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Abstract— In this paper we analyse the performance of a
MIMO receive algorithm that represents a modification of a pre-
coding technique. Thereby we demonstrate the flexibility of these
precoding techniques and investigate the possibility of applying
the same algorithms at the base station (BS)/access point (AP) for
both downlink (DL) and uplink (UL) MIMO processing. Unlike
previously reported results where all users in the system are
equipped with only one antenna, we investigate a more general
case where users can be equipped with an arbitrary number of
antennas. By combining one of the previously proposed precoding
algorithm and space-time codes we are able to provide an SNR
gain of more than 3 dB compared to V-BLAST.

I. INTRODUCTION

Multiple-input multiple-output (MIMO) systems are recog-
nized as a key technology that will achieve high data rates
required for the future generation wireless communication
systems. MIMO systems are especially beneficial in a multi-
user (MU) scenario where they have the potential to combine
the high capacity achievable with MIMO processing with the
benefits of space division multiple access [1], [2], [3], [4], [5],
[6]. Motivated by the need for cheap mobiles with low power
consumption, we focus on systems where the computationally
demanding signal processing is performed at the base station
(BS)/access point (AP). On the downlink (DL) the BS/AP will
use any channel state information (CSI) available to mitigate
or ideally completely eliminate multi-user interference (MUI)
which can lead to significant capacity gains. The user terminal
(UT) can estimate either the exact CSI or the equivalent
channel. On the uplink (UL) we can identify three possible
cases. In the first two cases, the UT has the exact CSI or the
information about the equivalent channel and it is transmitting
on the dominant eigenmode of one of these. In the third case
the UT assumes no CSI, even though it has estimated either the
exact CSI or the equivalent channel and it is using space-time
block code (STBC) to transmit data.

The information about the equivalent channel is necessary at
the receiver in order to perform the optimum reception of data
[7]. Therefore, we assume that the UTs estimate the equivalent
channel on the downlink (DL). The equivalent channel is equal
to the combined network channel after the precoding at the
BS/AP. However, on the UL the BS/AP has the possibility to
use more powerful techniques so the equivalent channel on
the uplink does not have to be the same as on the downlink.
Therefore, it is benefitial to assume that mobile terminals have
no CSI available which suggests the use of open-loop MIMO
techniques on the uplink. The diversity gains of MIMO are
more desirable than spatial multiplexing gains if we take into
account the limited power available at the UT. Therefore,
STBC are the best candidate to be used at the UT.

In [8] the authors propose a MU MIMO precoding technique
called successive minimum mean-squared-error (SMMSE)
precoding that minimizes the mean-squared-error per receive
antenna of each user separately on the downlink. This tech-
nique can provide a higher array and diversity gain with
perfect CSI at the transmitter than other precoding techniques,
especially at low SNRs. In this paper we introduce the multi-
user receive filtering technique that is similar to this precoding
technique and provides higher diversity gains than V-BLAST
[9].

This paper is organized as follows: In Section II, we
describe the MU uplink channel and channel estimation errors
modeling. In Section III, we present the MU MIMO receive
technique that will be investigated and in Section IV, we show
the results of the simulations. A short summary follows in
Section V.

II. SYSTEM MODEL

We consider a MU MIMO uplink channel, where MR

receive antennas are located at the BS/AP, and MTi
transmit

antennas are located at the ith user terminal, i = 1, 2, . . . ,K.
There are K users (or UTs) in the system. The total number
of transmit antennas is MT =

∑K
i=1 MTi

. A block diagram of
such a system is depicted in Figure 1, where si, ri, Fi, and
Di denote the ith user data vector, the received vector, the BS
receive matrix, and the UT transmit matrix, respectively.

We will use the notation MR × {MT1
, · · · ,MTK

} to de-
scribe the antenna configuration of the system. In this paper,
we assume a flat fading channel. The MIMO channel to user
i is denoted as Hi ∈ C

MR×MTi . Moreover, the combined
channel matrix of all users is given by

H =
[

H1 H2 · · · HK

]
.

In order to take into account channel estimation errors we use
a ”nominal-plus-perturbation” model. The estimated combined
channel matrix can be represented as

Ĥ = H + E

where H denotes the flat fading combined channel matrix
of all users, and E is a complex random Gaussian matrix
distributed according to CN

(
0MR×MT

,MRσ2
eIMT

)
. In case

of OFDM, we model the channel estimation error on each
subcarrier in this way.

III. SUCCESSIVE MMSE RECEIVE FILTERING (SMMSE)
SUCCESSIVE INTERFERENCE CANCELLATION (SIC)

A high throughput on the MU UL can be achieved via
an MMSE receiver with successive interference cancellation



Fig. 1. Block diagram of multi-user MIMO system.

(SIC) [10]. However, this introduces a loss if we try to mitigate
the interference between the data streams transmitted from
two closely spaced antennas located at the same UT. In order
to improve the system performance we can use the same
approach as in [8]. In this paper we propose a new algorithm
that deals with this problem by successively calculating the
rows of the receive matrix for each of the transmit antennas
separately. By applying SIC we additionally improve the
diversity compared to the DL.

Let us define the receive filter matrix as

F =


F1

F2

...
FK

 ∈ C
MR×MT , (1)

where Fi ∈ C
MTi

×MR .
The rows in the receive matrix Fi, each corresponding

to one transmit antenna, are calculated successively. For the
ith user, i = 1, 2, . . . ,K, and jth transmit antenna j =
1, 2, . . . ,MTi

we define the matrix H̄
(j)
i as:

H̄
(j)
i =

[
hi,j H1 · · · Hi−1 Hi+1 · · · HK

]
(2)

where hi,j is the jth column of the ith user’s channel matrix
Hi. The corresponding row of the receive matrix Fi is equal
to the first row of the following matrix:

Fi,j = H̄
(j)H
i

(
H̄

(j)
i H̄

(j)H
i +

σ2
n

Pt
IMR

)−1

(3)

where σ2
n is the variance of the zero-mean additive white

Gaussian noise at the input of one receive antenna and Pt

is the transmit power at the output of one transmit antenna.
The total transmit power is equal to PT = MT Pt. The mean-
square error (MSE) corresponding to the jth transmit antenna
of the ith user is equal to

msei,j = σ2
n

[(
H̄

(j)
i H̄

(j)H
i +

σ2
n

Pt
IMR

)−1
]

1,1

(4)

Let us define the total mean square error of the ith user as

msei =

MTi∑
j=1

msei,j (5)

We look for the user with the minimum msei, demodulate
its data and then subtract the reconstructed signal from the re-
ceived signal. Afterwards, we form the new combined channel
matrix H̃ without this user’s channel matrix and use it instead
of H in (2). We repeat these steps until the combined channel
matrix is empty.

The resulting matrix after multiplication of the combined
network channel matrix H with the receive filter matrix F

is lower block diagonal assuming that the users are ordered
according to ascending total msei. The part below the main
block diagonal can be eliminated by successive interference
cancellation. Thereby, we transform the uplink channel into
a set of parallel single user MIMO channels. The equivalent
channel of user i after eliminating the MUI is identified as
FiHi, whose dimension is MTi

×MTi
and is equivalent to a

system with MTi
transmit antennas and MTi

receive antennas.
Each of these equivalent single user (SU) MIMO channels has
the same properties as a conventional SU MIMO channel and
we can apply any other previously defined MIMO technique
on it. In this paper we consider two options. One option is
to use STBC at the UTs and at the BS to perform space-time
decoding. The second option is to generate the matrices Di

also at the BS and then to feed forward them to the UTs. In
this case we use dominant eigenmode transmission (DET) in
order to extract the maximum diversity and array gain. It is
known that DET can provide the same diversity as STBC and
an array gain that is equal or greater than STBC [10]. We
investigate the gains that result from the increased overhead
required to implement DET.

IV. SIMULATION RESULTS

In this section we compare the performance of SMMSE SIC
and V-BLAST with various number of users in the system.
The channel H is assumed to be frequency selective with the
power delay profile as defined by IEEE802.11n - D with non-
line of sight conditions [11]. The channel of the ith user on
each subcarrier is modeled as

Hi = R
1/2
ri

Hwi
R

1/2
ti

(6)

where Hwi
is a spatially white unit variance flat fading MIMO

channel of dimension MR × MTi
, whereas Rri

and Rti

are receive and transmit covariance matrices with tr (Rri
) =

MR and tr (Rti
) = MTi

. The correlation matrices on each
subcarrier are modeled independently.

In this paper we assume a scenario where the UT is
surrounded by a rich scattering environment and the BS/AP
antennas are separated by less than the coherence distance.
These propagation conditions correspond to a cellular com-
munication systems typically characterized by a low angular
spread at the BS/AP. On the other hand, the angular spread at
the user is often very large and thus a low spatial correlation
can be achieved with relatively small antenna separation.
Hence, we can write

Rti
= IMTi

, Rri
=

MR

tr (A∗AT )
AA

H (7)

and the channel is modeled as

Hi =

√
MR

tr (A∗AT )
AHwi

(8)
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Fig. 2. BER performance of SMMSE SIC Alamouti and V-BLAST as a
function of PT /σ2

n. System with the configuration 6 × {2, 2}.

where A ∈ CMR×L is an array steering matrix containing
L array response vectors of the transmitting antenna array
corresponding to L directions of departure [12].

The signal-to-noise ratio is defined as PT /σ2
n, where PT is

the total transmit power of all users and σn is the standard
deviation of the additive white Gaussian noise at the input of
one receive antenna. We assume that there is no CSI at the
UTs and that they either use an Alamouti code in combination
with SMMSE SIC or V-BLAST. In our simulations, we assume
that the signal at each transmit antenna is modulated using
OFDM. The total number of subcarriers is N = 64 and the
subcarrier spacing is f0 = 150 kHz. The cyclic prefix is
4 samples long. The size of a frequency-time bin used for
transmission is 48 subcarriers in the frequency dimension and
2 OFDM symbols in the time dimension. The user data is
encoded using a 1/2 rate convolutional code (561, 753)oct.
Soft decision Viterbi decoding is assumed. After the coding
we perform random interleaving. We assume that each user is
equipped with two antennas. When the UTs use the Alamouti
code, each subcarrier is modulated using QAM modulation. In
case of V-BLAST, each subcarrier is modulated using BPSK
in order to keep the total data rate in both systems the same.

We assume that the channel estimation error is a zero mean
Gaussian random variable with variance equal to the mean-
square error (MSE) of the channel estimator. The MSE is
proportional to the SNR and is modeled as

σ2
e =

{
σ2

n

PtGN

,
σ2

n

PtGN

> −30 dB

−30 dB ,
σ2

n

PtGN

≤ −30 dB

where GN defines the estimator gain and Pt is the power
per one antenna per one subcarrier. Hence, the MSE linearly
decreases with the SNR. The estimator gain is about GN =
13 dB, but may vary depending on the number of users,
antennas, etc.

First we compare the performance of a V-BLAST system
using BPSK modulation and SMMSE SIC system using QAM
in a scenario with the configuration 6 × {2, 2}. In Fig. 3 we
compare these two techniques when the system is fully loaded.
We assume that there are three users in the system with two
antennas each. The system configuration is 6 × {2, 2, 2}. By
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Fig. 3. BER performance of SMMSE SIC Alamouti and V-BLAST as a
function of PT /σ2

n. System with the configuration 6 × {2, 2, 2}.

combining SMMSE SIC and an Alamouti code we are able
to provide an SNR gain of more than 3 dB and improve the
system performance by more than an order of magnitude. Also,
from these two figures we can see that the V-BLAST system
is more sensitive to the channel estimation errors than the
system that use the Alamouti code and SMMSE SIC. It can
also be seen that the performance of the system decreases
as the number of users increases. As the number of users in
the system increases the available vector subspace per user
decreases resulting in the array and diversity gain reduction.
With six antennas at the BS we could multiplex up to 6
users, but the performance of the system would be seriously
degraded.

In Figures 4 and 5 we compare the performance of SMMSE
SIC when the UTs use an Alamouti code or DET. As it can
be seen from the figures, DET provides a better performance
but only for higher SNRs and a greater number of UTs in the
system. It follows that for moderate load of the system, i.e.,
number of users, it does not pay off to increase the overhead in
order to improve the system performance. The best solution is
to use STBCs at the UTs and perform smart scheduling such
that the number of users that are spatially multiplexed is not
too large [13].

V. CONCLUSION

In this paper we introduced a receive technique SMMSE
SIC for the cancellation of multi-user interference. It per-
forms successive MMSE filtering of every transmit antenna at
user terminals separately in order to reduce the performance
loss due to the cancellation of the interference between the
antennas located at the same terminal. The system diversity
is further improved by grouping the signals at the BS/AP
corresponding to the same user and by combining them con-
structively instead of successively canceling the interference
among them. Since the BS/AP can apply different processing
techniques on the UL and the DL, the user terminals do
not have the exact CSI, which implies the use of STBC. By
using the STBC at the user terminals, the diversity is further
improved compared to V-BLAST, another open-loop MU
MIMO technique. In a system, where all users are equipped
with multiple antennas, this technique outperforms previously
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Fig. 4. BER performance of SMMSE SIC Alamouti and SMMSE SIC DET
as a function of PT /σ2

n. System with the configuration 6 × {2, 2}.
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Fig. 5. BER performance of SMMSE SIC Alamouti and SMMSE SIC DET
as a function of PT /σ2

n. System with the configuration 6 × {2, 2, 2}.

proposed receive techniques. By combining SMMSE SIC and
STBC we have managed to improve the system performance
by more than 3 dB. Also, this novel technique is less sen-
sitive to channel estimation errors. As the number of users
in the system increases, the diversity gains that we obtain
decrease. The system performance can be improved if the
user terminal’s transmit matrices are also generated at the base
station. Dominant eigenmode transmission provides the same
diversity gains as STBC but the array gain is greater or equal
to the STBCs. However, the gains that dominant eigenmode
transmission can provide are not that big compared to the
combination of SMMSE SIC and STBC when we take into
account the required additional overhead to implement it in a
real life system. The best solution is to use the combination
of SMMSE SIC and STBC and to schedule the users in such
a way that not too many of them are spatially multiplexed. In
this case the system performance gains from both - SMMSE
SIC and STBC.
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