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Abstract

In wireless and mobile communications the dimension of space is exploited. Information theory limits are now known
and indicate the possibly achievable gains. Multiple antennas on the transmit and receive side allow beamforming,
diversity gains and a dramatic increase in data rate at the cost of more sophisticated processing such as space-time
coding and turbo detection. These techniques allow also suboptimal solutions implemented via a sequential search
or conjugate complex (widely) linear filters. Some applications and future aspects are discussed.

1 Introduction
Multiplex and diversity methods are key elements in
every communications system. Frequency-, time- and
code-multiplex are commonly used in order to accom-
modate many users and/or to increase the data rate.
In radio systems with many transmit and receive an-
tennas, space diversity becomes possible. One method
to achieve this is beamforming as shown in Fig. 1
with closely spaced adaptive (commonly misnamed
”smart”) antennas where different users are supplied by
different beams or where wanted signals are amplified
and unwanted multipath reflections are suppressed.

Fig. 1. Beamforming antenna scenario

In this paper we will not address beamforming an-
tenna networks but concentrate on a combination of
more widely spaced omnidirectional (”dumb”, [14]) an-
tennas which create or receive statistically independent
signals and where all signal processing is done digitally,
mostly at baseband, hopefully in a smart way. In such a
system we have

���
transmit and

���
receive antennas.

They serve two purposes: Either they are mainly used
to increase the data rate as shown in Fig. 2, then the
number

���
has to be at least the number

���
. The

goal of such a multiple-input/multiple-output (MIMO)
system is to create despite the heavy interference by
clever signal processing (”zero forcing”, MMSE or

APP turbo processing) ���	��
 ���
������� parallel chan-
nels. The second purpose is mainly used in connection

Fig. 2. Multiple antenna scenario aiming for rate gain

with hand-held receivers where only one antenna is
feasible as shown in Fig. 3. Then one attempts to
achieve a diversity gain on the transmit side by space-
time coding (STC) via block or trellis codes. Before
the invention of ST-codes it was commonly assumed
that the bad behavior on fading channels can be only
improved by receive diversity. However, STC achieves
a transmit diversity gain and can work with one receive
antenna, often with simple processing and combining
techniques.

Fig. 4 shows the discrete Flat Fading MIMO channel
model with

� �
transmit and

� �
receive antennas at

time instance � . The complex random channel coef-
ficient ���������� with Gaussian real and imaginary part
connects transmit antenna � with receive antenna � .
The channel is passive, i.e., ��
! � ���"����  # �%$'&

. The
antennas are physically situated in such a way that
the channel coefficients are statistically independent.
Since the channel is assumed to be unknown at the
transmitter, the total transmit energy �)( per channel



Fig. 3. Space time coding scenario aiming for diversity gain

use is equally distributed over the
���

antennas. Thus,
��
  � ���	��  # � $ � ( � ��� . The complex AWGN at each
receive antenna has the variance

��� ���
per real dimen-

sion. If the
� �

transmitted symbols � ������ as well as the� �
observations � �"���� and

� �
noise symbols � �"���� are

arranged in vectors, the transmission at time instance �
can be expressed in a compact way as	 $�

�������

(1)

The channel coefficients are the entries of the
����� ���

channel matrix



. Two special cases of the channel
model are usually considered: Fast fading, where the
channel changes independently between symbols, and
quasi-static fading (block fading), where the channel
remains constant over the duration of a block and
changes independently afterwards. The former is often
referred to as ergodic channel model.��� ������

��� � �!��"#��

$ � ����
$ � %&��
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Fig. 4. The MIMO channel model

2 Basic systems with multiple
antennas

2.1 Results from Information Theory
The classical channel capacity for a single-input/single-
output (SISO) channel with complex signaling is. $0/,132

#
4 &5� � (�6�87 (2)

for the constant AWGN channel and. $�/�192
#
4 &5�  � ��:#: ��  # � (�6� 7 (3)

for the fading channel with perfect channel knowledge
at the receiver. If we assume that the

���
transmit-

ted symbols are statistically independent and of equal
energy �)( � � � , Telatar [9] has given the capacity of
the MIMO channel when the channel coefficients are
known at the receiver side:. $

log # det

;-<>=@? � � (��� �A� 
B

CEDF�
(4)<

� is the � � � identity matrix and
4HG 7 C the hermitian op-

erator. The dimension of the capacities is bits/channel-
use which can be transformed into bits/s /Hz if the
bandwidth of the pulses is known. Note, that (3) and
(4) represent the capacity for a particular realization
of the channel. In the fading case both capacities are
random variables. Hence, different overall capacities
can be determined. The ergodic (average) capacityI. $

E J 
 . �
is meaningful if fast fading is considered. In contrast
for quasi-static fading channels, the outage capacity is
more appropriate. The outage capacity

.LK
is defined as

follows M 4 .ON�.5K 7 $ �& P3P � P N � N &)P9P �
i.e.,

. : � denotes the capacity that is achieved or ex-
ceeded in 90% of all channel uses. This means that in
10 % of all cases an outer protocol (FEC, ARQ, etc) has
to resolve the unsuccessful transmissions. Fig. 5 and 6
depict ergodic and 10% outage capacities for

� � $ � �
obtained by Monte-Carlo simulations. In both cases the
capacity increases linearly with increasing number of
transmit and receive antennas for a fixed � ( � �A�

. This
is of course the key argument for the application of
multiple antenna systems in mobile communications
with the demand for higher data rates. Further, in Fig. 7
the 10% outage capacities for selected discrete channel
inputs are compared with those for Gaussian inputs
which where required in Eqn.(4).

The linear increase can be explained by transforming
the MIMO system into a system of parallel AWGN
channels [4]. In order to show this, the singular value
decomposition of the MIMO channel


 $RQTS6U C
is required.

Q
and

U
denote unitary matrices.

S
is a

diagonal matrix with the singular values V � of



along
its diagonal. If



has full rank, then ���	� 
 �����������

singular values exist. If (1) is left-multiplied with
Q J ,

we do not lose any information due to
Q

being unitary.
With the singular value decomposition of the MIMO
channel we obtainQ J 	W X>Y Z[\ $]Q J QW X*Y Z^`_ ? SW�X*Y Z[J U J �W X*Y Z[a �bQ J �W X>Y Z[c (5)
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Fig. 5. Ergodic capacity of different MIMO channels with Gaussian
channel input
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Fig. 6. 10% outage capacity of different MIMO channels with
Gaussian channel input

or as an equivalent system�	 $
�
 ���� ����

(6)

The additive noise

��
remains white, and its variance

does not change with respect to
�

.

�

is a diagonal ma-

trix, therefore (6) describes a system of min 
 ��� �����
�
parallel SISO AWGN channels with�� ���	�� $ V � �� ������ � �� ���	�� � � $ & � �,�,��� ���	� 
 ���
�����
� � (7)�� ���	�� and

�� ���	�� are linear combinations of all
���

transmit
or
���

receive symbols, respectively. As the system of
parallel channels is derived from a true MIMO system,
each of the partial channels occupies the full Nyquist
bandwidth. Thus, approximately ������
 ���
������� -times
the data can be transmitted over a MIMO channel
compared to a SISO channel. The implementation of
the transformation of the MIMO channel into a set of
parallel AWGN channels would require perfect channel
knowledge also at the transmitter. Then, the transmit
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Fig. 7. 10% outage capacity of different MIMO channels with
discrete and Gaussian channel input

energy can be distributed unequally over these channels
according to the waterfilling solution. However for
balanced antenna systems like 4x4 or 8x8 the extra
capacity increase through this knowledge is rather small
[4].

Since the capacity is closely related to the distribu-
tion of the singular values, their probability density
function (pdf) is of interest. Fig. 8 depicts the pdfs
of the singular values of a

�����
MIMO channel

with flat fading Rayleigh coefficients and uncorrelated
paths, whereas Fig. 9 shows those of the identical
MIMO channel but now with correlated paths. We
used the standard channel model of [10]: Case 2-
Macrocell Ped A, � P�� AoA (angle-of-arrival), 0.5 V -
spacing. Obviously, Fig. 9 shows only one dominant
singular value. Thus, the number of parallel channels
is approximately reduced to one resulting in a reduced
capacity, too. Correlated paths arise, if the antenna-
spacing is too small and/or the environment is not
enriched with scatterers.

2.2 Systems aiming for diversity gain
A space-time block code (STBC) is defined by a
generalized complex orthogonal design. It should be
better termed ”mapping”, because it is not a code in
the FEC sense. In general it is a

��� � ���
matrix	 space 
� $ �


��� :�� :
G G)G

� :��
=��

...
...

�
=�� � : G G)G

�
=�� � =��

���
� �time� (8)

with orthogonal columns. The entries � ��� � of
�

are
elements ��� of an  -ary signal constellation, the
complex conjugates �"!� or linear combinations of �#�
and �"!� . A block of

�
symbols ��� , � $ & �)���,�����

is input
to the space-time block “encoder”. The

�
symbols are

mapped on the
� � G � �

entries � ��� � of the matrix
�

according to the mapping rule of the space-time block
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Fig. 8. pdfs of singular values ���������������
	 of a �
��� MIMO channel
with uncorrelated channel coefficients
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Fig. 9. pdfs of singular values � � ����������� 	 of a �
��� MIMO channel
with correlated channel coefficients

code. The columns of
�

represent “space”, the rows
represent “time”.
The crucial property of space-time block codes is the
orthogonality of the columns of the matrix

�
, since

it makes possible to separate the symbols transmitted
simultaneously from different antennas at the receiver
by simple linear combining.

The simplest space-time block code, which was
proposed by Alamouti in [19], serves as an example in
Fig. 10 with � -PSK modulation. Two 8-PSK symbols� : � � # representing 6 bits are mapped by�

#
$ ; � : � #� � !# � !: DF�

(9)

This space-time block code is of rate � $
== � $ &

,
therefore no bandwidth expansion takes place. It is
obvious, that the full diversity gain can be obtained only
if ��� &

because each symbol has to be transmitted
with the same energy from all transmit antennas. Due
to the orthogonality of the space-time block code,

Fig. 10. Space-time block code transmitter

simple linear combining is possible at the receiver.
For simplicity, we consider

� � $ &
receive antenna.

At the receiver we observe the superposition of the
simultaneously transmitted signals perturbed by noise� � ��: �:� ��: � !# � $ ; � ��:#: � � � # : �� � # : � ! � � � : : � ! DW X>Y Z�J

; � :� # D � � � ��: �:� ��: � !# �W X*Y Z�c �
(10)

Left-multiplying (10) by the transposed and conjugate
channel matrix �
 J , i.e.,�	 $ �
 J �
 ��� �
 J ���� (11)

yields for the decision variables�� : $ 4  � ��:#: �  # �  � � # : �  #)7 � : � � ��: : � ! � ��: �: � � � # : � � ��: � !#�� # $ 4  � ��:#: �  # �  � � # : �  # 7 � # � � � # : � ! � ��: �: � � ��:#: � � ��: � !#
�

(12)
Thus, due to the orthogonal structure of the space-time
block code, we obtain decoupled equations for � : and� # . The equations (12) correspond to maximum ratio
combining. Hence, we obtain the same diversity level
as in receive antenna diversity with

� � $ &
transmit

antenna and
� � $ �

receive antennas, but transmit
diversity has the advantage that the mobile receiver
needs only one antenna. Fig. 11 illustrates the linear
combining for the two time instants and the analogy
to receive antenna diversity with maximum ratio com-
bining in a combining network. Another simple space-

Fig. 11. Linear combining for detection of the space-time block
code ���
time block code has rate � $�� � �

for
� � $ �

transmit



antennas:

��� $ �


�

� : � # ��� P� �"!# �#!: P ����#!� P � �#!: � #P �#!� � �#!# � � :
����
� �

(13)

Since in each time slot only three antennas are active,
the energy per transmitted symbol is given by

���� $
� ��
=��

.
The density function

�
	 4�� 7 of the SNR
��


after com-
bining, normalized to its expected value

��
 � �
� $ ��


� 
 � � $
= �
�
��� :

= ?
�
��� :  � �	�"���  #� � � � (14)

is the well-known chi-square distribution

��	 4�� 7 $ 4 ����� 7 =�� = ?4 � � � � � & 7�� �
= � = ?

� :�� � 	 = � = ? � (15)

This density function
�
	 4�� 7 is depicted in Fig. 12 for

different diversity levels
��� G ���

. As they increase the
fading channel is shifted towards an AWGN channel.
Due to the chosen normalization, the curves in Fig. 12
describe any diversity scheme (transmit or receive) with
diversity level

� � G � �
. With this pdf of a STC system

the BER of many modulation schemes can be evaluated
as described by Proakis [2].
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Fig. 12. Density function of the normalized SNR � according to
(14) after combining for diversity levels ���! "�$#

2.3 Systems aiming for rate gain
In the preceding section we have shown that the STBCs
with linear combining transform the MIMO channel
into a SISO channel with an improved diversity degree
of

��� G ���
. Unfortunately, by doing so the rank of

the channel reduces to that of a SISO channel identical
to one. Since the large increase of the MIMO channel
capacity comes along with the dimension of the channel
matrix, it is impossible to achieve the capacity for� �&% &

when a STBC is implemented. In this case
space-time mappings that aim for a rate gain should

be chosen in favor of those aiming for a pure diversity
gain.

The most simple idea that increases the data rate is
spatial multiplexing, where the data is demultiplexed
onto layers. Foschini initially presented such an ap-
proach called Bell-Labs layered space-time architec-
ture (BLAST) in 1996 [15]. The number of layers is
hereby identical to the number of transmit antennas.
The association between the layers and antennas is
cycled block-wise in a periodic way. This motivated
the later naming D(diagonal)-BLAST in contrast to
V(vertical)-Blast [16] with a fixed association between
the layers and antennas. Fig. 13 illustrates V-BLAST
for

��� $ �
. In contrast to the STBCs, such a scheme

provides the potential to achieve the channel capacity
with appropriate coding. The rate is � $ ���

and
���('

� �
is required. Obviously, V-BLAST is not designed

to exploit transmit diversity, since each symbol is only
transmitted from one antenna.

)�*+)�,-)/.0./12131

)�45)�67)/.98:12131

)/.�)�8-)�*:13131
)�87)�;+)/.9<:12131

)/.=)�>7)�?:12131

Fig. 13. Example of V-BLAST transmitter for ���A@ �
All MIMO systems have in common that they suffer

from the strong co-antenna interference. This inter-
ference is not a problem at all for the STBC, since
the optimal detector, the linear combiner, is part of
the concept. However, for layered structures appro-
priate detector techniques are required. In [15], [16]
a canceling-nulling detector performing serial interfer-
ence cancellation and suppression is proposed. The
previously detected signals are used for interference
cancellation and the residual interference from the
succeeding signals is suppressed with a zero forcing
filter. With ’genie’ interference cancellation receive
diversity increases from step to step. Unfortunately,
the error propagation limits this effect. Detecting the
stronger signals first, i.e., ordering them according to
their post detection SNR, reduces the error propagation
[16]. Further improvements where achieved by using
MMSE instead of zero forcing (ZF) filters [17], [18].
Fig. 14 shows comparative results.

The performance can be further improved if FEC
coding is introduced. First results where presented in
[17]. We have proposed enhanced concepts that will be
explained in the following.
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2.4 Systems with additional FEC coding
and turbo decoding

A MIMO transmission system with additional FEC
coding with

���
transmit and

���
receive antennas is

depicted in Fig. 15. The binary data is encoded with

Encoder

APP
Decoder

Space−Time
Mapper

data

data
estimate Detector

�

�

�

�
�����

�
�
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Fig. 15. MIMO transmission model

a convolutional code and interleaved. The elements� � 432 � 7 are taken from a
�54

-ary symmetric complex
symbol alphabet forming for instance a QAM symbol.
The space-time mapper maps

�
complex symbols

�
to

the transmitted signal 6 . At the moment the mapping is
simply a demultiplexing of the data onto the antennas.
Thus, 6 $ �

and
� $ ���

. Later in Section 3.2 we
will consider more complex space-time mappings. The G �

coded bits2 $87 2 : �)� �)� � 2 � � �)� � � 2 =:9 � (16)

where each  -bit row vector2 � $;7 < : � � �)� � � �=<1> � � � �)� � �=< 4 � � 9 �:<1> � �@? 
 ��& � � & �
(17)

is mapped to a complex symbol forming a vector

6 $0� $87 � : �)� � � � � � � � �)� � � = 9 � � (18)

After transmission over the MIMO channel we receive
the observation 	 $ 
 6 � � �

(19)

where 	 is a vector of
� �

received symbols. Only
the receiver has channel knowledge assumed to be
perfect and consists of a MIMO detector and an APP
decoder. Both are soft-in/soft- out devices and exchange
iteratively soft information about the coded bits accord-
ing to the turbo principle [5]. Soft information of the
bits is here described by log-likelihood ratios (LLRs)A 4#B 7 $ / �@C �!D��0E : �C �!D�� � : � . A 43F 7 denotes a vector containing
LLRs.
The optimal detector within such a structure is the
MIMO APP detector. Unfortunately, its prohibitive
complexity demands for alternatives. We have inves-
tigated two suboptimal, but less complex approaches
that will be presented in subsections 3.1 and 3.2.

3 Performance results with selected
detection schemes

3.1 APP and LISS detector with soft-
output in a turbo FEC scheme

We are interested in the a posteriori LLR of part or all G �
bits

A 4 �< > � � 7 $GA 4 < > � �  	 7 $ / � �IH�JLK M
�0E : �ON P C ��QSR \ �� H JLK M
� � : � N P C ��QSR \ �

(20)
Using Bayes rule the metric can be split up in three
parts/ � M 4T2  	 7 $ / � M 4 	  2 7 � / � M 432 7 � / � M 4 	 7 � (21)

the channel part, the a priori part and the length path. If
we take the full lengths of all sequences the last metric
part can be dropped. A maximum likelihood or symbol
APP detector would perform joint detection of all  G �
bits and maximize

A 4 �< > � � 7 $�/ � �IH�JLK M
�0E : � �VUW�X W�Y \ � J[Z ��Q�� Y W E UW]\ ��Q �

�
Q

� H JLK M
� � : � � UW�X W�Y \ � J[Z ��Q�� Y W E UW]\ ��Q �

�
Q

(22)
where the first part of the metric in the exponent is the
channel part, namely the negative Euclidean distance on
the channel model and the second part is the a priori
part delivered from the outer channel decoder.

A 4T2 7 are
the a priori values of all bits from the turbo feedback
of the outer decoder.
Evaluating Eqn. (22) for all

� 4@^ =
possible data is pro-

hibitively complex even for moderate  and
� $ �`_

.
A possible way is to use a reduced complexity sphere
detector proposed in [11] which finds a candidate list of
transmit vectors and evaluates (22) only for those test
candidates. To find the test candidates one computes
the center (zero forcing) solution�6 4 	 7 $�
 C 4 
 C 
 7 � : 	 (23)



of a search sphere which would be equal to the
transmitted vector 6 in case of noiseless transmission.
Applying e.g. a Cholesky factorization we obtain a
lower triangular matrix � which satisfies

� C � $]
 C 
 �
(24)

Since we have now a lower triangular matrix � using
(23) and (24) we can efficiently evaluate the first part
in the normalized metric in the exponent of (22) after
dropping the parts which do not depend on

2
&��� # � 
 4 6 432 7 � �6 4 	 7 7 � # $ &��� # � � 4 6 4T2 7 � �6 4 	 7 7 ��� �

(25)
In [11] the MaxLog approximation and a geometric
interpretation is used to find the candidates for the list
around the zero forcing solution.
Another way to find the candidates is to apply a se-
quential search as it is done in sequential decoding [6].
This is possible because the metric after the Cholesky
factorization is now additive. With the metric increment� ������

��
��� :

�
� � ��	� # 4 �

4T2
� 7 � �� � 7

������
# � 4�>

� :
&� <1> � � A 4 </> � � 7 � (26)

For the metric calculation all values are mapped back
by channel inversion to the transmit side, i.e. 	 to�� 4 	 7 . The factor 
��

K 

#�� W is the channel state information

(CSI) and
4
�
432
� 7 � �� � 7 is the test vector relative to

the zero-forcing solution. Now we have a metric which
is additive in � $ & � �,���	���

and which depends only
on the past symbols, the past 6 � and the past a priori
values. Therefore the � MIMO channel is ’causal’
with the antenna index � . Fig. 16 part A) shows the
transmission scheme and the test channel with the
possible candidates

2
. Note that the mapping 6 4T2 7 is

memoryless whereas the mapping
�6 4 	 7 depends on the

received values of all antennas. From Fig. 16 part B it
is clear that the partial metric of a path at depth � in
the tree depends only on antennas and a priori values
� � � .
Therefore we can apply a modified sequential search
on a tree using the stack algorithm [6]. We call this
a LISt Sequential (LISS) detector which uses several
features:�

A stack of a predetermined size which controls the
complexity and performance�
A soft extension of all paths to full length without
increasing the stack size�
A soft output for each bit generated from the stack
with a soft weighting of the yet undecided paths

The size of the stack controls the performance of
the MIMO detector. If it is large enough it achieves
APP performance. Even if some of the paths of the
stack do not reach the full length we can use an
augmented stack to utilize all available information in
order to obtain the best soft output. As shown in [12]
considerable complexity reductions can be achieved
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Fig. 16. Transmission and test channel for the LISS sphere detector
for MIMO channels:
A) Block diagram: The upper branch determines the channel metric,
the lower branch the a priori metric
B) Metric calculation showing the transformed causal MIMO channel

and the ergodic capacity capacity is approached by
one decibel at a BER of

&)P �\[ .

3.2 Space-Time systems aiming for both
rate and diversity gain

In the following we consider generalized space-time
mappings. We will show that these mappings require a
modified linear detector.

3.2.1 Generalized space-time mappings

The transmitted signal 6 $ 7 6 : �)� � � � 6 =�� 9 � does now
comprise

� �
channel uses and 6 � $ 7 � � � : � �)� � � � ���

=�� 9
are the row vectors of (8). The complex space-time
mapping matrices ] : and ] # disperse the

�
symbols�

into space and time yielding the transmitted signal

6 $ ] : � � ] # � ! � (27)

The rate of the space-time mapping is � $ � � � �
.

Considering both
�

and
� ! , all previously discussed

space-time mappings are subsumed by (27). To account
for the

� �
channel uses we introduce the block diag-

onal matrix

_^ $

diag
4 
 � � �)� � 
 7 . Using this matrix

the observation writes	 $ 
`^ 6 � � $�
 : ����

#
� ! � � �

(28)

where 	 $87 	 : � �)� � � 	 = � 9 � , with 	 � $;7 � � � : �)� �)� � � ��� = ? 9 .
 : and


# are the effective channel matrices.

Recently, attention has focused on space-time map-
pings that combine both diversity and rate-increasing
techniques. These mappings are mostly of a structure



according to (27). The multi-stratum space-time code
(MSSTC) [23] is one example of such a method that
nicely illustrates the idea. Here, the complex data
symbols are demultiplexed onto ������
 ���
�����
� layers.
The symbols on each layer are then dispersed into space
and time with a STBC and superposed by a Hadamard
matrix. The rate is ���	� 
 � � ��� � � -times the rate of the
STBC. Fig. 17 shows an example for

� � $ � � $ �
.

Due to the STBC each symbol is dispersed over the
whole available space.
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Fig. 17. Example of MSSTC for �$�A@ �$# @��
Unfortunately, MSSTC suffers from the rate-loss of

the STBC for
��� % �

. A more flexible scheme that
exists for an arbitrary number of antennas are the
linear-dispersion (LD) codes [24]. With

�
equal to

���	� 4 � � ��� � 7 G � � , these codes achieve the maximum
rate. The space-time mapping matrices ] : and ] # are
designed to maximizing the mutual information

������ U � � W
&� ��� E

�
log # det

7 <
#
=��!= ? � � (� �6� 
 � 
 �� 9	�

between the transmitted and received signal. The real
channel matrix


 � $ � 4 ] : � ] # � 
 7 represents the
two-dimensional channel obtained by rewriting (28)
as equivalent baseband model. An additional energy
constraint guarantees not only a total transmit energy
of 6 equal to

� � G �)( but also a dispersion of the data
symbols with identical energy in all spatial and tempo-
ral dimensions and thus guarantees transmit diversity.

3.2.2 Linear and widely (conjugate) linear detector
with soft-output in a turbo FEC scheme

The widely linear (WL) detector that we described in
detail in [22] is depicted in Fig. 18. It represents an
extension of the pure linear detector which we applied
to MIMO systems in [21]. The WL detector processes
not only the standard a priori information

A 4T2 7 but alsoA�
 432 7 , the interleaved decoder output. The computation
of the a posteriori LLR

A 4 �2 7 of the
� G  bits requires

the following steps:
(1.) Soft estimates

I� $
E 
 � � are calculated from the

a priori LLRs
A 
 4T2 7 and are used after reconstruction

for interference cancellation. The interference-reduced
signal is �	 � $ 	 � 
 : I� � 


# I� ! ���
K����� � � (29)
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Fig. 18. Widely linear (WL) detector

Forcing
I� � to zero is necessary to ensure pure extrinsic

information at the detector output [21].
(2.) In order to further suppress the residual interfer-

ence,

�	 � is filtered with the WL filter [20] resulting in
the MMSE estimate�� � $DC C : � �

�	 � �EC C
# � �

�	 !� � (30)

The two complex filters
C : � � and

C
# � � that adapt to

the residual interference of the filter input signal are
chosen to minimize the mean squared error.

(3.) The a posteriori LLRs
A 4 �2 7 are generated by soft

demapping.
It is required to use the two complex filters

C :�� �and
C
# � � instead of a single linear filter because of the

generalized space-time mapping of (27). The standard
linear filter could only exploit the information trans-
mitted in

�
but not that transmitted in

� ! . Thus, the
processing of

�	 � as well as

�	 !� is necessary. Further-
more, the WL filter exploits the non-circularity of the
data that arises during the iterations. Hence, even for
linear mappings (e.g. BLAST) the application of a WL
filter is beneficial.

Comparative frame-error rate (FER) results of the
iterative receiver for V-BLAST and a linear-dispersion
(LD) code for

� � $ � � $ �
with the quasi-static

channel model are shown in Fig. 19. For the simulations
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a frame of 4000 information bits was encoded with a
convolutional code

4 ] 4�� 7 $V7 &L� � � � �
� � & � � �

� � � �
� 9 7 , randomly interleaved and modulated to 16-

QAM symbols using Gray mapping. For the LD code
we used the WL filter whereas V-BLAST is detected
with a linear filter. The curves are compared with the
possible performance of interference-free transmission
obtained by providing the detector with perfect a priori
information. We can observe a performance gain of
the LD code over V-BLAST and that 5 iterations
almost reach the optimal performance. The LD code
benefits from the additional transmit diversity obtained
by transmitting each symbol over all transmit antennas
during

��� $ �
channel uses.

4 Existing and future systems
The space-time codes and MIMO techniques have
found immediate applications and even their way into
standardization. We mention only a few examples.
The Alamouti scheme as well as switched diversity,
where the transmit antennas are used alternately, are
standardized in UMTS. For HSDPA the standardization
of MIMO systems is still discussed. Recently, working
group 802.11n defined a high-throughput Wireless LAN
with effective data rates of at least 100 Mbits/s. The
application of multiple antennas are here part of the
proposals to increase the data rate. WLAN seems to be
a good application for MIMO systems, since the user
equipments, e.g., laptops, offer enough space for the
location of multiple antennas. Further, measurements of
the indoor MIMO channel have shown that it is mostly
of full rank due to the rich reflections.

Several interesting research subjects and possible
future applications are currently under discussion. We
list a few of them which are under investigation:�

STC-Systems which do not require channel mea-
surements nor coherent detection: Most current
STC systems require channel state information
for combining and coherent detection. Therefore
channel estimation training symbols have to be
transmitted from all and to all antennas. This
can consume a significant amount of energy and
data rate. However, there exist designs [13] where
differential detection is possible and slight receiver
modifications (max-log approximations) allow de-
tection without channel weight and noise estima-
tion. Differential amplitude and STC modulations
are applied and lead to a very good performance as
long as the channel does not vary much between
two successive design matrices.�
Ad hoc networks with relays: The information is
transmitted over the network via multi-hop trans-
mission and possibly without a centralized control.
Then several synchronized mobile stations who
have already received the correct message to be
forwarded can act as a joint STC transmitter.
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