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Abstract—We investigate the application of the Alamouti Space-
Time Block Code (STBC) on basis of the GSM/GPRS system, es-
pecially with regard to aspects of compatibility with current spec-
ifications. The performance improvements obtainable by means
of this technique are demonstrated on basis of simulation resuolts.
A novel trellis-based soft-output equalization and detection algo-
rithm for the Alamouti scheme is presented, which is of the same
complexity as in the single transmit antenna case. Moreover, ap-
proepriate training sequence pairs are derived. In this context, opti-
mized partner sequences with respect to the eight GSM sequences
are introduced that significantly ocutperform any pair of GSM se-
quences. Analytical results are presented demonstrating the sen-
sitivity of the Alamouti scheme to fast and/or frequency-selective
fading as well as to non-perfect knowledge of the channel coeffi-
cients at the receiver.

1. INTRODUCTION

ECENTLY, the application of multiple transmit an-

tenna techniques in wireless communications systems has
gained much interest. By introducing an additional spatial com-
ponent to the signal processing carried out in the transmitter,
significant performance improvements upon single transmit an-
tenna systems can be obtained. In this context Space-Tinte Trel-
Iis Codes (STTC) [1] and Space-Time Block Codes (STBC) [2]
are subject to current research activities. They exploit spatial di-
versity yielding an additional diversity and/or coding gain and
thus an improved bit error performance compared to a system
utilizing only a single transmit antenna ((1x1)-system). Spatial
diversity results from the fact that the individual transmission
paths from the transmit antennas to the receive antenna(s) are
likely to fade independently. With STTC and STBC multiple
antennas at the receiver are optional.
Deploying STTC and STBC in future wireless communications
systems promises reliable transmission at high data rates, e.g.,
required for 3rd generation (3G) bearer services. Such services
are usually characterized by asymmetric data traffic, where the
predominant part of data transfer occurs in the downlink (DL).
Therefore, in order to enhance the crucial DL, the application
of STTC and STBC is very attractive because only the base
transceiver station (BTS) needs to be equipped with additional
antennas.
This paper considers the application of the Alamouti scheme
[3] in a GSM/GPRS! system [4], often referred to as a 2.5G
system. The Alamouti scheme is the simplest special case of a
STBC and employs two transmit antennas.
Original aspects of this paper include a transmitter structure
presented in Section 11, which is designed with special regard
to compatibility aspects. In this context, appropriate pairs of
training sequences are introduced in Section III. The proposed

L GPRS (General Packet Radio Service) is part of the GSM specifi cations
(Phase 2+) and is used for the transfer of packet-switched data.
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pairs consist of an original GSM sequence and an optimized
partner sequence. They perform significantly better than any
pair of GSM sequences. Moreover, a novel equalization and
detection algorithm is presented in Section ITI, which is derived
from the conventional Max-Log-MAP algorithm {5] for a sin-
gle transmit antenna system and which is characterized by the
same complexity. For related work see [6]-{10]. New analytical
results in Section IV demonstrate the sensitivity of the Alam-
outi scheme to fast and to frequency-selective fading as well as
to non-perfect knowledge of the channel coefficients at the re-
ceiver. Corresponding simulation results are given in Section V,
illustrating the bit error performance improvements obtainable
on a typical urban wireless channel by means of the Alamouti
STRC. Finally, conclusions are drawn in Section VI

II. STRUCTURE OF THE ENHANCED SYSTEM

The compatible enhancement of the GSM/GPRS system by

means of the Alamouti scheme shall be carried out in a way that
preferably few changes have to be applied to current specifica-
tions [4]. In this context, the GSM/GPRS binary Gaussian min-
imum shift keying (GMSK) modulation scheme and the burst
structure are retained in the extended system. Throughout this
paper, the equivalent complex baseband notation is used.
In the Alamouti scheme, pairs [z(k), z{k + 1)) of M-ary data
symbols are transmitted over two antennas using two consec-
utive time instants. In this context, a mapping of the symbols
z(k) and x(k + 1) is performed according to the Alamouti ma-
trix A (throughout this paper the transposed of the original ma-
trix [3] is used):

A z(k) —z*(k + 1} | +— Time index &
Tk +1) z* (k) +— Time index k + 1
* T
Amnt. 1 Ant. 2 (n

where (.)* denotes complex conjugation. The Alamouti matrix
is unitary with A" A =(|z(k)|2 + |z(k + 1)|?) X5, where AF is
the Hermitian conjugate of A and I the (2 x 2)-identity matrix.
Fig. 1" shows the proposed transmitter structure of the
GSM/GPRS system enhanced by the Alamouti scheme. First,
channel coding and interleaving is performed according to one
of the GPRS coding schemes CS 1-4, vielding 2 - 58 data sym-
bols z(k) € {£1} per burst. Then, the data symbols are space-
time processed according to (1) and mapped on GSM/GFRS
bursts. In contrast to the (I1x1)-system, two different training
sequences TSI (first transmit antenna) and TS2 (second trans-
mit antenna) are mandatory here. Finally, linearized GMSK
pulse shaping is done (including a symbol-wise phase rotation

412


mailto:tf.uni-kiel.de
http://www
mailto:Magnus.Sandell@toshiba-trel.com

from MAG Layer 2558
Data Symbols Te-ant1 o f‘/
B v
€514 AlamoUlitr oy 5 [
Burst Pulse
181 Align— Ts2 Shaging F
TS| et [ J
82
LT

Fig. 1. Transmitter structure of the GSM/GPRS system enhanced by the Alam-
outi scheme (n = 2).

of = /2 rad/symbol), and the modulated signals are transmitted
over the two antennas. Note that the single transmit antenna
case is included in the enhanced structure as the special case,
when the second transmit antenna is switched off. The data rate
of the (1x1)-system is retained.

The same general receiver structure can be applied both for the
{1x1)-system and for the enhanced system. The received signal
is first filtered, then sampled at time instants k7" and derotated
yielding received symbols y{k}. A channel estimator provides
estimates of the coefficients of the equivalent discrete-time
channel model, here referred to as channel coefficients. Even-
tually, equalization/detection is performed utilizing the channel
estimates. Throughout this paper we consider a Max-Log-MAP
algorithm [5], which is a soft-output equalizer/detector approx-
imating the log-likelihood ratios (LLRs) L(z(k}) of the trans-
mitted data symbols z(k).

The system described above applies, in principle, as well for
EDGE/ EGPRS?, when the GPRS coding schemes CS 1-4 are
replaced by the EGPRS modulation and coding schemes MCS
1-9. The data symbols x(k) are then either binary or 8-ary.

11I. DATA DETECTION FOR THE ALAMOUTI SCHEME

In order to detect the transmitted data symbols, the equal-
izer/detector employed in the receiver requires knowledge
about the channel coefficients, In a GSM receiver, channel es-
timation (CE) is typically performed by means of the corre-
lation method [11]. In this method, the channel estimates are
obtained by correlating the employed training sequence(s) with
the corresponding received symbols. In the (1x1)-system solely
the autocorrelation properties of the training sequence used are
crucial for the quality of the resulling estimates {(if co-channel
interference is neglected). The 8 GSM sequences [4] are char-
acterized by a perfect cyclic autocorrelation for any shift £ with
|€] < 5 and thus grant - with respect to the average estimation
error — optimal channel estimates h = [A(®, %) .., h{P)] for
channels with memory length L < 5.

However, in the case of the Alamouti scheme, where two differ-
ent training sequences TS1 and TS2 are required (cf. Fig. 1},
not only the cyclic autocorrelation of both sequences deter-
mines the quality of the channel estimates, but as well their
cross-correlation properties. The correlation of TS1 and TS2
with the received midamble symbols yields channel estimates

h; and hs, respectively, associated with the transmission path
corresponding to the first and the second transmit antenna.

The ETSI/3GPP specifications [4] do not comprise any part-
ner sequences with respect to the eight GSM sequences at all.
Pairs of GSM sequences are in fact characterized by compa-
rably poor cross-correlation properties. Moreover, the existing

2 EDGE (Enhanced Data Rates for GSM Evolution) is a further development
of GSM towards 3G data rates. The EDGE specifi cations comprise both binary
GMSK and linearized GMSK with an 8-PSK (phase shift keying) mapping. The
(3SM burst structure as well as the eight training sequences have been retained
for EDGE. EGPRS stands for Enhanced GPRS.

eight training sequences are already invariably required in the
single transmit antenna case, due to the cellular structure of a
GSM radio network. Therefore, it is required to define adequate
training sequence pairs for the Alamouti case.

A. Definition of Appropriate Training Sequence Pairs

In Table I, optimized partner sequences with respect to the
eight GSM training sequences are listed. These sequences have
a perfect cyclic avtocorrelation for shifts |§| < 5, the same
length as the GSM sequences (26 symbols), and the same cyclic
structure ‘A B C A B’. Among all sequences with these proper-
ties, the ones given in Table I yield a minimum estimation error
in the case of a typical urban wireless channel (L = 3). In the
case of a channel memory length I < 2, even optimal CE is
accomplished in the sense that the resulting sequence pairs are
characterized by a perfect cross-correlation for shifts )£} <2.
Simulation results indicate that — with regard to the resulting
bit error performance of the overall system — the proposed
sequence pairs significantly outperform any pair of GSM se-
quences {refer to Section V-B). As a matter of fact, the perfor-
mance accomplished on a typical urban channel is very close to
the case of perfect cross-correlation.

B. Generalization of the Max-Log-MAP Algorithm

The conventional Max-Log-MAP algorithm {5] has to be
modified in a way that — corresponding to the Alamouti trans-
mitter structure — the received symbols are processed as pairs.
For reasons of brevity, we will not recapitulate the Max-Log-
MAP algorithm here, but rather outline the main differences
between the conventional algorithm and the generalized Max-
Log-MAP algorithm required in the Alamouti case.

In Fig. 2 a comparison is drawn between the conventional trellis
and the trellis resulting for the Alamouti schemne with regard to
trellis states and transitions (channel memory length L = 4 in
both cases). In the first case, a trellis segment complies with a
single data symbol z(k). Presuming a single receive antenna
(ng = 1), the Euclidean branch meiric p(S(k),S(k + 1))
for a transition S{(k) — S{k + 1) is given by |y(k} — F(k)|%.
where y(k) denotes the current received symbol and (k) a cor-
responding hypothesis, §(k) is a replica of ¥(k), determined by
the state S(k). the symbol hypothesis #(k) associated with the
transition regarded and the (estimated) channel coefficients at
time index k. The number of possible trellis states S(k) is ML,
where M is the cardinality of the symbol alphabet.

In the Alamouti scheme, a single trellis segment spans fwo con-
secutive time indices k and k+1. A wansition from a state S(k)
to a subsequent state S(k + 2) therefore complies with a pair
[2(k),x(k+1)] of data symbols. As in the conventional trellis,
the number of possible trellis states S(k) is given by ML if L

TABLEI
OPTIMIZED PARTNER SEQUENCES WITH RESPECT TO THE 8 GSM
TRAINING SEQUENCES.
Partner to GSM No. A B | C A B
1 00100 | 01001 | 011100 | 00100 [ 01001
2 00011 | 10100 | 100010 | 00011 [ 10100
3 01051 | O1111 | 000100 | 01011 | O1111
4 10111 | 01110 | 000100 | 10111 | OIfID
5 01010 | 00110 | 111110 [ 01010 | 00110
6 00000 | 10011 | 101011 | 00000 | 10011
7 01111 10110 | 001010 | 01111 10110
] 00001 | 11011 | 010001 | 00001 | 11011 |
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Fig. 2.  State transition a) within the conventional trellis (channel memory
length L = 4)and b) within the Alamouti-treflis (L =

is even. This means that both equalizers are of the same com-

plexity®. The Euclidean branch metric u(S(k), S(k + 2)) for a
transition S(k) — S(k + 2) is calculated according to

w(S(k), Sk +2)) =
(k) — G(R) + gk + 1) — §(k + 1)

In the sequel, let the estimated channel coefficients be denoted

ashy = [hto) h(L)] and hy = [h(o) {L)} The hypothe-
ses y(k) and y(k + 1) are then calculated as follows:

#k)

@

> i

(1926 - — 83"k~ (- 1)
k=0 K& even
+ A E k- (e +1)) ] and

rodd
Glk+1) =
L
> [ st + 1 -0
k=0

+ B E(k+1) = (s + 1)

K even

K’ odd]

The symbol hypotheses £(k — L), ..., #{(k — 1} are determined
by the state 5(k), and the hypotheses &(k), #{k + 1) are deter-
mined by the transition under consideration.

In the case of multiple receive antennas, a partial branch metric
1 (S(k), S(k +2)) is calcutated for each individual receive an-
tenna l € j < ng, which is done corresponding to (2) on basis
of the received values yj{(k), y;(k + 1) and the corresponding
hypotheses §;(k) and g; (k +1). The hypotheses y_,,(k) and
#i(k + 1) are obtained accordmg to (3), where each receive an-

tenna j is associated with dedicated vectors h1 i h2 ; of channel
coefficient estimates. The overall branch metric g is obtained
by a sum over the partial metrics p;:

W(S(h), = 3 (S, S0k +2).

=1

— AP E k4 1) - (k- 1) 3)

Sk +2) = (4)

31f L is an odd number, M ZH states are required leading to a higher com-
plexity compared to the conventional trellis.

IV. ORTHOGONAL PROPERTIES OF THE ALAMQUTI STBC

The Alamouti scheme has been designed for quasi-static flat

fading channels. In the following it is shown that the orthogonal
properties of the Alamouti scheme are lost in the case of non-
perfect knowledge of the channel coefficients at the receiver as
well as in the presence of fast fading or frequency-selective fad-
ing. This orthogonality loss will cause a performance degrada-
tion. The results obtained in the following hold, in principle,
for an arbitrary STBC.
First of all, consider a quasi-static flat fading channel assum-
ing np = 1 receive antenna. In this case, the two transmission
paths from either transmit antenna to the receive antenna can be
modeled by means of two complex-valued channel coefficients
h1 and ho (channel memory length I = Q), which are constant
over the duration of an entire GSM burst. Taking into account
the symbol mapping according to matrix A, the received sym-
bols y(k) and y{k +1) at the time instants k and k + 1 are given
by the following matrix equation:

[ y*&glﬂ 1) ] = ()
yik)
[ Z; _h}? ] [ Eck(li 1) ] [ n?ﬂ) 1) }
) H e T

where n(k) and n(k + 1) denote samples of an additive white
Gaussian noise (AWGN) process taken at time index k& and
k + 1, respectively. H is unitary, which is due to the unitar-
ity of the Alamouti matrix A.

The detection of the symbols z{k) and z{k + 1) can sim-
ply be performed by means of the matrix-vector multiplication
H¥y(k). In this context — assuming perfect knowledge of iy
and Ao at the receiver — the unitarity of H leads to a decoupling
of (%) and z(k + 1) in terms of independent estimates &{k)
and #(k + 1) (see e.g. [12]):

%(k) = H¥y(k) = H¥H x{k) + H n{k), where
HYH = (|h|* + hs)) L. (6)

Computing %(k) according to (6) is equivalent t0 minimizing
the metric (2) for L = 0, Note that due to the diagonal structure
of H¥H, the desired symbols are always combined in a con-
structive way, because they are multiplied by a sum of absolute
terms. The noise, however, is combined incoherently (matrix
H#), which leads to a diversity gain over a (1x1)-system.

A. Orthogonality Loss due to Non-Perfect Channel Estimation

Let A, and hy denote noisy estimates of the channel coef-
ficients Ay and hg, where by = by + €1 and hy = hg + £9.
The detection of the symbols 2(k) and x(k + 1) wil} then be

performed using
o b1 —hy
=l i 5| @
ie., (6) becomes
%(k) = HFH x(k) + Hn(k). (8)
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In contrast to (6), ¥ H does not yield a diagonal matrix:

THI — Y <
- [ 55
where Y= |h]P+]hP +ethi +e2hs (9
and ¢= eihy —ehd.

Despite this loss of orthogonality, the desired symbols (k) and
z{k + 1) are still comnbined in a constructive way. They are,
however, weighted with different factors, as the diagonal ele-
ments of H H are not equal. The secondary diagonal elements
—¢ and ¢* introduce an additional error term to the estimates
#(k) and £{k +1). Note that forg;,£2 — 0, (8) reduces to (6).

B. Orthogonality Loss due to Fast Fading

In the case of fast fading, the channel coefficients vary over
the duration of a symbol pair [z(k), z(k + 1)]. In this con-
text, let by (k) and h2 (k) denote the channel coefficients at time
index &, and ki (k + 1) = hs(k) + Aq(k) and ha(k + 1) =
ha{k) + Az (k) the ones at time index k& + 1. Accordingly, the
channel matrix is given by

~ hy (k —halk
H(k) = [ h;(;c(+)1) h;(kzg— )1) ] ; (10)
i.e., (6) becomes
&(k) = H(X)THE) x(k) + H(K)Tn(k), (11)

provided that the channel coefficients are perfectly known at the
receiver_both for time index k and for time index k& + 1. The
matrix H(%)?H(k) does not have a diagonal structure:

H(K)"H(E) =

[im(lez + [ha(k) + Ao (k)2 ¢ ]
¢ | (k) + Ar(k)® + [Re (R)? [

¢ = hi(k)Az(k) + hi(kYAx (k) + Ar (k) Az (k).

As in Section IV-A, the desired symbols &(k) and z(k + 1} are

still combined in a constructive way but weighted with different

factors. The secondary diagonal elements ¢ and ¢* introduce an

additional error term to the estimates £{k) and Z{k + 1). Note
that for A, (k), Aa(k) = 0, (11) reduces to (6).

(12)

where

C. Orthogonality Loss due to Frequency-Selective Fading

In the case of a quasi-static frequency-sefective fading chan-
nel with memory length L, the two transmission paths from ei-
ther transmit antenna to the receive antenna can be described
by means of two complex-valued channel coefficient vectors

hy =[R2 A0, aE and hy = [, 80, P I a

channel memory length of L = 1 is constdered, (5) becomes

y(k) = (13)
Ho x{¥) + Hisi1 x*(k} + His12 x™(k — 2) + n(k), where

R _p® [ 0 0 ]
H = 3 H = * *
0 [ 1S11 hgu _hél)

1
hgﬂ)t hgﬂ%*
1 (1)
H = h2 hl .
and Higz [ 3 h ]
The orthogonal properties of the Alamouti STBC are there-
fore lost in the presence of IS1 (in this example represented by
Hisp1 2). Note that for A, A" = 0, (13) reduces to (5).

V. SIMULATION RESULTS

The simulation results presented next demonstrate the per-
formance of the GSM/GPRS system enhanced by the Alamouti
scheme for the example of a GSM 05.05 typical urban (TU)
wireless channel [4], which is a frequency-selective channel
mode! with a memory length of Ly 2 3. In particular, the ap-
plication of different training sequence pairs 1s addressed. The
simulations are restricted to the transmission of uncoded data,
i.e., channel coding is not performed. Two transmit and up to
two receive antennas are considered. In this context, the overall
transmitter power is the same as for a single transmit antenna,
i.e,, the transmission power is normalized by a factor 1/2 at each
antenna. Normalization with respect to the number npg of re-
ceive antennas has not been performed. The receiver filter used
is a non-adaptive root-raised-cosine filter with roll-off factor
r = (.5 and 3dB-bandwidth f33g = 180kHz. The employed
Max-Log-MAP equalizer/detector has 2YT% = 8 states in the
case of the (1x1)-system. In the Alamouti case 2bru+1 = 24
states are required, since Ly is an odd number.

All simulation results presented in the following were obtained
by means of Monte Carlo simulations over 10.000 bursts.

A. Performance on the Typical Urban Channel

The bit error performance of the enhanced GSM/GPRS sys-
tem on the time-invariant typical urban channel (TUQ) is shown
in Fig. 3. The channel coefficients are perfectly known at
the receiver. The bit error rate (BER) curves are plotted as a
function of the average signal-to-noise ratio (SNR). As a refer-
ence, the BER curve resulting for the (1x1})-system is included.
Moreover, analytical curves for diversity reception of uncoded
BPSK are included [13], where data symbols z(k) € {£1}
are transmitted over v individual paths subject to independent
Rayleigh fading and characterized by an identical average SNR
of (E,/No)/v (E, denotes the average energy per data symbol
and Ny denotes the single-sided noise power density).

As shown in Fig. 3, the Alamouti scheme yields significant per-
formance improvements upon the (1x1)-system. The gain ac-
complished at a BER of 1072 is about 1.5 dB, when a single
receive antenna is employed ((2x1)-Alamouti) and about 9 dB
in the case of a second receive antenna ((2x2)-Alamouti).
Further investigations showed that in the case of a time-varying
typical urban channel, very little performance loss occurs as
long as the mobile station moves with a speed < 50 kmv/h,
@ 900 MHz. At a BER of 1073, the degradation resulting
for 50 kmv/h and ng = 1 receive antenna is smaller than
0.4 dB. Generally, the enhanced system becomes even more
robust when a second receive antenna is employed.

B. Choice of Different Training Sequence Pairs

Fig. 4 demonstrates the importance of an appropriate training
sequence pair in the case of the Alamouti scheme (ng = 1 re-
ceive antenna). Three different cases of training sequence pairs
are considered, where each time GSM training sequence No.1
(GSM TS No.l) is employed at the first transmit antenna. In
the first case, the optimized partner sequence with respect to
GSM TS No.1 is employed at the second transmit antenna (cf.
Table I). In the second and the third case, the pairs (GSM TS
No.l + No.3) and {(GSM TS No.1 + No.2) are considered. The
channel coefficient estimates are obtained by means of the cor-
relation method. The estimates are not corrupted by additional
noise. The performance degradations shown in Fig. 4 are there-
fore solely due to non-perfect cross-correlation properties of the
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Fig. 3. Performance of the Alamouti scheme on the TUQ channel, perfect
knowledge of channel coeffi cients at the receiver.

employed sequence pairs.

The application of the optimized partner sequence leads to a
very small performance deterioration with respect to perfecr
knowledge of the channel coefficients at the receiver, which is
about 0.3 dB at a BER of 2 - 10~3, The pair (GSM TS No.1
+ No.3) is the best choice among all possible pairs of GSM se-
quences in the sense of a minimum average channel estimation
error for large SNR values (TU-profile). Still, its application
leads to a performance degradation of about 5.1 dB at the same
BER. The optimized partner sequence of Table I therefore sig-
nificantly outperforms any pair of GSM sequences. Note that
for a desired BER < (.01, the (2x1)-Alamouti scheme employ-
ing the training sequence pair {(GSM TS No.l + No.3) is even
less efficient than the {(1x1)-system. The pair (GSM TS No.1
+ No.2) turns out to be a particoiarly bad choice and leads 1o
further significant performance deterioration. In this case the
(2x1)-Alamouti scheme does not accomplish a BER < 0.1,
When the optimized partner sequence is employed, noisy chan-
nel estimates cause a performance lossof 1.7dB (n R= 1) and
1.9dB (ng = 2) at a BER of 107>, For comparison, in the case
of a (1x1)-systermn a degradation of about 1 dB resuits.

VI. SUMMARY AND CONCLUSIONS

The application of the Alamouti scheme in a GSM/GPRS
system has been investigated. First of all, the structure of the
enhanced GSM/GPRS systern was presented, which is com-
patible with current specifications, A modified Max-Log-MAP
equalizer/detector was introduced as well as appropriate pairs
of training sequences, consisting of one of the eight GSM se-
quences and a corresponding optimized partner sequence. Sim-
ulation results for a typical urban environment showed that the
proposed sequence pairs yield a system performance very close
to the optimal case. In fact, they significantly outperform any
pair of GSM sequences. In principle, the proposed system
structure applies as well for the EDGE system. However, in
the case of 8-PSK the detection complexity becomes impracti-
cal, and reduced-state techniques are required.

It was shown that the orthogonal properties of STBC are lost in
the case of non-perfect knowledge of the channel coefficients at
the receiver as well as in the presence of fast and/or frequency-
selective fading, which will result in a performance loss.

On the basis of simulation results for a typical urban wireless
channel, it was demonstrated that the Alamouti scheme yields
significant performance improvements upon a single transmit

-0~ {1x1)-System, Parfect Knowledgs of Channel Coaff.
~o— {2x1)-Alamouti, Parfect Knowledge of Channal Coaff.
-~ (Zxd}-Mamauti, GSM TS No.1 + opl. Partner Seq.
g (le) -Alamouti, GSM TS No_1 + GSM TS No.a
Foo, [2x1)-Alamouti, 3SM TS No.1 + GSM TS No.2

BER

-3 3 i i L i ]
[} 3 L] DE.I‘ND (dB1)2 15 18 21
Fig. 4.  Performance on the TU( channel using different pairs of trainin
sequences (channel estimation by means of correlation method (no AWGNY).

10

antenna system. This is especially true in the case of two re-
ceive antennas, where a performance improvement of 9 dB was
accomplished. The Alamouti STBC is therefore an attractive
technique for an extension of the current GSM/GPRS specifi-
cations with regard to wireless services of high bit rates. The
enthanced system is robust to vehicular speeds not significantly
faster than 50 km/h (at a carrier frequency of 900 MHz). It is,
however, more sensitive to non-perfect knowledge of the chan-
nel coefficients at the receiver than the (1x1)-system.
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