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Abstract: The joint channel and power allocation in the downlink
transmission of multi-user multi-carrier code division multiple
access( MC-CDMA) systems are investigated and the throughput
maximization problem is considered as a mixed integer
optimization problem. For simplicity of analysis, the problem is
divided into two less complex sub-problems: power allocation and
channel allocation, which can be solved by a suboptimal adaptive
power allocation ( APA) algorithm and an optimal adaptive
channel allocation ( ACA) algorithm, respectively. By combining
APA and ACA algorithms, an adaptive channel and power
allocation scheme is proposed. The numerical results show that
the proposed APA algorithm is more suitable for MC-CDMA
systems than the conventional equal power allocation algorithm,
and that the proposed channel and power allocation scheme can
significantly improve the system throughput performance.
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ode division multiple access( CDMA) has been adopted
C as the major multiple access technique in third-genera-
tion ( 3G) communication systems. Meanwhile, in a wide
bandwidth channel, multi-carrier transmission has become
popular'''. Many researchers have tried to combine CDMA
and multi-carrier techniques and proposed multi-carrier CD-
MA(MC-CDMA) to exploit the benefits of the two tech-
niques' ™ . Therefore, MC-CDMA has become a hot research
topic in recent years.

In multi-user MC-CDMA systems, channel fading differs
at different sub-carriers or different users. This feature moti-
vates researchers to investigate an adaptive channel alloca-
tion( ACA) . Obviously, ACA can exploit multi-user diversi-
ty to significantly improve system performance. In Ref. [4],
an ACA scheme was proposed for the downlink of the multi-
user MC-CDMA system. However, in this conventional e-
qual power allocation( EPA) algorithm, the transmit power is
equally distributed to all sub-carriers without optimization.
Thus, such EPA is inefficient. To improve the efficiency of
power allocation, Zhu and Gunawan"' proposed to turn off
deeply-faded sub-carriers and uniformly distribute available
transmit power among remaining sub-carriers to improve bit
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error ratio( BER) performance of MC-CDMA systems with a
maximum-ratio combining( MRC) receiver. However, such a
power allocation algorithm may result in outage (i. e., no
transmission) when all sub-carriers suffer deep fading. In
Ref. [6], Zhu and Bar-Ness further proposed a power alloca-
tion algorithm for MC-CDMA systems with a projection ma-
trix-based receiver. Nevertheless, the algorithm proposed in
Ref. [6] requires the knowledge of all the users’ spreading
codes, which increases the system complexity, especially for
a large number of users and makes the implementation un-
feasible in practical systems. In Ref. [7], Lee and Bar-Ness
proposed a transmission power adaptation algorithm for up-
link MC-CDMA transmissions with the MRC receiver. Un-
like Ref. [ 7], Tan and Bar-Ness proposed an equal BER
power control algorithm for the uplink of MC-CDMA sys-
tems with a minimum mean squared error successive inter-
ference cancellation ( MMSE-SIC) detector® . Furthermore,
Fu and Chen further investigated the sub-carrier and power
allocation in the uplink of MC-CDMA systems with a linear
minimum mean squared error( LMMSE) multi-user detector
and proposed an iterative allocation algorithm''. However,
combining ACA with adaptive power allocation( APA) has
not been discussed in downlink MC-CDMA systems.

In this paper, we present joint channel and power alloca-
tion in order to maximize the total throughput in the down-
link of a multi-user MC-CDMA system under the constraints
of maximum transmit power, code channel( or simply chan-
nel) number and bit-error rate( BER) . Particularly, this prob-
lem can be considered as a mixed integer optimization prob-
lem which has been proved to be nondeterministic polyno-
mial time( NP)-complete without computational efficient al-
gorithms to obtain the optimal solution. So, the problem is
divided into two sub-problems: power allocation and channel
allocation. Since the loss of orthogonality among spreading
codes in frequency selective fading channels will cause seri-
ous inter-channel interferences( ICI), we propose a subopti-
mal APA algorithm which intends to keep the orthogonality
by dynamically allocating transmit power to each sub-carrier
of every channel according to the instantaneous channel state
information ( CSI). In addition, maximum ratio combining
(MRC) and equal gain combining( EGC) are analyzed in the
proposed APA algorithm. On the other hand, if the required
amount of transmit power on every channel has been deter-
mined for all users before the channel allocation, the optimi-
zation problem can be simplified into a channel allocation
problem which can be solved by an optimal ACA algorithm.
By combining the proposed APA and ACA algorithms, we
further propose an adaptive channel and power allocation
scheme for the initial optimization problem.
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1 System Model

Consider the downlink transmission of a synchronous MC-
CDMA system with quadrature phase-shift keying ( QPSK)
modulation, N sub-carriers and K active users. The channel
gain on each sub-carrier is assumed to be Rayleigh fading
and constant for one MC-CDMA block but to vary inde-
pendently from one block to another. In order to exploit fre-
quency diversity, each data symbol modulates a number of
sub-carriers in terms of frequency domain spreading. Since
the spreading factor is L, all sub-carriers are further divided
into M = N/L contiguous groups. Each group has L channels
and the L channels of each group are separated by their spe-
cific spreading codes. Moreover, each group can be allocated
to at most one user. Assume that the perfect CSI from all us-
ers is available at the base station. Using this information,
the adaptive channel and power allocation algorithm assigns
the channels to the users with the best channel conditions,
and determines the transmit power on each channel.

Without loss of generality, we concentrate on the k-th us-
er. At the receiver of the k-th user, the channel allocation in-
formation is used to extract the signals of the desired chan-
nel. After the signal extraction, the output signals are com-
bined at the frequency domain despreader to obtain the sig-
nals of the desired channel. If the number of the k-th user’s
channels on the m-th group is denoted as n’, then after the
frequency domain combining, the decision variable for the
m-th group’s i-th channel data symbols can be obtained as
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where a)’;, , is the k-th user’s frequency domain combining
weight for the signal on the [-th sub-carrier of the m-th
group; hﬁzy, is the k-th user’s channel fading on the /-th sub-
carrier of the m-th group; Pﬁh, is the signal power of one
channel on the I-th sub-carrier of the m-th group; d"' is the
modulated data symbol with unitary power of the i-th chan-
nel on the m-th group; ¢} e {1, —1} is the spreading code on
the /-th sub-carrier of the i-th channel and the variance of
the noise term 77;,1 is N,.

Obviously, the first term on the right-hand side of Eq. (1)
is the desired signal and the second term is the ICI. Thus, af-
ter some simple computations, the received signal power to
interference-plus-noise power ratio ( SINR) of the signal on
the i-th channel of the m-th group, I'’, can be obtained as
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To meet the BER requirement, the SINR of each channel
should be maintained no less than a target threshold vy;
e, =y

It should be noted that the frequency domain combining
weights in Egs. (1)and (2) are different for different combi-
ning schemes; i. e. , w,, , is set to be (A, ) * for the MRC or
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2 Problem Formulation

Our objective is to optimize the channel and power alloca-
tion in order to maximize the throughput under several prac-
tical constraints. In this paper, the throughput maximization
problem can be considered as the following optimization
problem:

max Y Y m, (3)
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where P;*™ is the maximum transmit power, and ¢ (7. ) is
the sign function which is defined as

n' >0
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Note that constraint (3a) imposes the restriction that at
most one user can be allocated to each group simultaneous-
ly. Constraints (3b) and (3c) are the transmit power and the
SINR constraints, respectively. Moreover, constraints (3d)
and (3e) ensure the correct values for the channel number
and the transmit power, respectively.

3 Proposed Adaptive Channel and Power Alloca-
tion Scheme

Obviously, the optimization problem (3) is a mixed inte-
ger programming problem which has been known to be NP-
complete'” . Thus, the initial problem can be divided into
two sub-problems: power allocation and channel allocation.
In the following, the two sub-problems are discussed respec-
tively. Then, an adaptive channel and power allocation
scheme will be presented.

3.1 APA

In this paper, the optimality criterion of power allocation
is to minimize the total transmit power while satisfying the
SINR constraints. Without loss of generality, assuming the
m-th group is assigned to the k-th user, the optimal power al-
location can be obtained by solving the following optimiza-
tion problem:

min ) P’ (5)
i=1
S. t.
ry'=y Vi (5a)
P, =0 Vi (5b)

However, we can find that the optimal solution cannot be
obtained analytically. In addition, the loss of orthogonality
among spreading codes in the frequency selective fading
channels will cause serious ICI. If the ICI can be eliminated
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by maintaining the orthogonality among spreading codes, the
transmit power consumption of each channel will be reduced

significantly. Thus, let the term k! , wm ,/PL, inEq.(2) be
a constant for all sub-carriers, the term of ICI will become
zero and Eq. (2) can be rewritten as

‘zwmlhml Y rnl‘
N 2 ‘wml

Therefore, one channel’s minimum transmit power on the
[-th sub-carrier of the m-th group can be obtained as
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Moreover, for one channel on the m-th group, the required
transmit power is expressed as
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It should be noted that different combining schemes will
lead to different results of power allocations. The corre-
sponding results can be obtained by substituting the value of
!, into Eq. (7) and Eq. (8).

3.2 ACA

If the required amount of transmit power of each channel
has been determined for all users before the channel alloca-
tion, then the constraints (3b), (3¢) and (3d) in the optimi-
zation problem (3)can be substituted by one constraint as

2 zn s, < P 9
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Obviously, the optimization problem (3) can be further
simplified into a channel allocation problem as

maxz an (]0)

m
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subject to the constraints (9), (3a)and (3e).

Without loss of generality, we denote w,, as the user whose
transmit power for one channel on the m-th group is the
minimum among all users. Thus, we have the following
proposition 1.

Proposition 1  There exists one optimal solution to the
optimization problem ( 10) satisfying that each group is as-
signed to the user who requires the minimum transmit power
for one channel of that group; i.e.,for m=1,2, ..., M, the
m-th group is allocated to the u,,-th user.

Proof Assume that one optimal solution of the optimiza-
tion problem (10)is denoted as (n,"), _,, . ,» where 7 is

the user for whom the m-th group is assigned and n" e {0,
M

1, ..., L}. The corresponding objective value is z n;" and

m=1
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solutlon to the optimization problem (10).

After the group assignment, each group is associated with
a transmit power, i. e., for m =1, 2, ..., M, the associated
transmit power of the m-th group is S% . If the associated
transmit powers for all groups is sorted according to the in-
creasing order, we can obtain an order {v(i) },_,, ,, where
v(i) is the group whose associated transmit power is the i-th
minimum among the associated transmit powers of all
groups. Without loss of generality, we denote the associated
transmit power according to the increasing order, i. e., 8%
<S8 L <S
2.

) . Then, we have the following proposition

Proposition 2 Under the constraints of any given maxi-
mum transmit power P7"* and the maximum channel number
of every group L, if the transmit power is not enough to be
allocated to all channels of all groups simultaneously, that is

z LS > Pi™ , then the throughput is maximized by se-

lectmg the groups and allocating channels according to the
increasing order of the associated transmit power; i.e., one
optimal channel allocation for the optimization problem
(10) owns the following form:

L () iciaom = (M,I,W) (11)
where /€ {0,1, ..., L}; a,8e{0,1, M-1})and a +8+

1=M
Proof Assume that the optimal channel allocation owns
the form (11), then the residual transmit power P, can be

obtained as
P, = P} -

2 o S (12)

where m =a + 1. Obviously, for i =1, 2, ...,
transmit power Py is less than S .
Suppose that there exists some channel allocation N =

(R i1 . y» Whose objective Value is greater than the one
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n; =0 where i=m +1,m+2, ..., M and at least one ine-
quality strictly holds. To eliminate the difference between
n,. and 7 , we transfer transmit power (7, — ) Sy

v(m) ‘(m) 4
to the v(i)-th group where ie {m+1,m+2, ..., M}. Since
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where | x | denotes the integer part of x. Since n*" is a

v(t
M

non-negative integer, Eq. (13) leads to a contradiction z e
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M

M
< z o < z s . Thus, N cannot outperform N in
i=1 i=1

case 1.

Case2 (1), 1wt SUG) 215, - and at least
one inequality strictly holds. Assume the k-th inequality
strictly holds, i. e., niy <7, where 1 <k <m. To elimi-
nate the difference between n);; and 7, we transfer trans-

- ) S to the v(i)-th group where i e

3 ZMn
mit power (72, )

{m,m+1, ..., M}. Similar to case 1, we can obtain 7 <
M
ity + ity — nly, which also leads to a contradiction Yy rl;
i=1
M M '
F3kso Mo N i
< Y @y < Y nby . Thus, N cannot outperform N in
i=1 i=1
case 2.

Combining cases 1 and 2, proposition 2 is proved.
According to propositions 1 and 2, an optimal ACA algo-
rithm is proposed as follows:

Initialize P, = P, C = (1,2, ..., M}, n' =0,k =1,2,
..Kand m=1,2,...,M.
For each group m=1,2, ..., M, do % Group Assignment
p,, =arg min {§,}
End For
While C# () do % Channel Allocation
t=arg min {S,"};

P
n :min( LJJ ,L);
S

t

Py =P, —-n" S
C=C\w,):
If /=0
Break the loop;
End If
End While
3.3 ACA

By combining the proposed APA and ACA algorithms, an
adaptive channel and power allocation scheme can be pro-
posed for problem (3). The stepwise procedures are de-
scribed as follows:

Step 1  According to the obtained CSI, for all users, the
required amount of transmit power to be allocated to one
channel of every group S* is determined by Eq. (8).

Step 2 Based on the results obtained in step 1, the chan-
nels are allocated to different users by using the proposed
ACA algorithm described in section 3. 2.

Step 3 The transmit power is allocated to all sub-carriers
of all allocated channels using Eq. (7).

4 Numerical Results

To evaluate the performance of the proposed scheme, two
comparisons are considered in this section. First, the pro-
posed APA algorithm is compared with the conventional
EPA algorithm in terms of BER. Secondly, the proposed
adaptive channel and power allocation scheme is compared
to the static channel allocation ( SCA) algorithm with the
APA algorithm in terms of throughput. Note that with the
SCA algorithm, all groups are equally distributed to all users
and the group assignment cannot be adjusted with the varia-
tions of instantaneous CSI. Two simulation environments are

considered which are shown in Tab. 1. Referring to Ref.
[11], we can obtain the target SINR value for the given
BER requirement.

Tab.1 Simulation parameters

Parameters Environment 1 Environment 2
Bandwidth/MHz 1 100
Sub-carrier number 16 1024
User number 1 8
BER requirement 10 3

Spreading factor 16 8
Multipath delay spread/ s 1
Channel model
Spreading code
Modulation

Uncorrelated Rayleigh fading channel!'?!

OVSF
QPSK

In the first comparison, we adopt environment 1 in the
simulations and define the transmit SNR per channel
(ChSNR) as the ratio of the transmit power per channel to
the noise power. Fig. 1 shows the BER versus the ChSNR
for different combining schemes and power allocation algo-
rithms when all 16 code channels are used for transmitting
data. With the EPA algorithm, the EGC scheme outperforms
the MRC scheme significantly. Meanwhile, since the APA
algorithm maintains frequency-domain orthogonality which
results in the decrease of ICI, the performance of the EGC
scheme has been improved significantly when the EPA algo-
rithm is substituted by the APA algorithm. In addition, the
performance of the MRC scheme has also been improved for
higher ChSNR. Considering that the uncoded BER require-
ment usually ranges from 10 ~* to 10 ~* in real operations, the
APA algorithm is obviously more suitable for the practical
MC-CDMA systems.

101 —o— Proposed scheme, MRC
—+— Proposed scheme, EGC

R

10°3}
—+— SCA with APA, MRC

—a— SCA with APA,EGC

§ 10 12 14 16 18 20
ChSNR/dB

-4
100246

Fig.1 BER versus ChSNR

In the second comparison, environment 2 is applied in the
simulations and the throughputs in bit per MC-CDMA block
are depicted for various scenarios. Here, the maximum trans-
mit power is measured by SNR, = P;"/(N,N). Fig. 2
shows the throughput performance with different values of
maximum transmit power. It can be seen from Fig. 2 that
due to the insufficient use of frequency diversity, the per-
formance obtained by the SCA algorithm with the APA al-
gorithm is lower than that obtained by the proposed channel
and power allocation scheme. Fig. 3 further shows the
throughput performance with different numbers of users. In
Fig. 3, with the increase in the number of users, the through-
put of the proposed channel and power allocation scheme in-
creases as well, while the throughput for the SCA algorithm
with the APA algorithm remains constant. The differences
between the proposed scheme and the SCA algorithm with
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the APA algorithm result from the effects of multi-user di-
versity. In summary, the proposed adaptive channel and
power allocation scheme outperforms the SCA algorithm
with the APA algorithm and can significantly improve sys-
tem performance in throughput.

2 800  —o— Proposed scheme, MRC
2 600 | —— Proposed scheme, EGC
2> 2400 f ——SCA with APA, MRC
'y 2200 r —a— SCA with APA,EGC
22000
= 1800 ¢
2 1600
S 14001
512001
% 1000
= 8004
£ 600
4(x)¢
200
0 1 1 1 1 1 ]

i 6 8 10 12 14 16
SNR;nx/dB
Fig.2 Throughput versus the maximum transmit power

(measured by SNR

[\8]

max )

2400 1_o Proposed scheme, MRC
2200 —+— Proposed scheme, EGC
~ 2000 F—— SCA with APA, MRC
", 1800 | —— SCA with APA, EGC
5
= 1600
F 14001
S 1200
£ 1000 2 A =
E 800
600 + + + + +
400 1 2 4 8 16 g7

Number of users

Fig.3 Throughput versus the number of users
5 Conclusion

This paper studies the problem of joint channel and power
allocation in order to maximize the total throughput in the
downlink multi-user MC-CDMA system under the con-
straints of maximum transmit power, channel number and
BER. The problem is divided into two sub-problems: power
allocation and channel allocation. Furthermore, a suboptimal
APA algorithm and an optimal ACA algorithm are proposed
to solve the two sub-problems, respectively. By combining

the APA and ACA algorithms, an adaptive channel and pow-
er allocation scheme is presented to solve the initial optimi-
zation problem. The numerical results show that the pro-
posed APA algorithm is more suitable for MC-CDMA sys-
tems and the proposed channel and power allocation scheme
can significantly improve the throughput performance.
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