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Abstract: Energy efficiency has become increasingly important in wireless communications nowadays. Saving energy will not
only reduce operating cost but also reduces greenhouse gas emissions, which is important for combating climate change. The
authors propose energy-efficient user grouping algorithms to provide power minimisation of grouped multi-carrier code
division multiple access (MC-CDMA) and space–time block coding MC-CDMA systems in a cellular environment.
Depending on the channel fading conditions, power control is utilised to minimise the total transmitted power under a bit
error rate constraint. When the allocation is performed without a fair data rate requirement, the authors provide the optimal
solution to the minimisation problem. However, when some fairness is considered, the optimal solution requires high
computational complexity. Thus, the authors solve the problem by proposing two suboptimal algorithms. Simulation results
illustrate a significantly reduced power consumption in comparison with other techniques.
1 Introduction

With the increasing demand in wireless services and high data
rate applications, reducing energy consumption is an
important target for future wireless communication systems
in order to sustain energy-efficient networks. Saving energy
will not only reduce operating cost but also reduces CO2

emissions, which is important for combating climate
change. For this reason, reducing the power consumption to
a minimum level is vital for the future wireless systems.

Multi-carrier code division multiple access (MC-CDMA)
[1–3] permits multiple users to access the wireless channel
simultaneously by modulating and spreading their input data
signals across the frequency domain using different spreading
sequences. MC-CDMA combines the robustness to multipath
fading by orthogonal frequency division multiplexing
(OFDM), with the enhanced frequency diversity that can be
achieved by code division multiple access (CDMA). To
further exploit both spatial diversity and channel coding in
multi-input multi-output systems and with low complexity
receiver implementation, space–time block coding (STBC)
has been combined with MC-CDMA systems in the past
years [4–7]. Furthermore, to improve the quality-of-service,
resource allocation has been investigated for MC-CDMA
systems. To the best of our knowledge, existing works so far
on resource allocation are mainly focused in maximising the
total capacity in MC-CDMA [8–11].

Energy-efficient resource allocation has been investigated
for OFDMA systems in [12, 13]. However, to the best of
our knowledge not a lot of work has been done for energy-
efficient MC-CDMA systems. Especially when using
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resource allocation to minimise the total transmitted power
in MC-CDMA, the energy efficiency of the system can be
improved significantly. In [14], rate, sub-carrier and power
allocations are proposed for a multi-rate uplink MC-CDMA
system with linear minimum mean square error multiuser
detection to minimise total transmitted power based on
different users’ data rate and bit error rate (BER)
requirements. Also in [11], a joint precoding and power
allocation method is proposed for downlink multi-input
single-output MC-CDMA systems, which minimises the
total transmitted power of the system under a constraint on
the signal-to-interference and noise ratio (SINR) of each user.

This work focuses on resource allocation for grouped
MC-CDMA systems. In [15], Huang and Niu proposed a
suboptimal user grouping and subcarrier allocation
algorithm to maximise the total system throughput in
grouped MC-CDMA. Also, the optimal power allocation
for maximising the overall capacity in grouped MC-CDMA
is given in [16]. The idea of user and subcarrier grouping
[17] allows different users in a group to share the same set
of subcarriers while using their distinct spreading codes. In
this way multiuser interference in each group is small and
does not affect users in the rest of the groups. Hence
multiuser detectors for different groups are practically
feasible. Although some research has been done for the
maximisation of the total capacity in MC-CDMA, to the
best of our knowledge, resource allocation with user
grouping has not been considered to minimise the total
transmitted power in grouped MC-CDMA systems.

In this paper, we study the minimisation of the total
transmitted power in downlink MC-CDMA under a BER
IET Commun., 2011, Vol. 5, Iss. 18, pp. 2640–2647
doi: 10.1049/iet-com.2011.0116



www.ietdl.org
constraint for each user by performing power control
according to an efficient user grouping algorithm. It should
be noted that perfect channel information of the users are
assumed both at the transmitter and the receiver. When
there is no fairness requirement on the data rate, we present
the optimal allocation algorithm for the minimisation
problem. However, when fairness is considered, the optimal
solution requires high computational complexity and is not
favourable for practical applications. In this case we
propose two complexity reduced suboptimal allocation
algorithms. The energy efficiency of the proposed
algorithms is evaluated in terms of the energy consumption
gain (ECG) and the energy consumption ratio (ECR) [18]
in a macrocell environment where path loss and shadowing
are also considered.

The rest of this paper is organised as follows. Section 2
introduces the system model for the grouped MC-CDMA
and STBC MC-CDMA systems. In Section 3, the
formulation of the optimisation problems are presented.
Section 4 provides the user grouping and power allocation
algorithms. Simulation results are illustrated in Section 5.
Finally, Section 6 concludes and summarises the paper.

Notations used in this paper are as follows. Bold lower and
upper case letters denote vectors and matrices, respectively,
whereas scalars are indicated by italic lower case fonts.
Superscripts (.)T, (.)H and (.)21 denote transpose, Hermitian
transpose and matrix inversion, respectively. Matrix IN

signifies an identity matrix of size N × N and || · ||2F
denotes the Frobenious norm.

2 System models

2.1 Grouped MC-CDMA signal model

Consider a downlink MC-CDMA system with Nu users and
Rayleigh fading channel. The channel is divided into Ns

subcarriers which are further grouped consecutively into G
groups. Each group uses a set of Walsh–Hadamard
spreading sequences, with length K ¼ Ns/G. Assuming
multicode transmission is not used, each user in a group can
only transmit one symbol over K subcarriers. Thus the
maximum number of users per group U equals to the
spreading code length K. The total number of allocatable
resource units is therefore G × K which equals to Ns.
The same set of spreading sequence is used in all other
groups. Hence in any one group the signature sequence
of user u in that group (u ¼ 1, 2, . . . , U ) is expressed
as cu = cu,1 cu,2 · · · cu,K

[ ]T
[ CK×1 in which C

refers to the spreading code chip alphabet. The received
signal model at the uth user terminal of the gth group
(g ¼ 1, 2, . . . , G) can be characterised as

rg
u = Hg

uCPgPLgdg + vg
u (1)

where the users’ symbol vector and additive white Gaussian
noise (AWGN) vector with power N0 are represented,

respectively, by dg = dg
1 dg

2 · · · dg
U

[ ]T
[ C

U×1 and

vg
u = vg

u,1 vg
u,2 · · · vg

u,K

[ ]T
[ C

K×1. The transmit power

matrix is represented by Pg = diag(
���
r

g
1

√
,

���
r

g
2

√
, . . . ,

���
r

g
U

√
) [

RU×U and the spreading code matrix is given by
C = c1 c2 · · · cU

[ ]
[ CK×U . The channel path loss

and shadowing is represented by PLg = diag(
�����
1/lg

1

√
,�����

1/lg
2

√
, . . . ,

������
1/lg

U )
√

[ RU×U , where lg
u denotes the

individual path loss and shadowing component for the uth
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user in the gth group. The channel response matrix at the uth
user terminal of the gth group is denoted as Hg

u =
diag(hg

u,1, hg
u,2, . . . , hg

u,K ) [ C
K×K where hg

u,k represents the
channel gain of the uth user in the gth group at the kth
subcarrier (k ¼ 1, 2, . . . , K ). The received signal vector can
be symbolised as

rg
u = rg

u,1 rg
u,2 · · · rg

u,K

[ ]T
(2)

in which rg
u,k is the received signal of the uth user in the gth

group at the kth subcarrier and it can be expressed as

rg
u,k = hg

u,k

∑U

u′=1

cu′,k

���
r

g
u′

lg
u′

√
dg

u′ + vg
u,k (3)

When the signal in (3) passes through a linear zero forcing (ZF)
filter, the estimates of the uth user in the gth group at the kth
subcarrier can be represented as

yg
u,k = (hg

u,k )−1rg
u,k = cu,k

���
rg

u

lg
u

√
dg

u +
∑U

u′=1,u′=u

cu′,k

���
r

g
u′

lg
u′

√
dg

u′ + ṽg
u,k

(4)

where ṽg
u,k = (hg

u,k)−1vg
u,k . The uth user’s symbol decision

statistic is obtained when the chip estimates in (4) are
despread by the corresponding spreading sequence, given by

zg
u =

∑K

k=1

cu,kyg
u,k =

���
rg

u

lg
u

√
dg

u +
∑K

k=1

cu,k ṽg
u,k (5)

According to (5), it is obvious that multiple access interference
(MAI) from other users in the group is cancelled by
despreading. Thus power allocation for the uth user can be
performed by requiring only the uth user’s power
information rg

u. From (5), the received SINR for the uth user
of the gth group is calculated by

SINRg
u = rg

uEd

lg
u
∑K

k=1 Eh[cu,k(hg
u,k )−1vg

u,kvg∗

u,k(hg
u,k)−1∗c∗u,k ]

= Krg
uEd

lg
uN0

∑K
k=1 [(hg

u,k)−1(hg
u,k )−1∗ ]

(6)

where Eh[.] and (.)∗ refer to the conditional expectation on the
channel gain h and the complex conjugate operators,
respectively, and Ed refers to the symbol energy. Hence if
there is a certain target SINR, denoted as gg

u, the transmitted
power for the uth user of the gth group is expressed as

rg
u = gg

ulg
uN0

EdK

∑K

k=1

[(hg
u,k)−1(hg

u,k)−1∗ ] (7)

2.2 Grouped STBC MC-CDMA signal model

The signal model for the STBC MC-CDMA system is based
on Alamouti’s STBC with Nt ¼ 2 transmit and Nr receive
antennas. The system consists of Nu users and each user
experiences a Rayleigh fading channel. The available
bandwidth is divided into groups in the same way as in the
analysis for the MC-CDMA system. Each group uses the
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same set of spreading sequences as above. Furthermore, no
multicode transmission is assumed, and hence each user in a
group can only transmit one symbol over K subcarriers.
Thus, the maximum number of users per group U equals to
the spreading code length K. The total number of allocatable
resource units is therefore G × K which equals to Ns.

During the Alamouti’s transmission scheme, the uth user
transmits two symbols d0

u and d1
u over two consecutive

transmissions. During the first transmission, d0
u and d1

u are
transmitted simultaneously at time t from the two transmit
antennas. During the second transmission, −d1∗

u and d0∗
u are

transmitted at time t + Td from the two transmit antennas,
where Td denotes the OFDM symbol duration. The received
signal model at the uth user terminal of the gth group
( g ¼ 1, 2, . . . , G) for the nrth antenna (nr ¼ 1, 2, . . . , Nr)
can be characterised by

rnr
u,g(1)

rnrH
u,g (2)

[ ]
︸�����︷︷�����︸

R
nr
u,g

=
H1,nr

u,g H2,nr
u,g

H2,nr∗
u,g −H1,nr∗

u,g

[ ]
︸�����������︷︷�����������︸

Hnr
u,g

C 0

0 C

[ ]
︸����︷︷����︸

C

rg 0

0 rg

[ ]
︸�����︷︷�����︸

Pg

×
lg 0

0 lg

[ ]
︸����︷︷����︸

PLg

d0
g

d1
g

[ ]
︸��︷︷��︸

Dg

+
vnr

u,g(1)

vnrH
u,g (2)

[ ]
︸�����︷︷�����︸

V
nr
u,g

(8)

where aH denotes the Hermitian transpose of a. The received
signal vector after the ith transmission is expressed
as rnr

u,g(i) = [ r
nr
u,g,1(i) · · · r

nr
u,g,K (i) ]T [ C

K×1 in which
r

nr
u,g,k (i) symbolises the received signal of the uth user in the

gth group at the kth subcarrier (k ¼ 1, 2, . . . , K ) for the
nrth antenna which is received after the ith transmission.
The channel response matrix of the uth user terminal in the
gth group at the ntth transmit and nrth receive antenna is
denoted as Hnt ,nr

u,g = diag(h
nt ,nr
u,g,1, h

nt ,nr
u,g,2, . . . , h

nt ,nr
u,g,K ) [ C

K×K

where h
nt ,nr
u,g,k represents the channel gain of the uth user in

the gth group for the kth subcarrier at the ntth transmit and
nrth receive antennas. The users’ symbol vector is
represented by dj

g = [ dj
1,g · · · dj

U ,g ]T [ C
U×1 and the

AWGN vector with power N0 is represented by vnr
u,g(i) =

[ v
nr
u,g,1(i) · · · v

nr
u,g,K (i) ]T [ CK×1. The transmit power and

path loss vectors are represented, respectively, by
rg = diag[

�������
r1,g/2

√
· · ·

��������
rU ,g/2

√
] [ RU×U and lg =

diag[
������
1/l1,g

√
· · ·

�������
1/lU ,g

√
] [ RU×U , and the spreading

code matrix is given by C = [ c1 · · · cU ] [ C
K×U .

Considering the signal in (8) passing through a linear ZF
filter, the output signal can be expressed by

ynr
u,g(1)

ynr
u,g(2)

[ ]
︸����︷︷����︸

Y
nr
u,g

=
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(9)
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where the equalised signal of the uth user in the gth
group at the nrth antenna is given by ynr

u,g(i) =
[ y

nr
u,g,1(i) · · · y

nr
u,g,K (i) ]T [ C

K×1. The uth user’s symbols
decision statistic is obtained when the two successive
equalised signals in (9) are space–time combined and
despread by the corresponding spreading sequence. This is
represented by

zu,g = (I2 ⊗ cT
u )

∑Nr

nr=1

Y nr
u,g

=
�����
ru,g

2lu,g

√ ∑K

k=1

∑Nr

nr=1

|h1,nr
u,g,k |

2 + |h2,nr
u,g,k |

2

[ ]
d0

u,g

d1
u,g

[ ]

+ (I2 ⊗ cT
u )

∑Nr

nr=1

Gnr
u,gV nr

u,g (10)

where zu,k = [ zu,k (1) zu,k (2) ]T [ C
2×1 and ⊗ is the

Kronecker product. According to (10), MAI from other
users in the group is cancelled by despreading. Thus power
allocation for the uth user can be performed by requiring
only the uth user’s power information ru,g. From (10), the
received SINR for the uth user of the gth group can be
calculated by

SINRg
u =

ru,g

2lu,g

Ed

∑K

k=1

∑Nr

nr=1

|h1,nr
u,g,k |

2 + |h2,nr
u,g,k |

2

[ ]2

N0

K

∑K

k=1

∑Nr

nr=1

|h1,nr
u,g,k |

2 + |h2,nr
u,g,k |

2

=
ru,gKEd

2lu,gN0

∑K

k=1

∑Nr

nr=1

|h1,nr
u,g,k |

2 + |h2,nr
u,g,k |

2

=
ru,gKEd

2lu,gN0

∑K

k=1

tr( �H
H
u,g,k

�Hu,g,k) (11)

where

�Hu,g,k =

h1,1
u,g,k h2,1

u,g,k

h1,2
u,g,k h2,2

u,g,k

..

. ..
.

h
1,nr
u,g,k h

2,nr
u,g,k

⎡
⎢⎢⎢⎢⎢⎣

⎤
⎥⎥⎥⎥⎥⎦ (12)

and tr(A) denotes the trace of matrix A. Hence if there is a
certain target SINR, denoted as gg

u , the transmitted power
for the uth user of the gth group is expressed as

ru,g =
2gg

ulu,gN0

KEd

∑K
k=1 tr( �H

H
u,g,k

�Hu,g,k)
(13)

3 Problem formulation

In this section we consider the minimisation of MC-CDMA
and STBC MC-CDMA system’s total transmitted power
under a BER constraint by performing user grouping and
power control. The minimisation problems for both systems
are formulated with and without fairness criteria. Fairness is
applied to ensure some bandwidth is allocated to each user.
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The total transmitted power of the MC-CDMA system can be
expressed as

PT =
∑G

g=1

∑U

u=1

rg
u =

∑G

g=1

∑U

u=1

gg
uN0

EdK
vg

u (14)

where vg
u represents a channel related factor of the uth user in

the gth group given by

vg
u = lg

u

∑K

k=1

[(hg
u,k)−1(hg

u,k )−1∗ ] (15)

To group users for power minimisation, the following channel
related factor for all system users (nu ¼ 1, . . . , Nu) has to be
considered

�vg
nu

= lg
nu

∑K

k=1

[(hg
nu ,k)−1(hg

nu ,k )−1∗ ] (16)

Using the probability of error for quadrature phase shift
keying modulation in [19], the target SINR can be
expressed with respect to a target BER as

gg
u = 1/2[Q−1(BERg

u/2)]2 (17)

Hence the optimisation problem without any fairness criteria
can be formulated mathematically as

min
j

g
nu

∑G

g=1

∑Nu

nu=1

N0[Q−1(BERg
u/2)]2

2EdK
�vg

nu
jg

nu
(18)

s.t. BERg
u ≤ BER (19)

∑Nu

nu=1

jg
nu

= K, ∀g = 1, 2, . . . , G (20)

in which jg
nu

[ {0, 1} is an indicator function with ‘1’
denoting user nu being allocated to group g and ‘0’
otherwise. Constraint (19) requires that the instantaneous
BER of the uth user of the gth group is equal to or smaller
than the minimum BER value BER, whereas constraint (20)
ensures that each group consists of K users.

The minimisation for STBC MC-CDMA is formulated in a
similar way as for MC-CDMA. By performing user grouping
and power control, we consider the minimisation of the
system’s total transmitted power under a BER constraint.
The total transmitted power of the system can be
characterised as

PT =
∑G

g=1

∑U

u=1

ru,g =
∑G

g=1

∑U

u=1

2gg
uN0

KEd

vg
u (21)

where vg
u is denoted by

vg
u =

lu,g∑K
k=1 tr( �H

H
u,g,k

�Hu,g,k )
(22)

The channel related factor for all system users can be
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expressed as

�vg
nu

=
lnu ,g∑K

k=1 tr( �H
H
nu,g,k

�Hnu,g,k)
(23)

Similar to the MC-CDMA analysis, the optimisation problem
without any fairness criteria can be formulated
mathematically as

min
j

g
nu

∑G

g=1

∑Nu

nu=1

N0[Q−1(BERg
u/2)]2

KEd

�vg
nu
jg

nu
(24)

s.t. BERg
u ≤ BER (25)

∑Nu

nu=1

jg
nu

= K, ∀g = 1, 2, . . . , G (26)

in which jg
nu

[ {0, 1} and the two constraints are the same
as in the problem formulation for MC-CDMA.

4 Problem optimisation

Having formulated the problems for MC-CDMA and STBC
MC-CDMA in the previous section, we propose several
power-minimising user grouping algorithms in this section.
First, the optimal algorithm based on Greedy approach is
proposed when there is no fairness criterion in the data rate.
However, when fairness is applied, the optimal solution
requires high computational complexity and is not
favourable for practical applications. Therefore we propose
two suboptimal allocation algorithms. The performances of
these algorithms are evaluated in the next section.

4.1 Greedy allocation

The optimal solution to the minimisation problem with no
fairness criterion is first presented. Since we assume that
users can be allocated to more than one group of subcarriers,
the optimum solution to the minimisation problem in (18) or
(24) would be to allocate users with the smallest �vg

nu
to the

corresponding gth group. Hence the total transmitted power
can be minimised if we only allow users with the largest
channel gains to use the available subcarriers. The Greedy
algorithm can be described as follows.

Step 1: Divide the available bandwidth into G ¼ Ns/K groups.
Each group consists of U ¼ K available positions for user
assignment.
Step 2: For all G groups, calculate �vg

nu
for every n uth user

according to (16) for MC-CDMA and (23) for STBC MC-
CDMA.
Step 3: Allocate the U users with the smallest �vg

nu
in the gth

group.
Step 4: Repeat Step 3 until all groups are assigned with U
users.
Step 5: Calculate the total transmitted power according to (14)
for MC-CDMA and (21) for STBC MC-CDMA by setting
BERk

u = BER.

By selecting users with the lowest �vg
nu

, it is evident from
(14) and (21) that the total transmitted power for every
group and hence for the system will be minimised. This
satisfies the minimisation problem in in (18) and (24) with
the constraints in (19), (20) and (25), (26) respectively.
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4.2 Allocation with fairness criterion

When there is no fairness requirement, users with low channel
gains, that is, weaker users in the system, may not be allocated
to any group and hence not be able to transmit their data. For
this reason the fairness criterion is considered such that each
user has to be assigned to a group at least once, that is, each
user can transmit at least one symbol before the Greedy
allocation is applied. In this way it is possible for all users
to transmit their data. The fairness constraint can be
imposed as

∑G

g=1

jg
nu

≥ 1, ∀nu = 1, 2, . . . , Nu (27)

The optimal solution to the minimisation problem with this
additional fairness constraint is given by calculating the
total transmitted power for all possible combinations of user
allocations, and choosing the one that gives the minimum
total power. However, this method requires very high
computational complexity. Hence we propose a simple
suboptimal algorithm that requires less complexity and we
call this Fairness A algorithm.

Step 1: Follow Steps 1 and 2 in Greedy algorithm.
Step 2: Set up the list L [ {1, . . . , Nu} that contains all the
unallocated users.
Step 3: Allocate the user with the smallest �vg

nu
from L, in the

gth group. Remove this allocated user from L.
Step 4: Repeat Step 3 until each user is assigned in a group
once, that is, until L becomes a null set. If a group has
already been allocated with U users, this group is filled and
will not be allocated anymore users.
Step 5: If not all groups are assigned with U users, follow
Steps 3 and 4 of the Greedy algorithm.
Step 6: Calculate the total transmitted power as in Step 5 of
the Greedy algorithm.

The Fairness A algorithm is a simple and low complexity
solution. However, as will be shown in Section 5, it has poor
performance when the number of users approaches the
maximum supportable by the system, that is, Nu � GK. This
is because this algorithm first allocates users with large
channel gains to the group containing their best subcarriers.
When a group is filled, the remaining users will be allocated
to other groups, even though their best subcarriers may lie in
this group. Thus these remaining users could be allocated
with poorer subcarriers, and this requires a larger
transmission power. As the number of users increases, the
groups will be filled more quickly and hence this situation
occurs more often. Therefore the total system transmission
power will be significantly increased.

To overcome this problem, we propose a second suboptimal
algorithm (Fairness B) that considers the amount of channel
variation over the entire bandwidth. Consider a scenario
where two users have their best subcarriers in the same
group, but there is only one resource unit left in that group.
User 1 has a larger but relatively flat channel gain over the
entire bandwidth, while User 2 has a smaller gain but with
larger channel variation. The Fairness A algorithm will
assign User 1 to this group due to its larger gain. User 2 will
then be allocated to another group, which might have a much
lower channel gain due to the large channel variation. On the
contrary if User 2 was allocated to this group, User 1 will be
allocated to another group having a similarly large channel
gain due to its relatively flat channel response. Hence, both
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users will be allocated to good channels, and the total
transmission power can be significantly reduced.

Therefore it is important to group users with large channel
variation first, such that their best subcarriers are used. Users
with flatter channel responses should be allocated later as the
difference between the subcarriers is not significant. The
proposed Fairness B algorithm measures channel variation
by the standard deviation of the channel related factor �vg

nu
for each user, and is detailed below.

Step 1: Same as Steps 1 and 2 in Greedy algorithm.
Step 2: For each user, calculate the standard deviation of �vg

nu
over the G groups. Rank the users in a descending order
of this standard deviation.
Step 3: Follow the ranking order to allocate the next user to
the group with its lowest �vg

nu
. Remove this allocated user

from the ranking list.
Step 4: Repeat Step 3 until each user is assigned one resource
unit. If a group is filled, no more users can be assigned to that
group.
Step 5: Same as Step 5 in Greedy algorithm.

5 Simulation results and discussions

In this section, the performances of the proposed algorithms
are evaluated through Monte-Carlo simulations. Consider a
single-input single-output MC-CDMA system and a 2 × 1
and 2 × 2 antenna configuration for the STBC MC-CDMA
system in a single macrocell environment. The users are
uniformly distributed over a 2 km × 2 km square with the
base station located at the centre of the cell. The detailed
cell parameters are given in Table 1. Each spreading
sequence in the system is assumed to comprise eight chips
(K ¼ 8) and Walsh–Hadamard spreading sequences are
used for each user. The finite Fourier transform size is
considered to be the same as the number of subcarriers and
is set to be 64 (Ns ¼ 64). Thus the available bandwidth is
divided into eight groups (G ¼ 8), each consisting of eight
users (U ¼ 8) and eight subcarriers. The channel is
assumed to be a typical urban area propagation model
specified in [20], with six taps and the parameters are listed
in Table 2. It is also assumed that the maximum delay
spread is shorter than the duration of the cyclic prefix.
Hence, inter-state interference is avoided and each chip

Table 1 System and cell parameters

Cell parameters

structure 2 km × 2 km square

Tx antenna height 35 m

Rx antenna height 1.8 m

Tx antenna gain 13 dBi

Rx antenna gain 0 dBi

carrier frequency 1.9 GHz

total bandwidth 5 MHz

noise spectral density 2174 dBm/Hz

Rx noise figure 5 dB

shadowing standard deviation 6

Table 2 Relative powers of delay profile [20]

delay, ms 0.0 0.2 0.6 1.6 2.4 5.0

relative power, dB 23.0 0.0 22.0 26.0 28.0 210.0
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experiences flat fading. Furthermore, the channel path loss is
calculated using the COST231 metropolitan city model [21].

The aim in this work is to show the energy efficiency of the
proposed schemes. For this reason the ECR and the ECG are
chosen to be the performance measures. ECR is defined as the
ratio of the total consumed energy that is dissipated in the
macrocell network over the maximum data throughput (PM/
RT) and is measured in Joules per bit. This performance
measure is important as it shows how much power should
be invested in the system per information bit. ECG is the
ratio between the total energy consumed by the baseline
system divided by the energy consumed by the system
under test (Pb/Pt). We consider the power consumption
model of a macrocell from [22] as PM ¼ aPT + Pfixed where
PT represents the total transmit power of the system.
According to this model, a ¼ 3.8 and denotes a scaling
factor of the average radiated power due to amplifier and
feeder losses as well as cooling of sites. Furthermore,
Pfixed ¼ 68.8 W and models fixed site power which is
consumed independently of the average transmit power due
to signal processing, battery backup, as well as site cooling.
Another performance measure to illustrate power
minimisation is chosen to be the total transmit power over
the noise level (PT/N0) in dB.

Fig. 1 demonstrates the PT/N0 with respect to different
number of users for our proposed algorithms and the
random user grouping algorithm in MC-CDMA systems.
For these results we assume a target BER value of 1024

(BER = 10−4).
The results show that Fairness A and B algorithms

significantly outperform the random allocation algorithm.
Further power reduction can be obtained when the Greedy
algorithm is performed. Hence when there is no fairness
requirement in the user selection process, more power can
be saved since we only assign subcarriers to the stronger
users. However, weaker users in the system will not be able
to send their data. Furthermore, the results for Greedy
algorithm depict that the total transmitted power decreases
as the number of users increases. This is because with more
users in the system, there will be higher multiuser diversity.

Fig. 1 Total system transmitted power for different number of
users
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Thus, it is more likely to assign users onto better
subcarriers and hence the total power becomes smaller.

When the total number of users increases towards the total
number of subcarriers, a significant increase in power
consumption is observed for Fairness A algorithm. As
explained in the previous section, the assignment of weaker
users into groups with deep faded subcarriers increases the
total power consumption. With the use of Fairness B
algorithm, the increase in power is avoided. This is because
Fairness B first allocates the users with higher standard
deviation with respect to �vg

nu
, that is, the users with larger

channel variation. Hence these users are allocated to the
group where they will require less power. Users with lower
channel variation are subsequently assigned, which do not
require significantly different transmission power. The
results validated the proposed approach for Fairness B
algorithm.

In Fig. 2, we evaluate the total transmitted power ratio for
our proposed algorithms with respect to different target BER
values. We also compare our results with the random user
grouping algorithm. For these results we assume a full load
system of Nu ¼ 64. It can be observed that at a target BER
of 1024, Fairness A can save 9 dB of transmission power in
comparison to the random allocation. A further 4 dB of
power reduction can be obtained when Fairness B is
utilised. Further observations show that if no fairness
constraint is considered and the Greedy algorithm is used, a
4 dB decrement in power is achieved in comparison to the
Fairness B algorithm. Thus, the Fairness B algorithm
achieves good performance even though the fairness
criterion is considered.

The proposed algorithms are also compared with respect to
the ECR for different BER values and the results are
presented in Fig. 3. The total transmitted power in the
proposed algorithms is minimised under an equal target
BER for each user. Thus, the instantaneous signal to noise
ratio for each user is identical and hence the spectral
efficiency for each user is the same. Considering a system
with 64 users, observations at a BER of 1024 illustrate that
the Fairness A algorithm outperforms the random
allocation. When Fairness B is considered, less energy per
bit is required in comparison with Fairness A. Furthermore,
more reduction in energy per bit is observed when the
Greedy algorithm is used. Thus, the proposed algorithms
are more energy efficient than the random allocation
algorithm.

Fig. 2 Total system transmitted power against different target
BERs
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Fig. 4 demonstrates the PT/N0 with respect to different
number of users when the proposed algorithms and the
random user grouping algorithm are applied in STBC MC-
CDMA systems. The results show that when multiple
transmit and multiple receive antennas are applied in MC-
CDMA systems, the use of STBC can exploit spatial
diversity to significantly reduce power consumption and
increase energy efficiency in the system. Further
observations show that Fairness A and B algorithms
outperform the random allocation algorithm. Also, when the
Greedy algorithm is performed, further power reduction can
be obtained. Similar to the MC-CDMA system, the results
for Greedy algorithm depict that the total transmitted power
decreases as the number of users increases.

When the number of receive antennas increases to 2,
a decrease in power consumption is observed for all the
algorithms. This is because with more receiving antennas
there will be higher spatial diversity. Thus �vg

nu
in (23) gets

smaller and the total power consumption is decreased.
In Fig. 5, we evaluate the total transmitted power ratio for

our proposed algorithms with respect to different target BER

Fig. 4 Total system transmitted power for different number of
users

Fig. 3 ECR against different target BERs
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values. We also compare our results with the random user
grouping algorithm. For these results we assume a full load
system of Nu ¼ 64. It can be observed that at a target BER
of 1024 and when Nr ¼ 1, Fairness A can save 3 dB of
transmission power in comparison to the random allocation.
A further 0.5 dB of power reduction can be obtained when
Fairness B is utilised. Further observations show that if no
fairness constraint is considered and the Greedy algorithm
is used, a 2 dB decrement in power is achieved in
comparison to the Fairness B algorithm. It has to be noticed
that as the number of receive antennas increases the power
reduction between the different algorithms decreases.

To compare the energy saving of the proposed STBC
MC-CDMA user grouping algorithms over the random
allocation algorithm, we evaluate the ECG as shown in
Fig. 6. It must be noted that the larger the ECG, the more
energy efficient the system under test becomes. From the
results, it is evident that Fairness A and B provide more
energy efficiency than the random allocation. Further ECG
is produced by the Greedy algorithm when the fairness
criterion is not required.

When the number of receive antennas increases to 2, a
decrease on EGC is produced for all the algorithms. This

Fig. 5 Total system transmitted power against different target
BERs

Fig. 6 ECG for different number of users
IET Commun., 2011, Vol. 5, Iss. 18, pp. 2640–2647
doi: 10.1049/iet-com.2011.0116



www.ietdl.org
happens because with more receiving antennas there is higher
spatial diversity which allows the random allocation
algorithm to save more power compared to the power saved
by the other algorithms. For this reason the EGC of the
other algorithms over the random allocation becomes lower.

6 Conclusion

In this paper, energy efficient and low complexity user
grouping algorithms are proposed for grouped MC-CDMA
and STBC MC-CDMA systems. The optimal solution for
minimising the total transmitted power with respect to a
target BER is proposed when no fairness requirement on
the data rate is needed. When a fairness requirement is
considered in the user grouping process, we propose two
suboptimal algorithms for the optimisation problem. The
first algorithm is a simple approach based on the subcarrier
channel gains, while the second algorithm is based on the
channel variation. Simulation results justify that our
proposed algorithms provide a significant reduction in
power consumption when compared with the random user
allocation algorithm.
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