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Abstract

In this paper, subcarrier and power allocation problems for multiuser downlink MIMO–OFDMA of the FuTURE B3G TDD system
are investigated. For the reciprocity of the TDD channel, the channel state information can be employed at the transmitter, thus eigen
beamforming can be implemented efficiently. With the goal of minimizing the total transmit power under the condition that the QoS
requirement of each user can be guaranteed, a novel dynamic resource allocation scheme is proposed to exploit the multiuser diversity
gain. The proposed algorithm involves adaptive subcarrier allocation, adaptive modulation and eigen beamforming and achieves signif-
icant improvement in overall system performance. Based on the proposed scheme, a modified bit and power allocation is developed. The
modified scheme reduces the computational complexity at little expense of system performance. Numerical simulations show that the
proposed algorithm and the modified scheme can decrease the total transmit power effectively.
� 2009 National Natural Science Foundation of China and Chinese Academy of Sciences. Published by Elsevier Limited and Science in
China Press. All rights reserved.
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1. Introduction

Future wireless communications are expected to provide
high data rates and diverse QoS with limited radio
resources and harsh wireless channel conditions. The
requirements promote development of dynamic resource
allocation which achieves higher resource utilization and
better QoS [1]. Dynamic resource allocation assigns subcar-
riers and bits dynamically for different users according to
their instantaneous channel state information (CSI). It will
become one of the most promising techniques in future
wireless communication systems, as the subscriber popula-
tion and service demands continue expanding.

OFDMA is an emerging multiple access technology that
converts a frequency-selective fading channel into several

flat-fading subchannels for mitigating the effects of inter-
symbol interference. In the multiuser OFDMA system, dif-
ferent users experience different fading at a particular
instance of time; thus, multiuser diversity can be exploited
by scheduling the data subcarriers to the users depending
on the users’ channel conditions [2]. Multiuser diversity
combined with dynamic resource allocation plays a very
important role in enhancing system performance of
OFDMA systems, even in the case where hard fairness
among users is required [3,4].

MIMO systems motivated by the pioneering work of Tel-
atar [5] and Foschini [6] have attracted significant attention
recently in wireless communications [7]. MIMO systems pro-
vide enhanced performance improvements in terms of diver-
sity and data rate without increasing the transmit power or
bandwidth. A great deal of research work has been devoted
to the area of combining MIMO with OFDM systems. In
this way, the wideband frequency-selective MIMO channel
can be separated into many flat-fading MIMO channels.
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Such systems combine the advantages of MIMO and
OFDM, and provide increased data rate and robustness
against channel delay spread.

In Refs. [8,9], the multiuser subcarrier and bit assign-
ment problems have been extended to eigen beamforming
based MIMO–OFDMA systems. By exploiting the instan-
taneous CSI at the transmitter, eigen beamforming con-
verts a flat MIMO channel into a bank of scalar channels
without crosstalk from one scalar channel to the other.
The results have shown that the subcarrier and bit alloca-
tion achieved significant reduction in total transmit power.
However, the subcarrier and bit allocation considered only
the largest one or two spatial subchannels but neglected the
other spatial subchannels. They could not efficiently utilize
the available spatial degrees of freedom. In fact, more eigen
subchannels can be exploited to transmit data.

In this paper, subcarrier and bit allocation is investi-
gated for downlink MIMO–OFDMA of B3G TDD sys-
tems. For the reciprocity of the TDD channel, the CSI
can be employed at the transmitter; thus eigen beamform-
ing can be implemented efficiently. In order to efficiently
utilize the spatial resources, the proposed algorithm
extends the data transmission to all the non-zero spatial
subchannels. With the goal of minimizing the total trans-
mit power under the condition that users’ fairness and
QoS requirements are guaranteed, a novel subcarrier
assignment scheme is proposed. The subcarriers are
assigned according to the instantaneous characteristics of
all the spatial subchannels on each subcarrier. Based on
the subcarrier assignment, a novel metric for subcarrier
and bit allocation is proposed. The proposed algorithm
not only satisfies all users’ QoS requirements and fairness,
but also achieves more multiuser diversity. In order to
reduce the computational complexity, a modified bit and
power allocation scheme is proposed. The modified scheme
divides the spatial subchannels of each user into groups,
and the same modulation and coding are used within each
group. It significantly reduces the computational complex-
ity at little expense of the system performance.

The rest of the paper is organized as follows. The system
model of downlink MIMO–OFDMA is described in Sec-
tion 2. A novel dynamic subcarrier and bit allocation algo-
rithm and its modified scheme are proposed in Section 3.
The simulation results are presented and analyzed in Sec-
tion 4. Finally, conclusions are drawn in Section 5.

2. System model

The downlink MIMO–OFDMA system model is pre-
sented in Fig. 1, equipped with N subcarriers, MT transmit
antennas at the base station, and MR receive antennas for
each of the K users who is served by the base station (BS).
The CSI is assumed to be known perfectly at the receiver
and transmitter, and the channel changes little during the
transmission. At the transmitter, all users’ packets are sent
to the subcarrier allocation module, which allocates different
subcarriers to different users according to the algorithm pro-

posed in this paper. After the power and bits are allocated to
different subcarriers according to the algorithm proposed
here, the information bits are mapped into every eigen sub-
channel obtained by the singular value decomposition
(SVD)-based eigen beamforming done on every subcarrier.
Then, the symbols are sent to the IFFT module to perform
OFDM modulation for every transmit antenna. After IFFT
processing, cyclic prefix (CP) is added to every OFDM sym-
bol. Finally, the OFDM symbol is transmitted from every
antenna. At the receiver, the decoupling operation is per-
formed to decode the information bits for each user.

The channel gain matrix experienced in subcarrier n of
user k is denoted as Hk,n. Its SVD can be presented as

Hk;n ¼ Uk;nSk;nVH
k;n ¼

XM

i¼1

ui
k;nsi

k;nðvi
k;nÞ

H ð1Þ
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MR
k;n � and Vk;n ¼ ½v1

k;n; v
2
k;n; . . . ; vMT

k;n �
are the singular vectors, Sk,n is a matrix with all singular val-
ues of Hk,n as the diagonal elements, and M = rank(Hk,n) is
the rank of Hk,n. Let dj denote the transmit symbol of the
jth stream on subcarrier n and pj denote the amount of trans-
mit power allocated to dj. Then, by precoding at the transmit-
ter, the data received by the MR receive antennas are given by

rk;n ¼ ½r1; r2; . . . ; rMR �
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where n is the noise vector with i.i.d. complex Gaussian en-
tries, each having variance r2.
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rk,n with singular vector ðuj
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Fig. 1. The system model of MIMO–OFDMA.
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It can be seen that by precoding the transmit symbol vector
at the transmit antennas with the singular vector Vk,n and
by decoding the receive symbol vector at the receiver using
singular vector Uk,n, up to M parallel SISO channels are
constructed. Among the different eigen subchannels, no
crosstalk happens when the CSI is known perfectly at the
transmitter and receiver. In this paper, only the low mobile
speed case is considered. The CSI is assumed to be known
perfectly at the receiver and transmitter, and the channel
changes little during the transmission.

3. Dynamic resource allocation schemes

In this section, a dynamic subcarrier and bit allocation
strategy is presented for downlink MIMO–OFDMA sys-
tems, and then a modified bit and power algorithm is
shown. At the BS, the packets from different users are buf-
fered in separate queues, which are assumed to have infinite
lengths. Within one queue, packets are served in a first-in
first-out (FIFO) order. Across the queues, packets are
served according to the proposed resource allocation
discipline.

3.1. Multiuser subcarrier allocation criterion

In multicarrier systems, minimizing the total transmit
power is equivalent to minimizing the power required on
each subcarrier. First, we investigate the optimization
problem of the single subcarrier MIMO system. Then, we
derive the optimal criterion of subcarrier allocation in mul-
tiuser scenarios. To avoid severe co-channel interference
(CCI), a subcarrier can be occupied by at most one user;
so, the system can be viewed as a single user system on each
subcarrier. Assuming that subcarrier n is allocated to user
k, with channel matrix Hk,n, the number of spatial subchan-
nels M, the number of bits allocated to the ith spatial sub-
channel bi

k;n with transmit power P i
k;n, and objective bit

error rate BERtarget, the optimization problem of spatial
subchannels over one subcarrier can be formulated as

min
XM

i¼1

P i
k;n ð4Þ

subject to

XM

i¼1

bi
k;n ¼ Rk;n

BERi
k;n ¼ BERtarget

M ¼ rankðH k;nÞ

ð5Þ

The greedy water-filling approach is the optimal solution to
the optimization problem described above [10]. The ap-
proach assigns one bit to the subchannels at a time, and
in each assignment, the subchannel that requires the least
additional power is selected. The bit allocation process will
not be completed until all Rk,n bits are assigned. We con-
sider a system that employs M-ary quadrature amplitude
modulation (MQAM). Given that the required BER of

user k is BERk, the required receive power for transmitting
r bits/symbol reliably at the given BERk with unity channel
gain is [11]

fkðrÞ ¼
N 0

3
Q�1 BERk

4

� �� �2

� ð2r � 1Þ ð6Þ

where Q�1(x) is the inverse function of

QðxÞ ¼ 1ffiffiffiffiffiffi
2p
p

Z 1

x
e�

t2
2 dt

In order to maintain the required QoS (e.g. BER), the
transmit power to transmit bi

k;n data bit on the ith eigen
subchannel over the nth subcarrier is given by

P i
k;n ¼

fkðbi
k;nÞ

ðsi
k;nÞ

2
ð7Þ

We define DP i
k;n as the additional power to increment one

more bit on the ith spatial subchannel over the nth subcar-
rier of user k.

DP i
k;n ¼

fkðbi
k;n þ 1Þ � fkðbi

k;nÞ
ðsi

k;nÞ
2

ð8Þ

The basic procedures of the greedy water-filling algorithm
can be described as follows:

Initialization:

For all i; set bi
k;n ¼ 0 and DP i

k;n ¼
fkð1Þ � fkð0Þ
ðsi

k;nÞ
2

Bit assignment iterations:

Repeat the following Rk,n times:
î ¼ arg min

i2f1;...;Mg
DP i

k;n

bî
k;n ¼ bî

k;n þ 1

DP î
k;n ¼

fkðbî
k;nþ1Þ�fkðbî

k;nÞ
ðsî

k;nÞ
2

End;
Finish:

fbi
k;ng

M
i¼1 is the final optimal bit allocation on all spatial sub-

channels of the nth subcarrier.
According to the optimal bit allocation result, the corre-

sponding minimum transmit power Jk,n for user k on sub-
carrier n is calculated by

J k;n ¼ min
XM

i¼1

P i
k;n ¼

XM

i¼1

fkðbi
k;nÞ

ðsi
k;nÞ

2
ð9Þ

Taking multiuser scenarios into consideration and
assuming that the required data rate of each user is identi-
cal (e.g. R), the required minimum transmit power for each
user to transmit R bits can be calculated by Eq. (9). In
order to minimize the total transmit power of the whole
system, a specified subcarrier n should be allocated to user
k whose required transmit power is minimum over subcar-
rier n. Therefore, the criterion of multiuser subcarrier
assignment is

k ¼ arg min
i;i2f1;...;Kg

ðJ i;nÞ ð10Þ
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3.2. The proposed subcarrier and bit allocation

Let qk,n be the subcarrier allocation indicator; qk,n = 1
implies that subcarrier n is assigned to user k; otherwise,
qk,n = 0. The optimization problem of multiuser dynamic
resource allocation becomes

P T ¼ min
XN

n¼1

XK

k¼1

qk;nJ k;n ð11Þ

subject to

XK

k¼1

qk;n ¼ 1

XN

n¼1

qk;nRk;n ¼ Rk

BERk ¼ BERtarget

ð12Þ

The optimization problem mentioned above can be
implemented in three steps. The first step is to determine
the number of subcarriers Nk required by each user k.
The second step is to assign the specified subcarriers to
each user according to the proposed subcarrier assignment
approach. The last step is to allocate bits and power to all
eigen subchannels. The detailed procedures are described
as follows:

Step 1: The number of subcarriers Nk for user k is deter-
mined. In order to maintain the fairness among different
users, the following Eq. (13) is used to initially assign the
number of subcarriers for each user.

Nk ¼
Rk

Raver

� �
; k ¼ 1; 2; . . . ;K ð13Þ

where Raver ¼ 1
N

PK
k¼1Rk denotes the average number of bits

assigned to each subcarrier, when all users’ minimum data
rates are satisfied.

Step 2: Allocate the Nk specified subcarrier for each user
k. Assuming that the data rate Rk,n, k = 1, . . . , K on each
subcarrier n is constant, Jk,n, k = 1, . . . , K can be easily cal-
culated according to (9). The specified subcarrier n is
assigned to user k according to the following equation:

qk;n ¼
1; k ¼ arg minðJ i;nÞ

i;i2f1;...;Kg

0; otherwise

8
<

: ð14Þ

The remaining subcarriers are assigned to users one by one
in the same way until each user k obtains Nk subcarriers.

Step 3: After all the subcarriers are assigned to the users,
the greedy algorithm is used to allocate bits and power on
the eigen subchannels for each user.

3.3. The modified bit and power allocation

In this subsection, we consider only the bit and power
allocation and present a modified scheme for bit and power
allocation which significantly reduces the computational
complexity at little expense of system performance.

As a large number of subcarriers (e.g. 2048) are usually
used in MIMO–OFDMA systems, a user will get a large
number of subcarriers for high-rate applications. The com-
putational complexity of the proposed subcarrier and bit
allocation is prohibitive at the transmitter. In order to
reduce the computational complexity, the set of available
eigen subchannels for each user can be divided into M

groups, with the first group containing the best spatial sub-
channel on each subcarrier and the second group contain-
ing the second best spatial subchannels; the remaining
groups can be obtained in a similar way. Taking user k

as an example, the concrete grouping process is described
in detail as follows:

Assuming that user k is allocated Nk subcarriers, the
spatial subchannel matrix of user k on Nk subcarriers can
be represented as

Hk ¼

s1
k;1 s1

k;2 � � � s1
k;Nk

s2
k;1 s2

k;2 � � � s2
k;Nk

..

. ..
. ..

. ..
.

sM
k;1 sM

k;2 � � � sM
k;Nk

2

666664

3

777775
ð15Þ

where s1
k;n P s2

k;n P � � �P sM
k;n.

We divide spatial subchannels into M groups:

G1 ¼ fs1
k;1; s

1
k;2; . . . ; s1

k;Nk
g

G2 ¼ fs2
k;1; s

2
k;2; . . . ; s2

k;Nk
g

..

.

GM ¼ fsM
k;1; s

M
k;2; . . . ; sM

k;Nk
g

ð16Þ

The average CSI within each group is used to replace the
CSI of each spatial subchannel within a group and can be
calculated by

chGm ¼
XNk

i¼1

ðsm
k;iÞ

2

" #,
N k ð17Þ

With the CSI, data bits for different users can be allo-
cated to their spatial subchannels based on groups using
the above-mentioned greedy algorithm. Within each group,
the same modulation and coding for different spatial sub-
channels are used. The channel gain of each spatial sub-
channel within a group is equal to the average gain of all
the spatial subchannels in the group. Then, bit and power
allocation is implemented by the greedy algorithm based
on groups. That is, we can adaptively allocate bit and
power between M clusters similar to the subbands in the
OFDM systems mentioned in [12].

Assuming that user k obtains Nk subcarriers and there
are M parallel SISO channels on each subcarrier, we only
need to allocate Rk bits between M groups, calculate the
additional power M times and perform M � 1 comparisons
for assigning one bit. However, for the scheme proposed in
Section 3.2, we need to calculate the additional power NkM
times and perform NkM � 1 comparisons for assigning one
bit. So the computational complexity of the modified
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scheme is significantly decreased, especially when the num-
ber of subcarriers assigned to a user is very large. We con-
clude this subsection by pointing out that the advantage of
the proposed approach is obtained at the expense of a
slight decrease in system performance.

4. Simulation results

In this section, we present some simulation results and
comparisons that demonstrate the potential of our pro-
posed schemes. We consider only the subcarrier and bit
allocation for MIMO–OFDMA systems in a single-cell sce-
nario. Inter-cell interference is not considered. The system
parameters are shown in Table 1. These parameters are
chosen for the purpose of demonstrating the numerical
results only.

We simulate four MIMO–OFDM resource allocation
schemes, namely, fixed subcarrier allocation (FSA),
dynamic subcarrier allocation with only the best eigen sub-
channels used (DSA-BES), proposed algorithm (PA) and
modified algorithm (MA).

Figs. 2 and 3 show the performance of the four resource
allocation schemes versus the number of users with two
receive antennas and four transmit antennas. It can be seen
from Figs. 2 and 3 that the proposed scheme achieves the
best performance, especially when the number of users is
large. The reason is that it not only employs dynamic

resource allocation, but also exploits all the spatial sub-
channels which result in the increase in multiuser diversity.
It can also be seen that the modified scheme is a little worse
than the proposed scheme. The reason is that the MA does
not use the multiuser diversity efficiently because of the
grouping mechanism of spatial subchannels.

Fig. 4 shows the performance comparisons of the PA
and the FSA scheme with two and four receive antennas,
respectively. Simulation results demonstrate that the
required transmit power is decreased as the number of
receive antennas is increased, and the relative gain of each
scheme is increased as the number of users is increased.
This is because the increase in the spatial resources brings
more performance gain and multiuser diversity gain.

Fig. 5 and 6 show the total transmit power of the PA
and the MA, respectively, versus the number of users with
different BERs. From Figs. 5 and 6, it can be seen that the
required total transmit power is decreasing with the
increase in the BER constraint; moreover, as the exponent
of the BER increases, the relative increment of total trans-
mit power required decreases gradually.

The required CPU runtime of the PA and the MA for
executing an assignment process versus the number of users
with four transmit antennas and two receive antennas is
shown in Fig. 7. According to the results, the runtime

Fig. 2. Total transmit power versus the number of users for different
algorithms.

Fig. 3. Performance comparisons of different algorithms versus the
number of bits transmitted for a user in each OFDM symbol with 24 users.

Fig. 4. Performance of the proposed algorithm with different receive
antennas.

Table 1
Simulation parameters.

Parameters Value

Carrier frequency 2 GHz
System bandwidth 2.5 MHz
Number of data subcarriers 128
Cell radius 1 km
User distribution Uniform
Number of users 2–24
Number of transmit bits for each user 48
Required BER of each user 10�3

Number of transmit antennas 4
Number of receive antennas 2, 4
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required by the MA is much less than the PA. This proves
that the computational complexity of the MA is signifi-
cantly reduced.

5. Conclusions

The problems of resource allocation are considered for
multiuser downlink MIMO–OFDM TDD systems. A

novel dynamic resource allocation scheme is proposed.
The proposed algorithm minimizes the required total trans-
mit power under the condition that the fairness and the
QoS requirements (i.e. user data rate and BER require-
ments) are guaranteed. In the novel scheme, a new dynamic
subcarrier assignment approach based on CSI is proposed.
The new scheme exploits all the eigen subchannels and allo-
cates the bits to all the eigen subchannels of one user simul-
taneously, which can provide more multiuser diversity. In
order to reduce the computational complexity, a modified
bit and power allocation algorithm is proposed. The mod-
ified algorithm significantly reduces the computational
complexity at little expense of the system performance.
Simulation results demonstrate that the proposed and
modified algorithms minimize the required total transmit
power under the condition that the fairness and QoS
requirements are guaranteed.
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