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1 INTRODUCTION

1 Introduction

In the last years the field of communication technology crosses our mind more and
more. Especially the high costs of the german UMTS license auction which results
in approximately 50,8 billon Euro in total for the six participating companies re-
spective investor groups arrested attention. Besides the number of used cellular
phones has risen dramatically during the last years which points up the relevance
of mobile communication nowadays. But not only the speech transmission has
evoked an enormous demand in this area. Especially the increasing need of wire-
less local data networks (WLAN) for computers, personal digital assistants (PDA)
and peripheral devices is responsible for high research activities. But also broad-
casting services as e.g. digital radio and television require advanced transmission
techniques for mobile applications at different velocities. First mentioned has al-
ready started in Germany (2000) and the second mentioned will start in summer
2003. Until 2010 television broadcasting should completely be digitalised.

Future requirements to the service quality and usability will continue to rise and
can be characterised by permanent availability, mobility, high and reliable data
rates. In addition the mobile devices have to be small and grant a long utilisa-
tion time concerning the battery live-time. These demands result from the high
expenses of researches and bandwidth licenses. Comprising can be said that we
need improved methods to master these demands.

In this thesis we want to investigate Orthogonal Frequency Division Multiplexing
(OFDM) in combination with spatial diversity which denotes the use of multiple
antennas. First mentioned is well suited to cope with the problems of mobile radio
channels as e.g. the multi-path propagation. Due to the increasing data rates more
bandwidth is required which has to be exhausted efficiently. Therefore we have
to prevent time and computation intensive decoding methods as e.g. the equalisa-
tion process. They are also responsible for the power consumption and the costs
for the required processor performance. OFDM provides an effective scheme to
fight these problems by using a simple equalisation method and a guard time to
circumvent Inter-Symbol-Interferences.

The second item mentioned above is the demand for high reliability and a low bit
error rate. By using multiple antennas we want to exploit the space dimension to
improve the transmission performance without using additional bandwidth. In this
thesis we only want to consider transmit diversity because we assume the down-
link scenario of a fixed base station. This can be extended with more transmitter
relatively simple. Whereas the small mobile device struggles with the problems
of size, power supply and low costs. Due to these requirements it is difficult to
integrate multiple receive antennas, expensive and energy consuming decoding
devices. Further we can increase the fault tolerance of the transmission system
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because of the multiple antennas which may keep the connections alive even if
one antenna fails.

OFDM, which is the basis for the following transmission schemes is briefly de-
scribed in section 2 and some characteristics are investigated.

Section 3 deals with spatial antenna diversity with special consideration of Cyclic
Delay Diversity (CDD). We explain the three implementation possibilities and
describe the influence on the transmission characteristics. Besides it is compared
with the performance of an interleaver.

In section 4 we have a look at the Alamouti scheme and its combination with
OFDM. We obtain two implementation possibilities and propose a new decoding
method to cope with the problems on time and frequency variant channels. Further
on techniques to decode to hard decided bits respective soft values are presented.

In section 5 we finally consider a combination of a variant of the Alamouti scheme
and CDD. First it is described and investigated and then it is extended to more
antennas.

Section 6 finally concludes this work and summarises the main results.
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2 FUNDAMENTALS OF OFDM

2 Fundamentals of OFDM

In this section we present Orthogonal Frequency Division Multiplexing (OFDM).
The principles of multi-carrier transmission are already known since the late six-
ties [16] [4]. The bandwidth is thereby subdivided into a set of subcarriers. In
OFDM the subchannels have to be orthogonal. This orthogonality criterion does
not mean that the subbands must not overlap. Further they can be viewed as low
rate subchannels with small bandwidth, where the sent signal is the sum of multi-
ple symbols being transmitted in parallel. Therefore the channel fractions can be
viewed as flat-fading channels for a suited small subcarrier bandwidth. Besides
we can therewith overcome the problem of narrow-band distortion because the
appropriate carriers stay simply unused or a water-filling method is applied. Also
the equalisation can be simplified due to the flat-fading case. Further this scheme
has an effective method to cope with Inter-Symbol-Interference (ISI) resulting
from multi-path propagation of mobile channels which is often very difficult to
solve. Especially the complexity and the therewith connected temporal duration
and hardware efforts play an important role.

Although multi-carrier modulation and OFDM are already known for several
years, the hardware expense was high and this was therefore a reason against
an implementation. The traditional direct form of realisation is especially for high
numbers of subcarriers complex. Each subcarrier is thereby implemented with its
own signal path (increase of the sampling rate, filtering, complex multiplication
for the frequency shift and summation of all subsignals). But with improved signal
processing technology it becomes more and more interesting. Another possibility
was presented by Weinstein and Ebert [21] using the Discrete Fourier Transform
(DFT) and the Inverse DFT (IDFT). This simplifies the description and realisation
because now low priced chips performing this task are available.

OFDM is already or will be used in the following transmission systems [2]:

� European terrestrial digital television, Digital Video Broadcasting (DVB-T),
Digital Terrestrial Television Broadcasting (DTTB) and High Definition
Television (HDTV)

� Digital Audio Broadcasting (DAB) (developed by the EU research initiative
EUREKA 147, uses Coded OFDM)

� Powerline

� HIPERLAN/2 (according to IEEE 802.11a standard) with up to 54 Mbit/s
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2.1 Transmission model

� Some Digital Subscriber Lines (DSL) technologies, like High-bit-rate DSL
(HDSL, up to 1�6 Mbit/s), Asymmetric DSL (ADSL, up to 6 Mbit/s) and
Very-high-speed DSL (VDSL, up to 100 Mbit/s)

In the following a short overview over OFDM and related topics is given. A more
detailed description can be found in [6].

2.1 Transmission model

Source Modulation OFDM Guard

Channel

Guard
IOFDM RemoveEqualisation

Channel
Estimation

DetectorSink

Figure 1: OFDM transmission model

In figure 1 the basic OFDM transmission model used in this work is depicted.
Only in the equalisation part we have some exceptions later on.

We assume a source supplying a binary data stream. These bits are mapped to
complex symbols using a modulation alphabet Ax. The modulator encodes m �
log2 M with M � �Ax� bits to one symbol. In this work we use BPSK modulation
Ax � �0 � 1� 1 ��1�. Afterwards the OFDM modulation is performed which
is described in more detail in subsection 2.2. In this module a serial to parallel
multiplexing is followed by a block by block Inverse Discrete Fourier Transform
which assigns the complex results to the NF subcarriers.

To avoid Inter-Symbol-Interferences caused by multi-path propagation we add a
guard time of NG with NG � NF time slots in front of each block. It has to be
longer than the maximum delay of the channel so that the preceding symbol is
completely decayed when the next symbol starts. This guard time is created with
the last NG elements (cyclic extension) of the OFDM symbol. This is important
to keep orthogonality. It can get lost due to initial oscillation effects during a
hard change-over from guard time to OFDM symbol [14]. Despite it is useful to
keep synchronisation which would be more difficult compared to an empty time
period [22]. On the other hand a long guard time leads to a rate and SNR loss.
Therefore we try to keep it as short as possible. The SNR loss in dB and the
decrease of the rate can be calculated as follows [6]:
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2 FUNDAMENTALS OF OFDM

∆SNR � 10log10
NF �NG

NF
∆R �

�
1� NF

NF �NG

�
�R0� (1)

Here ends the considered part on the transmitter side. The following steps of the
transmission, e.g., D/A conversion, output filters, bandpass representation, HF
part, � � � , are not concerned. The channel is described in subsection 2.3.

On the receiver side we start our investigations on the same level as we ended
before. Therefore the first step is to remove the guard time from the symbol stream
because it only contains the parts of the multi-path propagation of the preceding
symbol. Afterwards the OFDM encoding is reversed using the block by block
Discrete Fourier Transform which is also described in subsection 2.2. From the
resulting output a channel estimation is extracted which can e.g. be done with pilot
information within the whole OFDM symbol. The estimation is used to reverse the
influence of the channel. This process is called equalisation. The topic is closer
investigated in subsection 2.3. The resulting symbols are then fed to the detector
which decides to bits respective delivers soft values according to the modulation
alphabet. For the first mentioned it reverses the symbol mapping into a binary bit
stream. For later channel coding within the data sink it is often desirable to use
the second option because we can reach additional gains using these reliability
informations during the decoding process.

2.2 Realisation of multi-carrier modulation

In this subsection we want to look at the OFDM modulation itself. There are two
equivalent approaches. The first option is called the direct realisation using the
block diagram in figure 4. The second version is to describe it with the Inverse Dis-
crete Fourier Transform (IDFT) on the sender side respective the Discrete Fourier
Transform (DFT) in the receiver.

First we want to have a look at the first form which is well suited to give a glance
of what is done in OFDM modulation. The following description should only be
a short overview. For further explanation we refer to [6].

In figure 2 our goal is displayed. We subdivide the bandwidth in NF narrow sub-
bands. We assume the channels to be constant in each of the subchannels. There-
fore we approximate them as flat-fading channels. The advantage here is that we
have only one complex channel value for each carrier. This simplifies our equal-
isation process. There we try to reverse the influence of the channel. But we will
deal with this topic later.
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2.2 Realisation of multi-carrier modulation

f

H

1 2 NF

Figure 2: Fragmentation of the bandwidth into subbands
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Figure 3: Spectrum of the subcarriers

The modulation scheme is illustrated in figure 3. The spectrum of a chosen fil-
ter with transfer function g�l� is shifted to frequency fi and weighted with the
complex transmit symbol Si�k�.

In figure 4 the block diagram of the direct realisation of the modulation scheme as
mentioned above is depicted. The complex sequence S with sampling rate 1�Ts� 0

is divided into blocks with NF symbols S0�k�� � � � � SNF�1�k�. This process is called
demultiplexing or serial-to-parallel conversion. To perform the later impulse shap-
ing with the filter g�l� we have to upsample by M � Ts� 0�Ts and obtain a new
sampling rate 1�Ts with time index l

Sup
i �l� �

�
Si�k�

0
for l � kM
for l 	� kM

� i � 1� � � � �NF � (2)
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2 FUNDAMENTALS OF OFDM
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Figure 4: Block diagram of the direct realisation

Afterwards the filtered signal is shifted to the appropriate frequency fi. Normally
we subdivide the bandwidth W � 1�Ts in equally spaced subbands. Therefore we
can write fi � i �∆ f with ∆ f �W�NF . The resulting subsignals si�l� can then be
written as

si�l� �
�
Sup

i �l�
g�l�
� � e j2π filTA � e j2π filTA �

∞

∑
ν��∞

g�ν�Sup
i �l�ν� (3)

where 
 denotes the convolution operator. We obtain for the overall signal

s�l� �
NF�1

∑
i�0

si�l� �
NF�1

∑
i�0

e j2π filTA �
∞

∑
ν��∞

g�ν�Sup
i �l�ν�� (4)

By using different choices of the filter g�l� the spectral characteristics can be in-
fluenced [6]. But for us only the rectangular filter g�l� � 1 for l � 0� � � � �NF �1 is
interesting. There we can simply omit it and furthermore we keep orthogonality
between the subcarriers.

This leads us directly to the other description of the OFDM modulation using
the Discrete Fourier Transform and its inverse. The transmission scheme can be
described based on the following equations [21]:

IDFTN : xn �
1
N

N�1

∑
k�0

Xk � e j 2π
N kn

DFTN : Xk �
N�1

∑
n�0

xn � e� j 2π
N kn� (5)
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2.3 The channel model and OFDM

Now we can easily calculate the OFDM modulation. We obtain the transmit values
si�k� by employing the IDFT on the symbols Si�k� with i � 0� � � � �NF � 1 of the
NF subchannels:

�s0�k�� s1�k�� � � � �sNF�1�k�� � IDFTNF ��S0�k�� S1�k�� � � � �SNF�1�k��� � (6)

Analogously we get for the Inverse OFDM:

�S0�k�� S1�k�� � � � �SNF�1�k�� � DFTNF ��s0�k�� s1�k�� � � � �sNF�1�k��� � (7)

Here we do not want to go deeper into the theory of OFDM. In [6] and [19] a
detailed investigation on this topic can be found.

2.3 The channel model and OFDM

In this subsection we want to have a look at the transmission media in special
consideration of the interaction with OFDM. In this thesis we only want to con-
centrate on mobile radio channels. First we introduce the channel model and its
characteristics and then we have a look at its combination with OFDM.

The channel behaviour is strongly influenced by the carrier frequency fc and the
bandwidth W of the transmission. Besides we suppose that we have a fixed and
higher situated base station. The mobile receiver is surrounded by nearby scatterer.
This leads to multi-path spread, which means that the signal is received from
several different paths with different strengths. Therefore time shifts occur which
leads to Inter-Symbol-Interference (ISI). The maximum delay is identified with
τm. The current symbol can then be superimposed by previous ones. Because the
mobile user moves and/or the surrounding scatterer change we face a time-variant
environment. These effects cause time-dependent fading. This means that certain
or even all frequencies are attenuated respective erased. Besides we get an effect
called Doppler shift. It is a measure for the speed of the channel variation. The
parameter fD� max is called the maximum Doppler shift that appears and can be
calculated as follows:

fD� max �
v � fc

c
� (8)

where v denotes the velocity of the mobile receiver and c the speed of light. We
can now give two measures for the channel variance. The first is the coherence
bandwidth ∆ fc � 1�τm. The second is the coherence time ∆Tc � 1� fD� max [13].
Summarised is all this under the term Wide Sense Stationary Uncorrelated Scat-
tering (WSSUS) channel model which is used in this work.
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2 FUNDAMENTALS OF OFDM

N1

parallel

serial

serial

parallel

H1

H2

HNF

N2

NNF

Figure 5: Channel model of a parallel transmission over flat-fading channels

OFDM provides NF parallel subchannels which are orthogonal to each other.
This is achieved by using NF subcarriers with different frequencies fi with
i � 0� � � � � NF � 1, and bandwidth ∆ f � W�NF . They subdivide the total band-
width W . We make the approximation that these subchannels are narrow and they
can be regarded as flat-fading channels. Each of them consists of a multiplication
with a complex channel coefficient Hi � αi � e jθi and an additive, complex noise
component Ni which is uncorrelated to the others. In figure 5 the channel model is
depicted. Each transmitted symbol is therefore rotated by θi, weighted by αi, and
shifted in the complex plane by Ni.

This leads directly to the reason why the approximation of narrow subchannels
is very useful. To get optimal decoding performance we try to reverse the chan-
nel influence. This process is called equalisation. Of course we need a channel
estimation for this purpose. This can be done using pilot channels or sequences,
respectively. Known subcarriers respective time slots are reserved for the estima-
tion. This reduces the data rate and we have to weigh between exactness and rate
loss. Due to the channel model described above, the equalisation simplifies to a
multiplication with the inverse of the appropriate channel value Hi. This is much
easier compared to other transmission schemes. The estimated sent symbol Si� eq

is therefore:
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2.3 The channel model and OFDM
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Figure 6: Six path channel with τm � 0�5µs, v � 500 km/h, W � 20 MHz

Si� eq �
1
Hi
�Ri �

1
Hi

�Hi �Si �Ni� � Si �
Ni

Hi
� i � 1� � � � �NF (9)

where Ri denotes the received and Si the sent symbol. This approach is called
Zero-Forcing (ZF) equalisation [13]. The additive noise is thereby ignored be-
cause it cannot be estimated. Only statistic parameters can be determined with
additional effort. The simplicity of the technique has its problems, too. In equa-
tion (9) we notice that the noise component is neglected in the equalisation cal-
culation. Therefore it is not reversed. Further on channels with strong attenuated
subchannels �Hi� � αi � 0 cause the noise level to be increased strongly at the
specific position (Noise Enhancement). This effect can be minimised using the
Minimum Mean Square Errors (MMSE) approach which merges into ZF for in-
creasing SNRs [15]. But there we have to perform a variance estimation of the
noise which leads to an additional effort. Here we only use the ZF method to cope
with the channel rotation and attenuation.
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2 FUNDAMENTALS OF OFDM

2 4 6 8 10 12 14 16 18 20 22 24 26
10

−4

10
−3

10
−2

10
−1

10
0

OFDM over one path rayleigh channel, 1 Tx, v=0−2000 km/h

SNR in dB

B
E

R

v = 0 km/h
v = 500 km/h
v = 1000 km/h
v = 2000 km/h

Figure 7: Uncoded OFDM transmission over a one-path Rayleigh fading channel
with different velocities

In figure 6 an exemplary time-variant channel transfer function is displayed to
show the problem we face. As channel model a six path channel with sampling
time Ts � 50 ns, maximal channel delay τm � 10 � Ts � 500 ns, and maximal
Doppler frequency fD� max � 2�38 kHz without AWGN is used. We notice that
the channel varies in frequency and time dimension.

Using the OFDM transmission scheme from figure 1 plus sufficiently complex
channel coding we can give the channel capacity (normalised to the bandwidth)
for each subcarrier i depending on the current channel state [6]:

Ci�Ei� Hi� � log2

�
1�

�Hi�2Ei

N0

�
� (10)

where Ei is the energy of the i-th subcarrier and Hi is the corresponding channel
value. N0�2 denotes the spectral noise density.

Finally we look at the result of the previous considerations. In figure 7 the BERs
of uncoded OFDM transmissions are displayed. The velocities are chosen from
a wide range to point out their influence. Despite their impact depends highly
on the used bandwidth. With an increasing speed OFDM performs worse. This
is caused by the unmatched channel estimation and the Doppler shift. At the be-
ginning of each OFDM symbol we determine the current channel state used to
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2.4 Properties of OFDM and related topics

calculate the equalisation values. For high velocities we face the problem that the
channel changes within the OFDM symbol. This leads to a loss of the subchannel
orthogonality and Inter-Channel-Interference (ICI). Only for v � 0 km/h we pos-
sess a perfect channel estimation because then we have a time-invariant channel.
In subsection 4.4 we face this problem with Alamouti which is higher ranked in
the transmission chain.

2.4 Properties of OFDM and related topics

OFDM becomes more and more popular due to its well-suited features e.g. for
mobile radio channels. Therefore we want to describe its different characteristics.
Despite we do not want to be restricted only on OFDM itself but we have a look
at the whole transmission, too. In the following a brief overview is given:

� OFDM transforms the channel into NF Rayleigh fading subchannels. Each
of them can therefore be described as Ri � Hi � Si �Ni, with i � 1� � � � �NF ,
where Si is the sent symbol, Hi is the complex channel value and Ni is the
appropriate complex noise. We finally receive Ri.

� Due to the upper characteristic we can simplify the equalisation process
to a Zero-Forcing (ZF) approach with low complexity. It tries to reverse
the influence of the channel by dividing with the appropriate impulse re-
sponse value. The negative aspect is the therewith coherent noise enhance-
ment. Additionally we have the possibility to include the noise by using the
Minimum Mean Square Errors (MMSE) algorithm. Apart from the needed
channel estimation we have then to estimate the noise variance. Both ver-
sions are simple to implement and they are not too challenging for modern
signal processing concerning computation complexity and memory.

� An OFDM transmission shows robustness against narrow-band distortion
and it can easily be adapted to the current channel. First this can be done
concerning the energy per carrier. There we have different choices like the
water-filling principle to optimise the energy distribution on the carriers. A
second possibility is that we can exclude certain frequencies which show a
high noise level or narrow-band fading. On the other hand we can use the
better subchannels to transmit with a higher data rate. This can be done e.g.
using a modulation alphabet of higher order. Restricting we have to mention
the necessity of a channel estimation on the transmitter side. Therefore we
need a reverse channel which may cause problems due to the delay. This be-
comes important especially for fast time variant channels when the returned
estimation can not be regarded as valid anymore.

12



2 FUNDAMENTALS OF OFDM

� The essential guard time is well suited to cope with multi-path propagation
as long as τm � NG �Ts. It prevents following OFDM symbols from Inter-
Symbol-Interferences (ISI). The problem is the choice of the guard length.
If it is too long we face a high rate and SNR loss and otherwise we have ISI.

� A problem of OFDM is its high sensitivity against synchronisation er-
rors [12]. Due to the narrow-band subchannels it is more prone to errors
considering the carrier frequency and the subcarrier/-band division com-
pared to single carrier systems. A mismatch in the first mentioned leads to
a shift of the spectrum. The second error type is caused by differing sam-
pling rates and this results in subchannel crosstalk. Further we have to deal
with the problem of symbol synchronisation which is necessary for correct
demodulation [6].

� Another problem is the high Peak-to-Average ratio. The OFDM signal has
sometimes very high signal peaks resulting from certain symbol constella-
tions. This requires a high linearity of the amplifiers (expensive) to prevent
the transmission from Inter-Channel-Interference (ICI). Further it has to be
driven far below the maximal amplification (inefficient). Otherwise we have
to use algorithms which prevent these peaks by avoiding the critical symbol
patterns. But on the other hand this reduces the usable rate [6].

� One assumption of OFDM is the subchannel orthogonality. It can get lost
due to a fast changing channel. This causes ICI.

� In this thesis we assume a hard switch-over at the symbol borders. Therefore
high out-of-band power might occur which disturbs neighbouring frequen-
cies. We have two choices to fight this problem: The first option is to use
additional filters to limit the spectrum. The second possibility is to include
the filtering process in the modulation scheme by using suited filter func-
tions g�l� in figure 4 which are different to the rectangular.
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3 SPATIAL ANTENNA DIVERSITY

3 Spatial antenna diversity

In this section we want to deal with spatial antenna diversity and OFDM. There-
fore we study Delay Diversity (DD), Cyclic Delay Diversity (CDD) and Phase
Diversity (PD) that were introduced in [5]. These techniques can easily extend
existing OFDM systems. In particular we investigate the effects of this diversity
by the example of CDD. Therefore we first have a look at the uncoded transmis-
sion and the corresponding transformation of the channel. Afterwards we extend
the system with channel coding and observe its effects. As spatial antenna di-
versity lowers the error density we compare it with an interleaver which tries to
spread the errors of e.g. a flat-fade over a long period so that the convolutional
decoder can correct them. Finally we investigate the result of a combination of the
two mentioned methods and then draw the conclusions.

3.1 Introduction to spatial antenna diversity

3.1.1 Delay Diversity (DD)

One possibility to introduce the above mentioned diversity is to delay the signals
on one or more different antennas. This was first described in [11]. Figure 8 shows
an OFDM system as block diagram with N transmit antennas and DD. The OFDM
modulated signal is extended by a guard interval with length Tguard � NG �Ts and
then it is transmitted over N antennas. The particular signals only differ in an
antenna specific delay δn with n � 1� � � � �N� 1. This transmission is represented
by the different uncorrelated channels CH0� � � � �CHN�1. The signals superimpose
in the receive antenna. On the receiver side the guard interval is removed and the
Inverse OFDM (IOFDM) is performed. Because of the linearity, it is also possible
to implement the time shifts on the receiver side. This can be treated analogously
but then we have to deal with multiple receive antennas. Here we only want to
investigate multiple transmit antennas and one receive antenna.

To avoid Inter-Symbol-Interference (ISI) it is obvious that the system has to fulfil
the following condition:

δn � Tguard � τm� n � 1� � � � �N�1 with Tguard � τm� (11)

where τm denotes the maximal multi-path delay spread. Because we want to max-
imise the usable transmission time we have to minimise the guard time Tguard to
be only slightly larger than τm. Therefore the choice of δn is strongly restricted.
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Figure 8: Delay Diversity on transmitter side
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Figure 9: Difference between DD and CDD

3.1.2 Cyclical Delay Diversity (CDD)

CDD as described in [5] solves two main disadvantages of DD. One is the restric-
tion to the choice of the delays δn. The other one is that an OFDM symbol partly
overlaps with the guard interval of the following. Figure 9 shows the transmission
of two consecutive OFDM symbols and therewith illustrates the differences be-
tween DD and CDD in time domain: The signal on the second antenna Tx 2 is
delayed by one for DD and cyclically shifted for CDD respectively. In the figure
ai, with i � 1� � � � �NF , represents an OFDM modulated sample of the first sym-
bol in the time domain. Here only time shifts which are multiples of the sampling
time are shown. Otherwise some kind of time domain interpolation has to be done,
which increases the complexity.

In figure 10 the block diagram for CDD is depicted. After the OFDM modulation
the signal is split up to the different antennas and is then cyclically shifted with a
specific delay δcy n. A prefix is added to fill the guard time. In difference to DD
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Figure 10: Cyclical Delay Diversity on transmitter side

cyclic shifts are used instead of time delays. Therefore it is necessary to implement
the prefix as guard time after the cyclic time shift.

3.1.3 Phase Diversity

Phase Diversity is the equivalent representation of CDD in the frequency domain.
Therefore it has to be employed before the OFDM modulation. The equivalence
between CDD and PD is obvious because of the properties of the Discrete Fourier
Transform (DFT). It can be derived from the definition of the IDFT:

s�l� �
1
NF

�
NF�1

∑
k�0

S�k� � e j 2π
NF

kl (12)

s��l�δcy� mod NF�� �� 	
CDD signal

�
1
NF

�
NF�1

∑
k�0

e� j 2π
NF

k�δcy �S�k�� �� 	
PD signal

�e j 2π
NF

kl
� (13)

In order to achieve diversity effects for the OFDM system with bandwidth W the
delay δn has to fulfil the following condition:

δn � 1
W

� n � 1� � � � �N�1� (14)

As a consequence of the use of OFDM with CDD the frequency selectivity is
increased, whereas the coherence bandwidth is decreased [5].

3.2 Effects of Cyclical Delay Diversity

In this section we want to deal with the effects and results of the usage of OFDM
in combination with multiple antennas and CDD. Therefore we first have a look at
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Figure 11: DD channel model

the uncoded transmission and the transformation of the channel. Then we inves-
tigate the resulting bit error curves with and without coding and study why only
coded transmission can take advantage of the inserted diversity. Finally we will
investigate the influence of an additional interleaver on the system performance.

3.2.1 Uncoded transmission with OFDM and CDD

First of all we have to have a look at the effects of the spatial antenna diversity. For
simplicity we just concern Delay Diversity which can be easily evaluated to point
out the main ideas behind this diversity concept. In figure 11 the channel model
for DD is shown. The channel output y can be calculated from the input sequence
x as follows:

y�k� � x�k�
HCH0 � x�k�
δ�k�δ1�
HCH1 � � � �� x�k�
δ�k�δN�1�
HCHN�1

� x�k�
�HCH0 �δ�k�δ1�
HCH1 � � � �δ�k�δN�1�
HCHN�1

�� �� 	
Heq

� x�k�
Heq�

where HCHi and Heq denotes HCHi�k�κ� and Heq�k�κ�, respectively and 
 the con-
volutional product. We notice that the time-variant subchannels HCHi�k�κ� are
transformed in an equivalent channel Heq�k�κ� with additional virtual paths intro-
duced by the different antenna specific delays (virtual echos).

To demonstrate the transformation we want to have a closer look on a one path
time-variant channel namely the Rayleigh channel. There we expect to get most
influence of multiple antennas.

In figure 12 the error distribution of a two antenna system over 64 OFDM carriers
is plotted. Each dot in the plot represents an error in the uncoded transmission
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Figure 12: Rayleigh channel with 2 Tx and no shift (top) and CDD shift 2
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Figure 13: Probability density function (PDF) for one and two transmit antennas

with hard decision (half-plane decision for BPSK). The upper scatter diagram
corresponds to a system without cyclic shift and shows flat-fading characteristics
typical for the one path Rayleigh channel. Whereas the lower plot shows the same
system with CDD and a shift of 2 samples. Here we notice frequency selective
fading, but the number of errors is approximately the same. Therefore only the
error pattern differs significantly between CDD and an unshifted system but not
the number of errors.

In figure 13 the probability density function (PDF) is plotted. It is almost identical
for one and two transmit antennas even with different cyclic shifts. The horizontal
axe is marked with �α�which denotes the absolute value of the channel estimation.
All curves show the same Rayleigh characteristics. Therefore and because of the
preceding investigations we expect the different uncoded transmissions (concern-
ing the number of antennas, use of CDD and number of shifts) to show almost
equal performance.

In figure 14 the bit error rate (BER) is plotted over the signal-to-noise ratio (SNR)
of the complex additive white gaussian noise (AWGN). The previous expectation
is shown because all schemes yield to roughly the same BER. We can draw the
conclusion that we have to do some extra efforts to take advantage out of the
additional diversity. OFDM with CDD itself is not capable to use it.
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Figure 14: Bit error rate (BER) for one and two transmit antennas

3.2.2 Influence of additional convolutional coding

From the last section we can already draw the conclusion that CDD mainly
changes the error distribution. A Rayleigh channel, which can be approximated
by the Gilbert-Elliot model, is then transformed into a frequency selective multi-
path channel as shown in the previous section. Here we only want to investigate
the effects of convolutional coding and the achievable gains.

In figure 15 we see the BER curve over the SNR for a two transmit antenna CDD
system and cyclic shifts from no shift up to four samples. We notice that with an
increasing shift we can achieve better performance. Most gain can be reached with
the step from no shift to one sample. The improvements from one to the next then
decreases with each step.

For further investigations on the effects of CDD and the difference to an unshifted
system we have to introduce some definitions:

Code C is a binary convolutional code with rate R � b�c encoded by a ratio-
nal generator matrix G�D� � �gi j�, i � 1� � � � �b and j � 1� � � � �c. The information
sequence u�D� � u0u1 � � � with ui � u0

i � � �u
b�1
i is encoded to the code sequence

v�D� � v0v1 � � � with v j � v0
j � � �v

c�1
j . m denotes the encoder memory and νmin the

minimal constraint length [9].
The encoder state σ is the content of the memory elements of an encoder with a
generator matrix G�D�. The set of encoder states S � �0�1� � � � �2µ� 1� is called
the encoder state space. σ � 0 corresponds with all memory elements to be zero.
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Figure 15: Bit error rate (BER) for 2 Tx and different cyclic shifts (v � 200 km/h)

Sσs�σe
�t1�t2�

denotes the set of encoder states σ�σt1σt2 �
� σt1σt1�1 � � �σt2 starting at state

σs � σt1 and ending at state σe � σt2. Besides σ�σt1σt2 �
must not have the state

transition from zero to zero state (σi � 0, σi�1 � 0 for t1 � i� t2�1).

Now we can define the j-th order active burst distance [8]:

ab
j � min

S0�0
�0� j�1�

�wt�v�0� j���� (15)

where j � νmin and wt��� denotes the (Hamming) weight of the sequence. The
active burst distance is an encoder property and it is undefined for j� νmin. Further
it can be used to determine how many errors in a code word window of size j are
necessary so that there might occur an error.

Let e�k�l� � ekek�1 � � �el�1 denote the error pattern (el � 0 � correct position,
el � 1 � erroneous position). A convolutional code C can correct any incorrect
segment between two correct states σt1 and σt2 if the error pattern e�t1�t2� satisfies
the following condition [7]:

wt�e�t1�k�t1�1�i���
ab

i�k

2
(16)

for 0� k � t2� t1�νmin�1, k�νmin � i� t2� t1�1.

Now let us concern a convolutional code with a code word size of one OFDM
symbol. With equation (16) we can now give a prediction how many undecoded
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3 SPATIAL ANTENNA DIVERSITY

errors can definitively be corrected by the decoder. If the error pattern within one
OFDM symbol does not fulfil the equation above a decoder failure might occur.
On the other hand if the error pattern passes this test we can definitively be sure
that the decoder is able to correct the errors. Therefore we can now investigate the
error distribution in a code word and furthermore make an assertion whether the
error pattern will lead to an error or not.

In our example we use the optimum free distance �5�7�oct convolutional code with
memory m � 2, νmin � 2 and d f ree � 5. Therefore we can always correct at least

t �



d f ree�1

2

�
� 2 (17)

errors [3]. In figure 16 the histogram of the errors in a code word for a two transmit
antenna system with and without CDD is plotted. We transmit 10000 terminated
codewords with the code mentioned above of length 64 which corresponds with
the used OFDM symbol length. Therefore we fulfil the criteria given in equation
(16): σt1 � 0 and σt2 � 0 are fixed because the Viterbi algorithm can force these
border states. As calculated in equation (17) we can correct at least two errors and
therefore we are only interested in codewords with more than two errors which can
lead to decoder failures. Besides we can differentiate, whether the error pattern of
higher weight will produce errors or not.

In figure 16 we notice the difference between CDD and an unshifted transmission.
Last mentioned shows many error-free code words but on the other hand also
many packets with higher weighted error patterns leading to even more errors in
the decoded result. This is characteristic because of the flat-fading behaviour of
the Rayleigh channel which can be seen in figure 12, too. Whereas CDD results in
more single or double errors per code word. But as we already noticed this does
not really challenge the convolutional decoder because it can always correct them.
Besides there are much less high weighted error patterns, which negatively affect
the correction performance, compared to the unshifted transmission. Further we
have to mention that the figure is cut at 700 symbols for presentability reasons.

Summarising we can note that CDD does not change the number of uncoded bit
errors significantly compared with the unshifted transmission but instead it in-
troduces some kind of virtual paths which can break the flat fades. This causes
an increased frequency selectivity. Further it increases the lower weighted error
patterns and decreases the higher weighted so that the overall number of errors
remains approximately constant. Normally this improves the performance of a
convolutional decoder which is better suited for widespread error patterns. The
typical error patterns of the Rayleigh channel are periods with on the one hand al-
most no errors (only AWGN) and on the other hand with many errors (PB � 0�5).
There the convolutional decoder will fail.
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Figure 16: Number of bit errors in code words at length 64 of a �5�7�oct-
convolutional code at a SNR=12dB
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3.2.3 Comparison with interleaving

As we found out in the last section the results attainable with CDD are mainly
based on the redistribution of erroneous bits. Therefore it poses the question, if we
can reach the same effects with an interleaver. Its purpose is to spread the errors
over many OFDM symbols in order to transform flat-fading in preferably (for
the decoder) uncorrelated error patterns. It is well known that these performance
improvements are possible. Therefore we want to concentrate here more on the
window length of the interleaver needed to reach comparable results. Of course
this is strongly tied with the used channel and here especially with the speed of
variation. The interleaver window has to be larger than the length of a fade to
obtain advantages because there is no sense in permuting erroneous bits.

Now we want to compare a single antenna system with different interleaver sizes
with a two antenna system with CDD. This constellation was chosen because
we want to weigh between the best results achievable with an additional antenna
and a system without these efforts but with supplementary software methods. In
the simulation always a velocity of v � 200 km/h was set. For slower speeds the
channel changes slower and we need a larger interleaver to guarantee that the
window is longer than the fades.

In figure 17 an one antenna OFDM system with a random interleaver and window
sizes ranging from 10 to 100 and a two antenna system with CDD and a cyclic
shift of 4 over a Rayleigh channel are compared. For both systems a velocity of
200 km/h is set. For lower SNR (up to 10dB) we observe that CDD achieves
approximately the same performance as an interleaver with window length of 40
OFDM symbols which is equal to 40 � 64 � 2560 samples. But we also notice
that the comparison between the performances of CDD and the interleaver length
depends on the used SNR. The CDD curve has a sharper decline for higher signal
to noise ratios and therefore the curves diverge.

In figure 18 this problem is plotted in more detail. The interleaver window is
increased from 10 to 80 OFDM packets (each has 64 samples). Those results for
four different signal to noise ratios are shown and for comparison the appropriate
value for CDD shift 4 is given. The curves for the interleaver decline for larger
windows because the error pattern can be spread over a wider range. We notice
that for an increasing SNR the intersection of the interleaver curve and the BER of
CDD moves towards longer window sizes. Now we can make a trade off between
the delay caused by interleaving and the additional effort for a second transmit
antenna.
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Figure 19: Combination of interleaver and CDD in comparison to a single antenna
transmission with interleaving

3.2.4 Combination of CDD and interleaving

Another point of interest is the combination of the methods mentioned above. As
both are only based on the destruction of error bursts by lowering the error density
we expect a lower gain for long interleaver windows. In figure 19 this proves to
be valid. For small values we can improve by approximately 9dB whereas for
interleaving over 100 OFDM symbols we obtain a melioration of only about 2dB.
Therefore we can mitigate the undesired delay introduced by interleaving using
smaller windows and in exchange cyclic delay diversity (CDD).

Another interesting aspect is the possibility of using an interleaver and OFDM
without an additional delay. Of course this is not possible in general. But if we
concern it in connection with the serial-to-parallel conversion which is necessary
for OFDM and therefore restrict the interleaver length to one OFDM symbol the
above mentioned thesis gets reasonable. In figure 20 the random interleaved and
Viterbi decoded version is compared with a non-interleaved for a Rayleigh chan-
nel and CDD with a cyclic shift of 4 samples. We notice for the non-interleaved
transmission that for an increasing number of carriers we have worse performance.
This results from the additional carriers which have to share the same bandwidth
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Figure 20: Interleaving over one OFDM symbol for different number of carriers
and CDD shift 4

(necessary for a fair comparison). Therefore we encounter interferences deterio-
rating the bit error rate. They can be made visible by looking at the received and
equalised samples. For NF � 64 we have almost only complex points close around
�1 (BPSK modulation), whereas for NF � 4096 we also have them in the oppo-
site plane which leads to bit errors even without AWGN. On the other hand it is
preferable to use more carriers so that the interleaver performs better. For low NF

there is almost no difference between both versions because the interleaver can-
not distribute the error patterns sufficiently. For longer symbol lengths we can take
advantage out of the frequency selectivity which CDD introduces to the Rayleigh
channel. An unshifted transmission scheme would not be able to do this because
during a flat-fade we could only permute erroneous bits. While being in a good
channel state we almost only face uncorrelated AWGN which can not be improved
by interleaving. But with the additional effort we can obtain equal or even better
performance. Therefore its use is advisable especially when many carriers and no
outer interleaver can be used.
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Figure 21: Performance of different number of transmit antennas over a Rayleigh
channel

3.2.5 Performance on realistic channels and multiple antennas

Sometimes it is desirable to further increase the spatial antenna diversity to ob-
tain better transmission characteristics. In figure 21 the bit error curves for one,
two, four and eight transmit antennas over a Rayleigh fading channel are plotted.
On each antenna an additional cyclical shift of four is performed to get the cor-
responding diversity for the antenna. As supposed we achieve best performance
with eight antennas. The uncoded transmission characteristics for different num-
ber of transmit antennas are similar because of the Rayleigh distribution of the
channel values which stay unchanged. Only with coding we can bring out the in-
serted diversity. The signal-to-noise gain for more antennas decreases with each
additional antenna.

So far we have only investigated the behaviour of CDD for a one path Rayleigh
fading channel. In reality we often face the problem of multi-path propagation. In
table 1 we have the parameters of an exemplary six path WSSUS channel model.

In figure 22 the corresponding BER curves for different shifts is depicted. As
already noticed before we know that CDD increases the frequency selectivity
(confer to figure 12). In this case we do not transmit over a flat-fading channel
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delay in samples 0 1 2 3 6 10
relative power 1.0 0.81 0.54 0.44 0.35 0.19

Rice factor 0 0 0 0 0 0
Fixed Doppler shift 0 0 0 0 0 0

Table 1: Six path Wide Sense Stationary Uncorrelated Scattering (WSSUS) chan-
nel used for simulation
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Figure 22: Performance of CDD for a multi-path channel

as before but we have variance also in frequency direction. Therefore we expect
CDD to have less influence on the BER performance compared to the one path
model. Figure 22 shows this for cyclic shifts of 0, 4, 8, 12, 16 and 20. We can only
gain about 2 dB with the step from shift 0 to 4. With further steps the additional
amelioration decreases as already observed for the one path model.

3.3 Conclusion

Comprising we can say that CDD over OFDM absolutely needs a higher-ranked
decoder which uses the inserted diversity and is able to take advantage out of the
lowered error density in fades respective the permutation of the error pattern on
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the output. The BER with and without cyclic shift are identical (figures 13 and 14).
But CDD introduces additional frequency selectivity (figure 12) which breaks for
example the flat-fading of a Rayleigh channel. This enables us to use an one sym-
bol interleaver to distribute the errors over the whole symbol. Especially for many
carriers this is advisable. Another possibility is to use an interleaver over some
OFDM symbols instead of CDD. Then we can save an additional antenna but we
have to deal with other problems namely the unpreventible time delay. Besides we
lose the higher robustness against an antenna failure. It has been shown that even
the combination of interleaver and CDD may improve the performance. This ef-
fect reduces for larger windows. Finally the results for more realistic mobile com-
munication channels were investigated. Here the differences between CDD and
an unshifted transmission decrease because the gain from one path to a (virtual)
second path is the highest. The same constellations appears for multiple anten-
nas. Here we have the highest effect for the step from one to two. Afterwards the
additional gain reduces with each step.
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4 THE ALAMOUTI SCHEME AND OFDM

4 The Alamouti scheme and OFDM

As we already noticed in the previous section we can achieve better BER perfor-
mance using spatial diversity, e.g., with multiple transmit antennas. Now we want
to investigate another scheme proposed by Alamouti [1]. It provides the possibil-
ity to use two transmit antennas and multiple receive antennas but here we only
want to consider the case of transmit diversity. Further it can be generalised to
more than two antennas but only with two we can get the full diversity without
loss of transmission rate [20].

4.1 The Alamouti transmit diversity scheme

Alamouti proposed a new transmission scheme for two transmit antennas and mul-
tiple receive antennas which take advantage out of the additional diversity of the
space direction. Therefore we do not need extra bandwidth or redundancy in time
or frequency direction. We can use this diversity for example to get a decreased
sensitivity to fading and can achieve a better bit error rate or use higher level
modulation.

Tx 1 Tx 2

estimator
channel

combiner

maximum likelihood detector

s0

−s1
∗

s1

s∗0

h1 = α1e
jθ1h0 = α0e
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r1 = r(t + T )
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Figure 23: The Alamouti transmit diversity scheme

We assume a transmission system as illustrated in figure 23. On both transmit
antennas Tx 1 and Tx 2 we transmit the information symbols s0 respective s1
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4.1 The Alamouti transmit diversity scheme

Tx 0 Tx 1
time t s0 s1

time t �T �s1
� s�0

Table 2: Alamouti’s transmission scheme for the information symbols s0 and s1

simultaneously according to the scheme in table 2 where T denotes the symbol
duration and t the respective time slot.

Here we only want to investigate the system mentioned above with one receive
antenna. Therefore we obtain two channel responses which have to be uncorre-
lated to achieve best results. Experimental results have shown that two transmit
antennas have to be about ten wavelengths apart to provide sufficient decorrela-
tion. To get the same results on the remote side only a distance of approximately
three wavelength is needed. This results from the supposed vicinities of the base
station and the mobile device which are normally different. For the mobile station
nearby scatterer are assumed. This assumption cannot be made for the base station
because characteristic for it is the placing on a higher altitude. Besides the average
power of the two antennas should not differ more than 3dB [1].

We now model the channel as a complex multiplicative distortion composed of a
magnitude and a phase component. The channel from Tx 1 to the receive antenna
is characterised by h0 and analogously for Tx 2 we get h1:

h0 � α0 � e jθ0

h1 � α1 � e jθ1� (18)

Further we assume that fading is constant over two consecutive symbols. There-
fore we write h0 � h0�t� � h0�t �T � respective h1 � h1�t� � h1�t �T �. In practi-
cal realisations we can handle this assumption by using e.g. the average of the two
channel impulse response values. We expect to minimise therewith the estimation
error for both symbols. On the receiver side we get two symbols r0 � r�t� and
r1 � r�t �T �:

r0 � h0s0 �h1s1 �n0

r1 � �h0s�1 �h1s�0 �n1� (19)

The variables n0 and n1 denote complex white gaussian noise from the receiver
and from interferences.
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4 THE ALAMOUTI SCHEME AND OFDM

In the receiver we have the following blocks:

� Channel estimator: In this work and in the simulations we assume perfect
knowledge of the channel. In real systems this has to be done using for
example pilot symbols where known symbols are transmitted periodically.
The receiver can then estimate the channel and interpolate the unknown po-
sitions. Possible errors are especially the time variance, wrong interpolation
caused by e.g. narrow-band distortion or quantisation effects. Besides the
pilot insertion frequency has to be higher than the Nyquist sampling rate to
minimise the channel estimation error [1].

� Combiner: It uses the received symbols r0 and r1 with the results from the
channel estimator h0 and h1 to calculate the following two combined signals
s̃0 and s̃1:

s̃0 � h�
0r0 �h1r�1

s̃1 � h�
1r0�h0r�1� (20)

Using equations (18) and (19) substituting the appropriate variables in equa-
tion (20) we get:

s̃0 �
�
α2

0 �α2
1

� � s0�h�
0n0 �h1n�

1

s̃1 �
�
α2

0 �α2
1

� � s1�h0n�
1 �h�

1n0� (21)

� Maximum likelihood detector: Using the above equations we can calculate
the decided symbol ŝ0. Choose si if�

α2
0 �α2

1�1
� �si�2 �d2 �s̃0� si��

�
α2

0 �α2
1�1

� �sk�2�d2 �s̃0� sk�

� i 	� k (22)

with d2�x� y� � �x� y� � �x�� y��.

For PSK all symbols have the same energy (�si�2 � �sk�2 � Es, � i� k). There-
fore equation (22) simplifies to

d2 �s̃0� si�� d2 �s̃0� sk� � i 	� k� (23)

For ŝ1 equation (22) and (23) can be derived analogously.

An advantage of the Alamouti scheme is the added reliability against the failure
of one antenna. For example if Tx 2 as illustrated in figure 23 fails we receive only
signals from Tx 1 and therefore h1 � 0. We get:

r0 � h0s0 �n0

r1 � �h0s�1 �n1� (24)
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4.1 The Alamouti transmit diversity scheme

The Combiner then provides the following values to the maximum liklihood de-
tector:

s̃0 � h�
0r0 � α2

0s0 �h�
0n0

s̃1 � �h�
0r�1 � α2

0s1�h0n�
1� (25)

We notice that the combined signals are equal to the transmission without diver-
sity. The diversity gain is then lost but we can still transmit [1].

Another important issue we have not considered yet is soft decoding. This means
that we do not simply hard decide to bits but also include reliabilities for each
bit position. Schulze [18] therefore proposed a possibility to calculate the log-
likelihood ratio for each bit. We receive from the channel the two complex values
r0 and r1 which leads to the vector r consisting of r0 and the complex conjugated
of r1. Further we have the channel matrix C obtained from the impulse responses
of the two transmit antennas to the receive antenna h0 � h0�t� � h0�t �T � and
h1 � h1�t� � h1�t �T �. Suppose we have transmitted the vector s with two com-
plex symbols s0 and s1 then we can describe the transmission with Alamouti’s
scheme as follows:

�
r0

r�1

�
� �� 	

r

�

�
h0

h�
1

h1

�h�
0

�
� �� 	

C

�
�

s0

s1

�
� �� 	

s

�

�
n0

n1

�
� �� 	

n

� (26)

The optimum receiver has then to evaluate the squared euclidian distance

x̂ � argmin
s ε S

� r�Cs �2� (27)

where S is the set of all possible transmit symbol combinations. The arg opera-
tion assigns the appropriate sent vector to x̂. The equation comes from the max-
imum likelihood principle, where the most probable transmission symbol vector
s � �s0� s1�

T minimises the squared euclidian distance. Last mentioned is defined
as � �x� y�T ��

�
�x�2 � �y�2.

Each transmit vector s corresponds to a vector b � �b1� � � � �bm� of binary digits.
Therefore we can now give the log-likelihood ratio for bit bi with i � 1� � � � �m
under the condition of the received vector r:

Λ�bi�r� � ln


��∑s εS �0�

i
exp

�
� 1

2σ2
n
� r�Cs �2

�
∑s εS �1�

i
exp

�
� 1

2σ2
n
� r�Cs �2

�
�
�� � (28)
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4 THE ALAMOUTI SCHEME AND OFDM

S �0�
i is the set of transmitted signals s with bi � 0 and S �1�

i analogously for bi � 1.
ln��� denotes the natural logarithm and σ2

n � N0�2 is the variance of the additive
gaussian noise with noise power N0 of the channel.

Of course we can also use the calculation result to make hard decision:

Λ�bi�r� is

�
� 0
� 0

for bi � 0
for bi � 1

� (29)

For high SNR values (= small σ2
n) we get numerical problems with equation (28).

In [19] and [17] a possibility for a stable evaluation is proposed:

ln
�

eδ1 � eδ2

�
� max�δ1� δ2�� ln

�
1� e��δ2�δ1�

�
� (30)

In general we can express the problem as follows:

δ�m�1� � ln
�

eδ1 � � � �� eδm�1

�
(31)

and then we obtain

ln
�

eδ1 � � � �� eδm

�
� ln

�
eδ�m�1�

� eδm

�
�

� max�δ�m�1�� δm�� ln
�

1� e��δm�δ�m�1��
�
� (32)

One assumption of the Alamouti scheme is that the channel impulse response
must not change during two consecutive symbols. One solution to cope with this
problem is to take the channel values h0�t� and h0�t � T � respective h1�t� and
h1�t � T � and to calculate the respective average. This was already mentioned
above. But therewith we face the problem, that neither for the first symbol nor for
the second one the correct channel value is taken. The error is only spread over
both symbols. Therefore we loose information about the channel. This becomes
more and more noticeable for higher velocities of the mobile receiver which equals
with a faster fading channel.

With the approach of Schulze we can avoid this problem. The Alamouti decoding
process is shifted in the channel matrix C (confer to equation (26)). We notice,
that the upper row of the matrix affects only the symbols s0 and s1 at time t.
Whereas the second row influences the transmit symbols�s�1 and s�0 at time t�T .
In contrast to Schulze we take different channel values h0�t� and h1�t� respective
h0�t �T � and h1�t �T � for the two time slots (= rows of the channel matrix C).
Therefore we utilise the estimation for each of the two channels from transmitter
to the receiver and now additionally for each time slot. All information available
from the channel estimation is used. This leads to a new channel matrix:
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4.2 Space-Time transmission

C �

�
h0�t�

h�
1�t �T �

h1�t�
�h�

0�t �T �

�
� (33)

The following decoding process stays unchanged. An implementation drawback
is the necessity to keep all channel values in memory. The old scheme requires
only half of them. The results of these changes are investigated in subsection 4.4.

Since now Alamouti’s scheme is not adapted to the special case of underlying
OFDM. In the following subsections we present two implementation possibilities.
The first is the Space-Time transmission and the other is the Space-Frequency
transmission. Both will be introduced in the following subsections.

4.2 Space-Time transmission

It is well known that OFDM transforms WSSUS channels into NF subchannels
which show Rayleigh fading characteristic [6]. This is well suited for the Alamouti
scheme.

NF 1

s1

NF

s0

s1 s∗0

-s∗1
Tx 1

Tx 2
1 NF NF1

s0

1

OFDM 1 OFDM 2

Figure 24: Principle of Alamouti Space-Time coding over OFDM

In figure 24 the principle of the Space-Time Code (STC) implementation is illus-
trated according to table 2. First the information bits are modulated with a suited
modulation alphabet Ax. Then the symbol sequence is divided into blocks each
with NF symbols. We take always the i-th symbol with 1� i� NF of two succes-
sive blocks. Therefore the number of blocks has to be a multiple of 2. The first
symbol corresponds with s0 the second with s1. Then we split the sequence into
two streams for the two antennas. On the i-th position of the first block of the first
antenna we put s0 and on the i-th position of the second block �s�1. Analogously
we perform this for the second antenna with s1 respective s�0. Afterwards each
Alamouti encoded stream of blocks is transmitted using OFDM.

Assuming an AWGN channel we would therefore receive the i-th symbol of the
first block after the OFDM decoding as r0 � s0 � s1 � n0. For the second block
this would be r1 ��s�1 � s�0 �n1.
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fi

NF

Figure 25: Problems of Space-Time coding over OFDM

One assumption of the original Alamouti scheme is, that fading should be con-
stant during two consecutive and related symbols s0 and �s�1 respective s1 and
s�0. This means that the channel must not change over two OFDM symbols. As
shown in figure 25 the disadvantage of this implementation is the increased sensi-
tivity against fast fading. On the other hand we gain from the increased robustness
against frequency selective fading coming from multi-path channels. In the imple-
mentation the mean between the two channel responses is taken. h0� h1 denote the
channel attenuation and its progression in time direction.

4.3 Space-Frequency transmission

Another possibility to implement the Alamouti scheme with OFDM is called
Space-Frequency encoding. Here we place all Alamouti symbols within one
OFDM symbol.

1

1

Tx 1

Tx 2

s0 s1

NF

-s∗1s0

s1 s∗0

NF

Figure 26: Principle of Alamouti Space-Frequency coding over OFDM

Figure 26 shows the principle of Space-Frequency Code (SFC). Here always
neighbouring frequencies are used to get the constant component required by the
Alamouti scheme. It is assumed that the channel does not change over two ad-
jacent carriers. This assumption is hardly fulfilled for very frequency selective
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4.4 Simulation results

channels. Besides it has problems with narrow-band distortion. Therefore we ex-
pect a loss of performance in this case. In figure 27 a frequency selective channel
is illustrated to visualise the effect of a varying channel impulse responses of
neighbouring frequencies.

1

2

s0 + s1

fi

NF

f

h0, h1

s∗0 − s∗1

Figure 27: Problems of Space-Frequency coding over OFDM

After the modulation of the information bits to the modulation alphabet Ax blocks
of NF symbols are defined which equals to one OFDM symbol. Two adjacent
symbols on position i respective i� 1 with 0 � i � NF � 1, i mod 2 � 1 form s0

respective s1. Therefore the number of carriers NF has to be a multiple of 2. The
sequence is then split up into two streams, one for each antenna. On Tx 1, position
i we put s0 and on i�1 the symbol�s�1 is set. For Tx 2 on the corresponding places
s1 and s�0 are put.

In contrast to the Space-Time encoding principle we do not have a delay of one
OFDM symbol with NF samples.

4.4 Simulation results

In figure 28 the bit error rates for an uncoded OFDM transmission and Alamouti
with Space-Time respective space-frequency encoding are compared. The channel
is a one-path Rayleigh fading channel and OFDM with 64 carriers is used. For a
velocity of v � 0 km/h we notice no difference between the two Alamouti imple-
mentations. Both types should work with best performance because all possible
negative influences as e.g. velocity for Space-Time respective frequency selectiv-
ity for Space-Frequency transmission are excluded.

For low SNR values we can improve the BER with these diversity methods from
10�1 to 7 �10�2 but due to the higher slope of the Alamouti curves we can achieve
an improvement of over two decades for higher SNRs. Using a convolutional
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Figure 28: Comparison of Space-Time with Space-Frequency for v � 0 km/h over
a Rayleigh channel

�5�7�oct code we can then ameliorate the BER in addition by about a decade or 4
dB and about 11dB at a BER of 10�3.

Now we want to investigate the behaviour of the presented encoding schemes
Space-Time and Space-Frequency. We have a look at their performance on time
respective frequency variant channels. Besides we want to consider the influence
of the assumption that the channel has to be constant during two consecutive sym-
bols s0 and �s1

� for Tx 1 respective s1 and s0
� for Tx 2. Especially we are inter-

ested in the impact of the new channel matrix C from equation (33) which drops
the premise made above.

First we look at Space-Frequency encoding and frequency selective channels. To
increase the variance continuously we choose a two-path channel model with one
tap at time t1 � 0 and the second one at t2 � 0 can be varied. Both paths have
equal power. By increasing the delay t2 of the second signal path we get addi-
tional variation in the spectrum. Therefore the difference between adjacent sub-
carriers extends more and more. Alamouti’s assumption of equal channel values
for consecutive symbols gets worse. At this point we want to compare the two
implementations proposed in subsection 4.1. The new method does not require a
constant channel for both symbols and therewith we expect to be less prone to the
negative effects of a variant channel.
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Figure 29: Comparison of the old and new Alamouti scheme for Space-Frequency
encoding and different two tap channels

In figure 29 the BERs for three different two-path channels are plotted. The veloc-
ity of the mobile receiver is set to v� 0 km/h to exclude the influence of a temporal
variation. We notice that with increasing frequency selectivity and higher SNR the
undecoded BER curves diverge more and more. With the new method we reach
approximately the results presented in figure 28. Whereas the original scheme suf-
fers from the unmatched channel values. This becomes more and more visible for
higher SNR values because the influence of the additive gaussian noise reduces
and the problems due to the channel variation become the dominating effect. The
BER then comes to an error floor. By using the new scheme we do not have these
restrictions.

Using a convolutional �5�7�oct code we obtain less different results for the consid-
ered SNR range. Only for the δ�k��δ�k�10� channel they become visible. Due
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Figure 30: Comparison of the reliabilities for the two-path channel
δ�k��δ�k�10�, v � 0 km/h

to the occurrence of an error floor in the undecoded results we expect the same
behaviour with channel coding. The problem is to sustain reliable simulation re-
sults for bit error rates (BER) where this effect appears. As a rule of thumb we
need at least 100 bit errors to obtain stable results. For the appropriate SNRs we
would approximately achieve a BER of 10�7. This requires to simulate about 109

bits. In this thesis it cannot be evaluated in a reasonable time period.

The histograms in figure 30 point out the effects. We transmit our complex sym-
bols and multiply the soft values of each bit from the Alamouti decoder with the
BPSK modulated sent sequence (respective we map the source bits according to
BPSK). Therefore we obtain a negative sign for an undecoded bit error. A high
absolute value on the horizontal axis indicates a high reliability. For the left his-
togram (2dB) we notice the high number of undecoded errors resulting from the
low SNR. Further the reliabilities for correct bits using the new channel matrix
C are slightly higher. These two perceptions explain the differences in the de-
coded BER curve as well. For higher SNR both maxima move towards higher
reliabilities. But the run of the curves diverge more and more. The original Alam-
outi scheme produces more undecoded bit errors which becomes visible in the
higher number of values in the negative half-plane. Further we notice that the new
Alamouti decoding scheme produces more trustworthy and therefore less uncer-
tain values leading to a better decoding performance.

In the following we want to investigate the effects of the velocity on the behaviour
of a Space-Time encoded Alamouti transmission. We also compare the two im-
plementations with each other. From subsection 2.3 we already know that OFDM
itself looses BER performance for higher velocities due to the Doppler shift and
loss of the channel orthogonality.
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Figure 31: Comparison of the old and new Alamouti scheme for Space-Time en-
coding and different velocities

In figure 31 the BERs for four different velocities are plotted. As expected we do
not notice any differences between the two implementation types for a standing
receiver and there is no degradation. The corresponding channel values for each
antenna are identical and therefore we cannot gain performance for this scenario.
For increasing velocities both types show similar behaviour of the decoded and
undecoded BER curves. This is mainly caused by the underlying OFDM. But the
effect is more distinct for the original Alamouti scheme which suffers from the
increasing discrepancy between consecutive channel values. For high speeds we
even come to an error floor. At least we can lower this borderline with the new
scheme.

Finally we want to compare the Space-Time and Space-Frequency encoding
scheme (both in the new implementation form) for different velocities. In fig-
ure 32 the undecoded bit error rates for both types are plotted. Due to the usage
of an one-path Rayleigh channel we face flat-fading. Therefore we do not get any
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Figure 32: Comparison Space-Time with Space-Frequency for v � 0�2000 km/h
over a one-path Rayleigh channel

influence of varying consecutive symbols using Space-Frequency encoding. For
low velocities we obtain approximately the same bit error rates for both schemes.
Only for very high speeds we notice small differences with benefits of the Space-
Frequency scheme.

4.5 Conclusion

In this section we have investigated the Alamouti scheme and its implementa-
tion in OFDM. The combination provides two possibilities: Space-Time (STC)
and Space-Frequency (SFC) encoding which differ in the manner of the symbol
placing. Further a new method to overcome the premise of a constant channel
over two consecutive symbols is presented. It only works for the description form
presented in [18] but improves the encoding performance especially on varying
channels. Therewith we are able to add a certain robustness against a changing
channel to the transmission scheme.
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5 Combination of Alamouti and CDD

In this section we want to investigate the combination of the Alamouti scheme
with Space-Frequency Coding (SFC) and Cyclic Delay Diversity (CDD). But first
we want to explain why this can be necessary.

For two antennas we already exploit full spatial diversity with Alamouti’s
scheme [20]. Further we do not have to assume a constant channel over two con-
secutive symbols anymore (confer to subsection 4). But we still face the problem
of the extension to multiple transmit antennas. In [20] an orthogonal design for
more than two antennas is proposed which is based on the Alamouti scheme.
For real valued transmission and an arbitrary number of antennas we can thereby
achieve maximum rate. But for complex valued signals we face the problem of a
rate loss for more than two antennas.

We want to use another approach to extend the Alamouti scheme to more antennas
which is presented in the following.

Considering equation (33) we have already noticed that we can treat each row in
the matrix C (equals to consecutive time slots) independently. Therefore we can
rewrite it to

C �

�
h0

h�
2

h3

�h�
1

�
� (34)

Using two antennas which are far enough apart (approximately more than 10
wavelengths [1]) cause the two channels to be uncorrelated. Differing to the as-
sumptions in the previous section we now assume that h0 and h1 respective h2 and
h3 from equation (34) are uncorrelated, too. Then there is no reason to send the
(negative) complex conjugated second symbol in the second time slot but just the
second symbol. We get the same results (in average!) as long as we ensure full
rank of C. The problem is that we normally do not face a temporal or in frequency
direction uncorrelated channel. But this would lead to a severe degradation of the
system performance. From section 3 we know that CDD introduces virtual paths
and causes additional frequency selectivity. Our approach is that adjacent carriers
are pseudo-decorrelated to achieve similar bit error rates as an Alamouti encoded
scheme for Rayleigh fading.

To get a measure for the correlation of consecutive channel values we have to use
probability theory. The correlation coefficient ρX �Y denotes the similarity of two
random variables X and Y . It is defined as follows:
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Figure 33: Correlation coefficients

ρX �Y � ρ�X �Y � �
cov�X �Y ��

σ2
Xσ2

Y

�
E��X �µX��Y �µY ��

σX σY
� (35)

In equation (35) cov(X , Y ) denotes the covariance of X and Y and σ2
X respective

σ2
Y are the variances. E��� specifies the expectation and µX � E�X� respective

µY � E�Y� are the means. ρX �Y fulfils following condition:

�1 � ρX �Y � 1� (36)

A high absolute value of ρX �Y denotes a high correlation whereas ρX �Y � 0 equals
to uncorrelated variables X and Y [10].

In figure 33 the correlation coefficient is plotted in dependence on the cyclic shift
and the type of channel. It is calculated assuming a Space-Frequency transmission
and BPSK modulation. Therefore ρX �Y is determined using adjacent carriers for
the random processes X respective Y . They correspond to the transmit symbols
s0 and s1 from the Alamouti scheme. As already mentioned above we are inter-
ested in decorrelation to get best results. For a fully correlated one-path channel
with flat-fading characteristics and no cyclic shift we obtain the maximum corre-
lation coefficient of 1. With an increasing shift to half of the carrier number we
get more and more decorrelation up to 0.12. Further we notice the symmetry of
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Figure 34: Bit error rates for different encoding schemes with and without cyclic
shift over an one-path Rayleigh channel

the curve. For an already frequency selective channel the correlation can be low-
ered using CDD. Interesting is the comparison between the one- and the two-path
channel δ�k��δ�k�10�. The correlation coefficient curve of the two-path channel
is cyclically shifted by 10 to the left and to approximately 0.16 down. Frequency
selective channels show a basic decorrelation depending on their tap profile. But
as a rule of thumb we can assume that a cyclic shift of 0 and NF�2 leads to a suffi-
ciently uncorrelated channel for two antennas. Further only BPSK modulation is
considered. There might be different results for higher level modulation especially
if they have a complex constellation.

Another possibility would be not to use adjacent carriers (near encoding), but to
take most distant ones (far encoding). This can be done by utilising the carriers
1� � � � �NF�2 for X and for Y the corresponding from the set NF�2� 1� � � � �NF .
Then a minimum spacing of NF�2 subbands can be achieved. The correlation
coefficients for far encoding and different cyclic shifts is not plotted because we
cannot improve the decorrelation result. Then �ρX �Y � toggles between the minimal
and maximal correlation coefficient of the results using neighbouring carriers. An
even cyclic shift leads to a high value and an odd shift to a low value.

49



s2

s1 sn−1

s0

s0

Tx 2 Tx n

sn−1

s0

s1

Tx 1

sn−2

t0

t1

tn−1

Figure 35: Encoding scheme for n � NTx antennas

Now we have a look at the impact on the bit error rates of the described trans-
mission methods. In figure 34 the BERs for Alamouti and the new scheme (near
and far encoding) are plotted. The solid line corresponds to undecoded transmis-
sions and the dash-dot curves to the appropriate decoded result. We notice that
Alamouti with no CDD and both new schemes with CDD 31 lead to the same
BER performance (decoded and undecoded). Combining cyclic shift and Alam-
outi causes severe degradations in the transmission characteristics. In other words
the Alamouti scheme cannot be improved using CDD. It can only achieve similar
results compared with the unshifted new schemes. Last mentioned are equal for
the undecoded case which is reasonable because we use a flat-fading Rayleigh
channel. The decoded results differ because the far encoding spreads the error
patterns more and this leads to a lower error density. On the other hand the near
scheme causes more adjacent erroneous undecoded bits which is less suited for
the used convolutional �5�7�oct decoder.

The next step is the extension to more antennas. The scenario presented above
is only the special case for two. For NTx � 1 antennas we need NTx symbols si

with i � 0� � � � �NTx � 1 to be transmitted. They are distributed on the antennas
by performing a cyclic shift of one step as visualised in figure 35. Therefore we
send in every time slot all symbols si. This enables us to extend the new scheme
to an arbitrary number of transmit antennas NTx. A restricting drawback is an
exponentially increasing decoding complexity

decoding complexity� MNTx

where M � �Ax� denotes the number of transmit symbols in the modulation alpha-
bet Ax.
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Figure 36: Bit error rates of two, three and four transmit antennas over an one-path
Rayleigh channel

Now we investigate the results of the extension to multiple antennas. In figure 36
the BERs for two to four transmit antennas are depicted. We notice the diverging
curves resulting from the different slopes. The gradient gets steeper with an in-
creasing number of antennas. Therefore we get the desired improved performance
in trade off with higher expenses. This means that we can weigh between a bit
error rate gain on the one hand and extra efforts with regard to costs and decoding
complexity on the other hand.

Comprising we can note that a combination of a scheme based on Alamouti and
CDD can achieve same performance than pure Alamouti for two antennas and
BPSK modulation. Further on it can easily be extended to an arbitrary number of
antennas to obtain even better bit error rates. But then we have to accept the expo-
nentially (with the number of antennas) rising decoding complexity. This leads to
higher demands on the receiving device.
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6 CONCLUSION

6 Conclusion

In this thesis two principle methods for spatial transmit diversity in combination
with underlying OFDM are investigated.

In section 2 we first investigate and describe OFDM itself. The basic transmis-
sion model used in this work is presented and the two forms of realisation are
explained. Further on we have a closer look at the channel and its transformation
into several subchannels. Besides the sensitivity of higher velocities is investigated
and properties of an OFDM transmission chain is discussed.

Section 3 deals with the topic delay diversity with special consideration of the
cyclic form (CDD). It introduces virtual paths and increases the frequency selec-
tivity. Therefore the undecoded error patterns are changed but the total number
of errors remains constant. This enhances the decoder performance. The scheme
is compared with interleaver with different window sizes. We can increase the
number of antennas to further improve the decoded results.

In section 4 the Alamouti scheme is presented and discussed. It is extended to pro-
vide soft values and modified to be more resistant against fast varying channels.
Together with OFDM there are two implementation possibilities namely Space-
Time (STC) and Space-Frequency (SFC) encoding. They are used for the simula-
tion to determine and explain the BER performance gains of the new scheme for
different channel scenarios.

In the last section 5 a combination of CDD and a variation of the Alamouti scheme
is discussed. Its main purpose is the simple extension of an Alamouti based spatial
diversity scheme to an arbitrary number of antennas. Simulations for two antennas
result in equal performance compared to the Alamouti scheme. Using more than
two improves the BER performance further on and the slope increases, too.
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A APPENDIX

A Appendix

A.1 List of variables

N Number of antennas
NF Number of carriers
NG Length of guard interval in chips
NTx Number of transmit antennas
Ts� 0 Sampling time before OFDM modulation
Ts Sampling time after OFDM due to upsampling for

impulse shaping
W � 1�Ts Bandwidth
Tsymbol � NF �Ts Usable OFDM symbol duration
Tguard � NG �Ts Guard time duration
TOFDM � �NF �NG� �Ts Total OFDM symbol duration with guard time
fD� max Maximum Doppler shift
fc Carrier frequency
τm Maximum channel delay
Ax Modulation alphabet
m number of bits per symbol

respective encoder memory
σn Variance of noise
N0 Noise power
∆ fc Coherence bandwidth
∆Tc Coherence time
Ci Channel capacity of the i-th carrier
C Channel matrix
h, H Channel values obtained from estimation

H: DFT transformed
v Velocity of mobile receiver
PB Bit error rate (BER)
δn Time shift for Delay Diversity (DD)
δcy� n Cyclic time shift for Cyclic Delay Diversity (CDD)
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A.2 List of abbreviations

A.2 List of abbreviations

AWGN Additive White Gaussian Noise
BER Bit Error Rate
BPSK Bipolar Phase Shift Keying. Bit mapping: 0� 1, 1��1
CDD Cyclic Delay Diversity
DD Delay Diversity
DFT Discrete Fourier Transform
FFT Fast Fourier Transform
ICI Inter-Channel-Interference
IDFT Inverse Discrete Fourier Transform
IOFDM Inverse Orthogonal Frequency Division Multiplexing
ISI Inter-Symbol-Interference
MMSE Minimum Mean Square Errors (equalisation)
OFD Optimum Free Distance (of convolutional codes)
OFDM Orthogonal Frequency Division Multiplexing
PD Phase Diversity
PDF Probability Density Function
Rx Receive antenna(s)
SFC Space-Frequency Code
SNR Signal-To-Noise Ratio with noise power N0 and variance σ2

n � N0�2
STC Space-Time Code
Tx Transmit antenna(s)
WSSUS Wide Sense Stationary Uncorrelated Scattering (channel model)
ZF Zero-Forcing (equalisation)

56



A APPENDIX

Encoder Interleaver Modulation OFDM
info_seq enc_seq send_seq mod_seq ofdm_seq

N_Tx

Guard

CDD

Channel

Remove 

Guards_cyc_hat
equalization IOFDM

s_hat
Deinterleaver

s_equndec_seq
soft_seq

DecoderSink
dec_seq

channel_recv_seq

transmit_seq

send_mat

N_Tx

channel
estimation

alpha_vec

Source

Figure 37: Block diagram of the whole CDD transmission

A.3 Implementation issues of the CDD simulation

In figure 37 the block diagram of the CDD over OFDM transmission with the
variable names used in the source code is given. For reproducibility and compat-
ibility reasons all “random”1 processes (information sequence, AWGN, channel,
and random interleaver) have their own seed. Each SNR value therefore has the
same information sequence, interleaver performance and channel behaviour. As
transmission parameters we have a carrier frequency of fc � 5150 MHz and a
bandwidth of W � 1�Ts�0 � 100 MHz (no upsampling). Further on a terminated
OFD convolutional code �5�7�oct with rate 1�2 is used. The encoded sequence
is then modulated using BPSK alphabet. Before the transmission it is normalised
with


NTx to achieve same power level for different number of transmit antennas.

The channel is simulated using a WSSUS (wide sense stationary uncorrelated
scattering) channel model with parameters specified e.g. in table 1 and afterwards
white gaussian noise is added to simulate the noise coming from the reception
electronic assembly. Besides the σn of the complex AWGN is (according to the
international definition) calculated as follows:

σn �

�
N0

2
�

�
10

SP�dB�SNR�dB
10

2

with noise power N0 and SP�dB � 0 dB which equals to a signal power of 1 because
the transmit sequence is normalised to this value. SNR�dB is the given Signal-to-

1In fact it is only a pseudo-random process with a seed to reproduce the numerical order
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A.3 Implementation issues of the CDD simulation

Noise Ratio. Due to the Raleigh fading characteristics of the channel model the
correct SNR value has to be shifted according to

SNRreal�dB � SNR0�dB �Precv�dB�Psend�dB

where SNR0�dB is the desired value and Precv�dB and Psend�dB are the receive re-
spective send powers of the sequences. No further normalisations (e.g. due to the
guard time) are performed. Furthermore a channel estimation is performed by sim-
ulating the impulse response of the respective channel without the additive white
gaussian noise. This leads to a perfect estimation for v � 0 km/h but for higher
velocities the influence of the changing channel during the symbol becomes more
visible. Therefore the quality of the estimation gets worse. The channel entree
is changed in predefined intervals to simulate different “scenarios”. Using this
feature a perfect channel estimation can be implemented by setting the velocity
to zero and reinitialising the channel after every symbol. Normally a speed of
v � 200 km/h and a change process of 15 OFDM symbols (including the guard
time) are set.

On the receiver side a Zero-Forcing equalisation is performed after the IOFDM
using the DFT transformed of the channel estimation normalised by


NF . Fur-

ther on critical positions (from the numerical point of view) are eliminated which
means that channel values less than ε are set to 1. For soft decision Viterbi de-
coding the received and equalised sequence has to be multiplied with the absolute
square of the Zero Forcing values to even the introduced SNR fluctuations.

- also see section power requirements, delay effects and antenna configuration
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Figure 38: Block diagram of the whole Alamouti transmission

A.4 Implementation issues of the Alamouti simulation

Figure 38 depicts the block diagram of the whole Alamouti transmission used in
this thesis. Basically it is similar to the one used for CDD with some exception
and supplements. Therefore we only want to consider the differences.

As far as the Alamouti encoder we do not make any distinctions. Then we perform
an Alamouti encoding according to the desired scheme. We can choose between
Space-Time, Space-Frequency and our new scheme. Last mentioned can use more
than two antennas. Afterwards an OFDM encoding for each antenna and the ap-
propriate cyclic shifts are performed. Finally the guard interval is added. Then the
sequence is transmitted.

For each antenna a channel estimation has to be performed. Thereby we have to
consider the corresponding cyclic shift. In the simulation the estimation is done
using a Dirac impulse which is positioned directly after the guard interval. Addi-
tionally we have to shift it according to the specific antenna shift. As channel we
use the already described WSSUS model. As explained in the CDD appendix we
randomly change the channel state every OFDM symbol respective every second
symbol for Alamouti Space-Time encoding. As carrier frequency fc � 5150 MHz
is used and the bandwidth is W � 1�Ts � 20 MHz.

On the receiver side we first perform an IOFDM and feed the result together with
the channel and SNR estimations to the Alamouti decoder. It returns soft and hard
decision results which are then deinterleaved and Viterbi decoded. The absolute
of the soft values have a fixed upper limit to avoid numerical problems with the
following decoding processes.
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