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a b s t r a c t

Diversity and multiplexing can relax the throughput limitations caused by the interference and the fre-
quency-selective fading channel, respectively. An algorithm that uses the throughput as the selection cri-
terion for switching between diversity and multiplexing is thus proposed in this paper. Owing to the
throughput-based switching, the proposed algorithm can always get the largest throughput between
diversity and multiplexing. In addition, the power control procedures for diversity and multiplexing
are also proposed to further enhance the throughput.

� 2008 Elsevier B.V. All rights reserved.

1. Introduction

There are two popular approaches for improving quality, capac-
ity and reliability in multiple-input multiple-output (MIMO) sys-
tems: diversity and (spatial) multiplexing. For diversity, the same
information is transmitted over multiple antenna elements, and
then the received signals on all antenna elements are combined
to increase the signal-to-interference-and-noise ratio (SINR), while
for multiplexing, the data stream is divided into multiple sub-
streams, and each substream is transmitted and received over a
different antenna element to increase the capacity. It is clear that
there is a tradeoff between diversity and multiplexing in MIMO
systems [1–3]. To improve the performance, a switching mecha-
nism, where either diversity or multiplexing is chosen based on
the instantaneous channel state, was proposed in [4].

The work in [4] considers only the noise and the frequency-flat
channel. However, the interference and the frequency-selective
fading channel are inevitable in real wireless networks, and they
will both limit the transmission rate. Diversity and multiplexing
can relax the limitations caused by the interference and the fre-
quency-selective fading channel, respectively. We can use diversity
to minimize the interference so that the transmission rate can be
increased. Also, we can use multiplexing to make each substream
transmitted within the coherence bandwidth (a result of the fre-
quency-selective fading channel) so that the overall transmission
rate can be several times the transmission rate of each substream.

In real applications, the interference and the channel condition
are random and unknown to the users, so it is hard for the users to
known whether diversity or multiplexing can give the largest
throughput. To solve this problem, we propose in this paper an
algorithm that evaluates the throughput on the basis of the SINR
measurements and uses the evaluated throughput as the selection
criterion for switching between diversity and multiplexing. Owing
to this throughput-based switching, the proposed algorithm can al-
ways get the largest throughput between diversity and multiplex-
ing. To further enhance the performance, we also propose the
power control procedures that are executed for diversity and mul-
tiplexing after the switching is completed. Simulation results show
that the power control can effectively increase the throughput.

2. System model and throughput evaluation

We consider the reverse link of a wireless network and assume
there are N active base stations in the network with Ki users con-
nected to base station i, 1 6 i 6 N. Notice that Ki is constant during
the operation of the proposed algorithm and all users use the same
frequency band with bandwidth fw. The transmitter and the recei-
ver are assumed to have Mt and Mr antenna elements, respectively,
and the pair (i, k) is used to denote the kth user connected to the ith
base station. Consider user (i, k). Let Pik represent its transmitting
power and assume that each transmitting antenna element of it
has the same transmitting power share Pik/Mt, also, let ŵj

ik and
wj

ik denote its transmitter weight and receiver weight on the jth an-
tenna element, respectively. In addition, we let xj

i represent the to-
tal received signal at the jth antenna element of the ith base
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station. On the basis of the above system model, we will evaluate
the throughput for the diversity mode and the multiplexing mode
in the following derivations.

We first evaluate the throughput for the diversity mode, in which
the same information of each user is transmitted over all Mt antenna
elements and the received signals on all Mr antenna elements are
combined. The output of the combiner for user (i, k) is given by

yik ¼
XMr

j¼1

ðwj
ikÞ
�xj

i: ð1Þ

Note that

xj
i ¼

XN

n¼1

XKn

l¼1

XMt

u¼1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pnl=Mt

p
ðŵu

nlÞ
�auj
ðn;lÞisnl þ nj

i; ð2Þ

where snl represents the message signal for user (n, l), auj
ðn;lÞi denotes

the array gain between the uth antenna element of user (n, l) and
the jth antenna element of base station i, and nj

i denotes the noise
at the jth antenna element of the ith base station. Furthermore,
the received signal of user (i, k) at the jth antenna element is de-
noted by dj

ik, which can be expressed as

dj
ik ¼

XMt

u¼1

ffiffiffiffiffiffiffiffiffiffiffiffi
P=ikMt

q
ðŵu

ikÞ
�auj
ði;kÞisik: ð3Þ

Let rik represent the transmitting rate for user (i, k), the received
SINR (per bit) for user (i, k) is given by

Eik �
Eb

I0

� �
ik

¼ EðwH
ikdikdH

ikwikÞ=rik

½EðwH
ikxixH

i wikÞ � EðwH
ikdikdH

ikwikÞ�=fw

¼ wH
ikXikwik

wH
ikUiwik �wH

ikXikwik

fw

rik
; ð4Þ

where wik :¼ ðwj
ikÞMr�1, ŵik :¼ ðŵu

ikÞMt�1, x:¼
i ðx

j
iÞMr�1, dik :¼ ðdj

ikÞMr�1,
Ui ¼ EðxixH

i Þ and Xik ¼ EðdikdH
ikÞ. Note that Ui and Xik are the corre-

lation matrixes for the total received signal and the received signal
of interest, respectively. Assume the message signals are uncorre-
lated with zero mean and E(jsikj2) = 1, then we have

Xik ¼ Pikaði;kÞiaH
ði;kÞi ð5Þ

and

Ui ¼
X

n;l

Pnlaðn;lÞiaH
ðn;lÞi þ NiI; ð6Þ

where aðn;lÞi :¼ ð
PMt

u¼1ð1=
ffiffiffiffiffiffi
Mt
p

Þðŵu
nlÞ
�auj
ðn;lÞiÞMr�1 and Ni denotes the

noise power at the ith base station. As reported in [6], the minimum
variance distortionless response (MVDR) combining can maximize
the SINR for a fixed power allocation. Also, it is clear that maximiz-
ing the SINR implies maximizing the throughput. Therefore, we use
the MVDR combining for the diversity mode. The MVDR combining
is accomplished by minimizing the interference-and-noise subject
to wH

ikaði;kÞi ¼ 1. It was shown in [11] that by using the method of La-
grange multipliers, the weight for the MVDR combining is given by

~wik ¼
ðUi �XikÞ�1aði;kÞi

aH
ði;kÞiðUi �XikÞ�1aði;kÞi

: ð7Þ

As a result, the received SINR with the MVDR combining for user
(i, k) can be expressed as

Eik ¼
Pik ~wH

ikaði;kÞiaH
ði;kÞi ~wik

~wH
ikðU

�
i XikÞ ~wik

fw

rik
¼

Pik ~wH
ikaði;kÞiaH

ði;kÞi ~wik

~wH
ik
ðUi�XikÞðUi�XikÞ�1aði;kÞi
aH
ði;kÞiðUi�XikÞ�1aði;kÞi

fw

rik

¼
Pik ~wH

ikaði;kÞiaH
ði;kÞi ~wik

~wH
ik

aði;kÞi
aH
ði;kÞiðUi�XikÞ�1aði;kÞi

fw

rik
: ð8Þ

With the MVDR combining, it holds that ~wH
ikaði;kÞi ¼ 1, so the re-

ceived SINR with the MVDR combining for user (i, k) is given by

Eik ¼ PikðaH
ði;kÞiðUi �XikÞ�1aði;kÞiÞðfw=rikÞ: ð9Þ

To quantify the throughput, we define the available rate as the
transmitting rate that makes the received SINR equal the SINR
requirement. Therefore, if user (i, k) transmits with rate rik, then
its available rate, which is denoted by aik, can be expressed as

aik ¼ Eik
rik

Qik
; ð10Þ

where Qik denotes the SINR requirement of user (i, k). In the fre-
quency-selective fading channel, the coherence bandwidth sets
the limit on the transmitting rate, hence, we can define the through-
put as the constrained available rate, which is expressed as

HD
ik ¼minfRmax; aikg ¼ min Rmax; Eik

rik

Q ik

� �
; ð11Þ

where HD
ik denotes the throughput of user (i, k) for the diversity

mode and Rmax denotes the maximal transmitting rate for the fre-
quency-selective fading channel.

Then we evaluate the throughput for the multiplexing mode, in
which we let Mt = Mr = M, also, the data stream is divided into M
substreams and each substream j is transmitted (and received)
over the jth antenna element. The received SINR per bit for the
jth antenna element of user (i, k), which is denoted by bEj

ik, can be
expressed as

bEj
ik ¼

Pikjŵj
ikajj
ði;kÞij

2
=M

Rj
i � Pikjŵj

ikajj
ði;kÞij

2
=M þ gj

ik

fw

rj
ik

; ð12Þ

where Rj
i represents the total power received at the jth antenna ele-

ment of base station i, gj
ik denotes the noise power for the jth anten-

na element of user (i, k) and rj
ik represents the transmission rate for

the jth antenna element of user (i, k). Accordingly, the throughput of
each user is equal to the summation of the constrained available
rate for all antenna elements, and we have

HM
ik ¼

Xj¼M

j¼1

minðRmax; a
j
ikÞ ¼

Xj¼M

j¼1

min Rmax; bEj
ik

rj
ik

Q ik

 !
; ð13Þ

where HM
ik denotes the throughput of user (i, k) for the multiplexing

mode and aj
ik denotes the available rate for the jth antenna element

of user (i, k).

3. Combined switching and power control for diversity and
multiplexing

In this section, we propose the algorithm that combines switch-
ing and power control for diversity and multiplexing. The proposed
algorithm first evaluates the throughput for the diversity mode and
the multiplexing mode, respectively, then it switches to the mode
that has the largest throughput and executes power control for this
mode. For executing power control for the diversity mode and the
multiplexing mode, the proposed algorithm contains two power
control procedures: the power control for diversity (PC-D) proce-
dure and the power control for multiplexing (PC-M) procedure.
In these two procedures, we use the following iteration for updat-
ing the power:

Pmþ1
ik ¼ minðEm

ik ;Q ikÞ
Em

ik

Pm
ik : ð14Þ

where Pm
ik and Em

ik denote the power and the SINR, respectively, for
user (i, k) in the mth iteration. In addition, we let Pmax represent
the maximal transmitting power level and assume that L iterations
of power control are executed.
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