
A—(GxU+N-=1);
for row < 1 :Aandcol — 1:S do
initialize the value of matrix Aeq(row, col) < 0;
end

International Journal of Computer Applications (0975 — 8887)
Volume 96— No.9, June 2014

Step 5: Assigning Aeq element values based on

constraint C2

As per constraint C2, given in (13), the summation of shared
part of each of subcarriers must be equal to unity. The
following algorithm explains how constraint C2 can be
mapped onto matrix Aeq to form its elements in first N rows.

fort—1:Ndo
i« 0;
forg—1:Gu—1:Uandn« 1:Ndo
i—it+1;
Aeq(t,D) = {5 Gherise
end
end

Step 6: Assigning Aeq elements values based on
constraint C3—"'Data rate of each first user in a
group is equal”

According to constraint C3, in equation (13), the total data
rate for each user in the system is equal. In this step, the
following equality of data rates of first user in each group is
mapped on to matrix Aeq:

Ri1 = Ry1 = = Rg4. This can be written in different
(G-1) equations.
Ri1 — R21=0;Rz1 — R31=0; ... +Re-11 — Rs1=0;

This can be explained in the following algorithm:
fort<—1:G - 1do

i« 0;
forg—1:G,u«—1:Uandn« 1:Ndo
i—itl1;
if g =tand u=1 then
Set the value of Aeq(t+ N, i) = r(g, u, n)
end
if g =t+ 1 and u=1 then
Set the value of Aeq(t+ N, i)= —r(g, u, n)
end
end
end

Step 7: Assigning Aeq elements values based on
constraint C3—"Data rate of first and second user
is equal”

Using constraint C3 again, the following equality of data rates
is mapped on to matrix Aeq as follows:

Ri; = Ry ike. Ryy — Ry, = 0. The corresponding
algorithm is as:
i=0;
forge—1:G,u—1:Un«1:Ndo

i—i1+1;

ifg=1andu=1then
Set the value Aeq(G + N, i) = r(g, u, n);
end
ifg=1and u =2 then
Set the value Aeq(G + N, i) =—r(g, u, n);
end
end

Step 8: Assigning Aeq elements values based on
constraint C3-"Data rate of each second user in a
group is equal”

The remaining elements of matrix Aeq will be assigned
values based on the following equality of data rates.
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Ri2=Ryo=....... =R
ie.
Ri2 = R22=0;Ry2 — R32=0;...cc. iRe_12 — Rg2=0

The corresponding algorithm can be written as:

fort<—1:G - 1do

i« 0;
forge—1:G,u—1:Uandn«1:Ndo
i— i+1;

if g =t and u=2 then
Set the value of
Aeq(t+N+G, i) = r(g, u,n)
end
if g=t+1and u=2 then
Set the value of
Aeqt+N+G,i)= —r(g, u,n)
end
end
end

4.3 Final subcarrier allocation

After generating the required matrices and vectors the
"linprog" function in MATLAB, is now used to get a solution
vector x. This solution vector, x, actually represents the
subcarrier assignment pg ., », in given optimization problem.
The mapping of solution vector x into subcarrier assignment
indicator pg ,, , can be described as:

i=0;
forg«—1:G,u—1:U,n«1:Ndo
i—i+1;
Set p(g,u,n) with value x(i);
end

Itis seen in (13) that pg ., ,, takes on real values between 0 and
1. This means that solution thus obtained for subcarrier
assignment is a time sharing solution. Optimization objective
in (11), however, is to allocate subcarriers on non-sharing
basis to different user in the system. In order to convert this
time sharing solution to a non-time sharing solution, each
subcarrier is allocated to only a single user whose sharing for
that subcarrier is the most. Following algorithm describes
this:

forn—1:Ndo
e  Foragiven channel n find the user (mg, m,) with
the maximum value of p(g,u,n);
. Set p(g,u,n) = 1if my=gand m, = u;
e p(gun)=0ifmg#gorm,#u;
end

4.4 Fairness

It is very common to define the fairness in terms of data rates,
where the objective is to allocate the resources to the users
such that the users achieve the same data rate. Assuming
equal data rate requirements among the users, the fairness
index, F, is defined as [8]:

_ (E_g=12121=1Rg,u)2
- G 2
p ZG):g=12u=1(Rg,u)2

(16)

F, is a real number in the interval [i, 1] with the maximum
value of one when equal data rate is achieved for all the users,
and minimum value of % when one user dominates the
whole bandwidth and takes over all the subcarriers.
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5. SIMULATION RESULTS

This section provides the simulation results obtained for the
proposed LP based algorithms. The proposed algorithm has
been simulated in MATLAB. The performances of the
proposed algorithm has also been compared with the existing
algorithm given in [8]. The simulation parameters have been
given in Table-1.

Table-1 Simulation parameters

Total available bandwidth, B 1MHz
Total transmit power, P 1w
Number of subcarriers, N 256
Number of users per group, U 2

Single sided Noise power spectral density, Ny | 10° W/Hz
Cooperation coefficient, i 0.9

The channel model is employed as frequency selective with
independent multipath and exponential profile. A total of 256
subcarriers have been considered for allocations to the users
in the downlink scenario, so that all subcarriers experience
flat fading. This number (N=256) is also large enough for the
duality gap to vanish. It is assumed that full channel state
information (CSl), including an inter user channel, is
available at the base station. Equal cooperation coefficient, i
is assumed among the users of different groups. For
comparison purpose and ease of analysis, the value chosen
for cooperation coefficient, 1 is 0.9. The results are averaged
based on 100 channel realizations.
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Fig. 2. Throughput versus number of groups for 1 =0.9

Fig 2 shows the variation in achievable total capacity in the
system with the number of groups. As the number of groups

increases, the total capacity increases due to increase in the
number of users. This figure also shows the comparison of
proposed algorithm with the algorithm given in [8]. It can be
seen that the achievable total capacity in the system using
proposed algorithm is higher than that achievable using the
algorithm given in [8].
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Fig. 3 presents the plot of fairness index, Fp, vs number of
groups in the system. As it can be seen that the achievable
fairness index in proposed algorithm and algorithm given in
[8] is almost equal and maintain fairness index close to one,
which means that there is no loss of fairness in the system for
increasing the total capacity of the system by using proposed
LP based subcarrier allocation algorithm.

6. CONCLUSION

An efficient LP based subcarrier allocation algorithm for
downlink of an OFDMA cooperative system with grouped
users is proposed in this paper. The proposed algorithm
transforms the non-convex optimization problem into a
convex optimization problem and utilizes the MATLAB tool
"linprog" to solve this convex optimization problem. The
proposed algorithm allocates subcarriers efficiently among
users so that the total capacity in the system is maximized.
The proposed LP based subcarrier allocation algorithm also
ensures the fairness among the users by keeping equal data
rate of all users. The performance of our LP based subcarrier
allocation algorithm in terms of total system capacity has
been compared with an existing algorithm given in [8] and
results show that higher total system capacity can be achieved
by the proposed LP based subcarrier allocation algorithm
while maintaining fairness among users in the system.
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