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Abstract

In this contribution two new closed loop transmission schemes over wireless MIMO channels with only partial
channel knowledge at the transmitter are presented. Utilizing Space Time Block Codes (STBCs) with additional
pre- and post signal processing providesnT independent virtual channels, wherenT is the number of transmit
antennas. In most cases we considernT = 4. The first scheme is based on the Extended Alamouti (EA) code,
transmittingR=1 information symbol per channel use. This scheme requires only a very low feedback rate. The
second scheme achieves a higher rate ofR=2 information symbols per channel use, but it needs more feedback
information. This high rate data transmission is achieved by utilizing the Double Space Time Transmit Diversity
(D-STTD) code. The modulation format (from 2PSK to 256QAM) used on the resultingnT independent virtual
channels is adapted to the individual quality of the virtual channels. For a given target Bit Error Ratio (BER) and
a fixed mean transmit power an adaptive algorithm maximizes the data throughput. With these two closed loop
schemes very high data rates at reasonably low values of SNR are achieved. Simulation results show that the first
scheme is very robust against spatial correlation with respect to the mean information bit rate.

1 Introduction
Recent research in the field of closed loop transmission
schemes over wireless MIMO channels shows that
some feedback information about the channel state is
a proper mean to improve the system performance.
Various transmission schemes use only partial feedback
information to improve the BER-performance, e.g. [5].
Other approaches aim to achieve very high data rate
[7], but need a large amount of feedback information.
It is clear that there is a tradeoff between performance,
information rate and feedback rate for such Closed
Loop Schemes (CLSs).

The proposed schemes diagonalize the MIMO chan-
nel matrix with the aid of STBCs and use some addi-
tional pre- and post signal processing. At the input of
the resultingnT virtual channels, adaptive modulation
is used to exploit the maximum possible information
rate for a given SNR.

Our first scheme uses the Extended Alamouti (EA)
code [4]. The corresponding data rate isR = 1
symbol per channel use and only a very low feedback
information rate is required. The second scheme utilizes
the so called Double Space Time Transmit Diversity
(D-STTD) code introduced in [3]. The price to be paid
for the higher information rate (R = 2 symbols per
channel use) of the D-STTD compared to the EA is
the need of a considerably higher rate of feedback
information.

The rest of the paper is organized as follows. Sec. 2
deals with the used channel model. Sec. 3 is devoted

to the scheme which uses the EA code. Sec. 4 explains
the diagonalization of the virtual channel matrix with
the aid of the D-STTD code. Essential results are
summarized in the last chapter.

2 Channel Model

In this paper the behavior of the channel in the time
domain is assumed as a temporally uncorrelated block
Rayleigh fading, i.e., the channel is constant during
the block length of the STBC and afterwards changes
independently. The time interval when the channel is
assumed to be constant depends on the used transmis-
sion scheme. For the scheme utilizing the EA code, the
channel is constant fornT symbol durations. For the
D-STTD scheme the channel is assumed to be constant
for two symbol durations. In simulations spatially un-
correlated and spatially correlated fading channels are
investigated.

2.1 Spatially Uncorrelated Channel

In the case of spatially uncorrelated fading the simple
IID (Independent, Identically Distributed) Rayleigh fad-
ing channel model is used. For this IID channel model
the entries of the channel matrixH are independent
complex Gaussian distributed random variables with
zero mean and unit variance:

H ∼ NnR×nT

C
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Fig. 1. The upper left figure shows the magnitude of the entries of the receiver correlation matrix for low spatial correlationRlow
R . i and j

denotes the i-th row and the j-th column of the corresponding correlation matrix. The upper right figure shows the magnitude of the entries
of the transmitter correlation matrix for low spatial correlationRlow

T . The lower left figure shows the magnitude of the entries of the receiver
correlation matrix for high spatial correlationRhigh

R . The lower right figure shows the magnitude of the entries of the transmitter correlation
matrix for high spatial correlationRhigh

T .

2.2 Spatially Correlated Channel
For the spatially correlated case, the well known Kro-
necker model is used [1],[2]. For this model a transmit
correlation matrixRT , a receive correlation matrixRR

and an IID complex Gaussian matrixG ∈ NnR×nT

C is
used to model the fading channel:

H = R1/2
R G

(
R1/2

T

)T

. (1)

The correlation matricesRR = EH

{
HHH

}
and

RT = EH

{
HHH

}
are normalized in such a way, that

EH

(
tr

(
HHH

))
= nR nT , as in the IID case.

The correlation matrices were extracted from MIMO
channel measurements, which have been specified in
[6]. At the transmitter and at the receiver uniform linear
antenna arrays have been used. For the simulations two
different pairs of correlation matrices are used. High
spatial correlation is modeled by the following pair of
correlation matrices:

R
high
R

=

(
0.953−j0.000 0.015−j0.870 −0.879−j0.071 −0.079+j0.882
0.015+j0.870 0.939−j0.000 0.023−j0.901 −0.915−j0.073

−0.879−j0.071 0.023−j0.901 1.013−j0.000 0.009−j0.979
−0.079+j0.882 −0.915−j0.073 0.009−j0.979 1.096+j0.000

)

R
high
T

=

(
0.947−j0.000 −0.093−j0.841 −0.783+j0.113 0.233+j0.780

−0.093+j0.841 1.011−j0.000 −0.131−j0.876 −0.809+j0.176
−0.783−j0.113 −0.131+j0.876 1.015−j0.000 −0.152−j0.883

0.233−j0.780 −0.809−j0.176 −0.152+j0.883 1.027+j0.000

)

Low spatial correlation is modeled by:

R
low
R =

(
1.005−j0.000 0.212−j0.512 −0.382−j0.099 0.034+j0.264
0.212+j0.512 0.884−j0.000 0.254−j0.487 −0.391−j0.128

−0.382+j0.099 0.254+j0.487 0.961−j0.000 0.302−j0.610
0.034−j0.264 −0.391+j0.128 0.302+j0.610 1.149+j0.000

)

R
low
T =

(
0.912−j0.000 0.098−j0.102 −0.191−j0.531 −0.274−j0.128
0.098+j0.102 0.943−j0.000 0.086−j0.114 −0.269−j0.576

−0.191+j0.531 0.086+j0.114 1.002−j0.000 0.098−j0.081
−0.274+j0.128 −0.269+j0.576 0.098+j0.081 1.143+j0.000

)

Note that the matricesRhigh
R and Rhigh

T for the high
spatial correlation case correspond to the measurement
scenario 13D1 and the matricesRlow

R andRlow
T for the

low spatial correlation case correspond to the measure-
ment scenario 24D3 in [6]. In order to give the reader
a flavor of the corresponding spatial correlations for
these two scenarios, the magnitudes of the entries of the
correlation matrices for low and high spatial correlation
at the transmitter and at the receiver side are plotted in
Fig. 1. Of course, the correlation values shown in Fig. 1,
5 and 8 are only valid for integer values ofi andj. This
is due to the definition of the correlation values between
the corresponding antenna elements with integer labels
i and j.



3 Extended Alamouti Scheme
As mentioned in Sec. 1, the scheme with low feedback
rate utilizes the EA codes for the diagonalization of the
MIMO channel matrix. These codes exist fornT = 2k

with k = 2, 3, 4, . . .. The number of receive antennas
nR can be chosen arbitrarily. In the following, the
scheme withnT = 4 is investigated, but matters are
quite similar fornT = 2k.

3.1 Diagonalization Principle

Note that the EA has a recursive Hadamard type
structure, i.e., the code matrix for thenT = 4 scheme
can be constructed by four Alamouti type (2×2) code
matrices. More details about the construction method
are provided in [4]. The EA code fornT = 4 results
in:

S=




s1 s2 s3 s4

s∗2 −s∗1 s∗4 −s∗3
s∗3 s∗4 −s∗1 −s∗2
s4 −s3 −s2 s1


 (2)

In the following section, the channel diagonalization is
shown for the special case ofnR = 1. This method is
generalized to other values ofnR in Sec. 3.1.2.

3.1.1 Special Case:nR = 1

The code matrixS is transmitted via the MISO channel
with transmit vectorh = (h11 h12 h13 h14). Gaussian
noisen is added at the receiver input. We assume that
the channel is constant for the 4 symbol intervals of
the code block. The received signaly results in:

y = hST + n , (3)

with y = [y1 y2 y3 y4]. A mathematically equivalent
description of (3) is:

ỹ = Hv s + ñ , (4)

where ỹ = [y1 y∗2 y∗3 y4]
T , s = [s1 s2 s3 s4]

T and the
resulting virtual channel matrixHv is:

Hv =




h11 h12 h13 h14

−h∗12 h∗11 −h∗14 h∗13
−h∗13 −h∗14 h∗11 h∗12

h14 −h13 −h12 h11


 (5)

At the receiverỹ is processed by a “matched filter”
HH

v resulting in the modified receive vector

ỹmod = HH
v Hvs + HH

v n . (6)

The essential advantage of the EA code as described in
(2) is that the resulting Grammian matrixGv = HH

v Hv

in (6) can be diagonalized by a unitary matrixV that
is independent from the actual channel vectorh:

V =
1√
2




0 1 0 −1
−1 0 1 0

1 0 1 0
0 1 0 1


 (7)

This is true because of the specific structure of the vir-
tual channel matrixHv shown in (5). DiagonalizingGv

we obtain the diagonal matrixD = diag(λ1, λ2, . . . λ4)
as

D = VH HH
v Hv V . (8)

Applying this diagonalization we can easily transform
our EA coded transmission scheme intonT = 4
independent virtual channels with distinct channel gains
λi, i = 1, 2, . . . , 4. This is done by pre-processing
our transmit signal vectors by the EigenmatrixV
and by the post-processing the modified receive vector
ỹmod by VH . In this way we getnT decoupled scaled
estimateŝs of s:

ŝ = VH HH
v Hv Vs + VH HH

v ñ = Ds + nm . (9)

The nT = 4 channel gainsλi, which are the Eigenval-
ues of the diagonal matrixD, can be evaluated as

λ1 = λ2 = h(1 + X) λ3 = λ4 = h(1−X) (10)

with

X = 2Re {h11h
∗
14 − h12h

∗
13} /h (11)

h = |h11|2 + |h12|2 + |h13|2 + |h14|2. (12)

Note that the modified noisenm is still uncorrelated:

Rnm =En(nm nH
m)=En(VHHH

v ñ ñH Hv V)=Dσ2
n

3.1.2 Other values ofnR

The method just described can be generalized for
arbitrary values ofnR. The virtual matrix channelHv

becomes an(nR · nT ) × nT matrix, but the resulting
Grammian matrixGv = HH

v Hv again has the same
structure as above and therefore the same channel
independent unitary matrixV can be used for the pre-
and post signal processing ofs. The channel gains are
calculated as above, but the entitiesh andX now result
in:

X =
1
h

nR∑

i=1

h(i)X(i) (13)

h =
nR∑

i=1

h(i) (14)

for i=1, 2, ...,nR with

X(i) = 2Re {hi1h
∗
i4 − hi2h

∗
i3} /h(i) (15)

h(i) = |hi1|2 + |hi2|2 + |hi3|2 + |hi4|2. (16)

The fundamental advantage of this coding scheme is
that no feedback information about the actual channel
is necessary to diagonalize the MIMO channel matrix!



3.2 Adaptive Modulation

Having diagonalized the Grammian matrixGv, nT in-
dependent virtual channels of different quality (different
values of SNR due to the distinct Eigenvaluesλi) are
obtained. The modulation format used at each virtual
channel is adapted to its actual quality (measured in
terms of SNR). The set of possible modulation formats
used ranges from 2PSK to 256QAM [8].

An adaptive algorithm maximizes the throughput
under the constraints of a fixed mean transmit power
and a fixed target Bit Error Ratio BERtarget.

The BER of the eight different modulation schemes
can be calculated with eight different equations, which
all have the same structure:

BERi ∼ αi Q(
√

βi λj SNR) , (17)

whereQ(.) denotes the Marcum Q-function. The indi-
vidual BERs mainly depend on the channel gainsλj

of the nT virtual channels and on the mean SNR. The
constantsαi andβi depend on the specific modulation
format [8]. If the BER in (17) is set to BERtarget and
the mean SNR is known, then the thresholdsλt

k of
the channel gains for which the considered modulation
scheme achieves a BER which is equal to BERtarget can
be calculated. In Fig. 2 the thresholdsλt

k are shown as
a function of the mean SNR for a BERtarget = 10−3

for modulation formats from 2PSK to 256QAM. The
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Fig. 2. Thresholdsλt
k of the channel gains for BERtarget= 10−3

as a function of the mean SNR for modulation formats from 2PSK
to 256QAM.

adaptation algorithm relies on the thresholdsλt
k for

all modulation schemes (2PSK to 256QAM) given in
Fig. 2 and on the knowledge of the mean SNR. With
the measured channel gainsλi and the thresholdsλt

k

a proper modulation format for each virtual channel
can be selected. For example, ifλi > λt

16QAM andλi <
λt

32QAM, then 16QAM is used at thei-th virtual channel.
If a channel gainλi is smaller then the thresholdλt

2PSK
for 2PSK, then this virtual channel is not used at all.

As mentioned in Sec. 3.1, no feedback information is
necessary for the diagonalization of the virtual channel
matrix, but some feedback is needed for the selection of
the modulation format. We assume that the receiver has
full channel knowledge. The receiver determines the
best fitting modulation format for each virtual channel
and informs the transmitter, which modulation schemes
should be used on each virtual channel. Remember (10),
which shows that there are two pairs of two identical
virtual channels and therefore the adaptation of the
modulation must be done only for two distinct channel
gains. Because of the option of eight distinct modula-
tion formats and no transmission at all in case of very
low channel gain, four feedback bits are necessary to
control the modulation format at each virtual channel.
Therefore the total number of feedback bits is 2× 4 =
8 bits per fading block.

In the case of a slowly varying environment, one can
think of switching into a quasi static feedback mode,
where only one feedback bit is used for each of the
different virtual channels. Only if the adaptation of the
modulation is necessary due to a change of the channel
state, then one bit for each different virtual channel is
sent back to inform the transmitter which modulation
scheme should be used now: one step above the current
modulation or one step below the current modulation.
In this mode, many feedback bits can be saved.

In the upper part of Fig. 3 the main processing blocks
of the proposed transceiver are shown. Note that the
dashed lines in theadaptive modulationblock and in
the slicer block indicate that the adaptive modulation
and the symbol detection is performed for each vir-
tual channel separately. Due to the decoupled signal
streams, the complexity of Maximum Likelihood (ML)
detection is very low.

In the lower part of Fig. 3 the mathematically
equivalent description of the whole signal processing
performed in the upper part of Fig. 3 is shown. In
fact, with the aid of the EA code the transmit system
is decomposed into the adaptive modulation of four
independent virtual channels with distinct gainsλi.

3.3 Simulation Results
Simulations have been performed for MIMO channels
with nT = nR = 4 and different values of mean SNR.
The mean SNR is defined as:

SNR=
nT Ps

σ2
n

=
4
σ2

n

, (18)

where Ps and σ2
n are the mean transmit power per

antenna and the receiver noise power at each receive
antenna. All modulation formats used are normalized
to Ps = 1 and therefore the right hand side in (18)
holds. Different spatially correlated MIMO channels
have been simulated. As mentioned in Sec. 2, we have
investigated three different spatially correlated channel
types (uncorrelated, low correlation and high correla-
tion). Note that the simulations have been performed
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Fig. 3. The upper part of the figure shows the main processing
blocks of the proposed transceiver with four transmit and two
receive antennas. The lower part shows the equivalent mathematical
description of the whole system.

assuming perfect channel knowledge at the receiver
and error free transmission of the feedback information.
Delay effects of feedback data are neglected.

The desired mean BER= 10−3 has been chosen.
As explained above, the adaptation algorithm chooses
modulation schemes, which always achieve BERs that
are less or equal to this BERtarget and therefore the
resulting mean BER is in fact less the10−3. For this
reason the BERtarget can be slightly increased, so that
at last the resulting mean BER is in fact equal to10−3.

3.3.1 Mean rateR

In Fig. 4, the mean information bit ratesR versus
the mean SNR are shown for a mean BER of10−3

and three different spatial correlations. The surprising
result is that the mean performance of this scheme
is extremely robust against spatial channel correlation.
Note that the spatial correlation is extremely high in
the case of “high correlation” (Fig. 1). The increase in
data rateR with increasing SNR is approximately 3.5
bit / 10dB SNR for all channel types.

An explanation for the robustness of our scheme
with respect to spatial correlation is that the EA code
achieves a very good decorrelation of the channel.
Our scheme is based on the virtual channel matrix
Hv = [hv1 hv2 . . . hvnT

]. The transmitter correlation
Rv

T = EH

{
HH

v Hv

}
of this virtual matrix Hv (de-

picted in Fig. 5) shows that the correlation fori 6= j
is by far not as high as for the real channel matrix
H (lower right part of Fig. 1) and therefore nearly no
degradation in the mean bit rate is observed compared
to a transmission over an uncorrelated channel. Note
that due to the special structure ofHH

v Hv, the virtual
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Fig. 4. Mean information bit rateR versus the mean SNR for several
spatial correlation conditions (uncorrelated, low-, high-correlation)
for a mean BER of10−3; EA scheme;nT = nR = 4.

correlation matrixRv
T has only non zero values on the

main diagonal and the anti diagonal (i,j: 1,4| 2,3 | 3,2
| 4,1).
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Fig. 5. Transmitter correlationRv
T (i, j) = EH

{
hH

vi
hvj

}
of

the virtual channel matrixHv = [hv1 hv2 . . . hvnT
] for the EA

scheme withnR = nT = 4 in case of “high spatial correlation”.

3.3.2 Outage rateRout

In Fig. 6, the Cumulative Distribution Functions (CDFs)
of the rateR are shown for SNR=14dB and a mean
BER of 10−3 and three spatial correlations. As can be
seen, the proposed system is quite sensitive on spatial
correlation with respect to outage rate. For example,
considering an outage probability of 10%, the rates
for uncorrelated, low correlated and high correlated
channels areR10%

out =4.1, 3.7 and 2.5 bit per channel
use. In fact the spatial correlation leads to an increased
variation of the achievable rate. Thus, the 10% out-
age rate decreases substantially with increasing spatial
correlation, although the mean rate remains almost
unaffected from spatial correlation.
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4 D-STTD Scheme

As mentioned in Sec. 1, the high rate scheme with
moderate feedback rate utilizes the D-STTD code for
MIMO channel diagonalization. Such codes exist for
nT = 2 k with k = 2, 3, 4, . . . . In fact, only for
the code withk = 2 the name double STTD is really
justified. Again the Grammian matrixGv = HH

v Hv of
the corresponding virtual channel matrix has a specific
structure. Accordingly, the diagonalization matrixV
(defined in (24)) has a specific structure too for any
value ofnR. If the number of receive antennas is chosen
to benR ≥ nT /2 , then the maximum numbernT of
independent virtual channels is obtained. Using fewer
receive antennas, a smaller number of independent vir-
tual channels is achieved. In the following the scheme
with nT = 4 is investigated, but matters are quite
similar for other even valued numbers ofnT .

4.1 Diagonalization Principle

The D-STTD Code (again generalized from the (2×2)
Alamouti scheme) fornT = 4 is defined as:

S =
(

s1 s2 s3 s4

−s∗2 s∗1 −s∗4 s∗3

)
. (19)

That means, we transmit four symbols over four trans-
mit antennas in two time slots. In the following, the
channel diagonalization is shown for the special case
of nR = 2. The extension to general values ofnR is
explained in Sec. 4.1.2.

4.1.1 Special Case:nR = 2

The code matrixS is transmitted via the real MIMO
channel described by the transfer matrix

h =
(

h11 h12 h13 h14

h21 h22 h23 h24

)
. (20)

Gaussian noise is added at each receiver input. The
channel is assumed to be constant for two symbol
durations. Then, the received signaly is:

y =
(

y11 y12

y21 y22

)
= hST + n . (21)

A mathematically equivalent description is:

ỹ = Hv s + ñ , (22)

where ỹ = [y11 y∗12 y21 y∗22]
T , s = [s1 s2 s3 s4]

T and
the resulting virtual channel matrixHv is now:

Hv =




h11 h12 h13 h14

h∗12 −h∗11 h∗14 −h∗13
h21 h22 h23 h24

h∗22 −h∗21 h∗24 −h∗23


 (23)

For diagonalizing the corresponding Grammian matrix
Gv = HH

v Hv, the following unitary matrixV is used:

V = c




−2Y
Z

−2X
Z

2Y
Z̃

2X
Z̃−2X∗

Z
2Y ∗
Z

2X∗

Z̃
−2Y ∗

Z̃
0 1 0 1
1 0 1 0


 (24)

with the following abbreviations:

H1 = |h11|2 + |h12|2 + |h21|2 + |h22|2
H2 = |h13|2 + |h14|2 + |h23|2 + |h24|2

X = h∗11h13 + h∗14h12 + h∗21h23 + h∗24h22

Y = h∗11h14 − h∗13h12 + h∗21h24 − h∗23h22

Z = H1 −H2 +
√

(H1 −H2)2 + 4|X|2 + 4|Y |2

Z̃ = −H1 + H2 +
√

(H1 −H2)2 + 4|X|2 + 4|Y |2

c =
2√

8 + 2(H1−H2)
2

|X|2+|Y |2
(25)

With this matrix V the Grammian matrixGv can be
diagonalized and the resulting diagonal matrixD =
diag(λ1, λ2, λ3, λ4) can be calculated as:

D = VH HH
v Hv V . (26)

In our transmission scheme the transmit signal is pre-
processed byV in order to obtain a set of four
decoupled virtual channels. The factorc (25) is only
necessary to normalize the total transmit power such
that the SNR definition (18) still holds. The modified
received signal̃y is filtered by VH HH

v resulting in
scaled estimates ofs:

ŝ = VH HH
v Hv V︸ ︷︷ ︸
D

s + VH HH
v ñ︸ ︷︷ ︸

nm

Applying this scheme, now the pre-processing matrix
V is not channel independent, which is in contrast to
the EA scheme presented in Sec. 3. Here, the receiver
has to send back some information about the channel
to enable the transmitter to pre-process its signal vector



s. The entire processing (at transmitter and receiver)
yields nT = 4 independent virtual channels with the
channel gains:

λ1 = λ2 =c2

[
4H1(|X|2+|Y |2)

Z2
− 4(|X|2+|Y |2)

Z
+H2

]

λ3 = λ4 =c2

[
4H1(|X|2+|Y |2)

Z̃2
+

4(|X|2+|Y |2)
Z̃

+H2

]

Note that one pair of the Eigenvalues is zero, if not
enough receive antennas are used (e.g. in case ofnR =
1). The modified noisenm remains uncorrelated as in
the case of the EA scheme.

4.1.2 Other values ofnR

Our diagonalization method can be generalized for
arbitrary valuesnR. The resulting Grammian matrix
Gv = HH

v Hv has the same structure as above and
therefore the same matrixV can be used for the pre-
and post signal processing. Most equations of Sec. 4.1.1
remain unchanged. Only the following parameters used
above change into:

H1 =
nR∑

i=1

(
|hi1|2 + |hi2|2

)

H2 =
nR∑

i=1

(
|hi3|2 + |hi4|2

)

X =
nR∑

i=1

(h∗i1hi3 + h∗i4hi2)

Y =
nR∑

i=1

(h∗i1hi4 − h∗i3hi2)

The difficulty with this scheme is that feedback infor-
mation is already necessary to diagonalize the MIMO
channel. The necessary feedback information consists
of the two real-valued parametersH1 and H2 and
the two complex-valued parametersX and Y . The
benefit of this scheme is that the symbol-rate is doubled
compared to the EA scheme.

The adaptive modulation algorithm operates as ex-
plained in Sec. 3.2.

The block structure of this transmission scheme is
the same as for the scheme presented in Sec. 3 shown
in Fig. 3.

4.2 Simulation Results
The simulations were performed with the same param-
eters used to analyse the EA scheme. A summary of
these parameters: Simulations were done for MIMO
channels withnT = nR = 4 and for several values
of mean SNR. Different spatially correlated MIMO
channels have been investigated. As mentioned in
Sec. 2, three different spatially correlated channel types
(uncorrelated, low correlation and high correlation)
have been considered. Note that the simulations assume
perfect channel knowledge at the receiver and error free
transmission of the feedback information.

4.2.1 Mean RateR

In Fig. 7, the mean information bit rateR versus
the mean SNR is shown under several conditions of
spatial channel correlation for a mean BER of10−3.
For this D-STTD transmission scheme still higher mean
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Fig. 7. Mean information bit rateR versus the mean SNR for several
spatial correlation conditions (uncorrelated, low-, high-correlation)
for a mean BER of10−3; D-STTD scheme;nT = nR = 4.

information ratesR are achieved than in case of the
EA scheme (see Fig.4). The slope of theR-curve
for uncorrelated channels is approximately doubled (7
bit/10dB SNR) compared to the EA scheme. Note,
that the robustness against spatial correlation is not as
pronounced as for the EA scheme with its low feedback
rate.

In this case the decorrelation of the channel is not
as good as for the EA scheme (Fig. 8) and therefore
a more severe performance degradation with respect to
the mean bit rate in case of high spatial correlation
is observed. Note that due to the special structure of
HH

v Hv, the virtual correlation matrixRv
T still has zero

correlation between the following antenna elements
(i,j): (1,2), (2,1), (3,4) and (4,3).

4.2.2 Outage rateRout

In Fig. 9, the CDF of the bit rate is shown for an
SNR=14dB for the three spatial correlation types for a
mean BER of10−3. In contrast to the scheme utilizing
the EA code (Sec. 3), here the spatial correlation
deteriorates the mean information rate considerably.
Surprisingly, the CDFs in Fig. 9 for correlated channels
are roughly only horizontally shifted versions of the
CDF of the uncorrelated channel and therefore the loss
in outage rate due to spatial correlation is almost the
same as the loss in the mean information rate for all
cases.
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Fig. 9. CDFs of the rateR for SNR=14dB and several spatial
correlation conditions (uncorrelated, low-, high-correlation) for a
mean BER of10−3; D-STTD scheme;nT = nR = 4.

5 Summary and Conclusions

Two high rate closed loop MIMO transmission schemes
with partial feedback have been investigated. Both
systems are based on the diagonalization of the MIMO
channel resulting innT independent virtual channels
with different gains. This approach allows a ML de-
tection with very low complexity and an indepen-
dent adaptive modulation on all virtual channels. The
scheme with low feedback rate based on the EA code
achieves moderate to high information rateR requiring
only scarce feedback information. Its mean throughput
is extremely robust against spatial channel correlation.
On the other hand, the D-STTD code based trans-
mission scheme using moderate feedback information
achieves a still higher information rate. However, the
robustness against spatial correlation is lower than in
the case of the EA scheme.
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[2] H.Özcelik, M.Herdin, W.Weichselberger, J.Wallace, E.Bonek.
Deficiencies of the Kronecker MIMO radio channel model.
Electronic Letters, vol.39, pp.1209-1210, 2003.

[3] Texas Instruments.Double-STTD scheme for HSDPA systems
with four transmit antennas: Link Level Simulation Results.
Temporary document 21(01)-0701, Release 5 Ad hoc, 3GPP
TSG RAN WG1, June 2001.

[4] M.Rupp, C.F.Mecklenbr̈auker.On Extended Alamouti Schemes
for Space-Time Coding. WPMC, Honolulu, pp. 115-118, Oct.
2002.

[5] B.Badic, M.Rupp, H.Weinrichter.Adaptive Channel Dependent
Extended Alamouti Space Time Code using minimum Feedback.
CIC, Seoul, Korea, Oct. 2003.
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