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Abstract-This paper considers a multi-user MIMO broadcast
wireless channel where a MAC layer scheduler is used to improve
system efficiency and provide quality of service improvements
(fairness) to users. In particular, an alpha-rule scheduler is
considered that uses rate estimates from users to make user
selection decisions. The main challenge faced by the scheduler
is that users need to estimate the interference caused by other
users before transmit antenna allocation has been done. The
paper examines two techniques for estimating data rates. The
first technique assumes no interfering signals are present and
the second technique includes the dominant interfering signal.
We show that the scheduler can be tuned to significantly increase
fairness with little reduction in mean sum rate to users and we
show that both mean sum rate and fairness can be increased by
including the dominant interfering signal to estimate data rates.

Keywords: Multi-user MIMO, Broadcast Channel, a-rule
scheduling, SINR, Antenna Selection, Estimating Rates.

I. INTRODUCTION

Modern wireless communication systems promise to pro-
vide high data rates along with better quality of service to
users. Wireless communication popularity in recent years has
been boosted with the development of multiple-input multiple-
output (MIMO) technology. MIMO technology solves the
system capacity bottleneck problem by using multiple an-
tennas at both the transmitter and the receiver along with
spatial multiplexing to yield higher diversity gains and reliable
communication.

In point-to-point MIMO communication systems, capacity
increases approximately linearly with the minimum number of
antennas at the transmitter and receiver [14]. In MIMO, mul-
tiplexing gain can be achieved whereby multiple independent
data streams are transmitted to the remote user and recovered
with the help of appropriate signal processing techniques.

In multi-user broadcast communication, a Base Station
(BS) transmits data to multiple users. With multiple transmit
antennas at the BS, data can be transmitted simultaneously
to different users. In general, a broadcast system has more
users than the number of transmit antennas at the BS. In this
scenario, the BS has to select an appropriate set of users for
transmission. The optimal user selection algorithm that can be
used as a benchmark is an exhaustive search. However, due to

its impractical long search times, research has focused on the
development of fast and efficient suboptimal algorithms.

In the case that the channel is fully known to the BS,
simultaneous transmission of independent data streams can be
achieved by precoding the transmitted signals at the BS to
reduce or eliminate interference between users. Two common
precoding techniques used with fading wireless channels are
Zero Forcing (ZF) and Dirty Paper Coding (DPC) precoding.
When perfect channel information is available at the transmit-
ter, DPC is a sum-capacity achieving transmission scheme for
MIMO broadcast systems [16]. Examples of user selection
algorithms when precoding at the BS is used include [10]-
[13].

In practice, the channel is known only imprecisely at the BS.
Users typically have good knowledge of their own channels but
there are limitations on how much information can be passed
back to the BS via a feedback channel. In these situations,
interference reduction can be achieved by employing receiver
side filters rather than by using precoding at the BS. A user
selection algorithm that requires very limited feedback from
users equipped with a single receive antenna was developed
and analysed by [8]. In this scheme, users are ordered by
received power levels and selected users then choose the best
transmit antenna for transmission. Minimum Mean Square
Error (MMSE) and ZF linear filters were considered in the
receiver. This scheme was extended to support multiple receive
antennas by [6]. In this scheme, users were first ordered and
then the selected users chose multiple transmit antennas to
receive data from using a modification of the Gram-Schmidt
orthogonalisation algorithm. The performance metric used to
study this system was sum-capacity.

This paper considers the broadcast system described in [6],
with linear receive filters and transmit antenna allocation,
when a MAC layer scheduler is used. Schedulers have the
important task in a wireless system of enabling users to
achieve a certain level of quality of service by allocating
system resources, such as channels, power levels, data rates
and bandwidth, among competing users dynamically and effi-
ciently. A multi-user a-rule scheduler, that allows efficiency to
be traded-off against fairness by adjusting a tuning parameter
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a, is considered in this paper. This scheduler uses estimates
of the data rates to users at the start of transmission block
to select those users that will receive data in the block. After
those users have been selected, each selected user will choose
a set of transmit antennas from which to receive data using
the algorithm in [6].

The challenge faced in designing the scheduler is that users
have to estimate their data rates before the transmit antenna
allocation process has been carried out. That is, users will
have to estimate data rates without knowledge of interfering
signals. The optimal solution requires an exhaustive search
and communication between users. This paper examines two
simple techniques to address the task of estimating data rates
to users. These schemes are: (1) users estimate their data rates
assuming no interfering signals and (2) users estimate their
data rates assuming that one transmit antenna produces an
interfering signal and the remaining transmit antennas are used
to send the signal to the user. The user estimate its rate using
the largest (dominant) rate. The second technique has a search
space equal to the number of transmit antennas. Note, the use
of all transmit antennas is for estimation of data rates only.
Once, users have been selected they will only receive data from
a subset of transmit antennas. Simulation techniques are used
to evaluate the accuracy of data rate estimation using these two
techniques and to examine how system fairness, measured in
terms of mean queueing length and data rate variability to
users, depends on the tuning parameter, a. We show that the
scheduler can be tuned to significantly increase fairness with
little reduction in mean sum rate to users and we show that
fairness can be increased by including a dominant interfering
signal to estimate data rates.
The paper is organised as follows. Section II describes

related work. Section III describes the system model and
the assumptions used in the paper. Section IV discusses the
linear receiver structures used and SINR calculation. Section
V describes the a-rule scheduler. Section VI describes the
user selection algorithms. Section VII explains the antenna
selection algorithm. The results and discussion of results are
given in Section VIII. The conclusion is given in Section IX.

II. RELATED WORK

Various user selection algorithms are presented and anal-
ysed in [10]-[13], and [17]. All these algorithms give near
optimal performance under certain precoding and transmis-
sion schemes. In [5], performance of different user selection
algorithms is compared. Scheduling algorithms with linear
receivers are studied in [8], [2], and [1]. Proportional fair
scheduling algorithms are discussed in [10] and [11]. A
multi-user version of a-rule scheduling for MIMO broadcast
channels wth transmitter-side precoding is presented in [5].

III. SYSTEM MODEL

We consider a multi-user MIMO downlink system with an
array of Nt transmit antennas at the base station (BS) and a
set of Nt, users in the system, with each user equipped with
Nrk receive antennas. We assume that each selected user will
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Fig. 1. System model

have a fixed number, Ntk, of transmit antennas allocated to
it. We assume that the pool of potential users is larger than
N, i.e. Ns < Nt,. For simplicity we assume that Nt is an
integer multiple of Ntk, so that the number of selected users
is N, N=/Ntk.
The channel is assumed to be block stationary, where the

channel matrix varies randomly from block to block but during
each block it remains constant. Each block consists of a fixed
number of time slots (with index t). Blocks are assumed long
enough to ensure that theoretical capacity limits are reached.
Channel matrices in blocks are assumed to be independent
and identically distributed. It is also assumed that transmission
occurs in a frequency-flat-fading propagation environment. We
assume the total transmit power is equally distributed among
all transmit antennas at the base station.

During each block, a subset, S, of Ns users to send data
to is selected from the set of Nt, users using one of the user-
selection schemes discussed in Section VI, where the identity
of the users selected may vary from block to block, depending
on the user scheduling scheme and the channel conditions.
The received signal vector of the kth user in time slot t in

a block can be written as

Yk (t) = Hkx(t) + nk (t), (1)

where Yk (t) C C(Nk X is the received signal vector, Hk C
CN'k XNt is the channel matrix between the allocated Nt
transmit antennas and user k's Nrk receive antennas, x(t) C
CNtX1 is the transmitted signal vector and nk(t) C (CNk X 1

is the additive noise at the kth receiver. It is assumed that
the components of the block channel matrices Hk and the
noise vectors nk (t) are circularly symmetric complex Gaussian
random variables with zero mean and normalised to have unit
variance.

Following user selection, each selected user selects a subset,
7k, of indices of the transmit antennas. The cardinality of 7Fk
is Nt. Antenna selection is done at the receiver side and is
done by users in the order that users were selected. The set 7Fk
of selected antennas is sent back to the BS through a feedback
channel. After a user has selected a set of transmit antennas,
the BS communicates this information among all users so that
each selected user selects a different subset of the transmit
antennas. Details of the antenna-selection scheme are given
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in Section VII. The channel matrix for user k from the 7j
transmit antennas allocated to user j is defined as Hkj, which
has dimensions Nrk x Nt. There are Ntk independent data
streams transmitted from the BS to the user k. Based on these
assumptions the signal and interference model for user k can
be written as (where the argument t has been suppressed):

Nt

Yk =: Hkkxk + , HkjXj + nk .
j=1,j7k

IV. LINEAR RECEIVER STRUCTURES AND SINR
CALCULATION

User 1

User 2

User Nu
(2)

Since the BS does not have complete channel knowledge it
is up to receivers to eliminate interference. In this paper we
assume this is achieved through the use of a linear MMSE
filter. A MMSE filter provides a better balance between
interference cancellation and noise enhancement than a ZF
filter. A standard MMSE filter for MIMO systems can be
derived using the Wiener filter theory. The MMSE filter for
the jth stream of user k is given as follows

MMSE (hH p A-1Vkcj = VHkHk + NIN'kJ Hkk, (3)

where Hk is a Nrk x (Nt-1) matrix with the same elements as
Hk but with the 7Fkjth column removed. A detailed discussion
of MMSE receivers can be found in [3] and [9].
A. SINR Calculation

In a multi-user MIMO BC, each user receives its own
signal along with the signals transmitted to other users. The
interfering signals cause a reduction in SINR which reduces
the capacity for a particular user. We give in this section
the associated linear-filter SINR calculations for a selected
user. We consider a BC system where multiple streams are
transmitted to each user. Let Hk be the Nrk x Nt channel
matrix of user k and we have NA total users selected for
transmission, i.e. k = 1, N, Each user receives Ntk
independent data streams of its own signal plus the signals
from all other transmit antennas. Let ykj , Ukj and vkj be
the SINR, transmit and receive beamforming vectors for the
jth substream of user k respectively. Then the SINR of each
substream j 1, ,Lk, where Lk < Ntk, for user k is
given as [7]

vfjkj Sk Vk-
a H TkjTVkj'

where

Skj HkUkjUHH,
Lk

l=1,l#jTk Hkkl H

intra-user interference
N, Li

+ S S HkUimUmHHH + 7N2
N. , noise

inter-user interference

(4)

j
j
S

j
Fig. 2. A simple multi-user scheduler

in which Lk is the number of data streams for user k. The
capacity of each substream for user k can be calculated as
Ckj = log2 det(I + -zkj) and the sum-capacity for user k can

be written as ck = Z 1 Ckj bits/sec/Hz. The SINR values
for the MMSE filter are obtained by substituting in the MMSE
filter matrix given by (3).

V. SCHEDULING

The purpose of a scheduler is to determine which users
should transmit in a given transmission block. A simple
scheduling model where a subset of users is scheduled for
transmission is shown in Fig. 2. In this section we present
an a-rule scheduling algorithm for a broadcast system. This
scheduler has a parameter, a, that can be used to tune the
scheduler to trade-off efficiency against fairness.

In the single user a-rule scheduler, the scheduler selects a
single user during each block from a set of Ntl users by using
the rule:

k* (t) = arg max ) rk(t) ) (7)

This selects user k* (t) in block t as the user that maximises
the ratio of the achievable current rate rk (t) to the a'th power
of the estimated average rate rk (t - 1).

Here we show that the a-rule scheduler can be viewed
as providing a trade-off between efficiency and fairness by
writing the term in brackets in (7) as

rk (t) ( )
(fk(1)a k(t - 1)) (8)

The first term on the right can be interpreted as the fairness
to the power of a and the second term as the efficiency to the

(5) power of 1 - a. Fairness and efficiency can be traded off by
varying a. If a = 0, then there is no fairness and the scheduler
picks the maximum rate user (maximum rate scheduler).
The case a = 1 represents the proportional fair scheduling
rule. The case a -> oc gives the max-min fairness policy.
The estimated mean throughput, rk (t), is usually updated as

(6) rk(t) A (1- )rk(t - 1) + t rk(t)lk(t), where t, is the
exponential filtering time constant and lk (t) is the indicator
function, which is 1 if the scheduler picks user k at slot t and
0 otherwise.

112



The single user a-rule scheduler can be extended to a multi-
user a-rule scheduler by selecting NS multiple users at a time
as follows. Define SNS to be a subset of NS users from the
set of all possible users, S. The multi-user a-rule scheduling
policy can be defined as

SNS (t) = arg mnax rk(t) }

where SN, is the selected subset.

VI. USER SELECTION

a)

Ir

(9) 0

a,

a,

0a

Multi-user a-rule scheduling can be incorporated into the
user selection algorithms as follows. At the start of a trans-
mission block, user k estimates its data rate, rk, and sends
this estimate back to the BS via a feedback channel. Define
bk (t) = rk (t)/(rk (t - 1)) . The sum in (9) can be maximised
by finding the NS largest values of bk (suppressing the
argument t).

However, for users to estimate their data rates accurately
requires that they have knowledge about the interference from
other users. This, in turn, depends on which transmit antennas
have been allocated to which users - an allocation decision
that has not yet been made. Obtaining an accurate estimate
of the data rates to users is the main challenge in using
the scheduler. The exact solution requires a computationally
intensive search with communication between users. Two
techniques are considered in the paper to simplify this process.

The first technique estimates the rate to user k by assuming
that there is no interference term present in (6) and that all
transmit antennas are used to transmit to user k. That is, each
user determines the rate given by a point-to-point MIMO link
with Nt transmit antennas and Nrk receive antennas.

In the the second technique, each user computes a set of Nt
date rates by assuming that out of the Nt transmit antennas,
Nt- 1 are used to transmit data to the user and the one

remaining transmit antenna produces an interfering signal.
Then (6) is used to compute the SINR for this configuration
from which the capacity is calculated. As there are Nt possible
single antennas that can act as interferers, Nt rate calculations
must be performed. The data rate that is passed back to the
BS is the maximum of this set of Nt data rates.

VII. TRANSMIT ANTENNA SELECTION

Once the subset S of NS users is selected, the next step
is to select a subset of transmit antennas 7Fk where k C S.
We used the Gram-Schmidt (GS) antenna-selection scheme
proposed in [6] and describe it briefly here. Selected users

choose antennas in the order determined through the user

selection process discussed in Section VI. Initially, all transmit
antennas are considered available. At each stage of the transmit
antenna selection algorithm, a particular user is considered,
say user k. This user selects Nt transmit antennas from
the pool of available antennas, thereby reducing the size of
the pool of available antennas. This process is repeated until
all transmit antennas have been allocated. When a user is
choosing a set of antennas, it is assumed that the channel

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
alpha

Fig. 3. Mean rate and mean queue size for no interfering signals and one

interfering signal rate estimation.

is reciprocal. The Gram-Schmidt orthogonalisation algorithm
is run in the reverse direction, from receive antennas back to
transmit antennas, to pick a subset 7Fk of size Ntk antennas
whose channels are the most orthogonal and of highest power.

This selection is done by the receiver which sends back the
indices of the selected antennas to the BS. The BS then updates
the pool of available antennas by culling 7Fk from the available
antennas. The BS then sends the set of available transmit
antennas to the next user in order.

To describe the Gram-Schmidt algorithm for a particular
user, we can write Hk = [hi,... , hNJ] where hk denotes the
channel column vectors for user k. Let (h)T and (h)H denote
the non-conjugate and complex-conjugate transpose of (h)
respectively. Then the Gram-Schmidt algorithm implemented
at the receiver side is as follows:

Step 1: Let i 1 and 7Fk =0
Step 2: Calculate Ihj IF where j 1,., Nt

Find (7i = arg maxj hj 2

Then update 7Fk to 7Fk U {ori}
Step 3: Update h for all j 1, , Nt toJTT

hh
(hj) ((h,i)T)Hhj = Ilh,iI12 hvi

Step 4: If i Ntk , terminate the algorithm
Else, i =i + 1 and go to step 2.

VIII. RESULTS AND DISCUSSIONS

Simulation studies were used to analyse the performance
of the a-rule scheduling system. In all cases, the simulation
parameters were set to: NX, 6 , Nt = 4, N = 4 and
Ntk = 2; in which case, NS= 2. In the simulation studies
conducted, the scheduler was preceded by a set of queues into
which incoming data was placed. Each input stream had its
own queue. Data was removed from selected users queues at
the data rate computed through using (6). It was assumed that
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the data rates into each queue were constant and identical. The
load on a queueing system, p, is given the ratio of the input
data rate to the output data rate.

Fig. 3 shows how efficiency (mean rate) and mean queue
size vary with a for both methods of rate estimation considered
in the paper. The figure shows that as a varies from 0 to 1,
there is only a small reduction in mean rate, with the rate
approximately the same for both methods of rate estimation.
However, the mean queue size decreases significantly with
increasing a with the the single interfering method of rate
estimation giving a lower mean queue size.

To see the reason for the reduction in mean queue size, we
consider as an approximating system a single server queueing
system with Poisson arrivals, with arrival rate A, and general
independent service times. The mean queue size, L, is given
by the Pollaczek-Khinchin equation [4]:

p2 + A2u72
2(1-p) (10)

where (72 is the variance of the packet service times. In our
simulations, with the arrival rate set to 1.5 bits/sec/Hz per
user, in the no interfering signals case, the system load varied
from 84% to 86%, as a varied from 0 to 1. Examining (10),
this increase in load should lead to a slight increase in mean
queue size, not the reduction in queue size that was observed.
Examining (10), the reduction in mean queue size could be
explained by a reduction in the variance of the data rates
caused by increasing fairness.

To investigate the variability of rate over longer time inter-
vals we examined the cumulative rate process for user k given
by

n

Rk (n) = rk(i),
j=1

where Rk (n) is the total amount of data that could have been
transmitted in all blocks from 1 to n and rk (i) is the data
transmitted in block i. Typical sample paths of Rk (n) are
shown in Fig. 4, when the no interference method of rate
estimation has been used, for the cases a = 0 and a = 1.0.
The sample path for a = 1.0 is clearly much less variable.
Linear regression was used to fit a straight line to a sample
path and the variance of the residuals was estimated. The
variability of rate was estimated by plotting the ratio of the
standard deviation of the residuals to the mean rate in a block,
averaged over all users, against a for the two rate estimation
methods (see Fig. 5). As a increases, a significant reduction
in variability is observed that would account for the reduction
in mean queue size. The variability is slightly smaller for
rate estimation using one interfering signal. (The fact that
increasing fairness causes variability and mean queue size to
reduce is the reason we considered variability and mean queue
size as proxies for fairness.)
We conclude from the fact that since rate estimation using

one dominant interfering signal gives smaller rate variability
and smaller mean queue sizes than with rate estimation using
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Fig. 4. Typical sample paths for the cumulative rate, Rk (n), for a 0, 1.0.
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Fig. 5. Variability (stddev(Residuals)/mean) of the actual rate for no

interfering signals and one interfering signal rate estimation.

no interfering signals that better user selection decisions have
been made by including the dominant interfering signal.

Scatter plots were used to examine the inaccuracies caused
by ignoring signal interference when estimating the potential
data rates to users. Fig. 6 plots, for each transmission block
and selected user, the actual value of the data rate for the
selected user against the estimated value of the data rate.
The presence of interference causes the estimated rate to be
reduced on average by the factor 0.3312. A scatter plot (not
shown) with similar features can also be obtained when one

interfering signal is included. The actual rate in this case was

found to be 0.4940 times the estimated rate, which confirms
the result that including one interfering signal improves rate
estimation.

114

-I--N
---No Interference: alpha = 0

800 No Interference: alpa1.

-e- No Interference
-v- Interference

I:

I

I

I



5

4

a)

-F 3

C

2

7 8 9

Estimated rate
10 11 12

Fig. 6. Scatter plot of actual rate against estimated rate for no interfering
signal rate estimation.

IX. CONCLUSION

In this paper, we have examined how a multi-user a-

rule scheduling algorithm can be used in a MIMO broadcast
channel system with limited feedback to introduce fairness
into the allocation of system resources. Two techniques for
estimating data rates to users were studied - one where users

ignore interference and one where the dominant interfering
signal is included. It was shown that fairness (mean queue

size and variability of date rate) can be improved with little
reduction in mean rate. It was also shown that by including
just the dominant interfering signal that rate estimation could
be improved leading to better scheduling decisions and con-

sequent improvement in both efficiency and fairness. Future
work is on developing improved techniques for estimating user

data rates and assessing the performance of the scheduler using
analytic techniques.
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