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Abstract 

    In this work, we exploit  the SVD assisted Multiuser Transmitter (MUT) and Multiuser 

Detector (MUD) technique, using the Downlink (DL)  pre-processing transmitter and DL 

post-processing receiver matrices with the combination of the MIMO OFDM  space Time  

block code (STBC). And also propose the pre-coded DL transmission scheme, were both 

proposed schemes take advantage of the channel state information (CSI) of all users at the 

base station (BS), but only of the mobile station (MS) owns, CSI, to decompose the MU 

MIMO channels into parallel single input single output (SISO), these two proposed schemes 

are compared to the vertical Bell layered space time (V-BLAST) detector combined with 

STBC OFDM (V-BLAST STBC OFDM). Our simulation result on hybrid approach show 

that the performance of the proposed scheme with DL Zero Forcing (ZF) transmitter 

outperforms the V-BLAST STBC OFDM and the pre-coded DL schemes with ZF receiver, 

respectively, in frequency selective fading channels. So this hybrid approach, exploit the time, 

space and frequency diversity.   
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Introduction  

    Emergent services, with the increasing demand in system capacity and high data rate 

services for the future wireless communication systems, especially in the downlink systems, 

many attempts in finding techniques to provide higher system capacity and data rate services 

have been done. Among these, orthogonal frequency division multiplexing (OFDM) based 

multiple input multiple output (MIMO) systems is the most promising technique to satisfy the 

demand for the future wireless communication due to the fact that MIMO-OFDM systems can 

provide spatial diversity and combat multipath environment [1,2,3]. In wireless 

communications, exploiting the spatial dimension using antenna arrays at the transmitter 

and/or receiver can increase both the reliability and data rate of a transmission. More recently, 

researchers have investigated using such a MIMO system to service multiple users.  MIMO 

schemes are known to provide two main types of gains: spatial multiplexing gain and 

diversity gain. Spatial multiplexing gain describes the higher data rates that can be obtained 

using the spatial sub-channels created by the MIMO channel. An example of a pure 

multiplexing scheme is the vertical Bell laboratories layered space-time (V-BLAST) [4]. On 

the other hand, pure diversity schemes, like space time block codes (STBC) [5, 6], are 

concerned with diversity gain. 

Space Division Multiple Access (SDMA) constitutes an attractive MIMO sub-class, which is 

capable of achieving a high user capacity by supporting a multiplicity of subscribers within 

the same frequency bandwidth [7]. In MIMO aided multiuser systems, both the uplink (UL) 

and downlink (DL) transmissions experience multiuser interference (MUI), also referred to as 

multiple access interference (MAI), as well as inter antenna interference (IAI).  

  A particularly promising candidate for next-generation fixed and mobile wireless systems is 

the combination of MIMO technology with OFDM, known as MIMO-OFDM schemes. In 

practice, OFDM could be used in combination with space time coding, which can be 

performed in a MIMO system, to increase the diversity gain and/or to enhance the system 

capacity over time variant and frequency selective channels [8, 9, 10, 11]. Otherwise, the 

performance of wireless communications is also primarily limited by MAI in multiuser 

applications.  And it has been demonstrated that the downlink performance of wireless 

communication systems can be significantly improved by properly designed STBC. In this 

context, the STBC-OFDM system may be one of most promising system configurations that 

can be adopted for next generation mobile systems. 
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  Orthogonal STBC [12] constitutes an attractive low complexity technique designed for 

attaining spatial diversity, when communicating over Rayleigh fading channels. Alamouti’s 

remarkable orthogonal transmission structure [13] can be applied in space time (ST), to 

exploit the spatial, temporal, diversities or space frequency (SF) domain, to exploit the spatial 

and frequency diversities available in frequency selective MIMO channels in OFDM systems, 

as it is shown in [14] and [15], to exploit the spatial, time and frequency diversities and to 

obtain higher signal quality.  Both ST and SF have proven to be an effective technique in 

enhancing the error performance and increasing the capacity of wireless channels [16, 17, 18, 

19].  

  In MIMO-OFDM, the orthogonal designs can be applied as STBC-OFDM or SFBC-OFDM. 

In STBC-OFDM, the symbols are transmitted over the same sub-carriers by using two or 

more adjacent OFDM symbols. On the other hand, in SFBC-OFDM, the symbols are 

combined using an orthogonal matrix through the neighboring sub-carriers in the same 

OFDM symbol. In both cases, it is generally assumed that the channel coefficients are 

constant over neighboring sub-carriers or OFDM symbols in the orthogonal code structure. 

STBC-OFDM and SFBC-OFDM can be used to increase the resultant Signal to Noise Ratio 

(SNR) at the receiver, thus, increasing the coverage area in a cellular system. 

Diversity techniques can be used to obtain reliable transmission systems or beamforming 

(BF), it is shown that the transmit beamforming offers the best performance but requires high 

rate feedback channel, and can be used to increase the signal strength towards a particular 

user, thus reducing interference to others [20].  When the wireless channels between transmit 

and receive antennas are correlated to each other, then transmit diversity scheme is not 

expected to perform well, i.e. if independent fading among the antenna signals cannot be 

achieved, BF is preferred over transmit diversity [21]. 

Finally, another type exploits the knowledge of channel at the transmitter. It decomposes the 

channel coefficient matrix using Singular Value Decomposition (SVD) [22] to obtain the 

largest Eigen, and uses these decomposed unitary matrices as pre and post filters at the 

transmitter and the receiver to achieve near capacity [22, 23, 24]. If multiple transmit antennas 

are employed in combination with single or multiple receive antennas per user MIMO, the 

spatial domain can be exploited by means of SDMA, i.e. users sharing the same time 

frequency resource are then spatially separated by orthogonal or semi-orthogonal 

beamforming techniques [25]. In some sense, eigen beamforming is an optimal space time 
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processing scheme. However, it requires SVD on every sub-carrier. The receiver not only 

needs to feedback the largest Eigen, but also the corresponding eigen-vectors. 

 The efficient design of the downlink transmitter is of paramount importance for the sake of 

achieving a high throughput. The effects of MUI may be mitigated by employing spatio 

temporal pre-processing at the transmitter. Consequently, the downlink receiver’s complexity 

may be reduced with the advent of transmit pre-processing at the base station, a technique, 

which is also often referred as Multi-User Transmission (MUT) [26]. To obtain this, it is 

important to find schemes that are able to reduce the effects of fading and explore new type of 

diversity, as well as to reduce Inter-Path Interference (IPI) and MAI. In the case of frequency 

selective fading, it can be observed that different symbols suffer from interference from each 

other, whose effect is usually known as Inter symbol Interference (ISI), which tends to 

increase with the used bandwidth. 

If the Channel Impulse Response (CIR) information associated to different MS is available at 

the BS, the use of pre-processing schemes at the transmitter, BS allows simpler MS receiver 

implementations (and, eventually better performances). By reducing the signal processing 

requirements at the MS, we can reduce the battery drainage and decrease the terminal cost, 

key aspects in the MS design. Therefore, the complexity costs can be shared by all MS and 

should be transferred into the BTS, and the mobile units (mobile station: Ms) must be 

inexpensive and low power. 

  In an effort to reduce the receiver complexity of the MS, substantial research efforts have 

been devoted to pre-processing the signal at the base station before transmission. These 

systems include the Maximum Ratio Combining (MRC) transmit scheme [27, 28], the Zero-

Forcing (ZF) transmit scheme [29, 30, 31] and the pre-coding scheme [32, 33]. These signal 

pre-processing schemes assume the knowledge of the channel at the receiver, which is 

generated with the aid of channel estimation or by utilizing a feedback link from the 

transmitter. 

  In this thesis, SVD based SDMA MUDs designed for DL MUT is investigated. When using 

combined SVD-based pre-processing and post-processing and assuming that the (CIRs) of all 

users are perfectly known both at the MUT and MUD at the instant of transmission and 

reception, respectively, then the effect of both the MAI as well known MUI and IAI can 

perfectly be eliminated in both the UL and DL, since all signal links are uniquely and 

unambiguously identified by their CIRs.  
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Thesis outlines 

   Chapter 1 provides a brief introduction to wireless communications and MIMO 

transmissions. The main characteristics of radio channel propagation are described: the time 

selectivity, the frequency selectivity and the space selectivity. The radio propagation effects 

such as path loss, frequency selective fading, Doppler spread and multi-path delay spread. 

The performance of any wireless communication system is highly dependent on the 

propagation channel, and so a detailed knowledge of radio propagation is important for 

optimization of wireless communications. Two widely used fading models are presented: the 

Rayleigh and Rician fading models. The capacity of the MIMO wireless channel in Rayleigh 

fading is discussed in the case of transmit diversity and receive diversity with and no channel 

state information. 

  In chapter 2, we will provide an introduction of diversity techniques for fading channel, the 

definition of diversity gain: time diversity, frequency diversity, space diversity and 

polarization diversity. Then we provide an introduction of the space time code, first 

background information and basic principle in MIMO-STBC is given, describing a 

remarkable block code. The Alamouti scheme as a base stone of this theory is clearly 

interpreted. The simple mathematical formula in matrix form for general structure of 

Alamouti scheme with one and two receive antenna configuration is developed, followed by 

the encoding and the decoding process. Second, an introduction about spatial multiplexing or 

MIMO-BLAST as a mean to increase spectral efficiency or in the other words increasing the 

data rate of wireless system is given. The pure example the Bell Labs Layered Space Time 

(BLAST), we introduces the BLAST schemes and describing the Diagonal BLAST (D-

BLAST) and the vertical BLAST (V-BLAST) architecture. Then the main steps detection 

process of the V-BLAST architecture. In addition’s, the V-BLAST capacity calculation.  

   Chapter 3, provides an introduction to OFDM in general and present a Principle basic 

concept of OFDM systems, and outlines some of the problems associated with it. This chapter 

describes what OFDM is, and how it can be generated and received. It also looks at why 

OFDM is a robust modulation scheme and some of its advantages over single carrier 

modulation schemes. The association of MIMO and OFDM system is discussed and modeled. 

At the end the combination of STBC OFDM, describing the coding and the decoding process 

in space time coding STBC-OFDM or space frequency coding SFBC-OFDM. Mathematical 

expression in time-domain and frequency domain for data transmission and reception in a 
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very simple and understandable form is developed. Some applications field for MIMO OFDM 

is given and discussed. 

   Chapter 4, an overview of Multi User system (MU), a brief definition of multiple access 

technique: TDMA, FDMA, CDMA. The concept of MU detection technique for interference 

canceller is discussed. Follow by the association of the MIMO and MU systems. The 

comparison between  single and MU systems, with single and multiple antennas user’s 

equipments. This Chapter presents a method for exploiting the effects of multi-path 

propagation in multiuser OFDM applications in order to improve the spectral efficiency of the 

system and so an understanding of radio propagation characteristics is needed before different 

forms of multi user OFDM. The hybrid MU schemes using V-BLAST detection is described. 

The simulation results over frequency selective fading channel is given under multiuser 

environment and discussed.   

  In chapter 5, we present the combination of the SVD technique with the MU STBC OFDM. 

Then we exploit the knowledge of the channel state information at the transmitter and the 

receiver side, and describing the SVD assisted MU transmitter and MU detector. This chapter 

investigates the feasibility of such techniques and the possible advantages such as increased 

capacity, improved quality of service (QoS), and a significant reduction of SNR. We first 

investigate the performance of the proposed Zeros Forcing receiver detection technique based 

on SVD under multiuser environment. Second we investigate the performance of the proposed 

Zeros Forcing transmitter under multiuser environment. And then examine properties and 

performance of the proposed schemes under various channel conditions.  Simulation results is 

given and discussed at the end. 

  In chapter 6, results discussion is provided, which summarizes the major results obtained in 

this thesis, and presents the performance comparison of the different hybrid MU detection 

technique. 

Finally, we provide a thesis conclusion and future works. 
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1.1 Propagation characteristic of Radio channel

   Wireless communication suffers from inherent channel impairments which arise from the 

physical propagation environment and which can severely degrade system performance. As 

shown in Figure 1.1. In a real environment radio waves from mobile devices travel through 

the air, the surrounding objects, such as mountains, buildings, trees and houses, cause 

reflection, diffraction and scattering of the transmitted signal. Due to these effects, the 

transmitted electromagnetic waves travels along different paths of varying lengths and 

therefore have different amplitudes, phases, delays and angles of arrival. At the receiver, the 

destructive interaction between these wave components causes multi

power of the waves decreases

The movement of objects in the channel or that of the receiver causes an apparent shift in the 

carrier frequency. A reliable communication system tri

these channel perturbations.  
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Typically, propagation models are classified into two categories. 

Propagation models that predict the mean signal strength at a given distance from the 

transmitter are called large scale

over large transmitter-receiver distances (usually a few kilometers).  On 

scale or fading models are used to characterize the rapid fluctuations of the received signal 

strength over very short distances or short time durations, where the received power 

sometimes varies as much as 30 to 40 dB when the receiv
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Figure 1.1:  The mobile radio channel [34] 
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wavelength. The statistical characteristics of fading channels are determined by many factors, 

such as multiple path propagation, the relative speed of the transmitter and receiver, the 

speeds of surrounding objects, and the transmission bandwidth of the signal. 

The mobile radio channel may be modeled as a linear filter with a time varying impulse 

response, where the time variation is due to motion of the transmitter, receiver or scatterers. 

The filtering nature of the channel is caused by the summation of amplitudes and delays of the 

multiple arriving waves at any instant of time. A discrete model for a channel with L taps can 

be expressed as 

���� � � ���, 	�
�� � �

���

�� � � ����                                                                                     �1.1� 

where 
��� is the transmitted signal, ���� is the received signal, ���, 	� is the response at 

time � of the time-varying channel if an impulse is sent at time � � �
 and ����is the noise .  

Two common parameters associated with fading channels are the coherence bandwidth which 

is the range of frequencies over which two frequency components have a strong potential of 

amplitude correlation and the coherence time which refers to the time rate of change of the 

channel characteristics [35, 36]. Multi-path propagation delays in a fading channel can cause 

time dispersion. 

1.1.1 Time Selectivity  

  Wireless channels vary with time because the transmitter or the receiver moves or their 

environment changes. When the transmitter and the receiver are both static, the channel 

slowly changes because cars and people move, the wind makes leafs quiver, etc. The 

modifications of the propagation environment impact the channel on a larger time scale than 

the moving of the transmitter or the receiver [35]. The faster the transmitter/receiver moves, 

the faster the channel changes.   

The first Doppler shift, ��, amounts to �� ��  while the second one, �� amounts to � �� ,where  � is the speed of move, and � is the speed of light.  The difference between both Doppler 

shifts is called the Doppler spread of the channel.       

  �� � �� � ��                                                                                                                           �1.2� 
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In fact it is a sinusoid at frequency � with an envelope whose amplitude varies at frequency     

� �� � ��2                                                                                                                                       �1.3� 

the time between a peak and a valley of this envelope is equal to  
��"#  . To characterize the 

time varying nature of the channels often we used the coherence time,  $�%& which is related 

to the Doppler shift given by [35]: 

$�%&  � 12��                                                                                                                                  �1.4� 

The channel coherence time is related to the root mean square (RMS) bandwidth �()* of the 

Doppler power spectrum as [35] 

$�%&  + 1�()*                                                                                                                                �1.5� 

And from other author is given by [36]: 

$�%&  + 916 / �012                                                                                                                      �1.6� 

Where �012 is the maximum Doppler shift given by �012 � �3 . 

The coherence time $�%& is the time difference at which the magnitude or envelope correlation 

coefficient between two signals at the same frequency falls below 0.5. In other words it can be 

assumed that the two signal components separated in time by $�%& will undergo independent 

attenuations. 

If the coherence time is large compared to the symbol duration, $� is much smaller than the 

channel coherence time, $� 4 $�%& , signal experiences slow or time non-selective fading. The 

channel can be assumed to be static over several symbols; we may also say that the channel is 

quasi static, which is referred as slow fading. When the channel changes more quickly  $� 5 $�%& , we say that the channel experiences fast fading and that it is time selective or 

frequency dispersive. 

Since the channel coherence time can be approximated by taking the inverse of the Doppler 

spread, it relates to the degree of mobility in the propagation environment. In particular, 

although there may be some motion of the scatterers, the fixed wireless channel has negligible 

Doppler spread, or equivalently a large coherence time, and is therefore a slow fading 

channel. In the context of mobile communications, since the symbol period is also the inverse 

of the signal bandwidth or symbol rate, fast fading arises in cases where the bandwidth is 
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smaller than the Doppler spread of the channel, i.e., when the symbol rate is low and the 

mobile unit is moving rapidly. 

As the data rate increases and/or the mobile unit's mobility decreases, the channel becomes 

more slowly fading. Also note that the maximum Doppler shift is proportional to the carrier 

frequency. Thus time selectivity also becomes a more important consideration as transmission 

frequencies increase [37]. 

1.1.2 Frequency Selectivity  

  The channel strength varies with the position of the receive antenna. It also varies with the 

wave frequency because the propagation delays of the direct and reflected waves are different.  

The multi-path structure of a channel is quantified by its delay spread or by its RMS value. 

The delay spread of the channel, which is the difference between propagation delays, is 

denoted by $6 is given [35]: 

$6 � 2 789�                                                                                                                                  �1.7� 

If � changes by   
�; 6<=  , the channel changes significantly; we move from a peak of the 

received power to a valley, this quantity is called the coherence bandwidth. Time domain 

parameters for multi-path fading such as RMS delay spread are derived from the power delay 

profile. Coherence bandwidth >�%& is inversely proportional to the RMS delay spread, which 

characterizes the channel in the frequency domain [38].  

>�%& � 12 $6                                                                                                                                 �1.8� 

And from other author is given by [36]: 

>�%& � 150 �()*                                                                                                                          �1.9� 

Where, �()* is the RMS delay spread. 

The coherence bandwidth >�%& captures the analogous notion for two signals of different 

frequencies transmitted at the same time. A signal experiences flat or frequency non-selective 

fading if its bandwidth AB is much smaller than the channel coherence bandwidth AB 4>�C�, and frequency selective fading if A>5>�C�. 

In narrowband systems, the bandwidth of the transmitted signal is smaller than the channel's 

coherence bandwidth and multi-path delay spread (maximum excess delay) �012 is smaller 
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than a symbol period   �012 4 $� .  The channel is called frequency non-selective channel or 

a flat fading channel.  

In wideband systems, by contrast, the multi-path delay spread is larger than the symbol 

duration �012 5 $�, The channel is time dispersive or frequency selective fading. In such 

cases, the spectrum of the channel varies over the signaling bandwidth, which leads to inter-

symbol interference between transmitted signals. The baseband representation of the received 

signal ��D� is then 

��D� � ��D�
�t � τ� � ��t�                                                                                                  �1.11� 

Where 
�t� and ��t� respectively denote the transmitted signal and the noise, τ is the 

propagation delay, and ��D� denotes the channel which may depend on the time D. When $� F $6, the channel is a frequency-selective fading channel. Its baseband representation is 

made up of several taps ��D, 	�: 

��D� � � ��D, 	�
�t � τ
� � ��t����

��                                                                                       �1.12� 

Where G denotes the number of distinguishable channel taps and τ
 is the propagation delay 

associated to channel tap  ��D, 	� may denoted by �
.  
1.1.3 Space Selectivity 

 

 

 

 

Figure 1.2: The reflector scheme  

When using multi elements antennas arrays, the coherence distance represents the minimum 

distance in space separating two antenna elements such that they experience independent 

fading.  In Figure 1.2, illustrates the multi-path fading phenomenon. It shows that the channel 

strength may quickly vary with the position of the receive antenna. The direct and the 

reflected waves, both of frequency  �, add constructively or destructively. It depends on their 

phase difference ∆I  given by [35]. 
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∆I� JK �7L8 � 2789�� � / �  JK7L8�  �  2JK789�  �  /                                                    �1.13� 

Both waves add constructively when the phase difference is an even multiple of /. The 

electric field is then strong, even stronger than in the free space case. However, both waves 

add destructively when the phase difference is an odd multiple of / . The received signal is 

then weak. This phenomenon is called signal fading. 

This distance clearly depends on the wavelength ¸ of the transmitted signal, as the phases of 

higher frequency signals are more sensitive to small distance changes than those of low 

frequency signals. Thus antenna separations and coherence distances are typically expressed 

in terms of wavelengths of the carrier signal [35].  Using the wavelength  M � �K � �N�9O    

instead of the angular frequency, (1.13) can be rewritten as 

∆I� 4 /789M � /                                                                                                                     �1.14� 

The distance between a valley and a peak of the received power is λ/4. This distance is called 

the coherence distance 7�%&. It means that the channel changes a lot when the distance 

between the receive antenna and the wall 789 varies by λ/4.  Also 7�%& depends on the 

presence of scatterers in the vicinity of the antenna array, and generally falls somewhere 

between, 
3; and 12M [37]. In a rich scattering environment, where many scatterers are 

approximately uniformly distributed over P0, 2/Q around the receive array, the envelope 

correlation between two signals seen at antennas separated by  7�%& 5 M/4  is less than 0.5 

[37]. Thus, given this angle spread and antenna separation, the channel exhibits independent 

or spatially selective fading. 

1.1.4 Attenuation  

  Attenuation is the loss of average received signal power. Factors responsible for attenuation 

are the distance between the transmitter and receiver, the obstacles in between, their physical 

properties, etc. Attenuation due to distance increases exponentially, and, in addition to this, 

the presence of very large obstacles such as buildings, hills, etc causes another type of 

attenuation known as log normal shadowing. Statistically, the attenuation is considered as a 

random variable having a well known distribution. 
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 A common formula used to model attenuation given by [36]: 

SG�7�P7>Q � SG�7�� � 10 T log X 77�Y � Z[                                                                   �1.15� 

Where,  Z[  is a zero mean Gaussian distributed random variable (in dB) with standard 

deviation \ (also in dB) and accounts for the log normal shadowing effect. The path loss at 

any arbitrary distance 7 is statistically described relative to the close in reference point 7�, the 

path loss exponent T, and the standard deviation \. The exponent T can have values from 1.6 

(in indoor line of sight) up to 6 (in highly built up cities). 

1.1.5   The Doppler Effect 

  When there is relative movement between the transmitter and receiver scatterers. The carrier 

frequency, as perceived by the receiver, gets changed by some amount; this leads to frequency 

spreading of the transmitted signal, called Doppler spreading, which causes signal fading to 

vary with time. Here spread is used to denote the fact that a pure tone of frequency �� in Hertz 

spreads across a finite bandwidth �� ] �6. The amount of frequency shift depends on the 

relative speed, the direction of movement and the frequency of the carrier. The Maximum 

Doppler shift of the received signal is denoted by �6 and given by [36]. 

�6 � �M ^ cos a                                                                                                                        �1.16�         
Where � is the relative speed, between the transmitter and receiver, a is the angle between the 

direction of motion and the wave propagation, and M � �Kb  is the carrier wavelength.  

A Doppler shift can be negative as well as positive, meaning an apparent decrease or increase 

in frequency, respectively. However, most often the maximum absolute value is considered 

and normalized with respect to the symbol rate and denoted by  c6$. 

c6$ � |�6|��e0                                                                                                                                �1.17� 

Where ��e0  is the symbol rate. A typical office environment has c6$  value of about 2−3.  

The time autocorrelation of the flat fading channel ��D� is approximated by Jakes' model [38]. 

  f��� � gP��D�  ��D � ��hQ � i��2/�6��                                                                         �1.18� 

Where  i��. � is the zeroth order modifed Bessel function of the first kind. Its Fourier 

transform is the Doppler power spectrum.  
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1.1.6   Fading 

  The result of multi-path and the Doppler shift is fading. Fading is the rapid variation in 

signal strength over a short distance or time interval where the large scale attenuation is 

constant. A fade can be flat or frequency selective depending on the multi-path structure of 

the channel, and slow or fast depending on the Doppler effect.  

Flat fading occurs when the bandwidth of the signal is less than the coherence bandwidth. 

This type of fading is common, and some communication systems are designed specifically to 

operate in very narrow bandwidth mode. If the signal bandwidth is wider than the coherence 

bandwidth then different frequencies undergo independent fading and the result is ISI. How 

rapidly the channel changes as compared to the signal variation determine whether the fading 

is slow or fast. The Doppler effect is the reason for this type of fading as any movement of the 

receiver or any object in the channel produces a Doppler shift. The symbol period of the 

transmitted signal has to be shorter than the coherence time for a slow fading channel. A 

channel can be either flat or frequency selective and either slow or fast fading. 

1.1.7   Rayleigh and Ricean Distribution 

  The Rayleigh distribution is commonly used to describe the statistical time varying nature of 

the received envelope of a flat fading signal, or the envelope of an individual multipath 

component. The amplitude of two quadrature Gaussian signals follows the Rayleigh 

distribution whereas the phase follows a uniform distribution.  A very common fading model 

is the Rayleigh fading. A complex channel tap �
 that experiences Rayleigh fading is a 

circularly symmetric complex Gaussian random variable �
~k��0, \
��. 

Whose variance is \
�. This model is called Rayleigh fading because the tap amplitude is 

Rayleigh distributed. As for the tap phase, it is uniformly distributed between  0 and 2/. The 

Rayleigh fading model assumes that there are a large number of statistically independent 

reflected paths that contribute to this tap. Rayleigh fading corresponds to a non line of sight 

(NLOS) situation. The probability distribution function (PDF) of a Rayleigh distribution is 

given by [38]: 

S�l� � m l\� n
o p�l�2\�q , 0 F l F ∞0,                               l 4 0 r                                                                           �1.19� 
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Where 2\�  is the mean power of the multi-path signal.  If there is a direct (Line of Sight 

:LOS) path wave, also called the specular path, such in an indoor environment where the 

chance of a line of sight path is high, the signal envelope is no longer Rayleigh and the 

distribution of the signal is Ricean the fading follows a Ricean distribution with PDF [36, 38]: 

S�l� � m l\� n
o ��l� � s��2\� t� Xsl\�Y , s u 0, l u 00,                                                      l 4 0 r                                              �1.20� 

Where s is the peak amplitude of the dominant path and t�� . � is the modified Bessel function 

of the first kind and order zero. Figure 1.3, shows the PDFs of Rayleigh and Ricean 

distributions 

 

Figure 1.3: PDFs of Rayleigh and Ricean distributions 

In a typical land mobile radio channel, it is often assumed that there is no direct line of sight 

(LOS) wave and the receiver obtains only reflected waves. Since the fading is a superposition 

of a large number of independent scattered components [38]. 
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1.2   Channel Capacity   

  The channel capacity C is defined as a mutual information, its represents the maximum data 

rate that can be supported by the channel under arbitrarily small probability of error rate. A 

common representation of the channel capacity is within a unit bandwidth of the channel and 

can be expressed in bps/Hz. This representation is also known as spectral (Bandwidth) 

efficiency and can be derived as: 

1.2.1 SISO Capacity without CSI in the Transmitter 

 When the receiver knows the channel at each time instant, the system is equivalent to AWGN 

channel conditioned on �.  

v*w*x � g&y	Cz��1 � {kf|�|��|  }~D�/�/��                                                                  �1.22� 

Where g&y. |  is the expectation operator with respect to the channel coefficient �, which is a 

complex Gaussian random variable with zero mean and a variance of 0.5 per dimension, and 

SNR is the average signal to noise ratio for each receiving antenna. This is often termed 

ergodic capacity. For a given �, there is only one way to increase the capacity of the SISO 

channel and that is by increasing SNR. Also, the capacity increases logarithmically with 

increasing SNR. 

1.2.2   MISO Capacity without CSI in the Transmitter 

The capacity of multiple input single output (MISO) channels (Transmit Diversity Systems) 

As shown in Figure 1.4. The Capacity of a MISO system using transmits diversity only with �D transmits and one receive antenna, without CSI in the transmitter with total transmit 

power S� and power 
��)L per antenna can be written as: 

v)w*x � g& m	Cz� �1 � {kf�D �|��|�)�
��� ��    }~D�/�/��                                     �1.23� 
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Figure 1.4: Transmit diversity systems 

Received signals should combine as with maximum ratio combining MRC. 

 

Figure 1.5: Capacity of transmit diversity for different values SNR 

But Figure 1.5 shows that for transmit diversity or Multiple Input Single Output (MISO) 

system, the capacity doesn’t increase that much as the number of transmits antennas increase. 

The maximum capacity that can be achieved in transmit diversity is that of AWGN’s channel 

capacity. This is also implied in the capacity expression of MISO systems. 
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1.2.3    SIMO Capacity without CSI in the Transmitter 

For a Single Input Multiple Output (SIMO) channel (receive diversity systems) with one 

transmit and kl receive antennas as shown in Figure.1.6. 

 

 

 

  

 

              

 

 

Figure 1.6:  Receive diversity systems 

   The above capacity corresponds to maximum ratio combining of the received signals. 

 

Figure 1.7:  Capacity of receive diversity for different values SNR 
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From the Figure 1.7, we can see that for receive diversity or single input multiple output 

(SIMO) system, the channel capacity increases almost logarithmically with the number of 

receive antennas for a given signal to noise ratio. This is in agreement with the channel 

capacity expression for SIMO system which is given by: 

v*w)x � g& m	Cz� �1 � {kf �|��|��<
��� �� }~D�/�/��                                                    �1.24� 

Where C is the normalized capacity with the channel bandwidth. Expression (1.24) shows that 

increasing the number of receive antennas result in increasing the array gain through the 

summation, which in turn is related to the capacity logarithmically. 

1.3   MIMO Capacity  

1.3.1   MIMO without CSI in the Transmitter 

For  �D transmit antennas and k8 receive antennas, the MIMO flat fading channel capacity 

can be expressed as: 

v)w)x � �g� �	Cz��7nD�t�8 � {kf�D ������      }o�/��, kl 4 �D
g� �	Cz��7nD�t�8 � {kf�D ������       }o�/��, kl u �Dr                         �1.25� 

Unlike Figure 1.6 and 1.7, Figure 1.8 shows that there exists almost a linear increase in 

capacity with the number of transmit and receive antennas in MIMO system.  

Figure 1.8 shows, an analysis of the capacity of the system having multiple transmitters and 

receivers. The capacity of a MIMO system has been plotted against SNR (dB). This provides 

a fundamental limit on the data throughput in MIMO systems. From the Figure 1.8, it is clear 

that with increase in the number of antennas at the both sides capacity increases linearly i.e. 

with �D � 4 and kl � 4 we have achieved highest capacity in MIMO systems. It is also 

worth mentioning that when we have �D � 2 and kl � 3 the result is almost the same with �D � 3 and kl � 2 which shows that the increasing number of antennas at either side of the 

MIMO system will have same effect in raising the capacity [39, 40]. 
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                                           Figure 1.8: MIMO Capacities 

 

1.3.2   MIMO with CSI in the Transmitter 

All the analysis shows that it is advantageous to transmit signals through different sub-

channels with reduced power to enhance the capacity rather than sending the total power 

through a single channel. 

It is interesting to express the channel capacity in terms of the eigen-values of ��� as 

illustrated in [41]. The rank of � is defined as the number of linear independent columns or 

rows and it is equal to the number of nonzero eigen-values of �� : 

l������ � l�������� � l� F �~��kl , �D� 

Using singular value decomposition (SVD), the channel matrix  � can be decomposed as: 

� � ����                                                                                                                               �1.26�  

Where � is an kl ^ �D diagonal matrix having the singular values on its diagonal. � is an kl ^ kl unitary matrix that spans the column space of � and � is an �D ^ �D unitary 

matrix that spans the row space of �.  

 

 

 

0 5 10 15 20 25 30
0

5

10

15

20

25

30

35

40

SNR (dB)

C
ap

ac
ity

(b
it/

s/
H

z)

Mt=1,Nr=1

Mt=2,Nr=2

Mt=2,Nr=3
Mt=3,Nr=2

Mt=3,Nr=3

Mt=4,Nr=4



Chapter I: Wireless Channel Characteristics 

 

20 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.9: Converting the MIMO channel into a parallel channel by SVD 

 

The singular values are non-negative real numbers and defined as the square roots of the 

eigen-values of ���. Thus, the diagonal matrix � is equal to 7~�z��M�, �M�, . . , �M8� , 0 … ,0�  where l� is the rank of � and M8� is the l�L& eigen-value of ���. 
The received samples at time D on the kl receive antennas, shown in Figure.1.9, can be 

written as: 

� � �
 � �                                                                                                                              �1.27� 

Where 
   is the  �D ^ 1 transmitted vector, and � is the  kl ^ 1 additive white Gaussian 

noise (AWGN) vector.  

Decomposing � and applying a unitary transformation to (1.27) results in: 

 � � ����
 � � �� 

� � ���
 � ��� �� � �
� � ��                                                                                                                              �1.28� 

Since � and � are unitary matrices, the statistics of �, 
 and � are preserved. Thus, the MIMO 

communication channel is equivalent to l� parallel SISO channels. The l�L&  channel has a 

power of M8�.  
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In the decomposed parallel model as shown in Figure 1.9, independent data are sent across 

each of the independent parallel channels so extension of the SISO capacity to the parallel 

decomposed MIMO channel is as simple as just adding the capacity of these l� independent 

and scalar channels. If we have l�  independent parallel channel then the total capacity is the 

sum of all the l� capacity’s is given by [42]: 

v � � ��
8�

���                                                                                                                                  �1.29� 

By using the parallel Gaussian channel capacity formula with uniform power distribution, the 

MIMO flat fading capacity is written as:  

v)w)x � � g3� �	Cz� X1 � {kf �D  M�Y�8�
��� }o�/��                                                                 �1.30� 

In this scheme there is a linear increase in channel capacity with the minimum number of 

transmit �D and receive kl antennas. i.e. the spectral efficiency grows linearly with number 

of parallel  �D and kl antennas at a fixed power.  

It is clear that the capacity increases linearly with increasing l�  where,  l� � �~��kl, �D�. 

Representing the capacity of MIMO channels in terms of the singular values of the channel 

matrix � clearly shows the effect of spatially correlated or rank deficient MIMO channels on 

the capacity. Correlated MIMO channels have lower rank than independent channels. 

Therefore, they have a lower number of non-zero singular values resulting in reduced channel 

capacity. 
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1.4   Conclusion 

   In chapter 1, the propagation characteristic of radio channel was studied, and show that the 

system performance highly degraded by the fading effect which arise from the physical 

propagation environments. Furthermore, the use of  the diversity gain Corresponds to the 

mitigation of the effect of multi-path fading and improve the reliability of transmission which 

increase the coverage  area and QoS, by means of transmitting or receiving over multiple 

antennas at which the fading is sufficiently de-correlated. 

The capacity of MIMO channels was studied and it is implied that this capacity is optimally 

achieved if the number of transmit and receive antennas are equal. The channel capacity can 

be greatly increased by using multiple transmit and receive antennas, which is usually called 

MIMO systems. The linear increasing in MIMO channel capacity with the minimum number 

of transmits �D and receives kl antennas. i.e. the spectral efficiency grows linearly with 

number of parallel  �D and kl antennas at a fixed power. It is clear that the capacity increases 

linearly with increasing of the rank l�, which indicates the number of spatial degrees of 

freedom (DOF) where,  l� � �~��kl, �D� rather than logarithmically. 
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2.1   Diversity Techniques for Fading Channels 

   In order to meet the demands on higher data rates, better quality and availability from an 

ever increasing number of wireless sub-scribers. The characteristics of wireless channel 

impose fundamental limitations on the performance of wireless communication systems. The 

wireless channel can be investigated by composing it into two parts, i.e., large scale (long 

term) impairments including path loss, shadowing and small scale (short term) impairment 

which is commonly referred as fading. The former component is used to predict the average 

signal power at the receiver side and the transmission coverage area. The latter is due to the 

multi-path propagation which causes random fluctuations in the received signal level and 

affects the instantaneous signal to noise ratio (SNR). 

For a typical mobile wireless channel in urban areas where there is no line of sight 

propagation and the number of scatters is considerably large, the application of central limit 

theory indicates that the complex fading channel coefficient has two Quadrature components 

which are zero mean Gaussian random processes. As a result, the amplitude of the fading 

envelope follows a Rayleigh distribution. In terms of error rate performance, Rayleigh fading 

converts the exponential dependency of the bit error probability on the SNR for the classical 

AWGN channel into an approximately inverse linear one, resulting in a large SNR penalty. 

New techniques in signal processing and coding, need to be developped and implemented. To 

achieve high data rate communication, the system has to overcome problems such as additive 

noise and channel fading. One way is to make several replicas of the signal available to the 

receiver with the hope that at least some of them are not severely attenuated. This technique is 

called diversity [43]. 

A common approach to mitigate the degrading effects of fading is the use of diversity 

techniques. Diversity improves transmission performance by making use of more than one 

independently faded version of the transmitted signal. If several replicas of the signals are 

transmitted over multiple channels that exhibit independent fading with comparable strengths, 

the probability that all the independently faded signal components experience deep fading 

simultaneously is significantly reduced. 

There are various approaches to extract diversity from the wireless channel. The most 

common methods of diversity techniques include time diversity, frequency diversity and 

space diversity [35, 39, 43].  
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2.1.1   Time Diversity  

  In time diversity the same information symbol is repeatedly transmitted at different time 

slots with the hope that they will suffer independent fading and the receiver will combine 

them properly, where the separation between the successive time slots equals or exceeds the 

coherence time of the channel. If the channel is time varying, each copy will experience 

different channel conditions and this results in the reception of multiple, independently faded 

copies of the transmitted signal at the receiver, thereby providing for diversity. This time 

separation is obtained by time interleaving the sequence of bits or symbols. Since this time 

interleaving results in decoding delay, this technique is effective for delay insensitive 

applications such as data transmission or fast fading channels where the channels coherence 

time is small.  For slow fading channels, the large interleaving distance can lead to significant 

delay which is untolerable for delay sensitive applications such as voice. In addition, time 

diversity results in some data rate lose as the same message is sent in different time periods 

which could have been used for new message. Due to the redundancy introduced in the time 

domain, time diversity results in a loss in bandwidth efficiency. 

2.1.2   Frequency Diversity   

  In frequency diversity, replicas of the same message are transmitted in different frequency 

slots that are separated enough to ensure independent fading. The frequency separation 

between these slots should at least be equal to the coherence bandwidth of the channel, where 

the coherence bandwidth is small compared to the bandwidth of the signal which is the 

frequency band in which the fading statistics is correlated. Frequency diversity has usually 

been provided by spread spectrum such as direct sequence spread spectrum (DSSS) and 

frequency hopping (FH). More recently, frequency diversity can also be provided by multi-

carrier modulation methods, such as OFDM. Similar to time diversity, frequency diversity 

induces a loss in bandwidth efficiency due to the redundancy introduced in the frequency 

domain. 

2.1.3   Spatial Diversity   

  Space diversity is also called antenna diversity and it is an effective method for combating 

multi-path fading. Is the diversity technique that does not require any additional bandwidth 

and does not introduce much decoding delay [39]. It is typically implemented using multiple 

antennas or antenna arrays arranged together in space for transmission and/or reception. The 

multiple antennas are separated by a sufficient distance at least equal to the coherence 
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distance of the channel. Coherence distance is a distance over which the channel fading 

statistics is correlated to allow the signal replicas to undergo independent fading. Depending 

on the antenna height, propagation environment and frequency, the channel’s coherence 

distance vary. Through the number of paths that are created due to these multiple antennas, 

the same information signal can be sent such that each message from the respective antenna 

sees different fading statistics. This is because in a rich scattering environment the chance of a 

line of sight path is low, and most paths are reflected or diffracted from obstacles. Usually 

antenna diversity is used only at the base station because multiple antennas on the portable 

unit pose a design challenge and do not justify the cost. 

Unlike time and frequency diversity, space diversity does not result in a loss of bandwidth 

efficiency, which makes it very attractive for high data rate wireless communications. 

Depending on whether multiple antennas are used for transmission or reception, space 

diversity can be classified into two categories: receive diversity and transmit diversity.  

 Receive Diversity: has been widely used in the uplink of cellular communication systems, 

with multiple antennas at the base station to pick up independent copies of the transmitted 

signal. Receive diversity is characterized by the number of independent fading branches or 

paths. These paths are also known as the diversity order and are equal to the number of 

receive antennas. The replicas of the transmitted signals are properly combined to increase the 

overall receive SNR and mitigate fading. There are many possible combining methods, 

including selection combining, switching combining, maximum ratio combining and equal 

gain combining [44]. 

Transmit Diversity: which uses multiple antennas at the transmitter, has received less attention 

than receive diversity. Transmit diversity often requires more signal processing at both the 

transmitter and the receiver. Because it is generally harder for the transmitter to obtain 

information about the channel, transmit diversity schemes are often more complex than 

receive diversity. But with the advent of space time coding schemes, it became possible to 

implement transmit diversity without knowledge of the channel. In recent years, one new 

approach to space diversity has emerged which deploys multiple antennas at both the 

transmitter and the receiver, leading to the so-called MIMO systems. 
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2.1.4   Polarization Diversity  

  Electromagnetic waves have vertical and horizontal polarizations that also show 

decorrelation [36-40]. In this technique multiple versions of signal are transmitted and 

received. It is used to minimize the effects of selective fading of the horizontal and vertical 

components of a radio signal. Where the required antenna spacing for space diversity is not 

feasible, polarization diversity is used as an alternative as the same antenna can be used for 

different polarizations. However, it is not possible to have more than 2-way polarization 

diversity. 

2.2   Space Time code 

  Space time coding (STC) combines modulation, channel coding and antenna diversity. The 

main purpose of space time codes is to combat the multi-path fading phenomenon of wireless 

channel by using multiple transmit and receive antennas [45]. Each pair of transmit and 

receive antennas provides a signal path from the transmitter to the receiver. In STC, the signal 

is coded across both spatial and time domains to introduce correlation between signals 

transmitted from various antennas at various time periods. The signal copy is not only 

transmitted from another antenna but also at another time. This delayed transmission is called 

Delayed Diversity [46]. Space Time Codes combine spatial and temporal signal copies. By 

doing this, both the data rate and the performance can be significantly improved without 

sacrificing bandwidth. By sending signals that carry the same information through different 

paths, multiple independently faded replicas of the data symbol can be obtained at the receiver 

end; hence, more reliable reception is achieved.  

Let us define some common terminologies in space time coding: 

• Full rank code is a STC that has full rank. It has full transmit diversity, and is also called a   

  full diversity code. 

• Full rate code is the one that achieves the maximum rate, which is equal to b bps/Hz, where     

  the code symbols are drawn from a constellation set  � of size 2b. In general, STC’s offer   

  diversity gain and coding gains to the system.  

Two approaches exist for STC. Space Time Trellis Codes (STTC) and Space Time Block 

Codes (STBC) aim at achieving high diversity gains. The first one is an extension of the trellis 

coded modulation [47], (STCM Space Trellis Coded Modulation) [48], and the second one is 

based on block codes [5] (STBC Space Time Block Code). The STTC approach introduces a 

time and spatial correlation into the signal so it provides a diversity gain at the receiver and a 
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coding gain over the uncoded signal. But the decoding complexity of STTC is much higher 

compared to that of the STBC. The STBC uses the block encoder to achieve diversity and 

orthogonalization of the channels [12]. The orthogonal channel allows for a simpler 

implementation of the receivers. 

Although many designs of STBC exist, additional properties such as the orthogonality of 

matrix code allow improved performance and easy decoding at the receiver. Such properties 

are realized by the so-called Alamouti space time code [13], explained later in this chapter. 

The total diversity order which can be realized in the �� to �� MIMO channel is �� � �� 

when entries of the MIMO channel matrix are statistically uncorrelated. While STC 

techniques improve the reliability of reception, there are other MIMO techniques that increase 

the rate of communication for a fixed reliability level by increasing the degrees of freedom 

(DOF) available for communication [49]. 

2.2.1 Space Time Block Codes 

In  STBC, the data stream to be transmitted is encoded in blocks which are distributed among 

spaced antennas and across time. This distribution of transmitted symbols over multiple 

transmits antennas and different time slots can be represented in the form of a matrix as 

shown below. 

���� 
���
 
 ���
� ��,���,�����,�

 ��,���,�����,�
 ……�… ��,����,������,�����

�
�� ��  �
      

                                                                                       !2.1% 

�� is the number of transmit antennas and  & is the number of time slots. Each row 

represents a time slot and each column represents one antenna's transmissions over time. 

While it is necessary to have multiple transmit antennas, it is not necessary to have multiple 

receive antennas, although to do so improves performance.  

2.2.2   The Alamouti code 

A simple (STBC) scheme is the famous Alamouti code [13]. As shown in Figure 2.1, the 

Alamouti scheme is designed for two transmit antennas. In Alamouti encoding scheme, 

during any given transmission period two signals are transmitted simultaneously from two 

transmit antennas. The orthogonal structure of the transmitted signal decouples the two 
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symbols sent at the same time and the maximum likelihood detection of the 2-D structure is 

greatly simplified. 

 

 

 

 

 

Figure 2.1: The Alamouti Space Time Block Code for 2 Tx antennas 

 

The encoder takes two modulated symbols 
�and 
� at a time. The transmit matrix C is given 

by equation (2.2). 

' ( )*!�%  *!� + ,%- 
' ( .
� /
�0
�    
�01                                                                                                                          !2.2% 

Where 
0 is complex conjugate of 
. During the first transmission period, two signals, 
�and 
� are transmitted simultaneously from antenna one and antenna two, respectively. In the 

second transmission period, signal  /
�0  is transmitted from transmit antenna one and signal    
�0 from transmit antenna two. It is clear that the encoding is done in both space and time 

domain. The transmit sequence from antennas one and two is showed by �� and ��, 

respectively. 

�� ( )��, /��0-                                                     �� ( 2��,    ��03                                                                                                                            !2.4% 
 
The encoder outputs are thus transmitted in two consecutive transmission periods where the 

column of the code matrix indicates symbols transmitted simultaneously and the rows indicate 

symbols transmitted from respective antennas. It is clear that the encoding is done in both 

time and space domains. Since �5 symbols are transmitted during 6� time slots, the rate (Rs) 

of STBC is: 

75 ( �56�

8�9��
���� 
���                                                                                                                     !2.5% 

The above matrix is orthogonal; the code belongs to a special subclass of STBCs known as 

Orthogonal Space Time Block Codes (OSTBC) [12].  
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The code matrices of OSTBCs satisfy the following constraint. 

'=' ( > ( !|
�|� + |
�|�% @�                                                                                                !2.6% 

Where is a diagonal matrix. 

'=' ( .|
�|� + |
�|� 00 |
�|� + |
�|�1                                                                                  !2.7% 

2.2.3   Alamouti Scheme 2×1 Space Time Code 

  Alamouti proposed a method of signaling that exploits transmit diversity. He showed that the 

same diversity benefit can be obtained when using transmit diversity as when using receive 

diversity. Furthermore, the system with two transmit antennas and one receive antenna can 

perform as well in the presence of multi-path as a system with one transmit antenna and two 

receive antennas. The key to Alamouti’s scheme, referred to as the Alamouti 2x1 STC. Figure 

2.2, shows the Alamouti’s scheme system with two transmit antennas and one receive 

antenna. 

 

 

 

 

Figure 2.2: Alamouti transmit diversity scheme 

Assuming a flat fading channel and denoting the two channel coefficients D� and D�, the 

received vector � is formed by stacking two consecutive data samples � ( )�� ��-& in time. 

The received signal can be represented by a matrix form as 

    � ( E ' +                                                                                                                              !2.8% 

We define the received signal vector � ( )�� ��-&, the code symbol vector ' ( )*� *�-&, the 

noise vector  ( ) �  �-&. Where the channel matrix is defined as  E ( )D� D�-&. 

The signals received at time � and � + ,  are respectively: 

�� ( D�
� + D�
� +  �                                                                                                            !2.9%  �� ( /D�
�0 + D�
�0 +  �                                                                                                        !2.10% 

Where D�and D� are the fading channel coefficient gains, and  � and  � are zero-mean 

complex Gaussian noise. 
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The received signal at time � and � + ,can be written as 

 ;����< ( .
� /
�0
� 
�0 1 .D�D�1 + ; � �<                                                                                            !2.11%       
Where  D� ( |D�| �HIJ and  D� ( |D�| �HIK  are complex channel responses for antennas 1 

and 2, respectively, and |DL | and ML, are the amplitude gain and phase shift for the path, and   � and   � complex noises at times t and t +T. The signal vector can be rewritten as, or in 

short notation 

 8 ( N� +  O                                                                                                                            !2.12%                            
 

  ;����0< ( .D� D�D�0 /D�01 ;
�
�< + ; � �0<                                                                                            !2.13% 

Where 8 ( )�� ��0-& , the symbol vector � ( )
� 
�-&, the noise vector  ( ) �  �0 -&. Where 

the equivalent channel matrix is defined as  

N ( .D� D�D�0 /D�01                                                                                                                        !2.14%   
 
2.2.4   Maximum Ratio Combining and Decoding 2×1 Schemes 

Assuming perfect channel knowledge at the receiver, vector 8 is multiplied by the Hermitian 

transpose channel matrix, which because of its orthogonality results into: N=N ( NN= ( D�@� 

Where the 2×2 identity matrix @�as well as the gain of the channel D� ( |D�|� + |D�|�  was 

introduced, indicating a two times diversity for the reception of both symbols. Note that each 

matrix element DL is assumed to be a complex Gaussian random variable with unit variance.  

Therefore, the decoded signal can be obtained as 

�Q ( .
̃�
̃�1 ( NS5= N� + NS5=   O                                                                                                 !2.15% 

With   T) U  U=- ( V��@� 

   �Q ( .D�0 D�D�0 /D�1 ;����0<                                                                                                            !2.16% 

In the above equation, if the channel estimation is perfect, that is, NS5 ( N , then we have 

�Q ( !|D�|� + |D�|�%� +  WQ                                                                                                    !2.17% 

With 

  T2 WQ  WQ=3 ( !|D�|� + |D�|�%V��@�                                                                                       !2.18% 
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̃� ( D�0�� + D���0 
      ( )
�!|D�|� + |D�|�% + !D�0 � + D� �0 %-                                                                      !2.19%  

̃� ( D�0 �� / D���0 
     ( )
�!|D�|� + |D�|�% + !D�0 � / D� �0%-                                                                       !2.20%        
 The soft output data can be detected independently. There is a straightforward way to 

evaluate the above expression for �� receives antennas. 

Despite the fact that both antennas send signals simultaneously, we observe that the 

interference has been totally removed in (2.19) and (2.20). The only assumption is that the 

receiver has perfect knowledge of the channel gains. On the contrary, the transmitter does not 

need knowledge of the channel gains with this scheme.  These combined signals 
̃� and 
̃� are 

then sent to the maximum likelihood decoder (see Appendix A). 

2.2.5   ML Decision 

As the signal 
̃� depends only on 
�and   
̃� only on 
�, we can decide on  
� and 
� by 

applying the maximum likelihood rule on 
̃� and  
̃� separately. These combined signals are 

sent to a maximum likelihood decoder which for each transmitted symbol 
L ,� ( 1,2,  selects 

a symbol  
̂L from the M-ary signal set such that, Y�!
̃L, 
̂L% is minimum, where Y�!
̃L, 
̂L%  is 

the Euclidean distance between the two symbols. 
̂L is the estimate of the transmitted symbol 
L. Thus the ML decoding rule of equation (2.17) can be separated in to two independent 

decoding rules 

  
̂� ( �� ZJ[\ 2]!|D�|� + |D�|�% / 1^|
�|� + Y�!
̃�, 
̂�%3                                             !2.21%            

  
̂� ( �� ZK[\ 2]!|D�|� + |D�|�% / 1^|
�|� + Y�!
̃�, 
̂�%3                                             !2.22% 

For MPSK modulation, all the symbols in the constellation set � have equal energy, hence 

the ML decoding rule then becomes 

  
� ( �� ZJ[\ Y� !
̃�, 
�%                                                                                                      !2.23%        

  
� ( �� ZK[\ Y� !
̃�, 
�%                                                                                                      !2.24% 

The complexity of the decoder is linearly proportional to the number of antennas and the 

transmission rate. 
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2.2.6   Zero Forcing Method 

The transmitted symbols can be computed by the ZF approach 

�_  ( )N=N-`�N=8 ( 1D� N=8                                                                                             !2.25% 

Which gives equivalent results to the ML solution due to the diagonal structure of the NN=, 

however, with less receiver complexity. This can be further elaborated on: 

�_  ( � + )N=N-`�N=                                                                                                          !2.26%     
Revealing the noise filtering. The noise variance for the two symbols is given by 

V�� ���*�!)N=N-`�% ( 2V��D�                                                                                                  !2.27% 

Using complex valued modulation, only for the two antenna scheme such an improvement is 

possible. 

2.2.7   Alamouti Scheme 2×2 Space Time Code 

 

 

  

 

 

Figure 2.3: Alamouti transmit and receive diversity 2×2 STBC 

The block diagram of the Alamouti’s scheme 2x2 STC, with transmit and receive diversity is 

shown in Figure 2.3, the fading channel coefficients from the transmit antennas � to the 

receive antennas a is denoted by DHL!�%. 

Let’s assume that two receive antennas are used at the receiver and also assume that the 

fading coefficients are constant across two consecutive symbol transmission periods, means 

that channel is quasi static within transmission block. Hence following equation (2.28), (2.29), 

(2.30) and (2.31) for every single channel coefficients at time interval T can be written. Where bDHLb and Mc, are the amplitude gain and phase shift for the path, and T is the symbol duration. 

 D��!�% ( D��!� + ,% ( D�� ( |D��| �HId                                                                          !2.28%  D��!�% ( D��!� + ,% ( D�� ( |D��| �HIJ                                                                          !2.29%  D��!�% ( D��!� + ,% ( D�� ( |D��| �HIK                                                                          !2.30%  D��!�% ( D��!� + ,% ( D�� ( |D��| �HIe                                                                          !2.31% 
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Then the received signals over the two symbol interval at times 0 and T for a 2×2 MIMO 

system is given by 

     ��!�%        ( ��!0% ( D��
� + D��
� +  ��                                                                     !2.32%        ��!�%       ( ��!0% ( D��
� + D��
� +  ��                                                                     !2.33% 

   ��!� + ,%  (  ��!,% ( /D��
�0 + D��
�0 +  ��                                                                !2.34%    ��!� + ,%  ( ��!,%  ( /D��
�0 + D��
�0 +  ��                                                                !2.35% 

These are the signals that are received by each of the antennas at the receiver across the two 

time periods. Where  �H!�%  represents the output from the j-th antenna at time instance � and  HL   is zero mean complex Gaussian noise. Using Equations 2.3 and 2.4, the received matrix in 

a 2x2 system can be written as 

       .��!0% ��!,%��!0% ��!,%1 ( .D�� D��D�� D��1 .
� /
�0
�    
�01 + . �!0%  �!,% �!0%  �!,%1                               !2.36% 

Due to the orthogonal design, decoding of STBC is easily implemented in two steps. The first 

is decoupling the received vectors over the whole observation time into estimates of the 

transmitted symbols using maximum ratio combining (MRC). After that, maximum likelihood 

detection of the estimated symbols is performed separately. To illustrate the decoding 

algorithm, let us consider the 2×2 STBC system. We can rewrite (2.36) as: 

���
���!0%��!0%��0!,%��0!,%���

� ( fD�� D��D�� D��D��0 /D��0D��0 /D��0 g ;
�
�< + ���
� �!0% �!0% �0!,% �0!,%���

�                                                                            !2.37% 

8 ( N � + h                                                                                                                              !2.38% 

Where, 8 ( )��!0%, ��!0%, ��0!,%, ��0!,%-&, are the received signals, and  � ( )
� 
�-& is the 

transmitted symbol vector. 

and N ( fD�� D��D�� D��D��0 /D��0D��0 /D��0 gis the equivalent channel matrix response of the 2x2 STBC system. 

And h ( ) �!0%,  �!0%,  �0!,%,  �0!,%-&, is the Gaussian noise vector. 
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2.2.8   Maximum Ratio Combining and Decoding 

  If the channel fading attenuations DL can be perfectly recovered at the receiver, if the channel 

estimation is perfect, that is  NS5 ( N, the receiver will use them as the channel state 

information (CSI) in the decoder. Since NS5 is orthogonal, the transmitted symbols could be 

easily estimated by decoupling the received signals after multiplying 8 by NS5. This 

corresponds to MRC and results in maximizing SNR of the estimated symbols.  

The transmitted symbols 
� and 
� can be estimated by first combining the received signals 

according to the following equations: 

  �Q ( NS5=  8 ( NS5= N � + NS5=  h                                                                                            !2.39% 

The resulting channel matrix N is orthogonal, i.e. 

 NS5= N ( .|D��|� + |D��|� + |D��|� + |D��|� 00 |D��|� + |D��|� + |D��|� + |D��|�1 !2.40% 


̃� ( D��0 ��!0% + D����!,%0 + D��0 ��!0% + D����!,%0                                                     !2.41% 
 
̃� ( D��0 ��!0% / D����!,%0 + D��0 ��!0% / D����!,%0                                                     !2.42% 

 
And then using a standard Maximum Likelihood (ML) detector to attempt to recover  
�and 
� from 
̃�and 
̃�. This is the decoupled ML detection that is common to all OSTBCs. By 

substituting the values of ��!0%, ��!,% , ��!0% and ��!,% from equations (2.32), (2.33), (2.34) 

and (2.35) into equations (2.41) and (2.42) to obtain the following. Substituting the equations 

we have 


̃� ( !|D��|� + |D��|� + |D��|� + |D��|�%
� + �1                                                           !2.43% 
̃� ( !|D��|� + |D��|� + |D��|� + |D��|�%
� + �2                                                           !2.44%                  

Where �1 ( D��0  �!0% + D�� �!,%0 + D��0  �!0% + D�� �!,%0                                                !2.45%   �2 ( /D�� �!,%0 + D��0  �!0% / D�� �!,%0 + D��0  �!0%                                             !2.46%   

As can be seen, the decision statistics for 
̃L, � ( 1,2, is a function of only 
L,  thus the ML 

decoding rule of equation (2.43) and (2.44) can be separated in to two independent decoding 

rules 

 
̂� ( �� ZJ[\ 2]!|D��|� + |D��|� + |D��|� + |D��|�% / 1^|
�|� + Y�!
̃�, 
̂�%3         !2.47%            

 
̂� ( �� ZK[\ 2]!|D��|� + |D��|� + |D��|� + |D��|�% / 1^|
�|� + Y�!
̃�, 
̂�%3        !2.48% 
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For MPSK modulation, all the symbols in the constellation set � have equal energy, hence 

the ML decoding rule then becomes 

 
� ( �� ZJ[\ Y� !
̃�, 
�%                                                                                                       !2.49%        

 
� ( �� ZK[\ Y� !
̃�, 
�%                                                                                                       !2.50% 

Equations (2.47) and (2.48) show that when the received signals are combined according to 

equations (2.41) and (2.42) the transmitted symbols are combined coherently and weighted by 

a positive factor, i.e. |D��|� + |D��|� + |D��|� + |D��|�. The noise samples however, get 

combined in an incoherent manner. This is how the Alamouti scheme is able to achieve an 

improvement in performance over SISO systems (see Appendix A). 

The transmitted symbols can be computed by the ZF approach, according to [50] 

�_ ( )NS5= NS5-`�NS5= ( 1D� NS5=  8                                                                                            !2.51% 

Where D� ( |D��|� + |D��|� + |D��|� + |D��|� 

Which gives equivalent results to the ML solution due to the diagonal structure of the HHH, 

however, with less receiver complexity. This can be further elaborated on: �_ ( � + )NS5= NS5-`�NS5=  h                                                                                                      !2.52% 

Where 

 �_ ( )
̂�  
̂�-&                                                                                                                            !2.53% 

The ML solution can then be found by inverting the channel matrix derived in (2.37). Note 

that it is not usually the case that the optimal ML estimate can be obtained using linear 

techniques. Since the constructed channel matrix is a scaled unitary matrix, i.e.,   det!N% N`� ( Nl (+: Pseudo inverse matrix), the ML, Zero Forcing and MMSE solutions 

are all equivalent [37].  

2.3   Spatial Multiplexing 

  STC is used to combat fading. However, fading can also be exploited to increase the data 

rate. Essentially, if the path gains between individual transmit and receive antenna pairs fade 

independently, the channel matrix is well conditioned with high probability, in which case 

multiple parallel spatial channels are created. By transmitting independent information 

streams in parallel through the spatial channels, the data rate will be increased.  This effect is 

also called spatial multiplexing (SM). Hence, the concept of SM is different from STC 

method, which permits to efficiently introduce a space time correlation among transmitted 
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signals to improve information protection and increase diversity gain.  Unlike spatial 

diversity, the main objective in this scheme is to increase the throughput of communication 

channel [51]. SM methods uses multiple antennas at the transmitter and the receiver and send 

independent data streams over the individual transmit antennas. In conjunction with a rich 

scattering environment, within the same frequency band to provide a linearly increasing of 

capacity gain in the number of antennas [39].  

The data streams are separated by an interference cancellation type of algorithm.  With SM 

schemes, the overall data rate can be increased significantly (it is proportional to the number 

of transmit antennas) while maintaining the spectral occupation. A well known example of an  

SM scheme is the Bell Labs Layered Space Time (BLAST) scheme. In this chapter, we shall 

focus on early and well known high rate MIMO architecture, known as the Bell Labs Layered 

Space Time system. 

2.3.1   Bell Labs Layered Space Time Architecture 

  One of the earliest communication systems that were proposed to take advantage of the 

promising capacity of MIMO channels is the BLAST architecture. It achieves high spectral 

efficiencies by spatially multiplexing coded or uncoded symbols over the MIMO fading 

channel. �� symbols are transmitted through �� antennas. Each receive antenna receives a 

superposition of �� faded symbols.  

 

 

 

 

 

                                         

Figure 2.4:  Block diagram of SM system 

BLAST  system is shown in Figure 2.4. A single data stream is de-multiplexed into �� sub-

streams, and each sub-stream is then encoded into symbols and fed to its respective 

transmitter.  Because streams of independent data are transmitted over different antennas, thus 

maximizing the average data rate over the MIMO system. There are three well known 

algorithms in SM namely D-BLAST, V-BLAST and H-BLAST. The more popular one is V-

BLAST transmission which has optimum tradeoff between performance efficiency and 

computational complexity.  
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More practical decoding architectures were proposed in the literature. They can be classified 

under two categories: D-BLAST and V-BLAST. The diagonally layered space time 

architecture D-BLAST architecture was originally proposed by Foschini in 1996 [52]. The 

target application was for fixed and low mobility wireless networks, such as WLAN.  

The D-BLAST uses multiple antennas at both the transmitter and receiver, and a codec 

architecture that disperses the coded blocks across the diagonals in space time. In a rich 

Rayleigh scattering environment, this codec structure has capacity that increases linearly with 

the number of antenna elements, up to 90% of the Shannon theoretical capacity limit. 

However, D-BLAST suffers from high implementation complexity, and a simplified coding 

technique, vertical BLAST or V-BLAST, is proposed in [4, 51]. The essential difference 

between D-BLAST and V-BLAST lies in their respective transmission coding processes.  

 In D-BLAST, temporal redundancy is introduced between the sub-streams by dispersing the 

code blocks along the space time diagonals. In V-BLAST, however, the encoding process is 

simply a de-multiplexing operation. The inter sub-stream block coding technique is what 

leads to D-BLAST’s higher spectral efficiency. For a large number of antennas, D-BLAST 

can offer at most 30% increase in capacity over V-BLAST. The receiver processing for V-

BLAST is much simplified over D-BLAST, however, since the nulling and cancellation 

detection algorithm does not extend across the temporal domain. 

2.3.2   D-BLAST Architecture 

  The single data stream is encoded, modulated and de-multiplexed in to �� branches by a 

STC encoder and transmitted by each of the �� transmit antennas as shown in Figure 2.5. The 

mapping of symbols to each of the transmit antenna can be done in to two common schemes: 

D-BLAST and V-BLAST. 

 

 

 

 

 

Figure 2.5: Block diagram of layers D-BLAST 
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In D-BLAST architecture the modulated symbol of each encoder is distributed among the �� 

transmit antennas along the diagonal of the transmission array. For a three by three antenna 

array this encoding process is shown below. 

 mn�� n�� no�n�� n�� no�n�o n�o noo
      ppp    q r mn��00   n�� n��0    no� n�� n�o

   ns� no� n�o
  … ns� noo  …… nso  q 

r mn��00   n�� n��0    n�o n�� no�
   n�s n�o no�

    pppq                                                                                                     !2.54%    
Where n�L  is the symbol transmitted from antenna � at time  �. In the first transmission matrix, 

the output of each modulator is supposed to be mapped to each of the respective transmit 

antennas. But in D-BLAST architecture the lower rows are padded with zeros that introduce 

delays as is shown in the second transmission matrix. Finally the symbols in the first diagonal 

are transmitted from antenna one, symbols in the second diagonal are transmitted from 

antenna two and so on. So, the rows of the last transmission matrix indicate symbols 

transmitted from the respective antennas. As we can see from this last transmission matrix, in 

the first transmitting time slot only the first antenna will transmit and at the second 

transmitting time slot only antenna one and two will transmit and antenna 3 will start 

transmitting at the third time slot. The diagonal layering introduces space diversity and thus 

achieves a better performance even though there is some rate loss since the portion of the 

transmission matrix on the left is padded with zeros. The added complexity in D-BLAST 

architecture makes its initial implementation somewhat difficult and led to V-BLAST 

architecture. 

2.3.3   V-BLAST Architecture 

  The V-BLAST system model or known such as SM with �� transmitted antenna and �� 

received antenna. This system includes two parts: The transmitted part and the received part.  

The V-BLAST architecture breaks the input data stream,  � ( )
� 
� 
o … 
�-&, into �� sub-

streams, each sub-stream is then encoded into constellation symbols and fed to its respective 

transmitter. And each of them is subsequently modulated by an M-level modulation (MQAM 

or MPSK) and then de-multiplexed in to �� sub-streams and transmitted simultaneously on 

the individual antennas, i.e. the encoding process is simply a de-multiplexing operation, no 

inter sub-stream coding or interleaving of any kind is used, the system is shown in Figure 2.6. 
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Figure 2.6: V-BLAST system model 

Assume that time is synchronous and transmit power is standardized the same for each 

transmit antenna. The signal processing chain related to an individual sub-stream is referred to 

as a layer. As shown in Figure. 2.7, the modulated symbols are arranged into a transmission 

matrix, denoted by t, which consists of �� rows and N columns, where N is the transmission 

block length. The t-th  column of the transmission matrix, denoted by n�: n� ( !n�� n�� … n���%& ,           � ( 1,2, … . . , �                                                                     !2.55% 

At a given time  �, the transmitter sends the t-th  column from the transmission matrix, one 

symbol from each antenna. That is, a transmission matrix entry n�L is transmitted from antenna � at time �,  � ( 1, … . , ��. The vertical architecture above transmit sequence the columns of 

transmission matrix at space time. If without inter-coding then each symbol is only 

transmitted one time. Therefore, the time elements of code are lost and only attain the space 

diversity. Hence, this model is also known such as spatial multiplexing.  

 

 

 

 

 

 

Figure 2.7: The detail scheme of the transmitter 
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We only interest in V-BLAST system without inter-coding and detect the receive signal at 

each time. For example, in a system with three transmit antennas, the transmission matrix X is 

given by 

 t (  mn�� n�� no�n�� n�� no�n�o n�o noo
      ………    q                                                                                               ! 2.56% 

Where the first row is symbols transmitted from antenna one and the second row is symbols 

transmitted from the second antenna and so on. Had the number of transmit antenna be greater 

than three, the number of rows of the transmission matrix which is equal to the number of 

transmit antennas would be greater than three. Columns of the transmission matrix indicate 

symbols transmitted at time instants �, � + 1 etc. (Unlike the transmission matrix of (2.2), four 

different symbols are transmitted in two symbol periods and hence added rate of 

transmission).  

Receive antennas �� / 1 receives signals radiated from all transmit antennas, hence the need 

arise to remove the mixing operation of the channel. The signals transmitted are assumed to 

propagate through a rich scattering environment which causes the signals on different paths to 

interfere with each other upon reception at the receiver. 

This interference is represented by the following matrix operation 

8 ( Nn +                                                                                                                                !2.57% 

where 8 is an �� component column matrix of the received signals across �� receive 

antennas, n is the t-th column in the transmission matrix t and   is an �� component column 

matrix of the AWGN noise signals at the receive antennas, where the noise variance per 

receive dimension is denoted by V��  and mean by 0. 

2.3.4   V-BLAST Detector 

  The V-BLAST detector decodes the sub-streams using a sequence of nulling and 

cancellation steps. An estimate of the strongest transmitted signal is obtained by nulling out 

all the weaker transmit signals using the ZF criterion or MMSE criterion [53, 54, 55], then 

subtract this strongest signal from the received signal, proceed to decode the strongest signal 

of the remaining transmitted signals, and so on. We will mention the algorithm for detection 

at receive of V-BLAST system model below. The detection process consists of two main 

operations [56]: 
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1- Interference suppression (nulling): the suppression operation nulls out interference by 

projecting the received vector onto the null subspace (perpendicular subspace) of the subspace 

spanned by the interfering signals. After that, normal detection of the first symbol is 

performed. 

2- Interference cancellation (sub-traction): the contribution of the detected symbol is 

subtracted from the received vector. 

The interference suppression and cancellation are serially repeated until all symbols are 

detected as shown in Figure 2.8. 

 

 

 

 

 

 

 

 

 

Figure 2.8: Block diagram of a BLAST receiver: Serial interference suppression 

 and cancellation algorithm  

BLAST detection algorithm combines linear (interference suppression) and nonlinear (serial 

cancellation) algorithms [54]. This is similar to the de-correlating decision feedback multiuser 

detection algorithm. A drawback of BLAST algorithms is the propagation of decision errors. 

Also, the interference nulling operation requires that the number of receive antennas be 

greater than or equal to the number of transmit antennas [53, 54]. As it is usually considered 

for V-BLAST MIMO schemes, the current scheme, is equipped with �� transmit and �� receive antennas, with �� u �� . 

Furthermore, due to the interference suppression, early detected symbols benefit from lower 

receives diversity than later ones. Thus, the algorithm results in unequal diversity advantage 

for each symbol.  
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The detection algorithm of a conventional V-BLAST system consists of a linear nulling and 

Successive Interference Cancellation (SIC) process to estimate the �� transmitted symbols 

from the received signal. The signal with the highest Signal to Noise plus Interference Ratio 

(SNIR) is first detected using a linear nulling process such as ZF or MMSE. The detected 

symbol is regenerated, and the corresponding signal portion is subtracted from the received 

signal. This cancellation process results in a modified received signal, with fewer interfering 

signal components left. This process is repeated, until all �� symbols are detected. 

2.3.4.1    Detection Process 

The detection process of the V-BLAST system involves the estimation of n given 8 and N, of 

the received signal given by the equation (2.57).  The  � elements of the transmit vector  n� are 

constellation symbols which are assumed to be uncorrelated. We also assume that the channel 

matrix N is full rank. It is shown later that the second assumption is very crucial to the 

operation of the V-BLAST system. The receiver knows the received vector 8 and has an 

estimation of  N. The detection process is then a multiuser detection type process. The process 

involves two steps [36]: 

• Slicing (and then decoding) a symbol while nulling the others. 

• Cancelling the effect of each new decoded symbol from the rest. 

2.3.4.2   Linear Detection 

The Diagram for general linear detection is showed in Figure 2.9.  

 

 

 

 

 

Figure 2.9: Block diagram for general linear detection receiver 

The received vector of equation (2.57) 8 ( )8�, 8�, … . , 8vw-&, is  �� by one column matrix 

received signal from ��  receive antenna and 8 depend  on each system. Where nL is the 

symbol transmitted from the i-th antenna and DL is the i-th column of  �� by �� transition 

matrix N.  
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2.3.4.3   Linear Detection Base on ZF 

To perform the un-mixing operation the received signal is multiplied by matrix E, Linear 

detection base on ZF criterion then n is evaluated follow the equation below 

 nx     ( E 8 ( Nl8 ( !N=N%`�N=                                                                                    !2.58% 

Where  Nl is Moore-Penrose pseudo-inverse matrix form:  

E ( Nl ( !N=N%`�N=                                                                                                        !2.59% 

And N=is the Hermitian matrix form.  

Then, nx is quantized follow the type of modulation at the transmission. 

2.3.4.4   Linear detection base on MMSE 

Linear detection base on MMSE criterion is the same ZF detection, except n is evaluated 

follow the equation below 

nx ( E8                                                                                                                                       !2.60% 

With  E ( !N=N + V�@vw%`�N= 

The nx is quantized the same with ZF. 

2.3.4.5   Non Linear Detector    

The operation of mitigating the interference with linear signal processing is normally referred 

to as nulling [4, 36, 52, 53]. However, a superior performance can be reached when a non-

linear spatial processing approach is used. A common non-linear detector is based on 

interference cancellation (IC), wherein the contribution of the detected symbols to the 

received signal is reconstructed and subtracted. Assuming correct decisions, the resulting 

signal is free from the interference of the detected symbols, yielding better estimates of the 

remaining symbols. One particularly successful IC algorithm is called SIC. The important 

problem of SIC detection find the optimal order to obtain BER better. Assume that K0 is the 

optimal order, SIC detection implement with four steps below [54]: 

• Delete the detected symbol  

•  Cancellation 

• Evaluation 

• Optimal order 
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2.3.5.1   Nulling 

Let consider the received signal at time t of equation (2.57), hence the received vector can be 

also be written in another form as: 

8 ( n�D� + n�D� + p +n��D�� +                                                                                   !2.61% 

Here nL  is the transmitted symbol from the i-th transmit antenna, and DL is the i-th column of 

the transition matrix. Nulling is performed by linearly weighting the received symbols to 

satisfy the ZF or MMSE performance criterion.  

The i-th ZF nulling vector yL is defined as the unique minimum norm vector .The ZF nulling 

vector yL is chosen to satisfy: 

yL&DH ( z01{     |�� � } a   |�� � ( a                                                                                                           !2.62%         

Where ()T denotes transpose vector. 

Orthogonal to the sub-space spanned by the contributions to  8L due to the symbols not yet 

estimated and cancelled and is given by the i-th row of   N. Then, the decision statistic for the 

i-th symbol is 

nxL ( yL&8L 
     ( n�yL&D� + n�yL&D� + p + nLyL&DL … . +n�yL&D� + yL&  

     ( 0 + 0 + p + nL + p . +0 +  xL                                                                                   !2.63% 

A soft or hard decision now can be made on  nxL  to estimate the transmitted symbol 

n~L ( �!nxL%                                                                                                                               !2.64%          
Where �! % is the soft/hard decision function. 

In SIC, the layers are detected sequentially. Initially, the received signal 8 goes through a 

linear detector for layer 1, whose output is used to produce a hard estimate of the symbols at 

this layer n~� . Denoting the received vector 8 by 8�, if the nulling vector is y�, the ’first’ 

symbol is 

nx� ( y�&8�                                                                                                                                !2.65% 

Then the decision statistic for nx� is 

n~� ( �!nx�%                                                                                                                               !2.66%   
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2.3.5.2   Interference Canceller 

The effect of symbols already detected can be subtracted from the symbols yet to be detected. 

This improves the overall performance when the order of detection is chosen carefully. 

After the suppression by the nulling vector y� , and if n~� ( �!nx�%   is the estimate of n� after 

the decision (soft or hard), then the interference due to n~� on the other symbols can be 

subtracted by taking 

8� ( 8� / n~�D�                                                                                                                       !2.67%             
The hard decision on nx� will result in the symbol n�. The effect of n� on other symbols yet to 

be detected is removed (canceled) through the operation. Then, the contribution of layer 1 to 

the received signal is estimated and cancelled, generating the signal 8�.  

Assuming n~� ( n� , i.e., the decision taken was correct. The next symbol is then detected by 

finding  y� and then making a decision on y�&8�  and so on. The ’second’ symbol is 

nx� ( y�&8�                                                                                                                                !2.68% 

After finding y�, n� can be decoded in similar way using 8� as a received signal and the 

process continues till the last symbol. The process of SIC detection is depicted in Figure 2.10. 

 

  

 

 

 

Figure 2.10: Block diagram of SIC detection of V-BLAST  

The performance of this successive cancellation and detection scheme depends on the 

decision taken on each stage, as any wrong decision is propagated through all the later stages. 

The process is then repeated. In general, at the i-th layer, the signal 8L , hopefully free from 

the interference of layers j < i, goes through a linear detector that tries to mitigate the 

interference from layers j > i. A hard estimate of the symbol at this layer n~L, is then produced, 

based on the output of this linear detector.  Then, the contribution of this layer to the received 

signal 8L, is estimated and cancelled.  
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This procedure yields a modified received signal given by  

8Ll� ( 8L / n~LDL                                                                                                                       !2.69% 

Where DL  is the i-th column of the matrix channel N corresponding to the channel gains 

associated to layer �, and n~LDL represents the estimated interference from the i-th layer. The 

result is that  8Ll� is free from the interference coming from layers �1, … . , ��. This signal is 

then fed into the linear detector for the (�+1)-th layer. This technique is also known as nulling 

and cancelling algorithm [57]. 

The performance of SIC can be improved if the layers are detected in an appropriate order  

[36, 51], resulting in ordered successive interference cancellation (OSIC). Indeed, one of the 

disadvantages of SIC is that the signal associated with the first detection layer may exhibit a 

lower received SNR than that of the other layers. This may increase the probability of 

detection errors, which can propagate through the serial detection process, degrading 

performance of the overall receiver. This problem can be mitigated if the layers are ordered 

by decreasing SNR, so that the first layer to be detected is that with the higher SNR. The 

effect of this error propagation can be minimized by proper ordering of the detection process. 

I.e. first recover a symbol corresponding to a signal with high SNR in such a way that the 

probability of committing an error in its detection is minimized. Subtract the effect of this 

symbol from the received signal and then recover the symbol corresponding to a signal with 

the next higher SNR and keep on till the end. Sometimes this approach is called best first 

cancellation [39].   

Due to the nulling and cancelling processing of the IC algorithm in the SIC approach, the 

layers coming after the first one take advantage of the cancelling algorithm and this is 

translated into a higher diversity order for the next detected layers and the performance of the 

whole receiver.  

2.3.5.3   Optimal Detection Order 

To minimize error propagation the strongest symbols are detected first. This is known to be 

the optimal detection order. A simple optimal ordering is based on the post detection SNR of 

each sub-stream. The SNR for the i th detected symbol of vector 8  is given by [36]. 

�L ( T�|nL|��V��!�yL��%                                                                                                                      !2.70% 

Where V�� is the noise power and  T�� denotes the expectation.  
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The optimal detection order is determined by choosing the row of   E with minimum 

euclidean norm (to maximize the SNR), where E is defined in (2.59), (2.60). The row index is 

obtained from (2.71). 

� Y ( ������ L�!E%L���                                                                                                    !2.71% 

As �yL&DL�� ( �yL���DL�� , from (2.62) it is seen that a smaller �yL�� value requires the 

corresponding DL have higher 2 norm. So the SNR in (2.67) for the i-th sub-stream is 

proportional to the norm of the i-th column of N Thus, the optimal detection order is in 

decreasing order of the 2 norm of the columns of N. 

2.3.5.4   Computing the ZF Nulling Vector  

The vector  yL in (2.72) is unique and is the i-th row of the pseudo-inverse of N  yL& ( �Nl�L                                                                                                                              !2.72% 

Where �.l �L denotes the  i-th row and (+) denotes the pseudo-inverse. 

With the successive cancellation and decoding, yL&  is chosen as the i-th row of pseudo-inverse 

of N whose 1 to i−1 columns are set to zero. This is due to the fact that at the i-th stage the 

vector  yL has to be orthogonal only to DH  for  a ( 1, … , ��.    

With optimal ordering, if �� Y�, � Y�, … . . , � Y���  denotes the optimal order, at the ind-th 

stage the ZF nulling vector   y�� is 

y��& ( �N���Jl ���                                                                                                                         !2.73% 

Where N���Jl  denotes the matrix obtained from N by zeroing the columns ���, ��, … . . , �L`��  
Using the MMSE criterion, the nulling vector   yL& is the i-th row of the matrix 

E ( �N=N + 1� @�`� N=                                                                                                        !2.74% 

Where � is the SNR. For successive decoding and optimal ordering based on E, the matrix E 

should be computed on each step from the partially zeroed N as in (2.73). The MMSE 

criterion always results in better SNR and thus a better performance. But the disadvantages 

are that the SNR has to be known at the receiver and matrix inverse needs to be computed. 
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2.3.5.5   Detection Algorithm 

Is given by [54] 

initialisation 1.   �   �  1 2.   E� ( Nl 3.    �� ( �� ��E��H��
 

iteration 1.   y��& ( �EL��� 2.    Y�� ( y��&  8L 3.    n~�� ( �]Y��^ 4.   8Ll� ( 8L /     n~��N�� 5.   ELl� ( N��l  

6.  � YLl� ( �� H��L��J,L��K,….,L������ELl��H��
 1.   �   �  �  +  1 

 Note that in step 3 (and 6) � YL (  �� H��EL�H��
 is the optimal detection order and  !EL%H  is 

j column of EL, which used to pick the strongest symbol. 

This is the due to the reason that the row j of E, which has the minimum norm, corresponds to 

the j-th column of N which will have the maximum norm. 

2.3.6    V-BLAST Capacity  

The above discussion leads to a general transceiver architecture that can achieve the channel 

capacity and is called V-BLAST. The V-BLAST structure is shown in Figure 2.11. In V-

BLAST the independent data streams are multiplexed via the unitary matrix Q which can be 

dependent on H or not. The i-th data stream is allocated a power �wL  while �w� + �w� + p +�w�� ( ��; where �� is the total power constraint. 

There are different versions of V-BLAST which differ in receiver architecture but all of them 

share the same transmitter structure. 
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Figure 2.11: The V-BLAST Architecture transceiver 

The two mentioned circumstances are two special cases of V-BLAST and can be summarized 

as follows: 

2.3.6.1   Capacity with Perfect channel information at the transmitter  

If the channel information (CSI) is available at the transmitter, the multiplexing coordinate 

system is defined by the matrix � ( � ; where � is derived from section (1.3.2) by using the 

singular decomposition of N where N ( �>�=, and the powers are given by waterfilling 

allocation method. The channel capacity will be given by 

' � � ����
�

L�� �1 + �L0�L �� � 9��
/
/N�                                                                               !2.74% 

2.3.6.2   Capacity with no Channel Information at the Transmitter 

When the channel information CSI is not available at the transmitter, the multiplexing 

coordinate system is defined by unitary matrix � ( @��, independent data streams with equal 

power are sent on the different transmit antennas. The channel capacity will be given by 

' ( log� det �@vw + ��7��  N N=� 9��
/
/N�                                                                 ! 2.75% 

So far we have considered the deterministic MIMO channel whereas wireless channels 

characteristically experience fading which results in a random channel gain matrix N.  
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2.3.6.3   Capacity with Perfect Channel Knowledge at the Receiver 

Consider the V-BLAST architecture, each realization of the fading channel can be treated as a 

deterministic channel and has a maximum information rate given by equation (2.76). By 

coding over many coherence time intervals of the channel, the rate of reliable communication 

of the fast fading channel can be obtained by the ensemble average of the information rate 

over the elements of channel matrix N. The capacity which is also called ergodic capacity is 

given by [41]. 

' ( maxL��¥ T .log� det �@vw + 1��  N � Y¦N=�1                                                          !2.76% 

Here, the optimal � Y¦ depends on the statistics of the channel not on each channel realization 

since they are not known at the transmitter.  

In a richly scattered environment, i.e. the elements of N are i.i.d. �§!0,1%  and we have the 

Rayleigh fading model, the optimal covariance matrix is simply                            

¦̈ ( � ���� @vw                                                                                                                         !2.77%  
Using the singular decomposition of H and (2.76) the resulting capacity is 
                                                                    ' ( T .log� det �@vw + ��7��  N N=�1                                                                      
  

    ( � T .���� �1 + ��7 ��  �L�1�
L��                                                                                        !2.78%  

In order to observe the performance gains, we analyze the high SNR and low SNR regimes 
separately. 

' � � ��� ��7�� + � T)�����L-�
L��                                                                                     !2.79% 

For all i and � ( �� !��, ��% . Note that the capacity at high SNR scales linearly with �. 

Hence, the larger the number of antenna arrays, both at transmitter and receiver, the larger the 

capacity.   
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(a) 

 

(b) 

Figure 2.12: Capacity of an i.i.d. Rayleigh fading channel 

This is shown in Figure 2.12. At low SNR regime, using the approximation     ����!1 + n% ����� �  for small n in (2.78), we get 

' ( � T .���� �1 + ��7 ��  �L�1�
L�� � � ��7�� T)�L-�

L�� ���� � 

     (  ��7�� T2,�)NN=-3 ���� � (  ��7�� T m�bDLH�bL,H q ���� � 

      ( �� ��7 log� �                                                                                                             !2.80% 
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It is interesting to observe here that the capacity does not depend on ��. There is no 

multiplexing gain at low SNR, but there is a power gain that scales with ��. We can conclude 

that at low SNR without any channel knowledge, multiple antennas at the transmitter are not 

useful.  

Table 2.1, provides comparisons among V-BLAST, D-BLAST and Alamouti codes in terms 
of spectral efficiency, error probability and implementation complexity. 
 

Scheme Spectral 
Efficiency 

Pe Implementation 
Complexity 

V-BLAST HIGH HIGH LOW 

D-BLAST MODERATE MODERATE HIGH 

ALAMOUTI LOW LOW LOW 

 

       Table 2.1: V-BLAST, D-BLAST and Alamout’s code Comparison 
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2.4   Conclusion 

    This chapter focused on the space time coding which benefits from the space time diversity 

of the MIMO channel, The main purpose of Space Time Codes is to combat the multi-path 

fading phenomenon of wireless channel by using multiple transmit and receive antennas and 

improve the reliability of reception. Space Time Block Coding (STBC) and Spatial 

multiplexing (SM) are promise approaches that exploit the MIMO channel to provide higher 

data rates and diversity gains, with no sacrifice in bandwidth. 

First, the STBC was studied in flat fading channel, and has been demonstrated to be a 

powerful diversity technique to combat channel fading in wireless communication. The STBC 

uses the block encoder to achieve diversity and orthogonalisation of the channels. In 

particular the investigating of the Alamouti code, which offers very simple encoding/decoding 

and is particularly suitable for future wireless systems. 

Second, the SM corresponds to the multiplicative factor by which the spectral efficiency is 

increased by a given scheme. A well-known example of an SM scheme is the Bell Labs 

Layered Space Time (BLAST) scheme. Space time layered architectures offer a big increase 

in capacity, promising a linear growth with the size of the antenna array under some 

circumstances. The more popular one is V-BLAST transmission which has optimum tradeoff 

between performance efficiency and computational complexity. However, suffer from error 

propagation and exploit the receiver diversity than transmit antenna diversity. 
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3.1   OFDM Systems 

3.1.1   Evolution of OFDM  

  In classical data systems in which more data rate was sought by exploiting the frequency 

domain, parallel transmissions where achieved by dividing the total signal frequency band 

into �� non overlapping frequency sub-channels.  This technique is referred to as FDM 

(Frequency Division Multiplexing) [3, 58], has been used for a long time to carry more than 

one signal over a telephone line. FDM divides the channel bandwidth into sub-channels or 

sub-carrier is modulated with a separate symbol and then the �� sub-channel are frequency 

multiplexed, and transmits multiple relatively low rate signals by carrying each signal on a 

separate carrier frequency.  

A simple example of FDM is the use of different frequencies for each FM (Frequency 

Modulation) radio station. All stations transmit at the same time but do not interfere with each 

other because they transmit using different carrier frequencies. Additionally they are 

bandwidth limited and are spaced sufficiently far apart in frequency so that their transmitted 

signals do not overlap in the frequency domain. At the receiver, each signal is individually 

received by using a frequency tune able band pass filter to selectively remove all the signals 

except for the station of interest. This filtered signal can then be demodulated to recover the 

original transmitted information. Spectral overlap is avoided by putting enough guard space 

between adjacent sub-channels. In this way, inter carrier interference (ICI) is eliminated. 

Typically with FDM the transmission signals need to have a large frequency guard band 

between channels to prevent interference. This lowers the overall spectral efficiency.  

This technique, however, leads to a very inefficient use of the available spectrum. A more 

efficient use bandwidth can be obtained with parallel transmissions if the spectra of the 

individual sub-channels are permitted to partly overlap. This requires that specific 

orthognality constraints are imposed to facilitate separation of the sub-channels at the 

receiver. Figure 3.1, shows the general structure of multi carrier system. The data stream ���� 

is converted to parallel data stream, which are modulated onto separated sub-channels. The 

resulting signals are summed and transmitted. At the receiver, the different sub-channels are 

down converted to parallel baseband signals, demodulated, and then concatenated to serial 

data stream. 
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                                     Figure 3.1: Basic structure of a multi carrier system  

 

3.1.2     Principles of OFDM Systems     

  In order to solve the bandwidth efficiency problem, orthogonal frequency division 

multiplexing (OFDM) was proposed, where the different carriers are orthogonal to each other. 

However with OFDM the orthogonal packing of the sub-carriers greatly reduces this guard 

band, improving the spectral efficiency. With OFDM, it is possible to have overlapping sub-

channels in the frequency domain, thus increasing the transmission rate. The basic functions 

are represented in Figure 3.2. This carrier spacing provides optimal spectral effiency. 

 
Figure 3.2: Frequency response of the sub-carriers in a 10 tone OFDM signal 
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 OFDM is a bandwidth efficient, multi-carrier transmission technique that is tolerant to 

channel disturbances such as multi-path fading. OFDM combat the frequency selective fading 

of the channel effectively by dividing it into multiple flat fading sub-channels. The system’s 

operational principle is that the original bandwidth is divided in a high number of narrow sub-

bands, in which the mobile channel can be considered non dispersive. These OFDM systems 

often also termed as FDM or multi-tone systems while OFDM transmission over mobile 

communications channels can alleviate the problem of multi-path propagation. 

The basic principle of OFDM is to split a higher rate data stream into a number of lower rate 

streams which are modulated on a separate sub-carrier, and transmitted simultaneously over a 

number of sub-carriers. Since the symbol duration increases for lower rate parallel sub-

carriers, the relative amount of time dispersion caused by multi-path delay spread is 

decreased, making OFDM efficient in wireless propagation scenarios. 

 By lowering the rate of the stream, the symbol duration is increased so that it is longer 

compared to the delay spread of the time dispersive channel. Another way of looking at it is 

that by lowering the rate of the stream, the bandwidth of the sub-carrier is squeezed so that it 

is small compared with the coherence bandwidth of the channel, thereby making the 

individual sub-carriers experience flat fading, which requires simple equalization techniques 

[59, 60]. Hence no channel equalizer is required and instead of implementing a bank of sub-

channel modems they can be conveniently implemented by the help of a single Fast Fourier 

Transformer (FFT). At the same time, ISI is eliminated almost completely by introducing a 

guard time in every OFDM symbol. In the guard time, the OFDM symbol is cyclically 

extended to avoid inter carrier interference (ICI).  Thus OFDM effectually converts a 

frequency selective fading channel into a set of parallel flat fading channels. Lowering the 

rate of the sub-streams can be compensated for by selecting a set of orthogonal sub-carriers 

whose spectra overlap, but at the same time do not interfere with each other, thereby avoiding 

inter-channel interference [61, 62]. 

The orthogonality allows simultaneous transmission on a lot of sub-carriers in a tight 

frequency space without interfering with each other. Robustness in multi-path propagation 

environments is important for broadband wireless communication systems and thus OFDM is 

considered as a promising transmission scheme for its ability to deal with high delay spread 

channels. Today, OFDM has grown to be the most popular communication system in high 

speed communications [1, 2, 19, 63]. 
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3.1.3    Orthogonality 

  Signals are orthogonal if they are mutually independent of each other. The Orthogonality is a 

property that allows multiple information signals to be transmitted perfectly over a common 

channel and detected, without interference. Loss of orthogonality results in blurring between 

these information signals and degradation in communications. Many common multiplexing 

schemes are inherently orthogonal. Time Division Multiplexing (TDM) allows transmission 

of multiple information signals over a single channel by assigning unique time slots to each 

separate information signal. During each time slot only the signal from a single source is 

transmitted preventing any interference between the multiple information sources. Because of 

this TDM is orthogonal in nature. In the frequency domain most FDM systems are orthogonal 

as each of the separate transmission signals are well spaced out in frequency preventing 

interference. Although these methods are orthogonal the term OFDM has been reserved for a 

special form of FDM. The sub-carriers in an OFDM signal are spaced as close as is 

theoretically possible while maintain orthogonality between them. OFDM achieves 

orthogonality in the frequency domain by allocating each of the separate information signals 

onto different sub-carriers. OFDM signals are made up from a sum of sinusoids, with each 

corresponding to a sub-carrier. The baseband frequency of each sub-carrier is chosen to be an 

integer multiple of the inverse of the symbol time, resulting in all sub-carriers having an 

integer number of cycles per symbol. As a consequence the sub-carriers are orthogonal to 

each other. 

3.1.4    Frequency Domain Orthogonality  

OFDM maximizes spectral efficiency by overlapping sub-carrier spectra while maintaining 

orthogonality between sub-carriers. This implies a spacing of 1/�� between each sub-carrier 

frequency as defined in equation (3.1) 

�� � �� � ���     � � 0,1, … . , �  1                                                                                        �3.1� 

Are the N sub-carriers which are separated by a distance of the reciprocal of the useful symbol 

time �� � �"  �#, and �" is the total symbol time. 

Where �� is the sub-carrier symbol duration. We define in equation (3.2) and (3.3) a basis of 

elementary signals to describe the sub-carrier symbols. 

$�%� � &��'  %���   % � � ∞, ∞�                                                                                     �3.2� 
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&��'� � *��+,-.�, 0 / ' 0 ��0, 1'2�34�5� 6                                                                                         �3.3� 

The elementary signals satisfy the orthogonality condition in equation (3.4) 

7 $��%�8
�8 $�9: �%;�<' � *��, % � %9, � � �;0,              1'2�34�5�                                                                �3.4�6 

 Where (* ) denotes scalar complex conjugate.    

This is a result of the symbol time corresponding to the inverse of the carrier spacing. This 

symbol time corresponds to the inverse of the sub-carrier spacing of 1/�>>? @A. The 

orthogonality between sub-carriers can also be demonstrated in another way. According to 

(3.1), each OFDM symbol contains sub-carrier signals that are non-zero over an �� interval. 

Hence, the spectrum of a OFDM signal is a convolution of a group of Dirac pulses located at 

the sub-carrier frequencies with the spectrum of a square pulse that is one for a �� second 

period and zero otherwise. This rectangular waveform in the time domain results in a sinc 

frequency response in the frequency domain. In the frequency domain each OFDM sub-

carrier has a sinc, 5�% �B�/B, frequency response, as shown in Figure 3.2, The sinc shape has 

a narrow main lobe, with many side lobes that decay slowly with the magnitude of the 

frequency difference away from the centre. Each carrier has a peak at the centre frequency 

and nulls evenly spaced with a frequency gap equal to the carrier spacing. The amplitude 

spectrum of the square pulse is equal to 5�%C�D����, which has zeros for all frequencies � 

that are an integer multiple of 1/�� .  

The orthogonal nature of the transmission is a result of the peak of each sub-carrier 

corresponding to the nulls of all other sub-carriers.  The power spectrum of sub-carriers is 

shown in Figure 3.3 where the sinc spectra of individual sub-carriers are overlapped. At the 

maximum of each sub-carrier spectrum, all other sub-carrier spectra are zero. Because an 

OFDM receiver essentially calculates the spectrum values at those points that correspond to 

the maxima of individual sub-carriers, it can demodulate each sub-carrier free from any 

interference from the rest sub-carriers. 
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 Figure 3.3: An OFDM signal with overlapped spectra   

 

3.1.5    Spectrum efficiency E for single carrier vs. OFDM 

We assume F is data rate of each sub-carrier, bandwidth defined from null to null, � sub-

carriers. The spectrum efficiency G for single carrier and OFDM symbol can be defined as 

follows [64]:      

The spectrum efficiency for single carrier is given by: 

G � F2��                                                                                                                                         �3.5� 

For OFDM symbol is given by:  

G � �F�� � 1���                                                                                                                             �3.6� 

 When OFDM symbol has an infinite number of sub-carriers, the spectrum efficiency can be 

expressed as: 

� J ∞; G J F��                                                                                                                        �3.7� 
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3.1.6   Multi path Distortion 

  The reason that the information transmitted on the sub-carrier can be separated at the 

receiver is the orthogonality relation giving OFDM, its name. By using an Inverse Discrete 

Fourier Transform (IDFT) for modulation, the spacing of the sub-channel is implicitly chosen 

in such a way that, at the frequencies where the received signals are evaluated (at peaks of the 

sinc functions in Figure 3.2), all other signals are zeros. In order for this orthogonality to be 

preserved, the following must be true: 

1. The receiver and the transmitter must be accurately synchronized. This means they 

both must have exactly the same modulation frequency and the same time scale for 

transmission. 

2. The analogue components’, part of transmitter and receiver, must be very high quality. 

3. There should be no multi path channel. 

In OFDM the system bandwidth is broken up into ��  sub-carriers, resulting in a symbol rate 

that is ��  times lower than the single carrier transmission. This low symbol rate makes OFDM 

naturally resistant to effects of ISI caused by multi-path propagation. Unfortunately, multi-

path distortion is almost unavoidable in radio communication system. 

Multi-path propagation is caused by the radio transmission signal reflecting of objects in the 

propagation environment, such as walls, buildings, mountains, etc. These multiple signals 

arrive at the receiver at different times due to the transmission distances being different. In an 

OFDM system, the channel has a finite impulse response. We note MNOP the maximum delay 

of all reflected paths of the OFDM transmitted signal. This spreads the symbol boundaries 

causing energy leakage between them, and, thus, the received signal is affected. The truncated 

sub-channel sinusoids are delayed by different amounts (i.e. channel delays), the distortion is 

mainly concentrated at the on off transmissions of these waveforms. 

In an OFDM signal the amplitude and phase of the sub-carrier must remain constant over the 

period of the symbol in order for the sub-carriers to maintain the orthogonality. If they are not 

constant it means that the spectral shape of the sub-carriers will not have the correct sinc 

shape, and thus the nulls will not be at the correct frequencies, resulting in ICI. At the symbol 

boundary the amplitude and phase change suddenly to the new value required for the next 

data symbol. Hence, a guard space (in frequency), and a guard time by means of cyclic prefix 

(CP), chosen longer than the maximal delay spread. However, the length of the OFDM 
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symbol cannot be increased indefinitely. Hence, a guard interval, or a CP of time duration, �# 

or Q,  samples is inserted in front of the OFDM symbol.  

The length of this CP should be ideally greater than or equal to the maximum delay spread of 

the channel. As long as the CP has a duration greater than MNOP, it would maintain 

orthogonality between the sub-carriers and eliminate most interference among channels. (i.e, 

ICI and between adjacent transmission blocks (i.e., ISI) at a cost of a rate loss and power loss 

by a factor proportional to Q/�� � Q �. 
3.1.7    Guard Period 

  Cyclic prefix is a crucial feature of OFDM to combat the effect of multi-path. The CP, in 

general, is chosen equal to the last part of the OFDM symbol and, therefore, often is referred 

to as cyclic extension. The effect of ISI on an OFDM signal can be further improved by the 

addition of a guard period (Guard interval: GI) to the start of each symbol. This guard period 

is a cyclic copy that extends the length of the symbol waveform.  

Each sub-carrier, in the data section of the symbol, (i.e. the OFDM symbol with no CP) has an 

integer number of cycles. Because of these placing copies of the symbol end to end results in 

a continuous signal, with no discontinuities at the joins. Thus by copying the end of a symbol 

and appending this to the start results in a longer symbol time. Figure 3.4 shows the insertion 

of a guard period. 

 

 

 

 

 

 

 

 

 

Figure 3.4: Addition of a Guard period to an OFDM signal 

 

The total length of the symbol is  �" � �# � �>>? , where �"   is the total length of the symbol 

in samples, �#  is the length of the guard period in samples, and �>>?  is the size of the IFFT 

used to generate the OFDM signal.  
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In addition to protecting the OFDM from ISI, the guard period also provides protection 

against time offset errors in the receiver as shown in Figure 3.5. However, in order to preserve 

the orthogonality property, that the guard period is longer than the delay spread of the radio 

channels. As shown below, once the above condition is satisfied, there is no ISI since the 

previous symbol will only have effect over samples within  R0, MNOPS . And it is clear that the 

orthogonality is maintained so that there is no ICI. 

       

 

 

 

 

 

 

Figure 3.5. (a): Function of the guard period for protecting against ISI, in 

Propagation environment with no multi-path 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5. (b): Function of the Guard period for protecting against ISI, 

 in propagation environment with  multi-path . 
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To avoid out of band radiation the on off transitions must be smoothened. This can be 

implemented by, e.g., windowing each OFDM symbol by a raise cosine window. Figure 3.6 

depicts schematically the implementation of windowing in OFDM symbol. 

 

 

 

 

 

Figure 3.6: The principle of windowing 

 

The validity of windowing each OFDM symbol by a raised cosine window can be explained 

by looking to the shapes of the sub-carriers sinusoids after the multi-path fading channel. An 

OFDM receiver uses only a part of this signal to calculate the FFT. This part should be chosen 

such that in this FFT interval with a length of �>>? seconds, which at the Nyquist rate equals    ���" seconds, every sub-carrier has an integer number of cycles, which ensures orthogonality. 

In the multi-path fading channel, the receiver input signal will be a sum of delayed and scaled 

replicas of the transmitted sub-carriers, Figure 3.6. Note that a sum of scaled and delayed 

sinusoid is a gain a sinusoid. So, as long as the larger than the maximal channel delay we can 

choose the window for applying the FFT such that there will still be an integer number of 

cycles within this FFT interval for each multi-path component keeping the reflections of 

previous symbols out and preserving the orthogonality. 

 

 

 

 

 

 

 

 

 

 

Figure 3.7: An OFDM symbol with cyclic prefix 
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So, thank to the guard interval and windowing, the wideband multi-path fading is experienced 

in OFDM as set of narrowband fading sub-carriers without ICI and ISI. The only remaining 

effect of multi-path is a random phase and amplitude per sub-carrier. This effect can be 

minimized by correcting the sub-carriers of the received signal with reference amplitudes and 

phases, i.e., channel estimates, per sub-carrier, which can be obtained during a training phase. 

The sub-carriers in deep fades still are a problem but in order to deal with these weak sub-

carriers that have a large probability to be detected erroneously, forward error correction 

across the sub-carriers can be applied. 

3.1.8    OFDM Transceiver 

The transmitter section as shown in Figure 3.8.(a), converts digital data to be transmitted, into 

a mapping of sub-carrier amplitude and phase. The system maps the input bits into complex 

valued symbols T��� in the modulation block, which determines the constellation scheme of 

each sub-carrier. Data to be transmitted is typically in the form of a serial data stream.  So a 

serial to parallel conversion stage is needed to convert the input serial stream to the data to be 

transmitted in each OFDM symbol. In an OFDM system, the data are modulated onto 

different sub-carriers and sent in blocks. It then transforms this spectral representation of the 

data into the time domain using an IDFT. The IFFT performs the same operations as an IDFT, 

except that it is much more computationally efficiency, and so is used in all practical systems. 

                                                

 

 

 

 

(a).Transmitter structure 

 

 

 

 

 

(b).Receiver structure 

 

Figure 3.8: Block diagram of an OFDM system. 
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 Figure 3.9 shows the IFFT section of the OFDM transmitter. In the frequency domain, before 

applying the IFFT, each of the discrete samples of the IFFT corresponds to an individual sub-

carrier. Most of the sub-carriers are modulated with data. The IFFT block modulates T��� 

onto � orthogonal sub-carriers, a cyclic prefix is added to the multiplexed output of the IFFT 

before it is transmitted through a fading channel as shown in Figure 3.8.(a), the cyclic 

extension is chosen to be longer than the impulse response to avoid inter block interference 

and preserve orthogonality of the sub-channels.  

 

 

 

 

 

 

Figure 3.9: OFDM generation, IFFT stage 

Therefore, we assume the channel to have finite impulse response (FIR). For simple notation, 

we denotes  �� � � � �>>?  . 

Suppose the data set to be transmitted is 

    T��U� � RBV�U�, B+�U�, … … … , BW�U�S?                                                                         �3.8� 

Where � is the total number of sub-carriers. And b is the number of the OFDM block sub-

carriers. The discrete time representation of OFDM symbols, where ' � %� and select �� � 1/�� of the signal after IFFT is: 

��' � %�� � ��%� � 1√� Z T� exp ^_2D%�� ` ,         % � 0 … … … �  1W�V
ab�                    �3.9� 

Where   ��U� � R5V�U�, 5+�U�, … , 5W�U�S? is the time domain of the U�d OFDM block. 

We can rewrite the equation () by using matrix representation, the resulting �  point time 

domain signal is given by ��%� � ef  T�                                                                                                                          �3.10� 

Where e is �� g �� FFT matrix of the �h, %� is given by 

eN,a � 1√� exp i _2D �h  1��%  1�� j,         �%, h � 0 … … … �  1�                 �3.11� 

So ef represent �� g �� IFFT matrix. 
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 The cyclic prefix �# (guard interval) is inserted to maintain the orthogonality between signals 

at different sub-carriers and consecutive OFDM blocks. Hence the total duration of an OFDM 

block is �" � �>>? � �#. Where �>>? � 1/∆� is the IFFT/FFT period, and ∆� � l/� is the 

sub-carrier spacing, l is the total bandwidth, and N is the total number of sub-carriers. With 

the insertion of CP, the received signal is complete free of ISI during  0 0 ' 0 �>>?, if the 

maximum delay of the channel impulse response is less than �#. A cyclic prefix is then added 

to the multiplexed output of IFFT. The obtained signal is then converted to a time continuous 

analog signal before it is transmitted through the selective fading channel.        

The receiver structure, as shown in Figure 3.8. (b), performs the reverse operation of the 

transmitter, mixing the RF (Radio frequency) signal to base band for processing, then using a 

Fast Fourier Transform (FFT) to analyze the signal in the frequency domain. The amplitude 

and phase of the sub-carriers is then picked out and converted back to digital data. Thus, at the 

receiver, the signals at different sub-carriers can be separated by FFT of the received signal 

after the part during the guard interval is discarded. The data is recovered by performing FFT 

on the received signal  m�%�. 

n� � 1√� Z m�%� exp ^ _2D%�� ` ,         � � 0 … … … �  1 W�V
ab�                                       �3.12� 

 We can rewrite the equation (3.12) by using matrix representation, the resulting frequency 

domain signal is given by 

n� � e m�%�                                                                                                                              �3.13� 

When the orthogonality is satisfied, i.e.[64]  

Z exp � _2D%�� �W�V
ab� exp i_2D%�;� j � o��  �;�                                                               �3.14� 

A � point FFT only requires  �p1&��� multiplications, which is much more computationally 

efficient than an equivalent system with equalizer in time domain [58]. 

The insertion of cyclic prefix converts the linear convolution of the channel impulse response 

with the transmitted signal to cyclic convolution. Therefore, assuming the channel response 

stays constant during each OFDM block, the channel frequency response for the k-th sub-

carrier during the OFDM block is 

@��� � Z 2q exp� _2D�∆�Mq�r�V
qb�                                                                                         �3.15� 
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The channel frequency response over the k-th sub-carrier is given by where   � � 1,2, … . , �. 

And Mq and 2q are the delay and complex amplitude matrix of the p'2 path between 

transmitters and receivers respectively. ∆� is the sub-carrier separation in the frequency 

domain. From above expressions the sub-carrier waveforms are now given by             

5�%� � 1√� Z T��� exp ^_2D%�� `W�V
�b�           � � 0,1, … �  1                                          �3.16� 

The idea behind this is to convert the linear convolution (between signal and channel 

response) to a circular convolution as shown in Figure 3.10. In this way, the FFT of circularly 

convolved signals is equivalent to a multiplication in the frequency domain [58]. However, in 

order to preserve the orthogonality property, MNOP should not exceed the duration of the time 

guard interval. As shown below, once the above condition is satisfied, there is no ISI since the 

previous symbol will only have effect over samples within R0, MNOPS. And it is clear that 

orthogonality is maintained so that there is no ICI. 

 

 

 

 

 

Figure 3.10: Linear to circular convolution conversion 

 

            3�%� � 5�%�s2�%� � ��%�    � � 0,1, … , �  1 

            n��� � te�um�%�v � te��wte�uT���vs2�%� � ��%�� 
            n��� � T���. te�u2�%�v � te�u��%�v 

                      � T���. @��� � x���                                                                                   �3.17�   
 

Where s denotes circular convolution and x��� � te�u��%�v. Another advantage with the 

cyclic prefix is that it serves as a guard between consecutive OFDM frames. This is similar to 

adding guard bits, which means that the problem with inter frame interference also will 

disappear. 
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Figure 3.11: OFDM Modulation and Demodulation 

 

At the transmitter side after the serial to parallel conversion and applying the IFFT operation, 

the CP is added as shown in   Figure 3.11, it should be greater than the delay spread of the 

channel, the symbol vector to be transmitted can be expressed as: 

5y�U� � R5yV�U� … . 5yW�U�5yWzV�U� … 5yWz#�U�S?           � R5W�#zV�U� … 5W�U�5V�U� … 5W�U�S?                                                                   �3.18� 

We assume that the frequency selective Rayleigh fading channel is constant during each 

OFDM block (quasi-static, i.e., the fading coefficients are constant over the transmission of 

one packet), and vary from block to another, and the noise be neglected. The received signal 

can be written as follows: 

{||
||}

3yV�U�3y+�U�~~~3yWz#�U����
��� �

{||
|}2r�V0~~~

  
�2r�V���

  2�����
  

02���0
  

����2r�V
  

�����  
~~~02�

    
���
�� .

{||
||}
5yW�#�rzV�U  1�~5yWz#�U  1�5yV�U�~5yWz#�U� ���

���                       �3.19� 

At the receiver side the CP is removed as shown in Figure 3.11, and the signal vector 3 can be 

expressed as: 

3�U� �
{||
||}
3V�U�~~~~3W�U����

��� �
{||
||}
3y#zV�U�~~~~3yWz#�U����
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          �
{||
|}2r�V0~~~

  
�2r�V���

  2�����
  

02���0
  

����2r�V
  
�����  

~~~02�
    

���
�� .

{||
||}
5y#�rzV�U  1�~~~~5yWz#�U� ���

���                                     �3.20� 

We can rewrite 3�U� by using the cyclic character of  5y�U�, as follows: 

 

3�U� �
{||
|||
|} 2�2V~2r�V0~00

  
02�2V~2r�V0~0

  
�02�2V~2r�V~0

  
0…0��~�0

  
00�2���~2r�V

  
2r�V00�0���

 
��00�0�2V

  
2V~2r�V00~02�

 
���
���
��

.
{||
|||
|}5V�U�~~~~~~5W�U����

���
��
                                       �3.21� 

 

The received signal can be expressed as follows: 3�U� � @ ��U�                                                                                                                         �3.22� 

According to the guard intervals properties, the channel matrix is circular, we can perform the 

FFT of 3�U�, the frequency signal domain n�U�  can be expressed as: 

 n�U� � e. @. ef. T�U�                                                                                                          �3.23� 

The matrix e. @. ef  is the frequency channel expression, where the circular matrices are 

diagonal in the frequency domain. 

n�U� � �@�V0~0   0���  ���0   0~0@�W
� . T�U�                                                                                             �3.24� 

Where @�� are the channel frequency responses given by: 

@�� � Z 2qexp � _2Dp�/��r�V
qb�                                                                                               �3.25� 

We can write the frequency received signal, for k-th sub-carrier and b-th symbol block as: 

n��U� � @��. B��U� � %��U�                                                                                                  �3.26� 

Where %� is the AWGN noise vector with variance  �a+, where %�~�0, �a+�. 
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3.2    MIMO OFDM 

   Future wireless systems require high data rates. Conventional systems are limited by ISI due 

to frequency selectivity of the wireless channel. By sending information in parallel with larger 

symbol durations, OFDM systems avoid the ISI significantly. OFDM is a multi-carrier 

transmission scheme that is well recognized for its potential for attaining high rate 

transmission over frequency selective channels. OFDM is thus a promising candidate for 

mobile broadband wireless and has already been adopted in many high rate wireless 

communications standards such as DAB/DVB-T, 802.11 WLAN, 802.16 WMAN etc.  SM 

have been used providing a data rate increase. The system includes de-multiplexing and 

multiplexing units (no coding) with the effect that the information stream is split into multiple 

parallel systems, which are independently encoded and transmitted simultaneously from the 

multiple antennas, the data rate can be further increased via the exploitation of the MIMO 

technique. 

MIMO technology can be used to improve further OFDM systems in terms of spectrum 

efficiency/capacity, link reliability and coverage. Given an arbitrary wireless communication 

system, we consider a link for which the transmitter and the receiver are equipped with 

multiple antenna elements. The basic idea of MIMO is that the signals on the transmit 

antennas and the receive antennas are combined in such a way that the QOS (bit error ratio - 

BER) or the capacity (bits per second - bps) will be improved. We will focus on spatial 

multiplexing systems, that offer a linear (in the number of transmit-receive (TX-RX) antenna 

pairs or  h�% ��', �3�) increase in the capacity for the same bandwidth and with no 

additional power expenditure. MIMO offers additional parallel channels in spatial domain to 

boost the data rate [42]. The combination of MIMO and OFDM, Hence, MIMO OFDM is a 

promising combination for the high data requirement of future wireless systems [1, 2, 8, 18, 

63]. 
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3.2.1    MIMO OFDM Transceiver    

 For a MIMO OFDM system with �' transmit and �3 receive antennas, as shown in Figure 

3.12. (a) and (b), we show the transmitter and receiver structure of the MIMO OFDM system. 

The information bits are modulated with a selected constellation. The modulation symbols 

will then go through the MIMO block and be mapped to different spatial streams. After that, 

the data on each spatial stream are OFDM modulated and transmitted the frequency selective 

channel.  In other words, the duplication is repeated in the next OFDM symbol rather than the 

next sub-carrier frequency. The operations of the OFDM modulation and demodulation are 

shown in Figure 3.12.  

 

 

 

 

 

 

 

 

                                                   (a).   Transmitter structure 

 

 

 

 

 

 

 

 

(b).Receiver structure 

 

Figure 3.12: System diagram of a MIMO OFDM with �' transmit and �3 receive antennas. 
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Each spatial stream goes through a serial to parallel (S/P) conversion and the IFFT block to 

convert the frequency domain signals into time domain. The time domain signal then goes 

through the parallel to serial (P/S) conversion and is appended with a CP. The length of the 

CP has to be longer than the delay spread of the multi-path channel in order to preserve the 

orthogonality among the sub-carriers of an OFDM symbol. At the receiver, a reverse process 

is implemented, i.e. the CP is removed after the timing synchronization is achieved, and FFT 

operation is performed to convert the time domain signals into frequency domain. The MIMO 

detection is then carried out in the frequency domain for each sub-carrier.  

The MIMO OFDM system breaks the modulated symbols T��� and de-multiplexed into �' 

sub-streams, with  � time period sub-carrier of OFDM symbols. Denotes T� symbol vector � g 1, corresponding � sub-carriers to be transmitted from antenna �, � � 1, . . , �'. 

Let be the modulated data matrix   �' g �:  

T � RTV? , T+? , … … , T��? S?                                                                                                       �3.27� 

Each sub-stream goes through an OFDM modulator and performing the IFFT operation at  

each transmit antenna to make �' OFDM symbols, the CP is inserted to each OFDM symbol 

to avoid ISI due to channel delay spread. The transmitted time domain is given by: 

5� � ef  T�                                                                                                                                �3.28� B� � R5��Q  � � 1� … . 5����5��1� … . . 5����S                                                               �3.29� 

At the receiver, the received signal at the j-th receive antenna is the superposition of all �' 

transmitted OFDM blocks going through channel plus noise.  

3� � �x5�' Z 2��,�
��
�bV  B� � %�        _ � 1, … . . , �3                                                                   �3.30� 

The equation (4.7) in expanded form can be represented by following matrix form: 

 

{||
|||
||}

3V�3+�.....3Wz?�� ���
���
��� � Z

{||
|||
|||
}

{||
|||
||}

2���2V��~2r�V��0~00
  

02���2V��~2r�V��0~0
  

�02���2V��~2r�V��~0
  

0…0��~�0
  

00�0��~2r�V��
  

00��0���
 

00���0�2V��
  

00~~~~02���
 
���
���
��� .

{||
|||
|} BV�B+�.....BWz#� ���

���
��

���
���
���
�

��
�bV �

{|
||
||
|} %V�%+�.....%Wz#� ��

��
��
��
   �3.31� 
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We can rewrite the received vector 3� by using the cyclic character of 5�, as follows: 

3� � �x5�' Z 2��,���
�bV  5� � %�        _ � 1, … . . , �3                                                                   �3.32� 

{|
||
||
|}3V�3+�.....3W���

��
��
��

� Z
{||
|||
||}

{||
|||
|} 2�2V~2r�V0~00

  
02�2V~2r�V0~0

  
�02�2V~2r�V~0

  
0…0��~�0

  
00�2���~2r�V

  
2r�V00�0���

 
��00�0�2V

  
2V~2r�V00~02�

 
���
���
��

{||
|||
|}5V�5+�.....5W� ���

���
��

���
���
�����

�bV �
{|
||
||
|}%V�%+�.....%W� ��

��
��
��
                         �3.33� 

 

The circular matrix � g �, satisfy: 

2��,� � ef  ��,� e                                                                                                                       �3.34�   
��,� � <��& �@�,��1�, @�,��2�, … . @�,�����                                                                         �3.35� 
The channel frequency domain is given by: 

@�,���� � Z 2��,���p� ��� + ,�qWr�V
qb�                                                                                             �3.36� 

We can rewrite the equation (3.33) as follows: 

3� � �x5�' Z ef  ��,� e  ��
�bV  5� � %�        _ � 1, … . . , �3                                                       �3.37� 

After removing CP and FFT transformation by OFDM demodulator, the received signal in 

frequency domain at each receive antenna _ can be represented by equation (3.37). 

m�  �  e 3�  

       �  �x5�' Z e ef ��,�  ��
�bV e 5� � e %�             _ � 1, … . . , �3 

        � �x5�' Z e ef ��,� e  ��
�bV ef  T� � e %�        _ � 1, … . . , �3 

         � �x5�' Z  ��,�  ��
�bV  T� � ��                                                                                              �3.37�     
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Since e is an orthogonal matrix, and the matrices ��,� are diagonal, we can write the k-th 

component of m� as follows: 

m���� � �x5�' Z  @�,���� ��
�bV  T���� � �����      � � 1, … . . , �                                         �3.38� 

m���� � �x5�' @�����T���� � �����    � � 1, … . . , �                                                        �3.39� 

Where T���� is the �' transmitted symbols, at the k-th sub-carrier. And @�����  are the 

channel coefficient gains at the k-th sub-carrier. T���� � RTV���, T+���, … . . , T�����S?                                                                              �3.40� @����� � �2�,V���, 2�,+���, … . . , 2�,������                                                                           �3.41� 
The resulting of the �3 receive signal vector, can be represented by the following model: 

� mV���~mW����� � �x5�' � @�V���~@�W����� T���� � � �V���~�W�����                                                               �3.42� 

        m��� � �x5�' @����T���� � ����    � � 1, … . . , �                                                   �3.43� 

From the equation (3.43), the frequency selective MIMO channel is decoupled into � parallel 

flat fading channels. We consider all the � tone sub-carrier; the all received signal can be 

express as: 

m � �x5�' @�T� � 4                                                                                                                  �3.44� 
@� � �@��0�0~0   0@��1�~�   ���0   0~0@�����                                                                                               �3.45� 

If the frequency selective Rayleigh fading channel is constant during each OFDM block 

(quasi-static, i.e., the fading coefficients are constant over the transmission of an OFDM 

symbol), then @��1� � @��2� � � � @���� � @                                                                                        �3.46� 

The overall received signal can be written as: 

      n � ��"�� @T � �                                                                                                              �3.47� 
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3.2.2     Capacity Calculations 

Considering the channel that is unknown at the transmitter and perfectly known at the 

receiver, the open loop capacity of MIMO OFDM channel is the mean over all frequency 

subcarriers defined in [10, 66]. For large number of random channels, the mean and outage 

capacity can be calculated using (3.48) given by. 

� � 1�� Z p1&+
W


�bV ^wW� � ��F�' @�@�f`                                                                                �3.48� 

Where   ��F � x5/2�a+ and @� is the �3 g �' channel matrix at the k-th sub-carrier block 

index.  

3.3    MIMO STBC OFDM Schemes 

   Recent researches results have shown that the adverse effects of the wireless propagation 

environment can be significantly reduced by employing multiple transmit and receive 

antennas, resulting in MIMO communication systems. 

Traditional space time codes were designed to extract spatial diversity from a flat fading 

MIMO channel, and are not generally effective at extracting the additional frequency diversity 

of a frequency selective fading channel. Combining MIMO systems with OFDM modulation, 

MIMO-OFDM systems have been proposed, and two coding approaches have been suggested 

for such systems: Space frequency (SF) coding [10,17,67,68], to exploit the spatial and 

frequency diversities, and space time (ST) coding [11,69,70,71], to exploit the spatial, 

temporal, diversities available in frequency selective MIMO channels. Both ST and SF have 

proven to be effective techniques in enhancing the error performance and increasing the 

capacity of wireless channels. 

In multi-path MIMO channels, the maximum achievable diversity order is the product of the 

number of transmit and receive antennas and the number of resolvable propagation paths (i.e., 

the number of nonzero channel taps) [63,72]. To achieve this full diversity requires that the 

information symbols be carefully spread over the tones as well as over the transmitting 

antennas. One advantage in using SFBC instead of STBC is that, in SFBC, the coding is done 

across the sub-carriers inside one OFDM symbol duration, while STBC applies the coding 

across a number of OFDM symbols equal to number of transmit antennas, thus, an inherent 

processing delay is unavoidable in STBC. 
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3.3.1    Space Time Block Code OFDM 

The encoding of each user data is done by STBC-OFDM encoder [9]. The q-th user’s 

continuous input signal blocks 1 g � of length �1� and �2�  will be encoded as two 

consecutive transmitting OFDM symbol blocks. Space time block encoder takes each pair of 

input vectors together and applies the Alamouti scheme on them. The length of each vector is �, which is the number of OFDM sub-carriers. For each pair of two successive data symbol 

vectors, if �1 is the first block data symbol vector and �2 is the second block vector, which 

are the frequency domain symbols, they are defined as 

�1 � R��1� ��2� ��3� … … … … ����S                                                                               �3.49� �2 � R��� � 1�   ��� � 2� … ��2��S                                                                               �3.50� 

For the first transmitter, �1 is transmitted during the first time slot followed by   �2: in the 

second time slot. For the second transmitter, �2 is transmitted first followed by �1:. The 

equivalent space time block code transmission matrix is given by 

Q ?¡¢ � £�1  �2:�2 �1: ¤                                                                                                         �3.51� 

Therefore, entries of the transmission matrix are the OFDM symbol vectors �1, �2, and their 

complex conjugates.  

3.3.1.1    STBC user with Single receive antenna case 

We assume that the channel responses are constant during the two time slots. Let 3V��� and 3+���  represent the demodulated symbols at single receive user’s antenna, after the OFDM 

demodulator, on the k-th
 
sub-carrier at the first and second time slot, respectively. 3V���  and 3+���  , � � 1,2, … , �  ,can be represented as 

3V���   � @VV��� �1��� � @V+��� �2��� � %V���                                                         �3.52�     3+��� �  @VV��� �2:��� � @V+��� �1:��� � %+���                                                    �3.53�       
Assuming that ideal Channel State Information (CSI) is available at the receiver, the decision 

variables are constructed by combining 3V���  , 3+���, and the channel frequency response,  

we get 

�¥1��� � �|@VV|+ � |@V+|+  � �1��� �   @VV:��� %V��� � @V+��� %+:���                  �3.54� 

�¥2��� � �|@VV|+ � |@V+|+  � �2��� �  @V+:���%V��� @VV��� %+:����                    �3.55� 
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Which are then sent to the maximum likelihood decoder, to decide the most probable sent 

vectors �1 and �2. 

3.3.1.2    STBC User with Two receive antenna case 

We assume that the channel responses are constant during the two time slots. Let 3VV���, 3V+��� and 3+V���, 3++���, represent the demodulated symbols, after the OFDM 

demodulator, on the k-th
 
sub-carrier at the first and second time slot, respectively, at receive 

antenna 1 and 2 .The received signal 3VV���, 3V+��� and 3+V��� , 3++��� , � � 1,2, … , �  ,can be 

represented as 

3VV���     � @VV��� �1��� � @V+��� �2��� � %VV���                                                       �3.56�        3V+:��� �  @VV:��� �2��� � @V+:��� �1��� � %V+:���                                                 �3.57� 3+V���     � @+V��� �1��� � @++��� �2��� � %+V���                                                        �3.58�       3++:��� �  @+V:��� �2��� � @++��� �1��� � %++:���                                                   �3.59�      
Assuming that ideal Channel State Information (CSI) is available at the receiver, the decision 

variables are constructed by combining 3VV���, 3V+���, 3+V���, 3++���, and the channel frequency 

response we get.  

�¥1��� � �|@VV|+ � |@V+|+ � |@+V|+ � |@++|+��1��� 

                   ��@VV:���%VV��� � @+V���%+V��� 

                   �@V+���%V+:��� � @++��� %++:����                                                               �3.60�    
�¥2��� � �|@VV|+ � |@V+|+ � |@+V|+ � |@++|+ ��2��� 

               �@V+��� %VV���  @VV��� %V+:��� 

                @+V��� %++:��� � @++��� %+V���                                                                     �3.61� 

Which are then sent to the maximum likelihood decoder, to decide the most probable sent 

vectors �1 and �2.  For more detail of encoding and decoding of STBC-OFDM, for more 

detail (see Appendix B). 
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3.3.2    Space Frequency Block Code OFDM  

Now we describe the encoding and decoding process using space frequency block coded 

OFDM (SFBC-OFDM) proposed in [73]. 

In SFBC-OFDM, the data symbol vector for q-th user is defined as �� � R��1���2� … ����S, 
where � is the number of OFDM sub-carrier.  

The symbol vector is coded into two length 1 g � vectors, �V and �+ by the space frequency 

encoder block as: 

�V � R��1�   �:�2� … … ���  1�   �:���S                                                                 �3.62�    �+ � R��2�      �:�1� … . . ����       �:��  1�S                                                                  �3.63�   

(*) denote the conjugate of symbol  � . �V is transmitted from the first antenna transmitter, while �+ is transmitted simultaneously 

from the second antenna transmitter.  The operations of the space frequency encoder and 

decoder can be best described in terms of even and odd component vectors. According to the 

operation of the SFBC encoder described in [10, 67], the symbol vector � is divided into the 

even component �§ and the odd component  �¨. 

Let �§  
and �¨ 

be two length �/2 vectors denoting the even and odd component vectors of �. 

Therefore, 

�¨ � R��1�  ��3� …  ���  3� ���  1�S                                                                         �3.64� �§ � R��2�  ��4� … … …  ���  2�  ����S                                                                        �3.65� 

Similarly, �V§, �V¨, �+§, and �+¨ 
denote the even and odd component vectors of �V and �+, 

respectively. Then the output of the SFBC encoder can be expressed in terms of the even and 

odd component vectors as:   

 Equations (3.64) and (3.65) can then be expressed in terms of the even and odd component 

vectors as 

*�V§ �  �§:�+§ � �¨: 6          * �V¨ � �¨�+¨ �  �§ 6                                                                                               �3.66�  
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3.3.2.1    SFBC User with Single receives antenna case 

Let 3��� represents the demodulated symbol, after the OFDM demodulator, on the k-th
 
sub-

carrier, � � 1,2, … . , � 

 3��� � @VV���  �V��� � @V+��� �+��� � %���                                                               �3.67�         
Where  @�� ��� is the channel frequency response from transmit antenna � to receive antenna _, 
on the k-th

 
sub-carrier.  Let 3§���  and 3¨���, � � 1,2, … . , �/2 , represent the even and odd 

components of 3���. Thus, 3§���  and 3¨���, can be represented as: 

3¨��� � @VV̈��� �V̈ ��� � @V+̈��� �+̈ ��� � %¨���                                                           �3.68�     3§��� � @VV§ ��� �V§��� � @V+§ ��� �+§��� � %§���                                                            �3.69�         
Where %§��� and %¨��� represent the even and odd components, respectively, of the 

demodulated noise vector. Substituting equations (3.66) into equations (3.68) and (3.69), we 

get 

3¨��� � @VV̈��� �¨��� � @V+̈���  �§��� � %¨���                                                          �3.70�         3§��� �  @VV§ ��� �§:��� � @V+§ ��� �¨:��� � %§���                                                    �3.71�         
From equations (3.70) and (3.71), we conclude that SFBC-OFDM can be represented by the 

transmission matrix for adjacent OFDM sub-carrier.  

  Q >¡¢ � ©�¨  �§:�§ �¨: ª                                                                                                          �3.72� 

Assuming that ideal channel state information is available at the receiver, the decision 

variables are constructed by combining 3§���,  3¨��� and the channel frequency response, 

and the complex channel gains between adjacent sub-carriers are approximately constant, 

such as @VV̈��� � @VV§ ��� � @VV      @V+̈��� � @V+§ ��� � @V+ 

Therefore, we get 

�¥¨��� � �|@VV̈|+ � |@V+§ |+ ��¨��� � @VV̈:���%¨��� � @V+§ ��� %§:���                       �3.73� �¥§��� � �|@VV̈|+ � |@V+̈|+� �§��� � @V+̈:���%¨��� @VV§ ���%§:���                          �3.74� 

Where �¥§��� and �¥¨���, � � 1,2, … , �/2 are combined together to construct �¥���, � �1,2, … , �.  �¥���, is sent to the maximum likelihood decoder, to decide the most probable sent 

vectors �. 
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3.3.2.2    SFBC User with Two receives antenna case 

Let 3V���, 3+��� represents the demodulated symbol, after the OFDM demodulator, on the k-

th
 
sub-carrier, � � 1,2, … , � at receive antenna 1 and 2.  

3V��� � @VV���  �V��� � @V+��� �+��� � %V���                                                            �3.75�        3+��� � @+V���  �V��� � @++��� �+��� � %+���                                                            �3.76�       
Where @�����) is the channel frequency response from transmit antenna _ to receive antenna �, 
on the k-th sub-carrier.  Let 3V§��� , 3V̈ ���  and  3+§��� ,  3+̈ ���,  � � 1,2, … , �/2 ,  represent 

the even and odd components of 3V��� , 3+��� respectively. Thus, 3V§��� , 3V̈ ���  and 3+§���   3+̈ ���, can be represented as: 

3V§��� � @VV§ ��� �V§��� � @V+§ ��� �+§��� � %V§���                                                            �3.77�         3V̈ ��� � @VV̈��� �V̈ ��� � @V+̈��� �+̈ ��� � %V̈ ���                                                           �3.78�         3+§��� � @+V§ ��� �V§��� � @++§ ��� �+§��� � %+§���                                                           �3.79�       3+̈ ��� � @+V̈��� �V̈ ��� � @++̈��� �+̈ ��� � %+̈���                                                           �3.80�     
Where %V§���, %V̈ ��� and %+§���, %+̈��� represent the even and odd components, respectively, 

of the demodulated noise vector.  

Substituting equation (3.66) into equations (3.77),(3.78) and (3.79), (3.80) we get 

3V§��� �  @VV§ ��� �§:��� � @V+§ ��� �¨:��� � %V§���                                                     �3.81�        3V̈ ��� � @VV̈��� �¨��� � @V+̈���  �§��� � %V̈ ���                                                           �3.82�  3+§��� �  @+V§ ��� �§:��� � @++§ ��� �¨:��� � %+§���                                                     �3.83�       3+̈ ��� � @+V̈��� �¨��� � @++̈���  �§��� � %+̈���                                                           �3.84�    
Assuming that ideal channel state information is available at the receiver, the decision 

variables are constructed by combining 3V§���, 3V̈ ���, 3+§���, 3+̈ ��� and the channel frequency 

response, and the complex channel gains between adjacent sub-carriers are approximately 

constant, such as 

@VV§ ��� � @VV̈��� , @V+§ ��� � @V+̈���  ,   @+V§ ��� � @+V̈��� ,   @++§ ��� � @++̈��� �¥¨��� � �|@VV̈|+ � |@V+§ |+ � |@+V̈|+ � |@++§ |+ � �¨���                 �@V+§ ��� %V§:��� � @VV̈:��� %V̈ ��� � @++§ ��� %+§:��� � @+V̈:���%+̈���       �3.85� �¥§��� � � |@VV§ |+ � |@V+̈|+ � |@+V§ |+ � |@++̈|+ ��§���                @VV§ ��� %V§:��� @+V§ ���%+§:��� � @V+̈:���%V̈ ���� @++̈:���%+̈���             �3.86� 
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Were �¥§��� and �¥¨���, � � 1,2, … , �/2 are combined together to construct �¥���, � �1,2, … , �. �¥���, is sent to the maximum likelihood decoder, to decide the most probable sent 

vectors �. For more detail of encoding and decoding SFBC-OFDM, for more detail see 

Appendix B. 

That is why we denote this scheme by space frequency, as each transmitted symbol is 

encoded on two consecutive sub-carriers, instead of two consecutive OFDM frames as in 

STBC-OFDM. In SFBC-OFDM, the encoding is done over one OFDM frame.  

3.4   MIMO and OFDM Applications 

    MIMO is applicable to all kinds of wireless communication technologies. However, the 

combination of MIMO and OFDM has the following advantages. OFDM is adapted for multi-

path propagation in wireless systems. The length of the OFDM frames is determined by the 

GI. This Guard Interval restricts the maximum path delay and therefore the expansion of the 

network area. MIMO also uses the multi-path propagation.  

OFDM is a wideband system with many narrowband sub-carriers. The mathematical MIMO 

channel model is based on a narrow band non-frequency selective channel. The latter is 

supported by OFDM as well. Fading effects in wideband systems normally occur only at 

particular frequencies and interfere with few sub-carriers. The data is spread over all carriers, 

so that only a small amount of bits get lost, and these can be repaired by a forward error 

correction (FEC). OFDM provides a robust multi-path system suitable for MIMO. At the 

same time OFDM provides high spectral efficiency and a degree of freedom in spreading the 

time dimension of Space Time Block Codes over several sub-carriers. This results in a 

stronger system. 
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3.5   MIMO Standards 

Table 3.1, gives an overview of all current MIMO standards and their technologies [74]. It is 

clear to see, that with the exception of 3GPP Release 7, all standards work with OFDM. The 

advantages of OFDM can obviously be linked to MIMO. 

Standard Technology 

WLAN 802.11n OFDM 

WIMAX 802.16-2004 OFDM/OFDMA 

WIMAX 802.16e OFDMA 

3GPP Release 7 WCDMA 

3GPP Release 8 (LTE) OFDMA 

802.20 OFDM 

802.22 OFDM 

          

Table 3.1: MIMO Standards and the corresponding technology 

3.6    Conclusion 

    In this chapter, we introduced a unified view on OFDM technique. First the  FDM 

evolution and the basic principles of the OFDM system is explained with introducing its 

signal model, and the orthogonality concept .Thus OFDM effectually converts a frequency 

selective fading channel into a set of parallel flat fading channels. The general transceiver 

consist of converts digital data to be transmitted, into a mapping of sub-carrier and a block 

IFFT modulation per transmit antenna. However, is imposed by the OFDM overhead, i, e., the 

guard subcarriers and guard time to preserve the orthognality. The removed of the guard time 

at the receiver and a block of FFT demodulator per receive antenna to signal recover. Second 

the general principle of MIMO OFDM is explained and its signal model is introduced after. 

Furthermore, MIMO OFDM capacity is calculated. Third the combination of STBC and 

MIMO OFDM is discussed; the investigating of space time block codes for frequency 

selective fading channels from a capacity perspective is an important and interesting direction 

for future studies. The general transceiver of the hybrid scheme consists of an encoder, a 

space time mapper, using either space time code or space frequency code, and per transmit 

antenna an IFFT modulation block. The FFT block demodulation per receive antenna, after 

the decoding process according to each space code type. Finally, some kinds applications of 

MIMO OFDM in wireless communication technologies. 
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4.1   Multiple Access Techniques 

   Multiple accesses (MA) refer to a technique that allows several users to share a common 

communications channel. The available domains for multiple accesses are space, time and 

frequency. In wireless communication, several techniques such as Time Division Multiple 

Access (TDMA), Frequency Division Multiple Access (FDMA) and Code Division Multiple 

Access (CDMA) are used for sharing the spectrum resources available for use. TDMA assigns 

different time slots to users while FDMA assigns a different frequency to each user. However, 

the CDMA technique shares the entire bandwidth by distinguishing signals with a unique 

signature for each user. The most traditional multiple access techniques are based on user 

separation using different signature waveforms. The oldest multiple access technique is 

frequency division multiple access (FDMA) where different signature waveforms use 

different frequency. The user separation is then performed simply by bandpass filtering. 

The introduction of digital modulations enabled the appearance of time division multiple 

access (TDMA) where each user’s signature waveform is limited to a predetermined time 

interval. Source separation is analogous to extracting the streams corresponding to each 

antenna in the transmit array. However, the transmit diversity detection problem is simpler, 

since the sources are discrete rather than continuous random variables. Another superset of 

transmit diversity detection is the class of problems known as multiuser Detection 

(MUD)[75]. In this case, the receive antenna observes K signals coming not only from 

different antennas, but also from different users. Detecting the signals of the individual users 

is also analogous to extracting the streams transmitted by each antenna in a transmit diversity 

system. The user separation is then performed by synchronizing and correlating with the 

corresponding user’s signature waveform. 

The appearance of spread spectrum techniques for anti-jamming and low probability of 

interception capabilities has led to the development of code division multiple accesses 

(CDMA). CDMA can be implemented using frequency hopping (FH), time hopping (TH), 

direct sequence (DS) spread spectrum (SS) as well as multi-carrier (MC) techniques. In FH-

CDMA users’ signature waveforms are located at different center frequencies at different time 

intervals. The hopping from one frequency to another is controlled by user specific hopping 

sequences. In DS CDMA, different users’ signature waveforms are allowed to overlap both in 

time and in frequency, but they are orthogonal in the code domain. This can be achieved by 

allocating each user a unique spreading sequence, whereby the signal redundancy is achieved 
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in time domain [76]. On the contrary, in MC-CDMA the redundancy of each user’s data is 

achieved in frequency domain [77].  

The simplest way to achieve spatial multiple access is to simply separate multiple users far 

apart in order to allow for sufficient attenuation of the signals. More advanced techniques 

include space division multiple access (SDMA) [7], or beamforming, which is based on the 

use of closely spaced antennas to spatially isolate the users or spatial multiplexing which 

relies on antennas spaced far apart and the rich scattering environment to perform user 

separation [78,79].  

Unlike in the former case, where it was necessary for different users to be placed in different 

spatial directions, this is not necessary for the latter one. The difference between SDM and 

SDMA is that the latter allows different users to transmit simultaneously on a single antenna 

each, whereas in SDM a single user transmits simultaneously on multiple antennas [7]. 

This can be justified by the fact that, similarly to the conventional SDMA case, it is 

essentially the spatial position of different users that allows for their separation at the receiver.  

The use of multiple receive antennas theoretically enables multiple access using only a single 

carrier frequency. In wideband system, however, the frequency selectivity of the channel 

becomes one of the factors that dominate receiver performance. MC techniques are an 

effective way to mitigate this problem by converting a frequency selective channel into a set 

of frequency flat fading channels. By doing so, the channel frequency selectivity can be 

exploited to achieve additional diversity gains. 
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4.2    Multi User Detection 

  The receiver performance in the presence of interference is dominated by the knowledge it 

has about the interference structure. Depending on this knowledge, appropriate algorithms can 

be applied to use the receiver’s DOF( Degree of Freedom) to mitigate the degrading effects of 

interference. Spread spectrum is a signal processing technique that distinguishes CDMA, 

where a data symbol is modulated with a noise like wideband signal called a pseudo noise 

(PN) sequence. Otherwise, the performance of wireless communications is also primarily 

limited by MAI in multiuser applications. 

This process is  known as spreading, and is intended to suppress MAI due to interference from 

other users in the same cell (intra cell interference), and possibly users from adjacent cells 

(inter cell interference). 

In many situations, interference can be modeled as AWGN that has structure neither in space 

nor in time/frequency domains. The matched filter [80] is well known to be the optimal 

receiver for that scenario, if the pulse shape of the signal of interest is known at the receiver, it 

depends on the cross-correlation properties between the PN sequences from all active users 

and the spreading factor, which is defined as the ratio in bandwidth between the information 

bearing signal and the PN sequence. The matched filter is optimal in a white Gaussian noise 

environment, but suffers from the near far effect when MAI is present; the performance of the 

matched filter deteriorates when the received powers from interfering users are greater than 

that of the desired user. In case that the interference possesses any kind of structure in space 

and/or time, the matched filter designed for AWGN noise is not capable of exploiting it.  

Signal correlation is another property which resulted in a variety of wide band and narrow 

band interference (WBI and NBI, respectively) suppression techniques that exploit 

interference correlation in time, frequency and spatial domains [76].    

In the multiuser case, several works have proposed for development of advanced algorithms 

that can improve the receiver’s performance by exploiting this structure. The optimal receiver 

for MAI is known to be the MUD, where all the interfering signals are detected jointly with 

the signal of interest (SOI), providing for the receiver in the process of eliminating the MAI 

and ISI, the considered receivers detect the information bearing bits of the desired user while 

suppressing interference. 
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 For ISI the optimal detector is the maximum likelihood sequence estimator (MLSE) [7, 81]. 

The ML multiuser receiver encompasses a bank of matched filters that produces a set of 

sufficient statistics, followed by a Viterbi decoder. The complexity of the ML receiver is 

exponential in the number of users, rendering it impractical. 

The combinations of detection methods that simultaneously make use of several signal 

properties and perform processing in several domains have attracted considerable attention. 

The examples are space time interference suppression [82], time frequency interference 

suppression [83] and joint MUD of SOI and interference for NBI and WBI interference 

suppression [84, 85]. Note that these methods require knowledge of channel state information 

(CSI) at the receiver side. In case that the CSI is not available but the signals are still of 

interest, one could resort to the rich literature on blind de-convolution with blind source 

separation, blind equalization and blind multiuser detection as special cases [76].   

In channel coded systems, the complexity of an optimal receiver that jointly performs signal 

and interference detection with channel decoding is prohibitively complex [86, 87, 88]. 

However, the complexity can be significantly reduced by means of the suboptimal iterative 

receiver structures. In most of the cases the performance of the suboptimal iterative receivers 

is close to that of the globally optimal receiver due to the very reliable signal estimates 

obtained after channel decoding. An iterative multiuser detection and decoding [89], iterative 

equalization and decoding [90], and iterative channel estimation, equalization and decoding 

[91]. 

Suboptimum linear receivers such as the de-correlating and the minimum mean squared error 

(MMSE) receivers have been proposed [19, 83] to trade off complexity and performance 

among the conventional and optimal receivers, however, they still require computationally 

intensive matrix inversion. More practical and simple approaches include multistage decision-

feedback receivers such as the V-BLAST parallel interference cancellation (PIC) detector [92, 

93], as well as the serial interference cancellation (SIC) detector [93, 94]. Although both 

receivers have linear complexity in the number of users, the SIC causes longer delay, while 

the PIC demands more hardware. 

The received signals are then combined using optimal weights, forming a signal with better 

quality than each individual one. Three common diversity schemes are maximum ratio 

combining (MRC), equal gain combining (ECG) and selection combining (SC) [44]. 

 

 



Chapter IV : Multi User Systems 

 

87 

 

4.3   Multi User Systems  

  While traditional wireless communications ( SISO) exploit time or frequency domain pre-

processing and decoding of the transmitted and received data respectively, the use of 

additional antenna elements at either the base station  (BS) or user equipment (UE) side (on 

the downlink and/or uplink) opens an extra spatial dimension to signal pre-coding and 

detection [95]. So called space time processing methods exploit this dimension with the aim 

of improving the link’s performance in terms of one or more possible metrics, such as the 

error rate, communication data rate, coverage area and spectral efficiency (bits/sec/Hz/cell). 

Depending on the availability of multiple antennas at the transmitter and or the receiver, such 

techniques are classified as (SIMO), (MISO) or MIMO. Thus in the scenario of a multi-

antenna enabled base station communicating with a single antenna UE, the uplink and 

downlink are referred to as SIMO and MISO respectively [96].  

When a (high-end) multi-antenna terminal is involved, a full MIMO link may be obtained, 

although the term MIMO is sometimes also used in its widest sense, thus including SIMO and 

MISO as special cases. While a point-to-point multiple antenna link between a base station 

and one UE is referred to as Single user MIMO (SU-MIMO), multiuser MIMO (MU-MIMO) 

features several UEs communicating simultaneously with a common base station using the 

same frequency and time domain resources.  

 

 

 

 

 

 

                                          

 

                                      

                 

                 

 

Figure 4.1: Block diagram of Single Cell Multi User MIMO. 
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Figure 4.1, Illustrates the block diagram of a single cell multiuser MIMO with �� transmits 

antennas and �� receives antennas for all selected users. By extension, considering a multi-

cell context, neighboring base stations sharing their antennas in virtual MIMO fashion to 

communicate with the same set of UEs in different cells will be termed multi cell multiuser 

MIMO. 

4.3.1   Comparing Single User and Multi User MIMO     

  The set of MIMO techniques featuring data streams being communicated to (or from) 

antennas located on distinct UEs in the model is referred to as Multi User MIMO (MU-

MIMO).  The MU-MIMO scenario differs in a number of crucial ways from its single user 

counterpart. In MU-MIMO, K UEs are selected for simultaneous communication over the 

same time frequency resource, from a set of U active UEs in the cell. Typically K is much 

smaller than U. Each UE is assumed to be equipped with �� antennas, so the selected UEs 

together form a set of  �� � ��	  UE side antennas. Since the number of streams that may be 

communicated over an �� to �� MIMO channel is limited to 
�� ���, ��� (if complete 

interference suppression is intended using linear combining of the antennas), the upper bound 

on the number of streams in MU-MIMO is typically dictated by the number of base station 

antennas ��. The number of streams which may be allocated to each UE is limited by the 

number of antennas �� at that UE. For instance, with single antenna UEs, up to �� streams 

can be multiplexed, with a distinct stream being allocated to each UE.  This is in contrast to 

SU-MIMO, where the transmission of �� streams necessitates that the UE be equipped with 

at least �� antennas. Therefore a great advantage of MU-MIMO over SU-MIMO is that the 

MIMO multiplexing benefits are preserved even in the case of low cost UEs with a small 

number of antennas. As a result, it is generally assumed that in MU-MIMO it is the base 

station which bears the burden of spatially separating the UEs, be it on the uplink or the 

downlink. Thus the base station performs receive beamforming from several UEs on the 

uplink and transmit beamforming towards several UEs on the downlink. Another fundamental 

contrast between SU-MIMO and MU-MIMO comes from the difference in the underlying 

channel model. While in SU-MIMO the de-correlation between the spatial signatures of the 

antennas requires rich multi-path propagation or the use of orthogonal polarizations, in MU-

MIMO the de-correlation between the signatures of the different UEs occurs naturally due to 

fact that the separation between such UEs is typically large relative to the wavelength [96]. 
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4.3.2   Comparing techniques for Single and Multiple antenna UEs    

  In the case of MU-MIMO for single antenna UEs, it is worth noting that the number of 

antennas available to a UE for transmission is typically less than the number available for 

reception. Note that no more than  �� users can be served (i.e. � � ��) if inter-user 

interference is to be suppressed fully. 

In theory, essentially two ways, of exploiting the additional antennas at the UE side. In the 

first approach, the multiple antennas are simply treated as multiple virtual UEs, allowing high 

capability terminals to receive or transmit more than one stream, while at the same time 

spatially sharing the channel with other UEs. For instance, a four antenna base station could 

theoretically communicate in a MU-MIMO fashion with two UEs equipped with two antennas 

each, allowing two streams per UE, resulting in a total multiplexing gain of four. Another 

example would be that of two single antenna UEs, receiving one stream each, and sharing 

access with another two antenna UE, the latter receiving two streams. Again the overall 

multiplexing factor remains limited to the number of base station antennas. 

The second approach for making use of additional UE antennas is to treat them as extra DOF 

for the purpose of strengthening the link between the UE and the base station. Multiple 

antennas at the UE may then be combined in MRC fashion in the case of the downlink, or in 

the case of the uplink STC could be used. Antenna selection is another way of extracting more 

diversity out of the channel. 

4.4   MU MIMO Schemes 

  In the case of transmit beamforming and MIMO SVD based pre-coding [20, 21, 32, 33], the 

transmitter then has to acquire this channel knowledge (or directly the pre-coder knowledge) 

from the receiver usually through a limited feedback link, which causes further degradation to 

the available Channel State Information at the Transmitter (CSIT). When it comes to MU-

MIMO, the principle advantages over SU-MIMO are clear, robustness with respect to the 

propagation environment, and spatial multiplexing gain preserved even in the case of UEs 

with small numbers of antennas.  

However, such advantages come at a price. In the downlink, MU-MIMO relies on the ability 

of the base station to compute the required transmit beamformer, which in turn requires CSIT. 

The fundamental role of CSIT in the MU-MIMO downlink can be emphasized as follows:  

In the extreme case of no CSIT being available and identical fading statistics for all the UEs, 

the MU-MIMO gains totally disappear and the SU-MIMO strategy becomes optimal. 
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 As a consequence, one of the most difficult challenges in making MU-MIMO practical for 

cellular applications, and particularly for an Frequency Division Duplex (FDD) system, is 

devising mechanisms that allow for accurate CSI to be delivered by the UE to the base station 

in a resource efficient manner. This requires the use of appropriate codebooks for quantization 

[97, 98]. 

Another issue which arises for practical implementations of MIMO schemes is the interaction 

between the physical layer and the scheduling protocol. In both uplink and downlink cases the 

number of UEs which can be served in a MU-MIMO fashion is typically limited to � � ��, 
assuming linear combining structures. Often one may even decide to limit � to a value strictly 

less than �� to preserve some DOF for per user diversity.  As the number of active users U 

will typically exceed K, a selection algorithm must be implemented to identify which set of 

users will be scheduled for simultaneous transmission over a particular time frequency slot.  

A combination of rate maximization and QoS constraints will typically be considered. It is 

important to note that the choice of UEs that will maximize the sum rate (the sum over the K 

individual rates for a given sub-frame) is one that favors UEs exhibiting not only good 

instantaneous SNR but also spatial separability among their signatures. 

Note that in the case of closed loop spatial multiplexing, a UE feeds back to the BS the most 

desirable entry from a predefined codebook. The preferred pre-coder is the matrix which 

would maximize the capacity based on the receiver capabilities [31, 32, 33]. In a single cell, 

interference free environment the UE will typically indicate the pre-coder that would result in 

a transmission with an effective SNR following most closely the largest singular values of its 

estimated channel matrix. 

4.5   Multi-user Detection with V-BLAST on MIMO  

4.5.1   Introduction 

  A multilayered space time block coded OFDM system, which is a combination of the 

vertical layered space time architecture, known as V-BLAST, and the space time block coded 

OFDM system, which use the  frequency or time coding, respectively [67, 71]. This system is 

designed to provide reliable as well as very high data rate communications over frequency 

selective fading channels with low decoding complexity. OFDM is used to transform the 

frequency selective fading channel into multiple flat fading sub-channels. 
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In this section, we propose a hybrid MU multilayered space time block coded OFDM system, 

denoted by MU V-BLAST STBC-OFDM, which provides high data rates over frequency 

selective fading channel with reliable transmission. For the sake of comparison, we will 

mention the MU multilayered space frequency block coded OFDM systems, denoted by MU 

V-BLAST SFBC-OFDM.         

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2: Block diagram of the multilayered MU system for downlink system 

IFFT 
& CP 

S/P 
STBC OFDM 

Encoder 

 
IFFT 
& CP 

IFFT 
& CP 

S/P 
STBC OFDM 

Encoder 
IFFT 
& CP 

S1 

SK 

 

 

 

Σ 

1 

Mt 

Interference 
Cancellation 

STBC 
OFDM 
Decoder 

Symbols  
Detection 

& 
Substraction 

��� 

��� 

��� 

Remove 
CP & 
FFT 

Remove 
CP & 
FFT 

Remove 
CP & 
FFT 

Remove 
CP & 
FFT 

R 1 

1 

R K 

1 



Chapter IV : Multi User Systems 

 

92 

 

The hybrid multilayered space time or frequency block coded OFDM scheme partitions 

antennas at the transmitter into small groups, and uses individual space time or frequency 

block coded OFDM encoders to transmit information from each group of antennas as shown 

in Figure 4.2. At the receiver, each individual group is decoded by a non-linear processing 

technique that suppresses signals transmitted by other groups of antennas by treating them as 

interferers. The ordered successive detection strategies as shown in section 2.3.4 is considered 

in the formulation of the receivers is referred as ZF-OSIC. 

4.5.2    System model  

Frequency selective fading channels can be modeled by a tapped delay line. For a multi-path 

fading channel with L different paths, the fading channel between the i-th transmit antenna 

and j-th
 
receive antenna has discrete time baseband equivalent finite impulse response (FIR) 

coefficients collected in the � � 1 vector. 

��� � ����� , ���� , … . , ���!"�#$                                                                                                      �4.1� 

For  1 � & � ��, 1 � � � �� were  ���'   ′( ,  ) � 0,1, … , � + 1 are independent and identically 

distributed (i.i.d.), zero-mean, complex Gaussian random variables with  variance 1/2L per 

dimension. We assume that the MIMO frequency selective Rayleigh fading channel is 

constant during each OFDM block, and vary from block to another.  

Assuming there are �� receiving antennas for all K user, the received vector can be expressed 

as: 

, � -� . /                                                                                                                                �4.2� 

Where - represents the channel matrix of size �� � �� and / represents AWGN noise. 

The channel matrix is given by: 

- � 122
3 ���4���45�67�4  ���4���5�67�4  8898 ��:;4��:;45�67:;4 <==

>                                                                                                       �4.3� 

Where  ���4  are frequency responses at sub-carrier k, between the j-th receive antenna and the  

i-th transmit antenna in the case of OFDM. By apply the STBC OFDM encoding and 

decoding as introduced in section 3.4, for STC and SFC respectively, as shown in Figure 4.2. 
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4.5.3   MU STC Encoding and Decoding 

The received signal of each user �@ at receive antennas �@� , �@� , at different time slots, after 

the FFT and the CP removal, the q-th user received signal can be represented by: 

  ,@ � -@,A$B� . /@                                                                                                                  �4.4� 

Where -@,A$B channel response of each user in STC coding, and /@ is the AWGN. 

4.5.3.1   User with Single receive antenna 

We consider �@�, the receive antenna for each user, the received signals is given by the 

following equations:  

�@�;� � -CDE�  ��� .   -CDE�  ��� . 8 . -CDE�      �@�      .  -CDE�   �@� . /1           �4.5� �@�G;� � +-CDE�G  ��� . -CDE�G   ��� . 8 + -CDE�G  �@� . -CDE�G   �@� . /′G1         �4.6� 

Where /1, /′G1,  represent AWGN, and -CDE� , -CDE� and -CDE�G, -CDE�G are frequency 

responses and there conjugate, at a given sub-carrier k, as depicted in Figure 4.2. 

 Equations (4.5) and (4.6) can also be written as: 

I �@�;��@�G;�J � I -CDE� -CDE�-CDE�G +-CDE�GJ K  ���  ���L . 8 

. I -CDE� -CDE�-CDE�G +-CDE�GJ K  �@�  �@�L . M /1/ ′
G1N                                                                               �4.7� 

The received signal by the  q-th user  is summation of transmitted signal from all  K transmit 

stream and can be represented by equation (4.8 ). 

I �@�;��@�G;�J � P I -CDE� -CDE�-CDE�G +-CDE�GJ K  �@�  �@�L . K /@�/′G@�L  ,    Q � 1, … , �                             �4.8��
@S�  

Equation (4.8) can be rewritten as: 

,@ � I �@�;��@�G;�J � -@�,T U��1���2�5����V . U/�1�/�2�5/���V                                                                              �4.9� 

Where -@�,T the equivalent matrix for channel user with single receive antenna is given by: 

-XDE,Y � I-CDE�-CDE�G  -CDE�+-CDE�G  -CDEZ -CDE[-CDE[G +-CDEZG  88 -CDE:;"�+-CDE:;G  -CDE:;+-CDE:;"�G J                               �4.10� 
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I �@�;��@�G;�J � I -CDE� -CDE�-CDE�G +-CDE�GJ K  �@�  �@�L . P I -CDE� -CDE�-CDE�G +-CDE�GJ K  ���  ���L . I /@�/ ′
G@�J   �4.11�        

�
�\@  

Received signal in frequency domain can be represented by equation (4.12). 

,@ � -@�,T  �@ . P -@�,T  �� . /@
�

�S�,�\@  

,@ � -@�,T  �@ . ]@ . /@                                                                                                         �4.12�    

We can see from (4.12), that the received DL signal at the MS’s experience MUI component 

on the q-th user is represented as  ]@. 

4.5.3.2   User with Two receive antenna 

We consider  �@� , �@�, the receive antennas for each user, the received signal �@ is given by 

the following equation : 

�@�;� � -CDE�  ��� .   -CDE�  ��� . 8 . -CDE�      �@�  .  -CDE�   �@� . /@�            �4.13� �@�;� � -CD^�  ��� .   -CD^�  ��� . 8 . -CD^�      �@�  .  -CD^�   �@� . /@�            �4.14� �@�G;� � +-CDE�G  ��� . -CDE�G   ��� . 8 + -CDE�G �@� . -CDE�G   �@� . /′G@�      �4.15� �@�G;� � +-CD^�G  ��� . -CD^�G   ��� . 8                  +-CD^�G �@� . -CD^�G    �@� . /′G@�                                                                  �4.16� 

where /@�, /@�, /′G@�, /′G@�, represent AWGN and -CDE� , -CDE�, -CD^�, -CD^� and -CDE�G, -CDE�G, -CD^�G, -CD^�G , are the  frequency responses and there conjugate, at a given sub-

carrier k. Equations (4.13),(4.14),(4.15),(4.16) can also be written as 

 
122
23 �@�;��@�G;��@�;��@�G;�<==

=> �
122
23 -CDE� -CDE�-CDE�G +-CDE�G-CD^� -CD^�-CD^�G +-CD^�G<==

=> K  ���  ���L . 8 

                .
122
23 -CDE� -CDE�-CDE�G +-CDE�G-CD^� -CD^�-CD^�G +-CD^�G<==

=> K  �@�  �@�L . 122
3 /@�/′G@�/@�/′G@�<==

>                                                            �4.17�  

The received signal by the q-th user is summation of transmitted signal from all  K transmit 

stream and can be represented by equation (4.18 ). 
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122
23 �@�_�@�GT�@�_�@�GT<==

=> � P
122
23 -CDE� -CDE�-CDE�G +-CDE�G-CD^� -CD^�-CD^�G +-CD^�G<==

=> K  �@�  �@�L . 122
3 /@�/′G@�/@�/′G@�<==

>                Q � 1, … , �                   �4.18��
@S�  

Equation (4.18) can be rewritten as: 

,@ �
122
23 �Q1�1�Q1G�2�@�;��Q2G�2<==

=> � -@�,T U��1���2�5����V . U
/Q1/′GQ1/Q2/′GQ2

V                                                                             �4.19� 

122
23 �@�_�@�GT�@�_�@�GT<==

=> �
122
23 -CDE� -CDE�-CDE�G +-CDE�G-CD^� -CD^�-CD^�G +-CD^�G<==

=> K  �@�  �@�L . P
122
23 -CDE� -CDE�-CDE�G +-CDE�G-CD^� -CD^�-CD^�G +-CD^�G<==

=> K  ���  ���L . 122
3 /@�/′G@�/@�/′G@�<==

>   �4.20��
�\@  

,@ � -@�,T  �@ . P -@�,T  �� . /@
�

�S�,�\@  

,@ � -@�,T  �@ . ]@ . /@                                                                                                     �4.21� 

We can see from  (4.21), that the received DL signal at the MS’s experience MUI component  

on the q-th  user is represented as  ]@. 

-@�,T �
122
23-CDE�-CDE�G-CD^�-CD^�G

 
-CDE�+-CDE�G-CD^�+-CD^�G

 
-CDEZ+-CDE[G-CD^Z-CD^[G

 
-CDE[+-CDEZG-CD^[+-CD^ZG

 8888 
-CDE:;"�+-CDE:;G-CD^:;"�-CD^:;G

 
-CDE:;+-CDE:;"�G-CD^:;+-CD^:;"�G <==

=>                             �4.22� 

We can rewrite the q-th equivalent channel user for STBC OFDM matrix as follows: 

 

-̀@,A$aB �

12
222
22
222
3 ����@�

����@�
����@�
����@�::�CD��@�
�CD��@�

        
����@�

+����@�
����@�

+����@�::�CD��@�
+�CD��@�

         
…. . .………::…… .… .

     

��:;"��@�
��:;�@�

�CD:;"��@�
��:;�@�::�CD:;"��@�
�CD:�@�

   
��:;�@�

+��:;"��@�
��:;�@�

+��:;"��@�::�CD:;�@�
+�CD:;"��@� <=

===
==
===
>
                                        �4.23� 
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Finally the entire multiuser MIMO channel may be characterized by the super-matrix  - , 

which may be constructed by concatenating the corresponding channel matrices c-̀@d@S��
 

associated with each of the MS’s, and the composite channel matrix is denote as: 

-̀A$aB � M-̀A$aB��� , -̀A$aB��� , -̀A$aB�Z� , … . . , -̀A$aB��� N                                                                      �4.24�     

The overall user received signal can be rewritten as: 

U,�1�,�2�5,���V � -̀A$aB U��1���2�5����V . U/�1�/�2�5/���V                                                                                   �4.25� 

We can detect the desired signal vectors, ��Q�, Q � 1, . . , � from equation (4.25), using V-

BLAST (OSIC) based on  ZF  solution referred to ZF-OSIC and hence remove the 

interference between the K transmitted streams and subsequently implemented the STBC 

decoding. 

4.5.4   MU SFC Encoding and Decoding 

In this section we present MU SFBC, as shown in Figure 4.2, where the user stream are coded 

in SFC as described in section 3.4, where the user receiver is equipped with �@�, or �@� and �@�, the received signal �@ of each user at different time slots can be represented by: ,@ � -@,AeB� . /@                                                                                                                  �4.26� 

Where -@,AeB  channel response of each user in SFC coding, and /@ is the AWGN. 

4.5.4.1   User with Single receive antenna 

We consider  �@�, the receive antennas for each user, the received signal �@ for the q-th user 

can be represented by the following equation: 

�@�_ � -_CDE�  �_�� . -_CDE� ���T  . 8             .-_CDE� �@�_ . -_CDE�  �@�T . /@�                                                                           �4.27�  �@�GT � +-GTCDE� ���T . -GTCDE� ���_ . 8                +-GTCDE�  �@�T . -GTCDE� �@�_ . /@�′G                                                                     �4.28� 

where /@�, /′@�, represent AWGN and -_CDE�, -_CDE�, and  -TCDE� , -TCDE�  , -GTCDE� , -GTCDE� , are the odd and even component frequency responses and there conjugate 
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respectively, at a given sub-carrier k, as depicted in Figure 4.2. Equations (4.27), (4.28) can 

also be written as: 

I �@�;��@�G;�J � I -_CDE� -_CDE�-GTCDE� +-GTCDE� J K ���_  ���T L . 8 

                 . I -_CDE� -_CDE�-GTCDE� +-GTCDE� J I �@�_  �@�T J . K /@�/′G@�L                                                      �4.29� 

The received signal by the  q-th user  is summation of transmitted signal from all  K transmit 

stream and can be represented by equation (4.30 ). 

I �@�_�@�GTJ � P I -_CDE� -_CDE�-GTCDE� +-GTCDE� J I �@�_  �@�T J . K /@�/′G@�L                                                 �4.30��
@S�  

Equation (4.30) can be rewritten as: 

,@ � I �@�_�@�GTJ � -@�,T U��1���2�5����V . K /@�/′G@�L                                                                             �4.31� 

Where -@�,T the equivalent matrix for channel user with single receive antenna 

-@�,T � I -_CDE�-GTCDE� -_CDE�+-GTCDE�  -_CDEZ -_CDE[-GTCDE[ +-GTCDEZ  88 -_CDE:;"�-GTCDE:;  -_CDE:;+-GTCDE:;"�J      �4.32� 

I �@�_�@�GTJ � I -_CDE� -_CDE�-GTCDE� +-GTCDE� J I �@�_  �@�T J
. P I -_CDE� -_CDE�-GTCDE� +-GTCDE� J I ���_  ���T J . K /@�/′G@�L                                      �4.33� �

�\@  

From the equation we can rewrite the received signal in vector form: 

,@ � -@�,T  �@ . P -@�,T  �� . /@
�

�S�,�\@  

,@ � -@�,T  �@ . ]@ . /@                                                                                                       �4.34�                                     

We can see from  (4.34), that the received DL signal at the MS’s experience MUI component  

on the k-th  user is represented as  ]@. 
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4.5.4.2   User with Two receive antenna 

We consider  �@�, �@�, the receive antennas for each user, the received signal of the q-th user 

can be represented by the following equation: 

�@�_ � -_CDE�  �_�� . -_CDE� ���T  . 8              .-_CDE� �@�_ . -TCDE�  �@�T . /@�                                                                         �4.35�  �@�GT � +-GTCDE� ���T . -GTCDE� ���_ . 8                +-GTCDE�  �@�T . -G_CDE� �@�_ . /@�′G                                                                    �4.36� �@�_ � -_CD^�  �_�� . -_CD^� ���T  . 8            .-_CD^� �@�_ . -TCD^�  �@�T . /@�                                                                            �4.37�  �@�GT � +-GTCD^� ���T . -GTCD^� ���_ . 8                +-GTCD^�  �@�T . -G_CD^� �@�_ . /@�′G                                                                      �4.38� 

where /@�, /′@�, /@�, /′@�, represent AWGN and -_CD^� , -_CD^� and -TCD^� , -TCD^� , -GTCD^�, -GTCD^� are the  odd and even component frequency responses and there conjugate, 

at a given subcarrier k.  

Equations (5.35), (5.36) , (5.37) , (5.38) can also be written as: 

122
23 �@�_�@�GT�@�_�@�GT<==

=> �
12
22
3 -_CDE� -_CDE�-GTCDE� +-GTCDE� -_CD^� -_CD^�-GTCD^� +-GTCD^� <=

==
> K ���_  ���T L . 8 

              .
12
22
3 -_CDE� -_CDE�-GTCDE� +-GTCDE� -_CD^� -_CD^�-GTCD^� +-GTCD^� <=

==
> I �@�_  �@�T J . 122

3 /@�/′G@�/@�/′G@�<==
>                                                          �4.39� 

The received signal by the q-th user is summation of transmitted signal from all  K transmit 

stream and can be represented by equation (4.40)”. 

122
23 �@�_�@�GT�@�_�@�GT<==

=> � P
12
22
3 -_CDE� -_CDE�-GTCDE� +-GTCDE� -_CD^� -_CD^�-GTCD^� +-GTCD^� <=

==
> I �@�_  �@�T J . 122

3 /@�/′G@�/@�/′G@�<==
>                                                  �4.40��

@S�  
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Equation (4.40) can be rewritten as: 

,@ �
122
23 �@�_�@�GT�@�_�@�GT<==

=> � -@�,T U��1���2�5����V . 122
3 /@�/′G@�/@�/′G@�<==

>                                                                             �4.41� 

 

122
23 �@�_�@�GT�@�_�@�GT<==

=> �
12
22
3 -_CDE� -_CDE�-GTCDE� +-GTCDE� -_CD^� -_CD^�-GTCD^� +-GTCD^� <=

==
> I �@�_  �@�T J

. P
12
22
3 -_CDE� -_CDE�-GTCDE� +-GTCDE� -_CD^� -_CD^�-GTCD^� +-GTCD^� <=

==
> I ���_  ���T J . 122

3 /@�/′G@�/@�/′G@�<==
>                                      �4.42��

�\@  

From the equation we can rewrite the received signal in vector form: 

,@ � -@�,T  �@ . P -@�,T  �� . /@
�

�S�,�\@  

,@ � -@�,T  �@ . ]@ . /@                                                                                                      �4.43� 

We can see from  (5.43), that the received DL signal at the MS’s experience MUI component  

on the q-th  user is represented as  ]@. 

-@�,T �
12
22
3 -_CDE�-GTCDE�-_CD^�-GTCD^�

 
-_CDE�+-GTCDE� -_CD^�+-GTCD^� 

 
-_CDEZ-GTCDE[-_CD^Z-GTCD^[

 
-_CDE[+-GTCDEZ -_CD^[+-GTCD^Z 

 8888 
-_CDE:;"�-GTCDE:;-_CD^:;"�-GTCD^:;

 
-_CDE:;+-GTCDE:;"�-_CD^:;+-GTCD^:;"�<=

==
>        �4.44� 

We can rewrite the q-th equivalent channel user matrix as follows: 

-̀@,AeaB �

12
22
22
22
22
3 ���_�@�
���TG�@�
���_�@�
���TG�@�::�CD�_�@�
�CD�TG�@�

        

���_�@�
+���TG�@�

���_�@�
+���TG�@�::�CD�_�@�
+�CD�TG�@�

         
…. . .………::…… .… .

     

��:;"�_�@�
��:;TG�@�

�CD:;"�_�@�
��:;TG�@�::�CD:;"�_�@�
�CD:;TG�@�

   

��:;_�@�
+��:;"�TG�@�

��:;_�@�
+��:;"�TG�@�::�CD:;_�@�

+�CD:;"�TG�@� <=
==
==
==
==
>
                                    �4.45� 
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Finally the entire multiuser MIMO channel may be characterized by the super-matrix  - , 

which may be constructed by concatenating the corresponding channel matrices c-̀@d@S��
 

associated with each of the MS’s, and the composite channel matrix is denote as: 

-̀AeaB � M-̀AeaB��� , -̀AeaB��� , -̀AeaB�Z� , … . . , -̀AeaB��� N                                                                     �4.46�     

The overall user received signal can be rewritten as: 

U,�1�,�2�5,���V � -̀AeaB U��1���2�5����V . U/�1�/�2�5/���V                                                                                    �4.47� 

We can detect the desired signal vectors, ��Q�, q=1,..,K from equation (4.47), using 

V_BLAST (OSIC) based on  ZF  solution referred to ZF-OSIC, and hence remove the 

interference between the K transmitted streams and subsequently implemented the STBC 

decoding. 

4.6 Simulation Results 

  Monte Carlo simulation results are provided in this section for the multilayered space 

frequency and space time block coded OFDM schemes to demonstrate the performance of the 

proposed technique in the downlink transmission. We consider an Alamouti space time coded 

OFDM system with � � 64 (� is the FFT size). The maximum channel delay spread and the 

CP length are the same and equal to L=16. In other words, channel with long excess delay 

time, e.g. fghi � jk  ( jk guard interval or CP length), exhibit a lower coherence bandwidth 

corresponding to higher frequency selectivity than shorter channel. The SISO channels from 

the transmit antenna to the receive antenna are assumed to be independent and Rayleigh 

distributed. The complex symbols are assumed to be quaternary phase shift keying (QPSK). 

We employ �� transmit antennas at the base station. The results are evaluated for different 

number of receive antennas at the MS, the bit error rate (BER) is plotted according to the 

signal to noise ratio (SNR). We use the notation �� � �� to denote a scheme with �� Tx and �� Rx antennas from the BTS to the all users receiver.   

In simulations where the hybrid schemes STC or SFC are compared using MU V-BLAST 

receiver referred by ZF-OSIC, the criterion used to select the number of Tx and Rx antennas 

is the number of DOF available at the receiver for  MUI cancellation.  
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4.6.1    Performance Comparison of Hybrid MU Schemes 

Figure 4.3 demonstrates the performance of the proposed hybrid MU STBC-OFDM system, 

and show the BER under various system loads using ZF-OSIC detection. When each user has 

one receive antenna, three cases are investigated: a single user and 2 transmit antennas at the 

BTS denoted by (2x1); a 2 user system with 4 transmit antennas at BTS denoted by (4x2); and 

a 3 user system with 6 transmit antennas at BTS denoted by (6x3).  

 

Figure 4.3: Performance comparison of single user and MU STBC-OFDM system with 1 or 2 

receive antennas/user, using ZF-OSIC detection. 

 

From Figure 4.3, it is shown that that the performances of a single user with diversity order of 

2 at almost a BER=10-5, performs better than 2 users and 3 users system by 2.5 dB. The 

performance degradation due to the imperfect cancellation of noise and MUI or (MAI from 

the multiple transmit antennas). Both of these factors contribute noise to the decoding process 

and therefore limit the STBC-OFDM performance at each user. 

When each user has two receive antennas, again three cases are studied: single user and 2 

transmit antennas at the BTS denoted by (2x2); a 2 user system and 4 transmit antennas at the 

BTS denoted by (4x4); and a 3 user system and 6 transmit antennas at the BTS denoted by 

(6x6). By contrast, the performance of a 3 users system at a BER=10-6, performs better than 2 

users by 0.5 dB and single user system by 4.5 dB, respectively. The multiuser system at high 

SNR, achieves better performance than a single user STBC-OFDM system, which obtained a 
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diversity order of 4. This higher diversity gain greatly improves the BER performance, as 

compared to the performance results with one receive antenna per user. 

 

Figure 4.4: Performance comparison of single user and MU SFBC-OFDM system with 1 or 2 

receive antennas/user using ZF-OSIC detection. 

 

Figures 4.4, demonstrates the performance of the proposed hybrid MU SFBC-OFDM system, 

and show the BER under various system loads using ZF-OSIC detection. When each user has 

one receive antenna, three cases are investigated: a single user and 2 transmit antennas at the 

BTS denoted by (2x1); a 2 user system with 4 transmit antennas at BTS denoted by (4x2); and 

a 3 user system with 6 transmit antennas at BTS denoted by (6x3).  

From Figure 4.4, it is shown that the hybrid MU system achieves almost the same 

performance with a single user SFBC coding scheme at almost a BER=10-4. In this case at  

SNR=30 dB, some BER saturation is observed for all users system, due to some unequalized 

ISI residual and imperfect MUI cancellation.  

When each user has two receive antennas, again three cases are studied: single user and 2 

transmit antennas at the BTS denoted by (2x2); a 2 user system and 4 transmit antennas at the 

BTS denoted by (4x4); and a 3 user system and 6 transmit antennas at the BTS denoted by 

(6x6). By contrast, the performance of a 3 users system at a BER=10-6, performs better than 2 

users by 1 dB and single user system by 5 dB.  
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The multiuser system at high SNR, achieves better performance than a single user SFBC-

OFDM system, which obtained a diversity order of 4. This higher diversity gain greatly 

improves the BER performance, as compared to the performance results with one receive 

antenna per user. 

4.6.2   Performance Comparison between ST and SF Code 

 

 

Figure 4.5: Performance comparison of 6x6 and 6x3 for hybrid MU STBC-OFDM and SFBC-

OFDM with ZF-OSIC detection. 

Figure 4.5, illustrate the bit error rate for a hybrid MU scheme with 6x3 and 6x6 antenna 

configuration, we can observe that the increase in the number of receive antenna effectively 

improves the performance. And show the performance comparison of hybrid MU STBC-

OFDM and SFBC-OFDM in the same frequency selective fading channel. The channel is 

block fading but remains constant over two consecutive OFDM symbol periods as required by 

STBC-OFDM. 

From the Figure 4.5, for the hybrid MU with 6x6 configuration scheme, it can be observed 

that at a BER=10-6, the STBC-OFDM has a diversity gain of  0.6 dB over the SFBC-OFDM 

scheme. And with 6x3 configuration scheme, at almost a BER of 10-4, the STBC-OFDM has a 

diversity gain of  7.5 dB over the SFBC-OFDM.  
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It was observed that increasing the K factor introduces more correlation between the channel 

paths and reduces the capacity of the channel, which results in a degradation in performance. 

4.6.3   Performance of Hybrid MU STBC-OFDM under different channel taps 

 

Figure 4.6: BER comparison of Hybrid MU STBC-OFDM for QPSK modulation over 

frequency selective fading channel with CP=10. 

 

In this section, we examined the performance under different channel scenarios, and we 

compare the performance of the hybrid MU STBC-OFDM and SFBC-OFDM scheme with 2 

users for Rayleigh fading channels.  

Figure 4.6, illustrates the performance of multiuser detectors with 2 users for STBC-OFDM 

coding, and compares the performance of the 4x4 configuration of hybrid MU scheme to that 

of 4x2 for different L taps channel conditions. It can be observed that  each configuration have 

almost the same performance with slightly difference, and the hybrid scheme perform well 

even in correlated channels with the increasing of L under the condition of CP n � . However, 

when adding one antenna to the user, a SNR reduction of 15 dB is achieved at a BER= 10-5. 

 

 

 

0 5 10 15 20 25 30
10

-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

SNR(dB)

B
E

R

L=1

L=4
L=7

L=10

L=1

L=4
L=7

L=10

2 antenna/user 1 antenna/user



Chapter IV : Multi User Systems 

 

105 

 

4.6.4   Performance of Hybrid MU SFBC-OFDM under different channel taps 

 

Figure 4.7: BER comparison of hybrid MU SFBC-OFDM for QPSK modulation over 

frequency selective fading channel with CP=10. 

 

Figure 4.7, illustrates the performance of multiuser detectors with 2 users for SFBC-OFDM 

coding, and compares the performance of the 4x4 configuration of hybrid MU scheme to that 

of 4x2 for different L taps channel conditions. It can be observed that for 4x4 configuration 

has almost the same performance with slightly difference, and perform well even in correlated 

channels with the increasing of L under the condition of CP n �.  By contrast, it can be 

observed that the performance degradation of the hybrid MU 4x2 configuration scheme with 

the increasing of L channel taps. However, when adding one antenna to the user, a SNR 

reduction of 15 dB is achieved at a BER= 10-5, which increase with the increasing of L. 

It was observed that increasing the K factor introduces more correlation between the channel 

paths, which results in degradation in performance. This is due to the fact that the SFBC is 

very sensitive to the Rayleigh fading channel, especially with high channel order. 
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4.7    Conclusion 

   In Chapter 4, the principle concept of multiuser system was presented. First part, the 

multiple access technique allows users to share a common communications channel. The 

comparison between a single and MU technique with single or multiple receive antenna, at the 

end of this part SDMA and beamforming technique in MIMO schemes when the channel state 

information (CSI) is available at the transmitter and the receiver side. Furthermore, brief 

discussion about multiuser detection techniques. 

The second part, We have proposed the hybrid MU multilayered space frequency and space 

time coding schemes for OFDM systems under the frequency selective channel that provides 

both diversity and multiplexing gains, which achieve higher data rates with reliable 

transmission. The combined spatial multiplexing and space time coding architecture with 

orthogonal frequency division multiplexing (OFDM). The OFDM modulator transforms the 

frequency selective MIMO channels into parallel flat fading channels in the frequency 

domain. 

The hybrid multilayered MU scheme was studied in downlink system using the V-BLAST, 

with the ZF-OSIC detection receiver, first the encoding and the decoding process for different 

receive antenna per user. Both space time codes (STC) and space frequency codes (SFC) are 

used. 

The performance of the hybrid MU scheme, under various loads of K users for the both, with 

1or 2 receive antenna per user, was compared for Rayleigh fading channel. The hybrids MU 

STBC-OFDM outperform and is the best choice more than hybrid MU SFBC-OFDM, and 

provide full receive diversity for each layer. We also, examined the effect of the delay spread 

of the channel, and the performance of the hybrid MU scheme was evaluated under different 

channel taps.  

Simulations showed that space time coding is more robust than frequency coding in Rayleigh 

fading channel. So the hybrid MU STBC-OFDM is more robust in frequency selective 

channel under the condition of the CP equal at least the max of the delay spread of the 

channel, and the MU SFBC-OFDM is more sensitive to the delay spread of the channel. 

However, the main limitation of the hybrid MU scheme with ZF-OSIC detection is the 

increased number of receive antennas is necessary at the mobile terminal. 
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5.1    Beamforming  for Multi User Systems 

   Multi antenna techniques exploit multiple antennas at transmitter (TX) and/or receiver (RX),    

e. g. diversity techniques can be used to obtain reliable transmission systems or beamforming 

(BF) can be used to increase the signal strength towards a particular user, thus reducing 

interference to others. Traditionally spatial diversity is exploited involving multiple antennas 

in transmitter (Transmit Diversity: TD) and/or receiver (Receive Diversity: RD). Transmit 

diversity is a lucrative and reasonable choice for downlink (DL), i.e, BS to MS, especially for 

portable receivers where current drain and physical size are important constraints.  

In a system with multiple transmit antennas; information can be transmitted by employing 

various transmission techniques. One way is to transmit a weighted version of the same 

information symbol from all the antennas. The weights can be adjusted to compensate for the 

distortion caused by the downlink channel on transmit signals. This method is called transmit 

beamforming and requires the receiver to estimate the downlink channel and feed back this 

information to the transmitter from time to time. It is shown in [21] that for the multiple 

access schemes, the BF always performs better in outdoor environment. Transmit and receiver 

beamforming for multiuser systems when each user is equipped with a single or multiple 

antennas have been studied [30, 33, 99]. Receiver beamforming has been shown to be 

effective in interference suppression in multiuser systems [31, 32, 33]. 

In particular, it was proven that MIMO eigen-mode (EM) transmission system is optimal [33, 

83], because MIMO capacity is maximized. MIMO EM uses the left and right eigen-vectors 

of the channel matrix as eigen-beamformers in the receiver (Rx) and transmitter (Tx) 

respectively to form orthogonal spatial eigen-beams for transmission. Since channel state 

information (CSI) regarding the eigen-beamformers is required, a closed loop system 

consisting of a feedback channel from the Rx is needed if the channel is not reciprocal, such 

as in a FDD system. As the wireless channel is constantly changing, MIMO EM (as for all 

closed loop MIMO systems) is however extremely vulnerable to the presence of feedback 

delay which is unavoidable in a practical system [98]. 

In fact the advantages of MIMO are far more fundamental. The underlying mathematical 

nature of MIMO, where data is transmitted over a matrix rather than a vector channel, creates 

new and enormous opportunities beyond just the added diversity or array gain benefits.  

Under certain conditions, can be transmit ��� ���, 	
� independent data streams 

simultaneously over the eigen-modes of a matrix channel created by �� and 	
 antennas. 
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The capacity grows linearly with � � ��� ���, 	
� rather than logarithmically as shown in 

section 1.3. The determinant operator yields a product of � non-zero eigen-values of its 

matrix argument, each eigen-value characterizing the SNR over a so called channel eigen-

mode. An eigen-mode corresponds to the transmission using a pair of right and left singular 

vectors of the channel matrix as transmit antenna and receive antenna weights respectively. 

Clearly, this growth is dependent on properties of the eigen-values. 

In [69,100], show that use of the Singular value Decomposition (SVD) to obtain the largest 

eigen. In some sense, eigen beamforming is an optimal space time processing scheme 

[101,102]. However, it requires SVD on every subcarrier. The receiver not only needs to 

feedback the largest eigen, but also the corresponding eigen-vectors. 

5.1.1    MIMO-OFDM EM 

 MIMO channel provides a multiplexing gain which results from the fact that the channel can 

be decomposed into a number of � parallel independent channels. By multiplexing 

independent data onto these independent channels, we get an � fold increase in data rate in 

comparison to a system with just one antenna at the transmitter and receiver. This increase 

data rate is called multiplexing gain or DOF gain. 

The enlargement of the MIMO system capacity can be described as multiplexing data streams 

into parallel sub-channels (pipes) on the same frequency band. The pipes can be viewed as 

independent radio channels.  MIMO channels can be transformed into parallel flat fading 

chanels through SVD. The column vectors of flat fading channel matrix 
 are usually non-

orthogonal. However, by a SVD the channel matrix can be decomposed into diagonal matrix  ��/�  and two unitary matrices � and �. 

Consider a single user MIMO-OFDM EM utilizing � sub-carriers with 	
 Tx and �� Rx 

antennas signaling over a MIMO frequency selective fading channel. The complex baseband 

representation of the received signal in the k-th sub-carrier, � � �1, … , ��, can be denoted as 

�� � 
� �� � ��                                                                                                                       �5.1� 

where �� � !"#$� and �� � !%&$� are the received and transmitted signal vector for the k-th 

sub-carrier respectively, 
� � !"#$%&  is the frequency domain channel response matrix for 

the k-th subcarrier with possibly correlated coefficients 
�'( � !��0,1� where * � �1, … , ���,  � � �1, … , 	
�,  and �� � !"#$� is the AWGN with elements ��,'  � !��0, +��. 
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When the transmitter knows perfectly the channel state, the MIMO channel matrix of the k-th 

frequency tone 
� can be decomposed into orthogonal sub-channels using SVD. Assuming 

perfect CSIT, an SVD decomposition of the MIMO channel provides �,  orthogonal sub-

channels where �, is the rank of the channel matrix 
�. The MIMO channel within each sub-

carrier can be decomposed into �, � ����	
, ��� equivalent orthogonal SISO channels 

(eigen-modes), as shown in section 1.3, by first performing a SVD on the channel response 

matrices as follows: 


� � �����/���,                                                                                                                        �5.2� 

where ��, is the transpose conjugate of the matrix �, the �� $ �� matrix � and the 	
 $ 	
 

matrix � are unitary matrices  (i.e., ��, � .��  and �,� � .	
 ) are the Rx and Tx eigen-

beamforming matrices with orthonormal columns and ���/� � /�01�23�,�, … , 23�,#4 �  is a �� $ 	
 diagonal matrix whose non zero diagonal elements 3�, 3�, … . , 3#4 , are the real 

nonnegative singular values of 
� for eigen-modes, from 1 to �,  of the k-th sub-carrier 

arranged in descending order and other elements are zero. 

From linear algebra the number of singular values which is also the rank of matrix 
 cannot 

exceed the number of columns or rows of the matrix. The rank of matrix is given by �, 5����	
, ��� with equality if the matrix is full rank all rows and columns are independent. 

By substituting the SVD decomposition given in (5.2) into the received signal the following is 

obtained: 

�� � �����/���, �� � ��                                                                                                         �5.3�          

Left multiplying (5.3) by  ��, and using the unitary property of matrix U yields 

��,�� � ��,�����/���, �� � ��,�� ��,�� � ���/���, �� � ��,��                                                                                                  �5.4� 

If vectors ��,��  , ��,  ��   and ��,�� are denoted �8�,  �8� and �9�  respectively, (5.4) simplifies 

to: 

�8� � ���/� �8� � �9�                                                                                                                   �5.5�   
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In order to obtain the parallel decomposition of the channel, we define a transformation on the 

input and output of the channel via the unitary matrices �and � as follows: 

  �8� � ��, �� , �8� � ��,�� , and �9� � ��,�� ��, � �,� � . , ��, � �,� � .  
Note that � and � are unitary matrices so the transformation does not change neither the 

distribution of � not the energy content of �. 

5.1.2     System Model 

Let us consider a K users downlink MIMO-OFDM system equipped with 	
 transmit 

antennas at the base station and :; receive antennas for each user and �� � ∑ :;=;>� . The 

spatial multiplexer of the q-th data branch generates a /; dimensional vector symbol streams   ?;. In this general setup, user K receives /; data streams from the base station and  / �∑ /;=;>� . Thus we have 	
 transmit antennas transmitting a total of / symbols to K users, 

who have a total of �� receive antennas.  The symbols of each user are collected in the data 

vector 

 ?; � @?;��1�, ?;��2�, … , ?;A;���BC                                                                                     �5.6�  

and the overall data vector is 

 ? � E?C�1�, ?C�2�, … , ?C�F�GC                                                                                            �5.7�   

Where � is the number of the transmitted symbols stream for each user before encoding, in 

STC or in SFC respectively, defined as:           

� � I?J!    1, … … , �?K!    1, … , �/2L                                                                                                               �5.8� 

Where � is a sub-carriers OFDM number, and ?; �N � 1,2, . . , F�  are symbols chosen 

from the same constellation set  	. For convenience we assume no error correction coding 

and a uniform allocation of power across the sub streams for each user.  

Every OFDM symbol has N sub-carriers. Due to the random positions and the rich scatters 

around the users, the users are mutual independent with each either. It is assumed that the 

transmitter and receiver both have perfect CSI. According to the feedback channel, the current 

channel condition of each user is sent to the base station correctly and timely. It is also 

assumed that the channel response is constant during an OFDM symbol. 
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The frequency selective fading channel with O multi-paths is considered. Let 
� represent 

The �� $ 	
  MIMO channel frequency response matrix of k-th sub-carrier. Given that the 

total power is distributed equally on the frequency and spatial sub-channels, then the 

instantaneous capacity of MIMO-OFDM systems is given by [10]. 

!%P%Q � 1� R ST1�E/U
�."# � V 
�
�,�G"W�
�>X  

             

              � R !�
"W�
�>X                                                                                                                        �5.9� 

Where, V � Z[\[%& " ]_̂  , &̀a& is the total transmitted power, +b� is the noise power, !� is the 

capacity at the k-th subcarrier. 

Assuming that the transmitted data streams are independently encoded and independently 

decoded, the sum rate capacity of the multiuser system is simply the summation of each user’s 

individual channel capacity. Under the uniform power allocation, the sum rate capacity is 

given by 

!; � R ST1� c/U
 d.ef � gh,;+2  
;,
;ij=
;>�                                                                            �5.10� 

At the BS before the STBC OFDM encoding we implement the eigen-beamforming, pre-

processing  spatial multiplexing requires  CSI, in the case of OFDM systems the transmitter 

requires pre-processing knowledge for all subcarriers, the symbol vectors � for the  q-th user 

is multiplied by a �	
 $ /;�, pre-processing matrix ;̀ as shown in Figure 5.1. 

The transmitted data symbol  ?; which is pre-processed via  

k; � ;̀?;            � � 1,2, . . , F                                                                                             �5.11�  

Where ?;  is the transmitted symbol vector after MIMO encoding and ̀; is the beamforming 

matrix , and assumed with the pre-processed symbol vectors from the other users to produce 

the composite transmitted symbol vector.  

k � R ;̀?;
=

;>�                                                                                                                            �5.12� 
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The pre-processed symbol vectors are passed through the combining block STBC-OFDM 

encoder, by using the Alamouti schemes in time coding STBC-OFDM or in frequency coding 

SFBC-OFDM as introduced in section 3.4. 

 A block of data symbols (OFDM symbol) transmitted over each transmitter passes through 

an N point IFFT, and the CP is appended. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1: Block diagram of the SDMA DL MUT Pre-Processing 

 

The BS transmitter broadcast the signal to multiple  F users simultaneously (i,e, in the same 

time) over the same frequency band through the frequency selective fading channel.    

At each receiver as shown in Figure 5.2 and Figure 5.8, the CP removed and the FFT is 

applied to revert the received signals back to frequency domain. Hence the frequency 

selective MIMO channel is decoupled into N parallel flat fading channels. The :; 

dimensional received signal �;   at the q-th user where :; � 1,2 , is a super-position of the F 

signal branches distorted by channel fading plus AWGN.   
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The complex baseband representation of the received signal vectors in the k-th sub-carrier 

where  � � 1 … . �  can be expressed as: 

�; � R 
;!'
=

'>� � �;                                                                                                                �5.13� 

Where C, is the code matrix of Alamouti scheme of the OFDM symbols.  

The channel transfer matrix between the BS and the q-th user is denoted as:  

  
; �
lmm
mmn

���;�

���;�::
ef��;�

   

���;�

���;�::
ef��;�

     
… .… .… .::… .

       

�%&�;�

�%&�;�::
ef%�;�

 
pqq
qqr                                                                                  �5.14� 


;: �:; $ 	
� is the frequency domain channel response matrix for sub-carrier �, and     
'(;   
is the fading coefficient modelled as a finite impulse response filter  (FIR) with L taps, 

associated with the   �&s  BS antenna and  r-th receive antenna of user N, at a given sub-carrier 

k. where � � t1, … , :;u and � � �1, … , 	
�.The elements of  
; are samples of independent 

and identically distributed (i,i,d) complex Gaussian random variables, circularly symmetric 

distributed with unit variance !��0,1�.   
The AWGN at the r-th receive antenna of user, �; � v��, ��, … , �efw, follows distribution !��0, +x�  .�, where . is the �:; $ :;� identity matrix. Finally the entire multiuser MIMO 

channel may be characterized by the super-matrix 
, which may be constructed by 

concatenating the corresponding channel matrices t
;u;>�=
  associated with each of the MS’s, 

and the composite channel matrix is denote as: 


 � @
���, 
���, 
�y�, … . . , 
�=�BC                                                                                      �5.15�     

We rewrite the equation (5.13) by explicit the matrix coding as function with data symbol, 

and introducing the pre-processed data symbol, hence the signal form become as follows:   

�8; � R 
z;k'
=

'>� � �;                                                                                                                           �5.16� 

�8; � R 
z; ;̀?'
=

'>� � �;                                                                                                            �5.17� 
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Where   
z;  is the equivalent channel transfer matrix in STC or SFC between the BTS and the 

q-th user for STBC-OFDM and SFBC-OFDM respectively denoted by the following channel 

matrix: 
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Where ~'(  , ~'(
�  corresponds to the channel response and there conjugate for STBC-OFDM 

system, where ~'(
a ,  ~'(

�
 and ~'(

a�
, ~'(

��
dennoting the odd and the even component, and there 

conjugate channel response for SFBC-OFDM system between transmit antenna  � and receive 

antenna *. 
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5.2     Zero Forcing Receiver Based On SVD 

In the beamforming mode, ;̀ is derived from the SVD of the channel matrix known by the 

transmitter.  The optimal eign-beamforming as presented in [83, 97], is the pre-coding matrix  

where  ̀ � � , which is derived from the channel SVD as shown in section 1.3, and from 

(5.2), where the decomposition of k-th  user channel SVD yielding  

 
z; � �;�;
�/��;,                                                                                                                     �5.20� 

Then �; matrix is set as ̀;, the pre-coding matrix is defined as :  

  ̀ ; � �;                     N � 1,2, … F                                                                                        �5.21� 

By substituting (5.21) in (5.17) the received signal can be expressed as: 

  �8; � ∑ 
z;�'?'='>� � �; 

     � 
z;�;?; � ∑ 
z;�'?'='>�,'�; � �; �8; � 
z;�; ?; � �; � �;                                                                                                       �5.22� 

�; and   ?;  is the pre-coding matrix and the transmitted symbol vector  �  corresponding to 

the q-th user.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2: Block diagram of the SDMA DL ZF receiver 
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From (5.22) we see that the CCI or MUI component on the q-th user is represented as �;, and 

the equivalent effective channel can expressed by: 


z=@
z�, 
z�, 
zy, … . . , 
z=BC                                                                                                      �5.23� 

The composite multiuser received signal encountered by all receivers may be formulated as a 

column based super-vector constituted by the received signal vectors associated with each of 

the user terminal thus we have 

         �8 � 
z� ? � �                                                                                                               �5.24� 

lmm
n�8����8���:�8�=�pqq

r � 
z� �?���?���:?�=�
� � �                                                                                                       �5.25� 

� � @����, ����, ��y�, … . . , ��=�BC
. 

� � @����, ����, ��y�, … . . , ��=�BC
.  � and � are the space time pre-processor super-matrix, as well as the AWGN noise, the super-

vector constructed by concatenating the corresponding quantities associated with each user 

terminals. We may express the effective channel super-matrix  
z�  of (5.25) as follows: 

                   


z� �
lmm
mmn


z�������
z�������:
z�;�����:
z�=�����    
  


z�������
z�������:
z�;�����:
z�=�����
    

… … .… …:::… …
    


z�����;�
z�����;�:
z�;���;�:
z�=���;�
    

… … .… … .:… … .… … .… …
     


z�����=�
z�����=�:
z�;���=�:
z�=���=�pqq
qqr                        �5.26� 

 

The receiver sees the equivalent matrix  
zz � 
z�                                                                                                                                     �5.27� 

And we can detect the desired signal vector streams, ? from (5.25), by the implementation of 

the pseudo inverse for ZF detection of the equivalent channel matrix according to [18], hence 

remove the interference between the transmitted user streams and subsequently implemented 

the STBC decoding.  
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We assume transmission symbol vector without pre-processing matrix and applies the pseudo 

inverse of classical ZF yielding to:   

    
z�� � �
z,
z�W�
z,                                                                                                           �5.28� 

In contrast, with the pre-processing matrix and the equivalent effective channel, we can 

express the ZF based on SVD at the receiver solution as shown in Figure 5.2, which is 

referred to ZF-SVD1 as follow:  


zz�� � �
zz,
zz�W�
zz,                                                                                                                �5.29�  

By setting (5.27) into (5.29) it can be easily shown that                                


zz�� � �,
z��                                                                                                                           �5.30�                         

5.3     Simulation Results 

We consider the same parameter simulation as mentioned in section 4.6, but at the except we 

utilize the ZF-SVD1 detection for the hybrid MU STBC-OFDM and SFBC-OFDM scheme 

over Rayleigh fading channel, and compare the performance  under various loads of K users 

for the both, with 1or 2 receive antenna per user.  

5.3.1   Performance Comparison of Hybrid MU Schemes  

Figure 5.3 demonstrates the performance of the proposed hybrid MU STBC-OFDM system, 

and show the BER under various system loads using ZF-SVD1 detection. When each user has 

one receive antenna, three cases are investigated: a single user and 2 transmit antennas at the 

BTS denoted by (2x1); a 2 user system with 4 transmit antennas at BTS denoted by (4x2); and 

a 3 user system with 6 transmit antennas at BTS denoted by (6x3). From Figure 5.3, it is 

shown that that the performances of a single user with diversity order of 2 at a BER=10-4, 

performs better than 2 users system by 3.5 dB, and 3 users system by 4.5 dB, where MUI 

dominant perturbation. The downlink pre-coder cannot completely eliminate MUI 

interference at each mobile.  

The performance degradation due to the imperfect cancellation of noise and MUI, where in 

ZF-SVD1 detection the noise term may be amplified in a way that influences the decoding 

output in negative way. Both of these factors contribute noise to the decoding process and 

therefore limit the STBC-OFDM performance at each user. 
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Figure 5.3: Performance comparison of single user and MU STBC-OFDM system with 1 or 2 

receive antennas/user, using ZF-SVD1 detection. 

 

When each user has two receive antennas, again three cases are studied: single user and 2 

transmit antennas at the BTS denoted by (2x2); a 2 user system and 4 transmit antennas at the 

BTS denoted by (4x4); and a 3 user system and 6 transmit antennas at the BTS denoted by 

(6x6).  

Similarly, at low SNR, the performance of a single user system performs slightly better than 2 

and 3 users system, respectively. By contrast the multiuser system at high SNR, achieves 

better performance than a single user STBC-OFDM system, which obtained a diversity order 

of 4. The performance of 3 users at a BER=10-6, performs better than 2 users by 1 dB and 

single user system by 2.5 dB, respectively. This higher diversity gain greatly improves the 

BER performance, as compared to the performance results with one receive antenna per user. 
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Figure 5.4 demonstrates the performance of the proposed hybrid MU SFBC-OFDM system, 

and show the BER under various system loads using ZF-SVD1 detection. 

 

Figure 5.4: Performance comparison of single user and MU SFBC-OFDM system with 1 or 2 

receive antennas/user, using ZF-SVD1 detection. 

When each user has one receive antenna, three cases are investigated: a single user and 2 

transmit antennas at the BTS denoted by (2x1); a 2 user system with 4 transmit antennas at 

BTS denoted by (4x2); and a 3 user system with 6 transmit antennas at BTS denoted by (6x3).  

From Figure 5.4, it is shown that the performance of a single user with diversity order of 2 at 

almost a BER=10-3, performs better than 2 users system by 5 dB, and 3 users system by 7 dB 

respectively. 

The performance degradation is due to the imperfect cancellations of noise and MUI. As the 

user number K increases, more MUI is observed and the BER floor is more severe. As seen 

before the noise enhancement influences to the decoding process and for consequences leads 

to performance degradation. Both of these factors contribute noise to the decoding process 

and therefore limit the SFBC-OFDM performance at each user.  
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Similarly, at low SNR, the performance of a single user system performs slightly better than 2 

and 3 users system, respectively. By contrast the multiuser system at high SNR, achieves 

better performance than a single user STBC-OFDM system, which obtained a diversity order 

of 4. The performance of 3 users at a BER=10-6, performs better than 2 users by 1.5 dB and 

single user system by 2 dB, respectively. This higher diversity gain greatly improves the BER 

performance, as compared to the performance results with one receive antenna per user. 

5.3.2   Performance Comparison between ST and SF code  

Figure 5.5 compares the BER performance for  hybrid MU scheme with 6x3 and 6x6 antenna 

configuration, we can observe that the increase in the number of receive antenna effectively 

improves the performance, and shows the performance comparison of hybrid MU STBC-

OFDM and SFBC-OFDM in the same frequency selective fading channel. The channel is 

block fading but remains constant over two consecutive OFDM symbol periods as required by 

STBC-OFDM. 

 

Figure 5.5: Performance comparisons over 6x6 and 6x3 for Hybrid MU STBC-OFDM and 

SFBC-OFDM with ZF-SVD1 detection. 
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From the Figure 5.5, the hybrid MU with 6x6 configuration scheme, it can be observed that at 

a BER=10-6, the STBC-OFDM has a diversity gain of 1 dB over the SFBC-OFDM. And with 

6x3 configuration scheme, at almost a BER= 10-3, the STBC-OFDM has a diversity gain of 

about 8 dB over the SFBC-OFDM. It was observed that increasing the K factor introduces 

more correlation between the channel paths, which results in degradation in performance. 

5.3.3   Performance of Hybrid MU STBC-OFDM under different channel taps 

In this section, we examined the performance under different channel taps, and we compare 

the performance of the hybrid MU STBC-OFDM and SFBC-OFDM scheme with 2 users over 

Rayleigh fading channels.  

 
 Figure 5.6: BER comparison of Hybrid MU STBC-OFDM for QPSK modulation over 

frequency selective fading channel with CP=10. 

 

Figure 5.6, show the simulation results for different values of the frequency selective channel 

order  of multiuser detectors, with 2 users for STBC-OFDM coding, and compares the 

performance of the 4x4 configuration hybrid MU scheme to that of 4x2 for different L taps 

channel conditions. It can be observed that for each configuration has almost the same 

performance with slightly difference, and the hybrid scheme perform well even in correlated 

channels with the increasing of L under the condition of CP � O. However, when adding one 

antenna to the user, a SNR reduction of 14 dB is achieved at almost a BER=10-5. 
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5.3.4   Performance of Hybrid MU SFBC-OFDM under different channel taps 

Figure 5.7, show the simulation results for different values of the frequency selective channel 

order  of multiuser detectors, with 2 users for SFBC-OFDM coding, and compares the 

performance of the 4x4 configuration hybrid MU scheme to that of 4x2 for different L taps 

channel conditions. 

 

Figure 5.7: BER comparison of Hybrid MU SFBC-OFDM for QPSK modulation over 

frequency selective fading channel with CP=10. 

It can be observed that for 4x4 configuration has almost the same performance with slightly 

difference, and perform well even in correlated channels with the increasing of L under the 

condition of CP � O. By contrast, it can be observed that the performance degradation of the 

4x2 configuration hybrid MU scheme with the increasing of L channel taps. However, when 

adding one antenna to the user, a SNR reduction of 14 dB is achieved at almost a BER=10-5, 

which increases with the increasing of L. 

It was observed that the increasing the K factor introduces more correlation between the 

channel paths, which results in a degradation in performance. This is due to the fact that the 

SFBC is very sensitive to the Rayleigh fading channel, especially with high channel order. 

 

 

0 5 10 15 20 25 30
10

-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

SNR(dB)

B
E

R

L=1

L=4
L=7

L=10

L=1

L=4
L=7

L=10

2 antenna/user 1 antenna/user



Chapter V : Combining SVD and MU MIMO-OFDM Schemes 

 

123 
 

5.4   ZF Transmitter Based on SVD   

In this section we present the SVD MU transmission and MU detector, the ZF transmitter 

based on SVD which is referred to ZF-SVD2.  As shown in Figure 5.1, for each user the � 

symbol vector stream is pre-processed before using the STBC OFDM encoding by pre-

multiplying it with an  �	
 $  /;� component DL pre-processing matrix ;̀. 

k; � ;̀ ?;                   N � 1,2, … … , F                                                                                 �5.31� 

After the DL pre-processing, the composite of the 	
 component pre-processed symbol 

stream can be expressed as: 

 k � ∑ k; � ` ?                                                                                                                �5.32�=;>�  

 Where ̀  is an     �	
 $ ∑ /;=;>� �  component matrix given by  

  ̀ � E �̀, �̀, … . . , =̀G                                                                                                              �5.33� 

And  ?  is an  �∑ /;  $ ��=;>�  component symbols stream containing the transmitted DL 

symbol information, with � is the length of symbol vectors stream which is given by: 

? � E?�C , ?�C , … . . , ?=CGC                                                                                                             �5.34� 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8: Block diagram of the SDMA DL MUD Post-Processing 
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As shown in Figure 5.8 the received  :;  component vector symbol �8; of the q-th MS can be 

expressed as: 

�8;  � R 
z; k'
=

'>� � �;                                                                                                              �5.35� 

By substituting (5.32) into (5.35) the received signal �8�may be expressed as: 

          �8;  � ∑ 
z; '̀?'='>� � �;              �  
z;`?  � �; 

            � 
z; ;̀?; � ∑ 
z; '̀?'='>�,'�; � �;   
           � 
z; ;̀?; � �; � �;                 N � 1,2, … , F                                                        �5.36� 

We can see from (5.36), that the received DL signal at the MS’s experience MUI component 

as well known the CCI on the q-th user is represented as �;. Let us assume that the CSI is 

available at both the transmitter and the receiver, and then we use the SVD decomposition of 

the channel user 
z� from (5.2) we arrive at:  


z; � �;   ��;��  ,0�   �;, � �;   ��;��  ,0� ��;h,�;b, �                                                                       
       � �; �;�/��;h,                                                                                                                      �5.37�     

Where �; and �; are �2:; $  2:;� and �	
 $ 	
� component unitary matrices, respectively, 

and �; is an  �2:; $  2:;�  component diagonal matrix containing the eigenvalues of  
z; 
z;,  

i.e., we have: 

  �; � /�01 �3;�, 3;�, … . . … . . , 3;�ef�   

Furthermore in (5.37)  �; consist of the eigenvectors of 
z; 
z;, and  �;h is an �	
 $ /;�, 

where /; � 2 , component matrix, which is constituted by eigenvectors correspond- ding to 

the non zero eigen-values of 
z;,
z; . By contrast  �;b  is an E	
 $ �	
�/;�G  component 

matrix, which is constituted by the eigenvectors corresponding to the zero eigen-values of 
z;,
z;   . Upon substituting (5.37) into the first line of (5.36) the received DL signal symbol �8;  

of the q-th user may be expressed as: 

�8;  �  �;  �;�/�  �;h ;̀ ?; � �;     N � 1,2, … . . , F                                                           �5.38� 
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The composite of collect all the  F  received DL signals vector streams  �8;   of (5.38) into a   

symbol vector stream 

 �8 � E�8�C�1�, �8�C�2�, … … . . , �8=C���G       
Then the overall DL received signal vector streams �8 of the  K M’s can be expressed as: 

�8  �  � ��/� �h, ` ? � �                                                                                                      �5.39� 

Where we introduced the following definitions: 

� � /�01����1�, ���2�, … . , �=���� � � /�01����1�, ���2�, … . , �=���� � � E ��C�1�, ��C�2�, … … . , �=C���G � � E ��h�1�, ��h�2�, … … , �=h���G 
The DL BS transmit pre-processing matrix ` is designed so that the DL MUI can efficiently 

be suppressed. As shown in (5.40), according to [31], the MUI can fully be removed when the 

DL pre-processing matrix to satisfy:  

 �h,` � �                                                                                                                                  �5.40�       

Where the power allocation regime of  

 � � /�01 ���, ��, … . , �∑ Af�f�� �  � /�01 ����, . . , ��Af; … . ; �=�, . . , �=Af� 

Represent the transmission power constraint. 

` � E�h,G�� �   �̀ �                                                                                                               �5.41� 

Where   E�h,G�    denotes the pseudo inverse of the matrix  �h, , and   �̀ � �hE�h,�hGW�   
When substituting the overall DL pre-processing matrix of (5.40) into (5.39) the overall 

received signal vector   � of  K Ms user can be simplified to  

�8 �  � ��/� � ? � �                                                                                                             �5.42� 

To be more specific, the /; length observation symbol vector of the q-th MS can be 

expressed as: 

�8; � � ;�;�/� �; ?; � �;                                                                                                      �5.43� 
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Where  

�; � /�01 ��;�, �;�, . . . . , �;Af�     

Explicitly, the q-th user endures no MUI imposed by the other users, however, there may 

exist IAI among the antenna specific symbols transmitted by the BS to the q-th MS this IAI 

can suppressed with the aid of the SVD based matrices ��� � of (5.37). By �; � �;,  
according to Figure 5.8, the user specific decision variables can individually be expressed as: ?�; � �;�/� �; ?; � �;, �;                   N � 1,2, … … . , F                                                  �5.44� 

or jointly  as 

?� � ��/� �? � �, �                                                                                                             �5.45� 

From (5.46) we can observe Parallel Pipeline channels between transmit antennas and receive 

antennas without decreasing of channel rank. 

The overall of the user decision of n symbol stream can be expressed as: 

?� � @?��, ?��, … … … … . , ?�=B                                                                                                     �5.46� 

A natural power allocation scheme is to allocate the same power to each symbol stream. In 

this case the coefficients �(  are set     �� �. . . . . � �∑ Af�f�� � �, where  �  is the constant, 

given by [31]:                                                                                     

  

� � � ∑ /;=�>�
�0�U�E�h,�hGW��                                                                                                        �5.47� 
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5.5   Simulation Results 

We consider the same parameter simulation as mentioned in section  4.6 , but at the except we 

utilize the ZF-SVD2 detection for the hybrid MU STBC-OFDM and SFBC-OFDM coding 

scheme, and compare the performance  under various loads of K users for the both, with 1 or 

2 receive antenna per user. We consider the same notation 	
 $ �� to denote a scheme with 

	
 Tx and �� Rx antennas.   

5.5.1   Performance Comparison of Hybrid MU Schemes 

Figure 5.9, shows the performance of the proposed hybrid MU STBC-OFDM system over 

Rayleigh fading channel, and compares the BER under various system loads using ZF-SVD2 

detection. When each user has one receive antenna, three cases are investigated: a single user 

and 2 transmit antennas at the BTS denoted by (2x1); a 2 user system with 4 transmit antennas 

at BTS denoted by (4x2); and a 3 user system with 6 transmit antennas at BTS denoted by 

(6x3).  

 

Figure 5.9: Performance comparison of single user and MU STBC-OFDM system with 1 or 2 

receive antennas/user, using ZF-SVD2 detection. 
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It can be seen from Figure 5.9, at a BER=10-5, the performance of a 3 user with diversity 

order of 2 outperforms the 2 users system by 3.5 dB, and single user system by 11.5 dB. The 

downlink pre-processing completely eliminates the MUI and IAI interference at each mobile. 

When each user has two receive antennas, again three cases are studied: single user and 2 

transmit antennas at the BTS denoted by (2x2); a 2 user system and 4 transmit antennas at the 

BTS denoted by (4x4); and a 3 user system and 6 transmit antennas at the BTS denoted by 

(6x6).  

Similarly, we can observe that at a BER=10-6, the performance of a 3 user system performs 

better than 2 users by 1 dB and single user system by 4 dB, respectively. The system 

enhancements due to high diversity order. This higher diversity gain greatly improves the 

BER performance, as compared to the performance results with one receive antenna per user. 

When using the eigen-beamforming to a tone by tone and the ZF-SVD2 detection, this 

yielding to form an orthogonal equivalent channel matrix, which leads to preserve the 

orthogonality of the code structure, consequently, significant performance BER. The system 

performance is highly dependent on the number of users in the system. As the user number K 

increases, more MUI is observed and completely eliminates.  

 

Figure 5.10: Performance comparison of single user and MU SFBC-OFDM system with 1 or 

2 receive antennas/user, using ZF-SVD2 detection. 
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Figure 5.10, shows the performance of the proposed hybrid MU SFBC-OFDM system over 

Rayleigh fading channel, and compares the BER under various system loads using ZF-SVD2 

detection. 

When each user has one receive antenna, three cases are investigated: a single user and 2 

transmit antennas at the BTS denoted by (2x1); a 2 user system with 4 transmit antennas at 

BTS denoted by (4x2); and a 3 user system with 6 transmit antennas at BTS denoted by (6x3).  

 It can be seen from Figure 5.10, at almost a BER=10-4, the performance of a 3 user with 

diversity order of 2 outperforms the 2 users system by 2.5 dB, and single user system by 15 

dB. The downlink pre-processing completely eliminates the MUI and IAI interference at each 

mobile. When each user has two receive antennas, again three cases are studied: single user 

and 2 transmit antennas at the BTS denoted by (2x2); a 2 user system and 4 transmit antennas 

at the BTS denoted by (4x4); and a 3 user system and 6 transmit antennas at the BTS denoted 

by (6x6).  

From Figure 5.10, we can see at a BER=10-6, the performance of a 3 user system performs 

better than 2 users by 1 dB and single user system by 7.5 dB, respectively. The system 

enhancements due to high diversity order. This higher diversity gain greatly improves the 

BER performance, as compared to the performance results with one receive antenna per user. 

Similarly, when using the eigen-beamforming to a tone by tone and the ZF-SVD2 detection, 

this yielding to form an orthogonal equivalent channel matrix, which leads to preserve the 

orthogonality of the code structure, consequently, significant performance BER. The system 

performance is highly dependent on the number of users in the system. As the user number K 

increases, more MUI is observed and completely eliminated. 
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5.5.2   Performance Comparison between ST and SF code 

Figure 5.11, compares the BER performance for  hybrid MU scheme with 6x3 and 6x6 

antenna configuration, we can observe that the increase in the number of receive antenna 

effectively improves the performance, and shows the performance comparison of hybrid MU 

STBC-OFDM and SFBC-OFDM in the same frequency selective fading channel. The channel 

is block fading but remains constant over two consecutive OFDM symbol periods as required 

by STBC-OFDM. 

 

Figure 5.11: Performance comparison over 6x6 and 6x3 for Hybrid MU STBC-OFDM and 

SFBC-OFDM with ZF-SVD2 detection. 

 

From the Figure 5.11, the hybrid MU scheme with 6x6 configuration antenna, it can be 

observed that at a BER=10-6, STBC-OFDM has a diversity gain of 0.6 dB over the SFBC-

OFDM scheme. And with 6x3 configuration scheme, the STBC-OFDM has a diversity gain 

of 0.7 dB over SFBC-OFDM.  
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5.5.3   Performance of Hybrid MU STBC-OFDM under different channel taps 

In this section, we examined the performance of the hybrid MU STBC-OFDM scheme under 

different channel scenarios, and compare the performance of the hybrid MU scheme with K=2 

users over Rayleigh fading channels.  

Figure 5.12, show the simulation results for different values of the frequency selective 

channel order multiuser detectors with 2 users for STBC-OFDM coding, and compares the 

performance of the 4x4 configuration hybrid MU scheme to that of 4x2 for different L taps 

channel conditions. 

 

Figure 5.12: BER comparison of Hybrid MU STBC-OFDM for QPSK modulation over 

frequency selective fading channel with CP=10. 

It can be observed that for 4x2 configuration has almost the same performance at low SNR, 

where at  high SNR under channel order L=10 has better performance. 

Similarly, with 4x4 configuration at high SNR, the performance under channel order L=10 is 

the best. The hybrid scheme perform well even in correlated channels with the increasing of L 

under the condition of  CP � O. However, when adding one antenna to the user, a SNR 

reduction of 7.5 dB is achieved at a BER= 10-6 which decreases slightly with the increasing of 

L. 
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As the number of taps of the channel increases, the diversity order of MU STBC-OFDM 

increases as well to the maximum value of L=10. It is clearly evident that as the number of 

taps for the channel increases, the diversity order increases as well. 

5.5.4   Performance of Hybrid MU SFBC-OFDM under different channel taps 

Now, we examined the performance of the hybrid MU SFBC-OFDM scheme under different 

channel scenarios, and compare the performance of the hybrid MU scheme with K=2 users 

over Rayleigh fading channels.  

Figure 5.13, show the simulation results for different values of the frequency selective 

channel order  of multiuser detectors, with 2 users for SFBC-OFDM coding, and compares 

the performance of the 4x4 configuration hybrid MU scheme to that of 4x2 for different L 

taps channel conditions. It can be observed that for 4x2 configuration has almost the same 

performance at low SNR, where at high SNR with channel order L=1 (flat fading channel) has 

better performance. 

 

Figure 5.13: BER comparison of Hybrid MU SFBC-OFDM for QPSK modulation over 

frequency selective fading channel with CP=10. 

 

Similarly, with 4x4 configuration at high SNR, the performance with channel order L=1(flat 

fading channel) is the best. However, when adding one antenna to the user, a SNR reduction 

of 7.5 dB is achieved at a BER= 10-6 which increases with the increasing of L. 
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We can say that, the MU SFBC-OFDM is sensitive to the high channel order. As the number 

of taps of the channel increases, the diversity order of MU SFBC-OFDM decreases as well to 

the maximum value of L=10 under the condition of  CP � O. It is clearly evident that as the 

number of taps for the channel increases, the diversity order decreases as well. 

5.6    Conclusion 

  In this chapter, the combination of SVD with hybrid MU schemes is presented. First , the 

proposed of the pre-coding data for the downlink system, based on the SVD for hybrid MU 

space frequency and space time coding schemes for OFDM systems under the frequency 

selective channel, that provides diversity gain, Unfortunately, this suffers from induces the 

additional problem of noise enhancement, especially if the channel is rank deficient or ill 

conditioned. The performance is highly dependent on the number of users in the system and 

highly degraded as the number of active users increases at low SNR where the user is 

equipped with one receive antenna. Simulations show, that the space time coding is more 

robust than frequency coding over Rayleigh fading channel. However, the main limitation of 

the hybrid MU scheme with ZF-SVD1 detection is the increased number of receives antennas 

is necessary at the mobile terminal. 

Second, We have proposed the pre-processing and the post-processing for the downlink 

system based on the SVD for hybrid MU space time and space frequency schemes for OFDM 

systems over the frequency selective channel, that provides diversity gain, where the MU 

MIMO channels were decomposed into parallel SISO channels corresponding to their singular 

values, efficiently the hybrid MU scheme, exploits diversity techniques. These are space, time 

and frequency diversity to overcome fading found in the radio channel and provides high 

performance. 

Simulations show again, that the performance of hybrid MU space time coding and frequency 

coding have almost the same performance with slightly difference. The both system are robust 

in frequency selective channel. The system performance is highly dependent on the number of 

users in the system. As the number of active users K increases, leads to the increasing of the 

system performance. 
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6.1  Performances Comparison of all Detection Techniques  

Figure 6.1, 6.2 and 6.3, 6.4, shows the performance comparison of the hybrid MU schemes, 

STBC-OFDM or SFBC-OFDM with ZF-OSIC, ZF-SVD1, and ZF-SVD2 detection technique, 

Performance is determined over frequency selective, time variant fading channels, under 

various system loads K with single or two receive antenna. Perfect channel estimation is 

assumed at the transmitter and receiver end. 

In the case where the number of users in the system is K = 2, we compare the performance of 

the 4x4 configuration scheme of hybrid MU system with that of the 4x2 configuration 

scheme. Where in the case of number of users in the system is K=3, we compare the 

performance of the 6x6 configuration  scheme of hybrid MU system with that of the 6x3 

configuration scheme. 

6.1.1    Performance Comparison of Hybrid MU STBC-OFDM over 4x4 and 4x2 

 

Figure 6.1: BER performance over 4x4 and 4x2 STBC-OFDM system using ZF-OSIC, 

ZF-SVD1 and ZF-SVD2 detection technique. 
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From the Figure 6.1, in the case of 4x4 hybrid configuration STBC-OFDM, it can be seen that 

at a BER=10-6 the ZF-SVD2 outperforms the ZF-SVD1 by 1.6 dB, and performs slightly 

better than the ZF-OSIC. Where In the case of 4x2 configuration hybrid STBC-OFDM, at 

almost a BER=10-5 the SVD2 outperforms the ZF-SVD1 by 10 dB, and outperforms the ZF-

OSIC by 8 dB. 

6.1.2    Performance Comparison of hybrid MU STBC-OFDM over 6x6 and 6x3 

 

Figure 6.2: BER performance over 6x6 and 6x3 STBC-OFDM system using ZF-OSIC, 

ZF-SVD1 and ZF-SVD2 detection technique 

From Figure 6.2, in the case of 6x6 configuration hybrid STBC-OFDM, it can be seen that at 

a BER=10-6 the ZF-SVD2 outperforms the ZF-SVD1 by 2 dB, and performs slightly better 

than the ZF-OSIC at high SNR. 

Where In the case of 6x3 hybrid STBC-OFDM, at almost a BER=10-5 the SVD2 outperforms 

the ZF-SVD1 by 15 dB, and outperforms the ZF-OSIC by 11 dB. 
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6.1.3   Performance Comparison of hybrid MU SFBC-OFDM over 4x4 and 4x2 

In the case where the number of users in the system is K = 2, we compare the performance of 

hybrid MU SFBC-OFDM over 4x4 with that of the 4x2 configuration system. 

 

Figure 6.3: BER performance of 4x4 and 4x2 SFBC-OFDM system using ZF-OSIC, 

ZF-SVD1 and ZF-SVD2 detection technique 

From Figure 6.3, in the case of 4x4 hybrid MU SFBC-OFDM, it can be seen that at a 

BER=10-6 the ZF-SVD2 outperforms the ZF-SVD1 by 2 dB, and performs slightly better than 

the ZF-OSIC. Where In the case of 4x2 hybrid STBC-OFDM, at a BER=10-3 the SVD2 

outperforms the ZF-SVD1 by 15 dB, and outperforms the ZF-OSIC by 10 dB. 

 

 

 

 

 

 

 

 

0 5 10 15 20 25 30
10

-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

SNR(dB)

B
E

R

ZF-OSIC 4x2

ZF-SVD1 4x2

ZF-SVD2 4x2
ZF-OSIC 4x4

ZF-SVD1 4x4

ZF-SVD2 4x4

2 antenna/user
1 antenna/user



Chapter VI : Performances Comparison 

 

137 
 

6.1.4   Performance Comparison of hybrid MU SFBC-OFDM over 6x6 and 6x3 

In the case where the number of users in the system is K = 3, we compare the performance of 

hybrid MU SFBC-OFDM over 6x6 with that of the 6x3 configuration system. 

 

Figure 6.4: BER performance over 6x6 and 6x3 SFBC-OFDM system using ZF-OSIC, 

ZF-SVD1 and ZF-SVD2 detection technique 

From Figure 6.4, in the case of 6x6 hybrid SFBC-OFDM, it can be seen that at a BER=10-6 

the ZF-SVD2 outperforms the ZF-SVD1 by 2 dB, and performs slightly better than the ZF-

OSIC. 

Where In the case of 6x3 hybrid SFBC-OFDM, at a BER=10-3 the SVD2 outperforms the ZF-

SVD1 by 18.5 dB, and outperforms the ZF-OSIC by 11 dB. 
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6.2    Summary of Results and conclusion 

First, the performance of the hybrid multi user space time code and space frequency code with 

ZF-OSIC receiver for the downlink system was compared for an AWGN channel and a 

frequency selective fading channel under different channel order, with the assumption of 

perfect knowledge of the channel estimation at the receiver side. The non linear successive 

interference cancellation (SIC) based receiver e, g V-BLAST, its decodes the sub-streams, 

substracts its interference and then decodes the later sub-streams. However, V-BLAST was 

not designed for exploiting transmits diversity and need more receive antenna diversity.  

The performance of V-BLAST receiver is mainly dependent on the first sub-streams, which 

has the lowest diversity gain and limited by error propagation. The performance of ZF-OSIC 

receiver was highly degraded according to the K system loading since the multiple antenna 

interference led to a strong impact on the performance degradation of a multistage 

interference cancellation receiver. 

The hybrid multi user STBC-OFDM outperforms the SFBC-OFDB system. Furthermore, the 

MU STBC-OFDM is more robust than MU SFBC-OFDM over the frequency selective 

channel. However, decrease the delay time in decoding. 

Second, the combination of the hybrid MU space time and space frequency coding, with the 

SVD decomposition of the user channels for the pre-coding downlink with ZF-SVD1 

receiver, with the assumption of perfect knowledge of the channel estimation at the 

transmitter and the receiver side. Unfortunately, the ZF-SVD1 may suffer from noise 

enhancement, especially if the channel is rank deficient or ill conditioned. Again, the hybrid 

multi user STBC-OFDM outperforms the SFBC-OFDM system. Furthermore, the MU STBC-

OFDM is more robust than MU SFBC-OFDM over the frequency selective channel. 

Third, the performance combination of the hybrid MU space time and space frequency 

schemes for OFDM systems with SVD assisted MU transmitter and MU detector, using the 

pre-processing and the post-processing for the downlink system based on the SVD of the 

channel user ZF-SVD2, with the assumption of perfect knowledge of the channel estimation 

at the transmitter and the receiver side, under the frequency selective channel, that provides 

diversity gain. The hybrid multi user STBC-OFDM performs slightly better than the SFBC-

OFDM system.  However, decrease the delay time in decoding process for SFBC-OFDM. 
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Furthermore, the performance of the hybrid MU schemes is highly dependent on the number 

of users in the system. As the number of active users K increases, leads to the increasing of 

the system performance.  

Finally, the ZF-SVD2 outperforms the ZF-OSIC and ZF-SVD1, respectively, and is more 

robust in frequency selective channel, and provides more diversity gain, by exploiting space, 

time and frequency diversity. 
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7.     Conclusion and Future Works 

    7.1 Conclusion 

  The goal of this thesis was to study the hybrid approach to combine the advantages of 

MIMO wireless systems, the Space Time block code and spatial Multiplexing to design 

wireless receivers. We summarize the most important aspects and results of our work, present 

some conclusions, and provide suggestions for future work. 

The reliability of the wireless link (downlink, uplink) can be improved using MIMO-STBC 

system. Increasing the number of antenna at both ends can enhance the reliability of the 

system proportionaly with diversity gain. This result can be achieved with no increase in 

transmitted power and with no cost of extra bandwidth. The robustness of this system in 

fading channel environment made it as a possible candidate technology for new generation of 

wireless system. The performance of MIMO system is highly depending on channel 

estimation algorithms. 

Therefore the application of high performance and efficient channel estimation in order to 

increase the performance of MIMO or MIMO-OFDM system is essential. The challenge in 

MIMO-OFDM channel estimation is reducing the computational complexity. The capacity of 

MIMO channels was studied. Moreover the results of MIMO capacity shows that capacity 

increases linearly with increasing in number of antennas at the both sides. Figure1.8, shows 

that, when Mt=4 and Nr=4 we achieve the highest capacity as compared with Mt=2 and Nr=3 

and Mt=3 and Nr=2 respectively in MIMO system. The results of Mt =2 and Nr =3 is the 

same as Mt =3 and Nr =2. Increasing the number of antennas at either side of MIMO system 

will have the same effect of raising the capacity, it is implied that this capacity is optimally 

achieved if the number of transmit and receive antennas are equal. We also showed the 

theoretical basis for the Alamouti code and the spatial multiplexing in MIMO systems. 

Finally, it can be concluded that SVD decomposition can be as an ultimate solution for 

reduction computational complexity. 

This thesis focused on three advances in MIMO communication systems. The first studied a 

combined spatial multiplexing and space time coding architecture and MIMO-OFDM systems 

in order to bridge the gap between these two MIMO systems (diversity gain, high data rate). 

The OFDM modulator transforms the frequency selective MIMO channels into parallel flat 

fading channels in the frequency domain. The receiver structures for hybrid multiuser V-

BLAST detector for the downlink system for a MIMO channel were illustrated. The 
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performance of the receiver for a hybrid MU V-BLAST system was evaluated with 

assumption of perfect channel estimation at the receiver. 

 In this system, the information is divided into layers and each layer is encoded by a space 

time code. This is known as multi-layered space time coded system.  Space time block codes 

(STBC) is used as the layer codes. Due to the short code length of STBC, the number of 

receive antennas should be at least equal to the number of layers. This multi-layered 

architecture is a spatial multiplexing scheme with spatial and time or frequency diversity at 

each layer. 

First, we compared and evaluated the performance of multi-layered space time of serial 

detection algorithms for the hybrid MU V-BLAST schemes over frequency selective MIMO 

channels under different load of the downlink systems K. We also consider the design of 

bandwidth efficient space frequency time codes for MIMO-OFDM systems. Second, we 

compared and evaluated the performance of the hybrid MU schemes under different scenarios 

of the channel. The degradation of the performance with the increasing of the downlink 

system load when the user is equipped with single receive antenna. The main results of this 

study show that the performance of STBC-OFDM is more robust than SFBC-OFDM 

encoding in frequency selective channel. 

The second part, the performance of the hybrid multi-user schemes in the downlink system 

was compared and evaluated for fading selective channel with the assumption of perfect 

knowledge of the channel, the combining of the singular value decomposition with the MU 

schemes, when the CSI is available at the transmitter and the receiver sides, then using the 

SVD MU assisted transmitter and MU detector. The use of the beamforming, the pre-

processing and the post-processing at the transmitter (‘Base station’) and the receiver (‘ 

mobile station’), respectively. Two proposed schemes based on the SVD, the ZF receiver, and 

the ZF transmitter. Simulation results show that the later outperforms the ZF receiver. 

However, the performance of ZF receiver was highly degraded according to the system 

loading, when the user is equipped with one receive antenna. Furthermore, the additional term 

of noise amplification. 

Finally, the performance of the three hybrid MU detection was compared and evaluated, 

according to the simulation results, the ZF transmitter with reduction complexity outperforms, 

the V-BLAST detection with successive interference canceller and the ZF receiver, 

respectively. For the all proposed schemes the STBC-OFDM is more robust than the SFBC-

OFDM encoding in frequency selective channel. Our hybrid approach provides more diversity 

gain, by exploiting space, time and frequency diversity. 
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7.2   Future Works 

This project was partially about the performance investigation of the hybrid Multi User 

schemes. The future work can be defined as the performance investigation of the hybrid 

schemes with the high mobility environment. In overall, there is a lot of open field in MIMO 

systems which are attractive to research. As an example, receiver design or designing the 

detection algorithm with low computational complexity for different MIMO structure. 

Different transmission environments can be examined, and compared. 

Other extensions include: 

1- Using higher order constellation and higher FFT size of OFDM sub-carrier.  

2- Investigating the use of the coded modulation techniques, such as (bit interleaved 

coded    Modulation BICM, trellis modulation) when used in conjunction with space 

time coding. 

3- The impact of the carrier offset (CFO). 

4- Channel environment scenario when the L tapas of the channel is longer than the CP 

length. 
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Abstract:  In this work, we exploit  the SVD assisted multiuser transmitter (MUT) and multiuser detector 

(MUD) technique, using downlink (DL)  preprocessing transmitter and DL postprocessing receiver matrice  .In 

combination with space frequency block coding (SFBC). And also propose the precoded DL transmission 

scheme, were the both proposed schemes take advantage of the channel state information (CSI) of all users at 

the base station (BS), but only of the mobile station (MS)’s own CSI, to decompose the MU MIMO channels into 

parallel single input single output (SISO), these two proposed schemes are compared to the vertical layered 

space time (V_BLAST) combined with SFBC (SFBC_VBLAST). Our Simulation results show that the 

performance of the proposed scheme with DL Zero Forcing (ZF) transmitter for interference canceller 

outperforms the SFBC_VBLAST and the precoded DL schemes with ZF receiver in frequency selective fading 

channels. 

Keywords – Post processing, Preprocessing,, SFBC, SVD, ZF. 

 

I. INTRODUCTION 
Multiple Input Multiple Output (MIMO) is a new technology that can dramatically increase the spectral 

efficiency by using antenna arrays at both transmitter and receiver. An effective and practical way to 

approaching the capacity of MIMO wireless channels is to employ space time coding (STC). There are various 

approaches in coding structures including space time trellis codes (STTC) [1], space time block codes (STBC) 

[2], space time turbo trellis codes and layered space time (LST) codes. The pure example of LST is vertical Bell 

laboratories space time (VBLAST) [3].                                                                                                

 STBC is a simple and attractive space time coding scheme that was proposed by Alamouti [4]. It 

requires only a small degree of additional complexity. In particular, the Alamouti code offers very simple 
encoding, decoding and is particularly suitable for future wireless systems.  Increasing demand for higher data 

rate requires transmission over broadband channel which is frequency selective. As a result, inter symbol 

interference (ISI) is introduced, which severely degrades the system performance. Using orthogonal frequency 

division multiplexing (OFDM) can turn frequency selective MIMO channel into a set of parallel frequency flat 

MIMO channels. In practice, combination OFDM and STBC is very popular and robust technique to mitigate 

ISI and improve the performance of the communication in terms of taking advantage of the spatial diversity in 

MIMO transmitting systems [5-6].  Alamouti is remarkable orthogonal transmission structure can be applied in 

space time or space frequency domain in OFDM systems. The orthogonal designs can be applied as space time 

block coded (STBC_OFDM) [7], or frequency block coded (SFBC_OFDM) [8].   The efficient design of the 

DL transmitter is of paramount importance for the sake of achieving a high throughput (high data rates), to 

obtain this, it is important to find schemes that to reduce the effects of fading and explore new type of diversity, 
as well as to reduce the effect of multiuser interference (MUI), also referred to as multiple access interference 

(MAI), and inter antenna interference (IAI). Otherwise, the performance of such STBC MIMO OFDM systems 

may also seriously degrade in the presence of MAI due to multiuser applications.   The effect of MUI can be 

mitigated by employing spatio temporal preprocessing at the transmitter. Consequently, the DL receiver 

complexity may be reduced at the advent of transmit preprocessing at the base station (BS), a technique which 

is also often referred as Multiuser transmission (MUT) [9].  Employing the singular value decomposition 

(SVD). More specifically, the spatio temporal preprocessing technique of decomposes a MIMO channel into a 

set of parallel single user MIMO channels [10], which facilitates the employments of well known MIMO 

processing technique.    If the CSI associated to different mobile station (MS) is available at the BS, the use of 

preprocessing scheme at the transmitter BS, allows simpler MS receiver implementation and eventually better 

performance.    

  In this paper, we propose two schemes based on SVD the zero forcing transmit scheme denoted 
(ZF_Tx_svd) and ZF receive scheme denoted (ZF_Rx_svd) combined with the MU SFBC OFDM system.  This 

paper is organized as follows, in section II we present the MIMO OFDM eigenmode, section III the system 

overview, section IV the multi user detector, describing the ZF interference canceller at the receiver and at the 
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transmitter based on SVD, section V the simulation results are provided, finally in section VI we give our 

conclusions. 

 

II. MIMO OFDM EIGENMODE 
 The DL of multiuser spatial multiplexing (MUSM) communication system is investigated where 

antenna arrays are used at both the base transceiver station (BTS) and at K mobile users. Due to the low 

complexity realisation at the mobile units, and the large diversity gain, linear processing Maintaining the 

Integrity of the specifications for MIMO system also referred to as  Closed loop MIMO , where  CSI is known 

at the  transmitter, is used to multiple user and pre-cancel inter user interference.  In particular, it was proven 

that MIMO eigenmode (EM) transmission system is optimal because MIMO capacity is maximized.   MIMO 

EM uses the left and right eigenvectors of the channel matrix as eigenbeamformers in the receiver and the 

transmitter respectively to form the orthogonal spatial eigenbeams for transmission. We utilize SVD to obtain 
the largest eigen. In some sense, eigenbeamforming is an optimal space time processing scheme. However, it 

requires SVD on every subcarrier. It has been well known that SVD technique is an appropriate way to 

diagonalize the MIMO channel matrix. 

 MIMO OFDM system utilizing N subcarriers with 𝑀𝑡 Transmit and 𝑀𝑟  receive antennas signalling 

over MIMO frequency selective fading channel, 𝐻𝑓 :  𝑀𝑟 × 𝑀𝑡  is the frequency domain channel response 

matrix for the fth subcarrier with possibly correlated coefficient, 𝑕𝑖𝑗
𝑓

 : CN(0,1) where 𝑖 = 1, . .𝑀𝑟  , and 𝑗 =

1, . . 𝑀𝑡.  The columns vectors of flat fading channel matrix 𝐻𝑓  are usually non orthogonal. However by SVD the 

channel matrix, 𝐻𝑓 can be decomposed into diagonal matrix  D1/2  and two unitary matrices U and V. Assuming 

perfect CSI an SVD decomposition of the MIMO channels, 𝐻𝑓  can be written as 𝐻𝑓 = 𝑈𝑓𝐷𝑓𝑉𝑓
𝐻

  .  where , 𝑉𝑓
𝐻

 is 

the transpose conjugate of the matrix 𝑉𝑓 , the  𝑀𝑟 × 𝑀𝑟  matrix 𝑈𝑓  and the  𝑀𝑡 × 𝑀𝑡   matrix 𝑉𝑓  are unitary  

matrices (i.e. 𝑈𝑓𝑈𝑓
𝐻 = 𝐼𝑀𝑟  and 𝑉𝑓𝑉𝑓

𝐻 = 𝐼𝑀𝑡), and 𝐷 is a  𝑀𝑟 × 𝑀𝑡  diagonal matrixes whose non zero 

diagonal elements  𝜆1 , 𝜆2 ,… 𝜆𝑅𝐻𝑓
  are the real non negative singular values of 𝐻𝑓. We have 𝑅𝐻𝑓 =

𝑚𝑖𝑛 𝑀𝑡 × 𝑀𝑟  is the rank of the channel matrix 𝐻𝑓. Therefore, the channel matrix 𝐻𝑓 can be decomposed into 

orthogonal sub channel, the closed loop MIMO OFDM system can use eigenbeamforming on a tone by tone 

basis to transform a frequency selecting MIMO channel into a collection of RH N parallel subchannels. 

 

III. SYSTEM OVERVIEW 
        We consider a downlink multiuser environment with a BS communication supporting K user mobile 

station (MS’s) as shown in Figure. 1, the base station employs M transmit antennas and the kth users MS could   

be equipped with Rk receive antennas as shown in Figure. 2.a and Figure. 2.b, where = 1,2,… ,𝐾 is the spatial 

multiplexer of the kth  data branch generates a Tk  dimensional vector symbol streams  

𝑆𝑘 =  𝑥𝑘1 1 , 𝑥𝑘2(2),…𝑥𝑘𝑇𝑘
(𝑛) 

𝑇
, where Tk =2, is the  transmit  Alamouti matrix and n is the number of the 

transmitted symbols stream for each user before encoding, in space frequency  coding (SFC), where n=1..N/2,   

( N= number of OFDM subcarrier). Where symbols Sk,d  (𝑘 = 1,2, … ,𝐾; 𝑑 = 1,2) are chosen from the same 

constellation set S . For convenience we assume no error correction coding and a uniform allocation of power 

across the substreams for each user.  At the BS before the SFBC encoding we implement the 

eigenbeamforming, preprocessing spatial multiplexing units requires CSI, and in the case of OFDM systems the 

transmitter requires preprocessing knowledge for all subcarriers, the symbol vectors n for the kth user is 

multiplied by a ( M×Tk ) preprocessing  matrix 𝑃𝑘  as shown in Figure. 1,  yielding: 

     𝑋𝑘 = 𝑃𝑘𝑆𝑘     = 1,2,… , 𝐾                                                                                                                                (1) 
 

 

 

 

 

 

 

 

 

 

 
 

 

 We assumed with the preprocessing symbol vectors from the other users to produce the composite 

transmitted symbol vector.  
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   𝑋𝑘 =  𝑃𝑘𝑆𝑘
𝐾
𝑘=1                                                                                                                                              (2) 

 The preprocessed symbol vectors are passed through the combining block SFBC_OFDM encoder, by 

using the Alamouti schemes   in frequency coding.   A block of data symbols (OFDM symbol) transmitted over 

each transmitter passes through an N point inverse fast Fourier transform (IFFT), and the cyclic prefix (CP) is 

appended. The BS transmitter broadcast the signal to multiple K users simultaneously over the same frequency 

band through the frequency selective fading channel.  At each receiver as shown in Figure. 2.a and Figure. 2.b, 

the CP removed and the fast Fourier transform (FFT) is applied to revert the received signals back to frequency 

domain. Hence the frequency selective MIMO channel is decoupled into N parallel flat fading channels. The Rk 

dimensional received signal  𝑦𝑘  at the kth user where Rk=1,2 is a superposition of the K signal branches 

distorted by channel fading plus additive white Gaussian noise (AWGN).    

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 The complex baseband representation of the received signal vectors in the fth subcarrier where f=1… N 

can be expressed as:   

 𝑦𝑘 =  𝐻𝑘𝐶𝑗
𝐾
𝑗=1 + 𝑤𝑘                                                                                                                                    (3) 

 The component C is the code matrix of Alamouti scheme of the OFDM symbols. The channel transfer 

matrix between the BS and the kth user Hk :(RkxM) is the frequency domain channel response matrix for 

subcarrier f, and
k

mrh ,  is the fading coefficient modelled as a finite impulse response filter  (FIR) with L taps, 

associated with the mth BS antenna and rth receive antenna of user k, at a given subcarrier f . 

Let     𝑕𝑟𝑚
𝑘 =  𝑕𝑟𝑚

𝑘  0 , 𝑕𝑟𝑚
𝑘 (1), … . 𝑕𝑟𝑚

𝑘 (𝐿 − 1)                                                                                                  (4) 
Where r= {1,…,Rk} and  m={1,…..M}. The elements of Hk are samples of independent and identically 

distributed (i,i,d) complex Gaussian random variables, circularly symmetric distributed with unit variance 

CN(0,1). The additive white Gaussian noise (AWGN) at the rth receive antenna of user k, 𝑤 = [𝑤1 , 𝑤1 , … , 𝑤𝑅𝑘
] 

follows distribution 𝐶𝑁(0, 𝜎𝑤
2𝐼), where I is the (Rk×Rk) identity matrix. Finally the entire multiuser MIMO 

channel may be characterized by the supermatrix H, which may be constructed by concatenating the 

corresponding channel matrices   𝐻𝑘 
 
𝑘=1
𝐾  associated with each of the MS’s, and the composite channel matrix 

is denote as:     

𝐻 =  𝐻(1), 𝐻(2),… .𝐻(𝐾) 
𝑇
                                                                                                                            (5) 

We can write the equation (3), hence the signal form become as follows: 

   𝑦 𝑘 =  𝐻 𝑘𝑃𝑆 + 𝑤𝑘 =     𝐻 𝑘  𝑃𝑘𝑆𝑘 +  𝐻 𝑘𝑃𝑗𝑆𝑗
𝐾
𝑗=1,𝑗≠𝑘 + 𝑤𝑘 

      = 𝐻 𝑘  𝑃𝑘𝑆𝑘 + 𝑍𝑘 + 𝑤𝑘                          k= 1,2,… ,𝐾                                                                                 (6) 

 𝑃𝑘  and 𝑆𝑘  is the preproceesing matrix and the transmitted symbols vector n corresponding to the kth user. From 

(6) we see that the MUI component on the kth user is represented as 𝑍𝑘 , and  𝐻 𝑘 is the equivalent channel 
transfer matrix between the BS and the kth user .If we have CSI available at both the transmitter and the 

receiver, and then we use the SVD decomposition of the channel user 𝐻 𝑘 [11] . 

𝐻 𝑘 = 𝑈𝑘  𝐷𝑘

1

2, 0 𝑉𝑘 = 𝑈𝑘  𝐷𝑘

1

2 , 0  
𝑉𝑘𝑠

𝐻

𝑉𝑘𝑛
𝐻                                                                                                       (7)  

 Where 𝑈𝑘  and 𝑉𝑘  are (2Rk×2Rk) and (M×M) component unitary matrices, respectively, and 𝐷𝑘  is an 

(2Rk×2Rk) component diagonal matrix containing the eigenvalues of  𝐻 𝑘𝐻 𝑘

𝐻
. 
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 The optimal eignbeamforming as shown in [12-13], is the precoding matrix where P=V, which is 

derived from (7) and consequently the precoding matrix is defined as: 

   𝑃𝑘 = 𝑉𝑘                𝑘 = 1,2,… , 𝐾                                                                                                                         (8) 
By substituting (8) in (6) the received signal can be expressed as: 

𝑦 𝑘 = 𝐻 𝑘𝑉𝑘𝑆𝑘 + 𝑍𝑘 + 𝑤𝑘                                                                                                                                (9) 

Vk and Sk is the precoding matrix and the transmitted symbols vector n corresponding to the kth user, and the 
equivalent effective channel can be expressed by: 

𝐻 = [𝐻 1 ,𝐻 2 ,… ,𝐻 𝐾]𝑇                                                                                                                                   (10) 

The composite multiuser received signal may be express as: 

𝑦 𝑘 = 𝐻 𝑉𝑆 + 𝑤                                                                                                                                            (11) 

 𝑉 = [𝑉 1 , 𝑉 2 , …𝑉 𝐾 ],𝑤 = [𝑤(1), 𝑤(2), … ,𝑤 (𝐾)] 
𝑉 and 𝑤 are the space time precoding supermatrix, as well as the AWGN noise. The receiver sees the equivalent 

channel matrix.    

   𝐻  = 𝐻 𝑉                                                                                                                                                     (12) 
 And according to Figure. 2.a we can detect the desired signal vector streams S by the implementation 

of the ZF detection of equivalent channel matrix, hence remove the interference between the transmitted user 

streams and subsequently implemented the SFBC decoding. With the precoding matrix and the equivalent 

effective channel, we can express the ZF receiver based on SVD solution which is referred to ZF_Rx_svd as 

follow: 

𝐻  𝑍𝐹 = 𝑉𝐻  𝐻 𝑍𝐹    , where   𝐻 𝑍𝐹 = (𝐻 𝐻   𝐻   )−1  𝐻 𝐻                                                                                       (13) 
4.1. ZF Transmit Scheme Based On SVD 

 

 In this section we present the ZF transmit scheme to pre-cancel the MUI interference based on the 

SVD, at the BS station, from (6) and (7) the received signal of the kth user 𝑦 𝑘 may be expressed as:     

 𝑦 𝑘 = 𝑈𝑘𝐷
1/2𝑉𝑘𝑠

𝐻𝑃𝑆 + 𝑤𝑘             𝑘 = 1,2,… ,𝐾                                                                                       (14) 

Then the overall DL received signal vector streams 𝑦 𝑘 of the K M’s can be expressed as: 

𝑦 𝑘 = 𝑈𝐷1/2𝑉𝑠
𝐻𝑃𝑆 + 𝑤                                                                                                                                 (15) 

According to [11], The DL BS transmit preprocessing matrix 𝑃 is designed, that the DL MUI can efficiently be 

suppressed. The MUI can fully be removed when the DL preprocessing matrix to satisfy: 

𝑃 = [𝑉𝑠
𝐻]+𝐵 = 𝑃 𝐵                                                                                                                                                    

(16) 

 Where the power allocation regime of  𝐵 = 𝑑𝑖𝑎𝑔 𝐵11 , 𝐵1𝑇𝑘
;… . . ; 𝐵𝐾1 , … , 𝐵𝐾𝑇𝑘

  and [𝑉𝑠
𝐻]+  denotes 

the pseudo inverse of the matrix 𝑉𝑠
𝐻, which is referred to ZF_Tx_svd, and 

 
𝑃 = 𝑉𝑠[𝑉𝑠

𝐻𝑉𝑠]. 
When substituting the overall DL preprocessing matrix of (16) into (15) the overall received signal vector y of K 

MS user can be simplified to 

𝑦 𝑘 = 𝑈𝐷1/2𝐵𝑆 + 𝑤                                                                                                                                      (17) 

The symbol vector of the kth MS can be expressed as: 

𝑦 𝑘 = 𝑈𝑘𝐷𝑘
1/2𝐵𝑘𝑆𝑘 + 𝑤𝑘                                                                                                                              (18) 

The IAI can be suppressed with the SVD based matrices  𝑈𝑘   of (7).  By  𝐺𝑘 = 𝑈𝑘
𝐻  according to Figure. 2.b 

the user specific decision variables can individually be expressed as: 

𝑆 𝑘 = 𝐷𝑘
1/2𝐵𝑘𝑆𝑘 + 𝑈𝑘

𝐻𝑤𝑘           𝑘 = 1,2,… ,𝐾                                                                                           (19) 
And the overall decision variables can expressed as: 

      𝑆 = 𝐷1/2𝐵𝑆 + 𝑈𝐻𝑤                                                                                                                                     (20) 

The overall of the user decision symbol stream can be expressed as:  𝑆 =   𝑆 1 , 𝑆 2 , … . . , 𝑆 𝐾 
𝑇
   

 

V. Simulation Results 
        In this section, we consider SFBC system with N = 64 (N: number of subcarrier OFDM). Combined 

with the SVD MUT and MUD by applying the ZF receiver and ZF transmitter scheme and compared them with 

ZF_VBLAST. The maximum channel delay spread and the CP length are the same and equal to L=16. In other 

words, channel with long excess delay time, exhibit a lower coherence bandwidth corresponding to higher 

frequency selectivity than shorter channel. The SISO channels from the transmit antennas to the receive 

antennas are assumed to be independent and Rayleigh distributed. The complex symbols are assumed to be 

quaternary phase shift keying (QPSK). 

 Figure.3. Shows the BER performance comparison of two users SFBC_OFDM system. When each 
user has one receive antenna and 4 BTS transmit antennas (4×2 users/1Rx). It is shown that the ZF_Tx_sdv 

scheme’s outperforms the ZF_VBLAST by 16 dB, and the ZF_Rx_svd by 20 db at BER=10-4 . VBLAST, 

decodes the substreams, subtracts its interference and then decodes the later substreams.   However, was not 
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designed for exploiting transmits diversity. The performance of VBLAST receiver is mainly dependent on the 

first substreams, which has the lowest diversity gain and limited by error propagation. Where in ZF_Rx_svd, 

the noise term may be amplified in a way that influences the decoding output in negative way.  
 Figure.4. Shows the BER performance comparison of two users SFBC_OFDM system. When each user has 

two receive antenna and 4 BTS transmit antennas (4×2 users/2Rx).   

 
 

 

 

 

 

  It is shown that the ZF_Tx_svd scheme’s outperforms the ZF_VBLAST by 1dB, and the 

ZF_Rx_svd by 3 db at BER=10-6.   By adding one antenna at each receiver, however, a significant SNR 
reduction of 10 dB is achieved at  BER=10-6 for ZF_Tx_svd scheme. The eigenmode selection achieves a 

higher diversity order than simple spatial multiplexing and increase the diversity gain. 

 

VI. CONCLUSION 
      Multiuser SFBC_OFDM system combined with SVD assisted MUT and MUD is studied in the 

frequency selecting fading channel, from the results the ZF transmit scheme based on SVD for MUI precanceller 

outperforms the ZF_VBLAST and ZF receiver based on SVD.  It can be concluded that the space frequency 

coded system coupled with SVD assisted MUT and MUD with ZF transmit scheme efficiently exploits diversity 

techniques. These are, space and frequency diversity to overcome fading found in the radio channel, and provides 
high performance. 
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Figure.3. BER performance comparison of 2 users 

SFBC_OFDM System, with 4 BTS transmit antenna 

and 1 receive antenna per user, using ZF_Tx_svd 

and ZF_VBLAST and ZF_Rx_svd. 
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Appendix A : 

SDM : 

    𝑆 = [ 𝑠1    𝑠2 ]                                                                                                            (A. 1) 

The Alamouti Code Matrix: 

𝐺𝑆𝑇𝐵𝐶 = [
𝑠1 −𝑠2

∗

𝑠2 𝑠1
∗ ]                                                                                                 (A. 2)     

Alamouti 2×1 Schemes : 

𝑟1 = ℎ1𝑠1 + ℎ2𝑠2 + 𝑛1                                                                                                 (A. 3)  

𝑟2 = −ℎ1𝑠2
∗ + ℎ2𝑠1

∗ + 𝑛2                                                                                              (A. 4) 

[
𝑟1
𝑟2

] = [
𝑠1 −𝑠2

∗

𝑠2 𝑠1
∗ ] [

ℎ1

ℎ2
] + [

𝑛1

𝑛2
]                                                                                   (A. 5) 

[
𝑟1
𝑟2

∗] = [
ℎ1 ℎ2

ℎ2
∗ −ℎ1

∗] [
𝑠1

𝑠2
] + [

𝑛1

𝑛2
∗]                                                                                   (A. 6) 

The equation (A.6) can be written as: 

𝒓 = 𝑯 𝑺 + 𝒏                                                                                                      (A.7) 

Then, the equivalent matrix channel model of Alamouti 2×1 schemes can be represented as 

𝑯 = [
ℎ1 ℎ2

ℎ2
∗ −ℎ1

∗]                                                                                                            (A. 8) 

Alamouti 2×2 Schemes : 

𝑟1(𝑡)  = ℎ11𝑠1 + ℎ12𝑠2 + 𝑛11                                                                                      (A. 9)  

𝑟2(𝑡)  = ℎ21𝑠1 + ℎ22𝑠2 + 𝑛21                                                                                     (A. 10) 

 𝑟1(𝑡 + 𝑇) = −ℎ11𝑠2
∗ + ℎ12𝑠1

∗ + 𝑛12                                                                          (A. 11) 

 𝑟2(𝑡 + 𝑇)  = −ℎ21𝑠2
∗ + ℎ22𝑠1

∗ + 𝑛22                                                                         (A. 12) 

𝑟1
∗(𝑡 + 𝑇) = −ℎ11

∗ 𝑠2 + ℎ12
∗ 𝑠1 + 𝑛12

∗                                                                           (A. 13) 

𝑟2
∗(𝑡 + 𝑇)  = −ℎ21

∗ 𝑠2 + ℎ22
∗ 𝑠1 + 𝑛22

∗                                                                          (A. 14) 

[
 
 
 
𝑟1(0)

𝑟2(0)

𝑟1
∗(𝑇)

𝑟2
∗(𝑇)]

 
 
 

= [

ℎ11 ℎ12

ℎ21 ℎ22

ℎ12
∗ −ℎ11

∗

ℎ22
∗ −ℎ21

∗

] [
𝑠1

𝑠2
] +

[
 
 
 
𝑛1(0)

𝑛2(0)

𝑛1
∗(𝑇)

𝑛2
∗(𝑇)]

 
 
 

                                                                  (A. 15) 

The equation (A.15) can be written as: 

𝒓 = 𝑯 𝑺 + 𝒏                                                                                                      (A.16) 
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Then, the equivalent matrix channel model of Alamouti 2×2 schemes can be represented as 

𝑯 = [

ℎ11 ℎ12

ℎ21 ℎ22

ℎ12
∗ −ℎ11

∗

ℎ22
∗ −ℎ21

∗

]                                                                                                        (A. 17) 

 

4 × 2 Stacked STBCs: 

In this case, two data streams can be sent using a double space time transmit diversity 

(DSTTD) scheme that essentially consists of operating two 2×1 Alamouti code systems in 

parallel . DSTTD, also called “Stacked STBCs”, combines transmit diversity and maximum 

ratio combining techniques along with a form of spatial multiplexing.  

The received signals at times 0 and T on antennas 1 and 2 can be represented with the 

equivalent channel model as: 

[
 
 
 
𝑟1(0)

𝑟1
∗(𝑇)

𝑟2(0)

𝑟2
∗(𝑇)

 

]
 
 
 

= [

ℎ11 ℎ12 ℎ13 ℎ14

ℎ12
∗ −ℎ11

∗ ℎ13
∗ −ℎ13

∗

ℎ21 ℎ22 ℎ23 ℎ24

ℎ22
∗ −ℎ21

∗ ℎ24
∗ −ℎ23

∗

] [

𝑠1

𝑠2

𝑠3

𝑠4

] +

[
 
 
 
𝑛1(0)

𝑛1
∗(𝑇)

𝑛2(0)

𝑛2
∗(𝑇)]

 
 
 

                                      (A. 18)     

Then, the equivalent matrix channel model of 4 × 2 DSTTD can be represented as 

[
𝒓𝟏

𝒓𝟐
] = [

𝐻11 𝐻12

𝐻21 𝐻22
] [

𝒔𝟏

𝒔𝟐
] + [

𝒏𝟏

𝒏𝟐
]                                                                               (A. 19)        

𝐻11 = [
ℎ11 ℎ12

ℎ12
∗ −ℎ11

∗ ]                                                                                                     (A. 20)       

𝐻21 = [
ℎ21 ℎ22

ℎ22
∗ −ℎ21

∗ ]                                                                                                    (A. 21) 

𝐻12 = [
ℎ13 ℎ14

ℎ13
∗ −ℎ13

∗ ]                                                                                                     (A. 22) 

𝐻22 = [
ℎ23 ℎ24

ℎ24
∗ −ℎ23

∗ ]                                                                                                    (A. 23) 

Thus, DSTTD can achieve a diversity order of  𝑁𝑑 = 2𝑁𝑟 (ML detection) or 𝑁𝑑 = 2  (ZF 

detection) due to the 2 × 1 Alamouti code while also transmitting 2 data streams (spatial 

multiplexing order of 2).  

 

 



Appendix A 

 

146 

 

If the same linear combining scheme is used as in the 2 × 1 STBC case, then the following 

decision statistics can be obtained. 

𝑠̃1 = (|ℎ11|
2 + |ℎ12|

2 + |ℎ21|
2 + |ℎ22|

2)𝑠1 + 𝐼3 + 𝐼4 + 2 𝑛𝑜𝑖𝑠𝑒 𝑡𝑒𝑟𝑚𝑠         (A. 24) 

𝑠̃2 = (|ℎ11|
2 + |ℎ12|

2 + |ℎ21|
2 + |ℎ22|

2)𝑠2 + 𝐼3 + 𝐼4 + 2 𝑛𝑜𝑖𝑠𝑒 𝑡𝑒𝑟𝑚𝑠         (A. 25) 

𝑠̃3 = (|ℎ13|
2 + |ℎ14|

2 + |ℎ23|
2 + |ℎ24|

2)𝑠3 + 𝐼1 + 𝐼2 + 2 𝑛𝑜𝑖𝑠𝑒 𝑡𝑒𝑟𝑚𝑠         (A. 26) 

𝑠̃4 = (|ℎ13|
2 + |ℎ14|

2 + |ℎ23|
2 + |ℎ24|

2)𝑠4 + 𝐼1 + 𝐼2 + 2 𝑛𝑜𝑖𝑠𝑒 𝑡𝑒𝑟𝑚𝑠         (A. 27) 

Where 𝐼𝑖 is the interference from the i-th transmit antenna, due to transmitting 2 simultaneous 

data streams. The detection process of DSTTD should attempt to suppress the interference 

between the two STBC encoders, and for this purpose can turn to any the spatial multiplexing 

receivers, such as ZF, MMSE, and BLAST. In contrast to OSTBCs (Alamouti codes), the ML 

receiver for stacked STBCs is not linear. 

4×4 Stacked STBC: 

 

[
 
 
 
𝑟1(0)

𝑟1
∗(𝑇)

𝑟2(0)

𝑟2
∗(𝑇)

 

]
 
 
 

=

[
 
 
 
 
 
 
 
 
ℎ11 ℎ12 ℎ13 ℎ14

ℎ12
∗ −ℎ11

∗ ℎ14
∗ −ℎ13

∗

ℎ21 ℎ22 ℎ23 ℎ24

ℎ22
∗ −ℎ21

∗ ℎ24
∗ −ℎ23

∗

ℎ31 ℎ32 ℎ33 ℎ34

ℎ32
∗ −ℎ31

∗ ℎ34
∗ −ℎ33

∗

ℎ41 ℎ42 ℎ43 ℎ44

ℎ42
∗ −ℎ41

∗ ℎ44
∗ −ℎ43

∗ ]
 
 
 
 
 
 
 
 

[

𝑠1

𝑠2

𝑠3

𝑠4

] +

[
 
 
 
𝑛1(0)

𝑛1
∗(𝑇)

𝑛2(0)

𝑛2
∗(𝑇)]

 
 
 

                                       (A. 28) 

Then, the equivalent matrix channel model of 4 × 4 DSTTD can be represented as 

[
𝒓𝟏

𝒓𝟐
] = [

𝐻11 𝐻12

𝐻21 𝐻22
] [

𝒔𝟏

𝒔𝟐
] + [

𝒏𝟏

𝒏𝟐
]                                                                                (A. 29) 

𝐻11 = [

ℎ11 ℎ12

ℎ12
∗ −ℎ11

∗

ℎ21 ℎ22

ℎ22
∗ −ℎ21

∗

]                                                                                                     (A. 30) 

𝐻21 = [

ℎ31 ℎ32

ℎ32
∗ −ℎ31

∗

ℎ41 ℎ42

ℎ42
∗ −ℎ41

∗

]                                                                                                     (A. 31) 

𝐻12 = [

ℎ13 ℎ14

ℎ14
∗ −ℎ13

∗

ℎ23 ℎ24

ℎ24
∗ −ℎ23

∗

]                                                                                                     (A. 32)  
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𝐻22 = [

ℎ33 ℎ34

ℎ34
∗ −ℎ33

∗

ℎ43 ℎ44

ℎ44
∗ −ℎ43

∗

]                                                                                                     (A. 33) 

If the same linear combining scheme is used as in the 2 × 2 STBC case, then the following 

decision statistics can be obtained. 

𝑠̃1 = (|ℎ11|
2 + |ℎ12|

2 + |ℎ21|
2 + |ℎ22|

2)𝑠1 + 𝐼′3 + 𝐼′4 + 4 𝑛𝑜𝑖𝑠𝑒 𝑡𝑒𝑟𝑚𝑠      (A. 34) 

𝑠̃2 = (|ℎ11|
2 + |ℎ12|

2 + |ℎ21|
2 + |ℎ22|

2)𝑠2 + 𝐼′3 + 𝐼′4 + 4 𝑛𝑜𝑖𝑠𝑒 𝑡𝑒𝑟𝑚𝑠      (A. 35) 

𝑠̃3 = (|ℎ13|
2 + |ℎ14|

2 + |ℎ23|
2 + |ℎ24|

2)𝑠3 + 𝐼′1 + 𝐼′2 + 4 𝑛𝑜𝑖𝑠𝑒 𝑡𝑒𝑟𝑚𝑠      (A. 36) 

𝑠̃4 = (|ℎ13|
2 + |ℎ14|

2 + |ℎ23|
2 + |ℎ24|

2)𝑠4 + 𝐼′1 + 𝐼′2 + 4 𝑛𝑜𝑖𝑠𝑒 𝑡𝑒𝑟𝑚𝑠      (A. 37) 
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Appendix B: 

Space Time Block Code OFDM: 

For each pair of two successive data symbol vectors, if 𝑆1 is the first block data symbol vector 

and 𝑆2 is the second block vector, which are the frequency domain symbols, they are defined 

as: 

𝑆1 = [𝑆(1) 𝑆(2) 𝑆(3) … … … … 𝑆(𝑁)]                                                                              (𝐵. 1) 

𝑆2 = [𝑆(𝑁 + 1)   𝑆(𝑁 + 2) … 𝑆(2𝑁)]                                                                               (𝐵. 2) 

The equivalent space time block code transmission matrix is given by 

𝐺𝑆𝑇𝐵𝐶 = [
𝑆1 −𝑆2∗

𝑆2 𝑆1∗ ]                                                                                                          (𝐵. 3) 

Therefore, entries of the transmission matrix are the OFDM symbol vectors  𝑆1, 𝑆2, and their 

complex conjugates.  

STBC User 2x1: 

 Let 𝑟1(𝑘) and 𝑟2(𝑘)  represent the demodulated symbols, 𝑟1(𝑘)  and 𝑟2(𝑘) ,  ,can be 

represented as 

𝑟1(𝑘)   = 𝐻11(𝑘) 𝑆1(𝑘) + 𝐻12(𝑘) 𝑆2(𝑘) + 𝑛1(𝑘)                                                         (𝐵. 4)     

𝑟2(𝑘) = −𝐻11(𝑘) 𝑆2∗(𝑘) + 𝐻12(𝑘) 𝑆1∗(𝑘) + 𝑛2(𝑘)                                                    (𝐵. 5)     

𝑟2∗
(𝑘) = −𝐻11

∗
(𝑘) 𝑆2(𝑘) + 𝐻12

∗(𝑘) 𝑆1(𝑘) + 𝑛2∗
(𝑘)                                                 (𝐵. 6)   

The decision variables are constructed by combining 𝑟1(𝑘)  , 𝑟2(𝑘), and are calculated by the 

following equations: 

𝑆̂1(𝑘) = 𝐻11
∗(𝑘) 𝑟1(𝑘) + 𝐻12(𝑘) 𝑟2∗

(𝑘)                                                                      (𝐵. 7) 

𝑆̂2(𝑘) = 𝐻12
∗(𝑘)𝑟1(𝑘)−𝐻11(𝑘)𝑟2∗

(𝑘)                                                                          (𝐵. 8)  

Substituting equations (𝐵.4) and (𝐵.6) into equations (𝐵.7) and (𝐵.8), we get 

𝑆̂1(𝑘) = 𝐻11
∗(𝑘) ( 𝐻11(𝑘) 𝑆1(𝑘) + 𝐻12(𝑘) 𝑆2(𝑘) + 𝑛1(𝑘))

+ 𝐻12(𝑘)   (−𝐻11
∗(𝑘) 𝑆2(𝑘) + 𝐻12

∗(𝑘) 𝑆1(𝑘) + 𝑛2∗
(𝑘))           (𝐵. 9) 

𝑆̂2(𝑘) = 𝐻12
∗(𝑘)(𝐻11(𝑘) 𝑆1(𝑘) + 𝐻12(𝑘) 𝑆2(𝑘) + 𝑛1(𝑘))−𝐻11(𝑘) (−𝐻11

∗(𝑘) 𝑆2(𝑘)

+ 𝐻12
∗(𝑘) 𝑆1(𝑘) + 𝑛2∗

(𝑘))                                                                   (𝐵. 10) 



Appendix B 

 

149 

 

𝑆̂1(𝑘) = (|𝐻11|2 + |𝐻12|2  ) 𝑆1(𝑘) + (  𝐻11
∗(𝑘)𝐻12(𝑘) −𝐻11

∗(𝑘)𝐻12(𝑘) )𝑆2(𝑘))  

+ (  𝐻11
∗(𝑘) 𝑛1(𝑘) + 𝐻12(𝑘)𝑛2∗

(𝑘))                                                (𝐵. 11) 

𝑆̂2(𝑘) = (|𝐻11|2 + |𝐻12|2  ) 𝑆2(𝑘)

+  (𝐻12
∗(𝑘) (𝐻11(𝑘)−𝐻11(𝑘)(𝐻12

∗(𝑘)  )𝑆1(𝑘)

+ 𝐻12
∗(𝑘)𝑛1(𝑘)−𝐻11(𝑘)𝑛2∗

(𝑘))                                                        (𝐵. 12)  

𝑆̂1(𝑘) = (|𝐻11|2 + |𝐻12|2  ) 𝑆1(𝑘) + 𝐻11
∗(𝑘) 𝑛1(𝑘) + 𝐻12(𝑘)𝑛2∗

(𝑘)                 (𝐵. 13) 

𝑆̂2(𝑘) = (|𝐻11|2 + |𝐻12|2  ) 𝑆2(𝑘) + 𝐻12
∗(𝑘) 𝑛1(𝑘)−𝐻11(𝑘) 𝑛2∗

(𝑘))                (𝐵. 14)    

STBC User 2×2: 

We assume that the channel responses are constant during the two time slots. Let 

𝑟1
1(𝑘), 𝑟1

2(𝑘) and 𝑟2
1(𝑘), 𝑟2

2(𝑘), represent the demodulated symbols, after the OFDM 

demodulator, on the k-th
 

sub-carrier at the first and second time slot, respectively, at receive 

antenna 1 and 2 .The received signal 𝑟1
1(𝑘), 𝑟1

2(𝑘) and 𝑟2
1(𝑘) , 𝑟2

2(𝑘) , 𝑘 = 1,2, … , 𝑁  ,can be 

represented as 

First receiver: 

𝑟1
1(𝑘)     = 𝐻11(𝑘) 𝑆1(𝑘) + 𝐻12(𝑘) 𝑆2(𝑘) + 𝑛1

1(𝑘)                                                       (𝐵. 15)            

𝑟1
2(𝑘) = −𝐻11(𝑘) 𝑆2∗(𝑘) + 𝐻12(𝑘) 𝑆1∗(𝑘) + 𝑛1

2(𝑘)                                                    (𝐵. 16)      

𝑟1
2∗

(𝑘) = −𝐻11
∗(𝑘) 𝑆2(𝑘) + 𝐻12

∗(𝑘) 𝑆1(𝑘) + 𝑛1
2∗

(𝑘)                                                 (𝐵. 17) 

Second receiver: 

𝑟2
1(𝑘)     = 𝐻21(𝑘) 𝑆1(𝑘) + 𝐻22(𝑘) 𝑆2(𝑘) + 𝑛2

1(𝑘)                                                       (𝐵. 18)         

𝑟2
2(𝑘) = −𝐻21(𝑘) 𝑆2∗(𝑘) + 𝐻22(𝑘) 𝑆1∗(𝑘) + 𝑛2

2(𝑘)                                                     (𝐵. 19)     

𝑟2
2∗

(𝑘) = −𝐻21
∗(𝑘) 𝑆2(𝑘) + 𝐻22(𝑘) 𝑆1(𝑘) + 𝑛2

2∗
(𝑘)                                                   (𝐵. 20)      

 The decision variables are constructed by combining 𝑟1
1(𝑘), 𝑟1

2(𝑘), 𝑟2
1(𝑘), 𝑟2

2(𝑘), and the 

channel frequency response. And are calculated by the following equations 

𝑆̂1(𝑘) = 𝐻11
∗(𝑘) 𝑟1

1(𝑘) +  𝐻12(𝑘) 𝑟1
2∗

(𝑘) + 𝐻21(𝑘) 𝑟2
1(𝑘) + 𝐻22(𝑘)𝑟2

2∗
(𝑘)       (𝐵. 21) 

𝑆̂2(𝑘) = 𝐻12(𝑘) 𝑟1
1(𝑘)−𝐻11(𝑘)𝑟1

2∗
(𝑘) +  𝐻22(𝑘) 𝑟2

1(𝑘)  − 𝐻21(𝑘) 𝑟2
2∗

(𝑘)           (𝐵. 22) 
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Substituting equations (𝐵.18) and (𝐵.20) into equations (𝐵.21) and (𝐵.22), we get 

𝑆̂1(𝑘) = 𝐻11
∗(𝑘)(𝐻11(𝑘) 𝑆1(𝑘) + 𝐻12(𝑘) 𝑆2(𝑘) + 𝑛1

1(𝑘) ) 

               + 𝐻12(𝑘)(−𝐻11
∗(𝑘) 𝑆2(𝑘) + 𝐻12

∗(𝑘) 𝑆1(𝑘) + 𝑛1
2∗

(𝑘)) 

               +𝐻21(𝑘)(𝐻21(𝑘) 𝑆1(𝑘) + 𝐻22(𝑘) 𝑆2(𝑘) + 𝑛2
1(𝑘)) 

               +𝐻22(𝑘) (−𝐻21
∗(𝑘) 𝑆2(𝑘) + 𝐻22(𝑘) 𝑆1(𝑘) + 𝑛2

2∗
(𝑘))                            (𝐵. 23) 

𝑆̂2(𝑘) = 𝐻12(𝑘)(𝐻11(𝑘) 𝑆1(𝑘) + 𝐻12(𝑘) 𝑆2(𝑘)

+ 𝑛1
1(𝑘) )−𝐻11(𝑘) (−𝐻11

∗(𝑘) 𝑆2(𝑘) + 𝐻12
∗(𝑘) 𝑆1(𝑘) + 𝑛1

2∗
(𝑘))

+  𝐻22(𝑘)(𝐻21(𝑘) 𝑆1(𝑘) + 𝐻22(𝑘) 𝑆2(𝑘) + 𝑛2
1(𝑘))

− 𝐻21(𝑘) (−𝐻21
∗(𝑘) 𝑆2(𝑘) + 𝐻22(𝑘) 𝑆1(𝑘) + 𝑛2

2∗
(𝑘))               (𝐵. 24)   

𝑆̂1(𝑘) = (|𝐻11|2 + |𝐻12|2 + |𝐻21|2 + |𝐻22|2 )𝑆1(𝑘) + 

+ (𝐻11
∗(𝑘)𝐻12(𝑘) − 𝐻11

∗
(𝑘) 𝐻12(𝑘)−𝐻21

∗(𝑘) 𝐻22(𝑘) + 𝐻21(𝑘)𝐻22(𝑘))𝑆2(𝑘) 

+ (𝐻11
∗(𝑘)𝑛1

1(𝑘) + 𝐻21(𝑘)𝑛2
1(𝑘) + 𝐻12(𝑘)𝑛1

2∗
(𝑘) + 𝐻22(𝑘)𝑛2

2∗
(𝑘))                 (𝐵. 25) 

𝑆̂2(𝑘) = (|𝐻11|2 + |𝐻12|2 + |𝐻21|2 + |𝐻22|2 )𝑆2(𝑘) 

   + (𝐻11(𝑘)𝐻12(𝑘) – 𝐻11(𝑘)𝐻12

∗
(𝑘) + 𝐻21(𝑘) 𝐻22(𝑘) – 𝐻21(𝑘)𝐻22(𝑘)) 𝑆1(𝑘) 

       −𝐻11(𝑘) 𝑛1
2∗

(𝑘) + 𝐻12(𝑘) 𝑛1
1(𝑘) − 𝐻21(𝑘) 𝑛2

2∗
(𝑘) + 𝐻22(𝑘) 𝑛2

1(𝑘)              (𝐵. 26) 

𝑆̂1(𝑘) = (|𝐻11|2 + |𝐻12|2 + |𝐻21|2 + |𝐻22|2)𝑆1(𝑘) 

            + (𝐻11
∗(𝑘)𝑛1

1(𝑘) + 𝐻21(𝑘)𝑛2
1(𝑘) + 𝐻12(𝑘)𝑛1

2∗
(𝑘) + 𝐻22(𝑘)𝑛2

2∗
(𝑘))      (𝐵. 27) 

𝑆̂2(𝑘) = (|𝐻11|2 + |𝐻12|2 + |𝐻21|2 + |𝐻22|2 )𝑆2(𝑘) 

               +𝐻12(𝑘) 𝑛1
1(𝑘) − 𝐻11(𝑘) 𝑛1

2∗
(𝑘) − 𝐻21(𝑘) 𝑛2

2∗
(𝑘) + 𝐻22(𝑘) 𝑛2

1(𝑘)       (𝐵. 28) 
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Space Frequency Block Code OFDM:  

In SFBC-OFDM, the data symbol vector for q-th user is defined as 𝑆𝑞 = [𝑆(1)𝑆(2) … 𝑆(𝑁)], 

where 𝑁 is the number of OFDM sub-carrier. The symbol vector is coded into two length 

1 × 𝑁 vectors, 𝑆1 and 𝑆2 by the space frequency encoder block as: 

𝑆1 = [𝑆(1)  − 𝑆∗(2) … … 𝑆(𝑁 − 1)  − 𝑆∗(𝑁)]                                                                 (𝐵. 29)    

𝑆2 = [𝑆(2)      𝑆∗(1) … . . 𝑆(𝑁)       𝑆∗(𝑁 − 1)]                                                                  (𝐵. 30)          

𝑆1 is transmitted from the first antenna transmitter, while 𝑆2 is transmitted simultaneously 

from the second antenna transmitter.  Let 𝑆𝑒
 

and 𝑆𝑜
 

be two length 𝑁/2 vectors denoting the 

even and odd component vectors of 𝑆. Therefore, 

𝑆𝑜 = [𝑆(1)  𝑆(3) …  𝑆(𝑁 − 3) 𝑆(𝑁 − 1)]                                                                         (𝐵. 31) 

𝑆𝑒 = [𝑆(2)  𝑆(4) … … …  𝑆(𝑁 − 2)  𝑆(𝑁)]                                                                        (𝐵. 32) 

Equations (31),(32) can then be expressed in terms of the even and odd component vectors as 

   𝑆1
𝑒 = −𝑆𝑒∗                                 𝑆1

𝑜 = 𝑆𝑜                

    𝑆2
𝑒 = 𝑆𝑜∗

           
                      𝑆2

𝑜 =  𝑆𝑒                                                                       (𝐵.33) 

SFBC User 2×1: 

Let 𝑟(𝑘) represents the demodulated symbol, after the OFDM demodulator, on the k-th
 

sub-

carrier, 𝑘 = 1,2, … . , 𝑁 

 𝑟(𝑘) = 𝐻11(𝑘)  𝑆1(𝑘) + 𝐻12(𝑘) 𝑆2(𝑘) + 𝑛(𝑘)                                                              (𝐵. 34)         

Where  𝐻𝑗𝑖 (𝑘) is the channel frequency response from transmit antenna 𝑖 to receive antenna 𝑗, 

on the k-th
 

sub-carrier.  Let 𝑟𝑒(𝑘)  and 𝑟𝑜(𝑘), 𝑘 = 1,2, … . , 𝑁/2 , represent the even and odd 

components of 𝑟(𝑘). Thus, 𝑟𝑒(𝑘)  and 𝑟𝑜(𝑘), can be represented as: 

𝑟𝑒(𝑘) = 𝐻11
𝑒 (𝑘) 𝑆1

𝑒(𝑘) + 𝐻12
𝑒 (𝑘) 𝑆2

𝑒(𝑘) + 𝑛𝑒(𝑘)                                                           (𝐵. 35)         

𝑟𝑜(𝑘) = 𝐻11
𝑜 (𝑘) 𝑆1

𝑜(𝑘) + 𝐻12
𝑜 (𝑘) 𝑆2

𝑜(𝑘) + 𝑛𝑜(𝑘)                                                           (𝐵. 36)         

Where 𝑛𝑒(𝑘) and 𝑛𝑜(𝑘) represent the even and odd components, respectively, of the 

demodulated noise vector. Substituting equation (𝐵.33) into equations (𝐵.35) and (𝐵.36), we 

get 

𝑟𝑜(𝑘) = 𝐻11
𝑜 (𝑘) 𝑆𝑜(𝑘) + 𝐻12

𝑜 (𝑘)  𝑆𝑒(𝑘) + 𝑛𝑜(𝑘)                                                           (𝐵. 37)         

𝑟𝑒(𝑘) = −𝐻11
𝑒 (𝑘) 𝑆𝑒∗(𝑘) + 𝐻12

𝑒 (𝑘) 𝑆𝑜∗(𝑘) + 𝑛𝑒(𝑘)                                                      (𝐵. 38)         
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From equations (𝐵.37) and (𝐵.38), we conclude that SFBC-OFDM can be represented by the 

transmission matrix for adjacent OFDM sub-carrier.  

  𝐺𝑆𝐹𝐵𝐶 = [𝑆𝑜 −𝑆𝑒∗

𝑆𝑒 𝑆𝑜∗ ]                                                                                                           (𝐵. 39) 

The decision variables are constructed by combining 𝑟𝑒(𝑘),  𝑟𝑜(𝑘) and the channel frequency 

response.  𝑆̂𝑒(𝑘) and 𝑆̂𝑜(𝑘) , 𝑘 = 1,2, … . , 𝑁/2 are calculated by the following equations: 

𝑟𝑜(𝑘) = 𝐻11
𝑜 (𝑘) 𝑆𝑜(𝑘) + 𝐻12

𝑜 (𝑘)  𝑆𝑒(𝑘) + 𝑛𝑜(𝑘)                                                          (𝐵. 40)        

𝑟𝑒(𝑘) = −𝐻11
𝑒 (𝑘) 𝑆𝑒∗(𝑘) + 𝐻12

𝑒 (𝑘) 𝑆𝑜∗(𝑘) + 𝑛𝑒(𝑘)                                                     (𝐵. 41)       

𝑟𝑒∗(𝑘) = −𝐻11
𝑒 ∗(𝑘) 𝑆𝑒(𝑘) + 𝐻12

𝑒 ∗(𝑘) 𝑆𝑜(𝑘) + 𝑛𝑒∗(𝑘)                                                  (𝐵. 42)     

Assuming the complex channel gains between adjacent sub-carriers are approximately 

constant, such as 

𝐻11
𝑜 (𝑘) = 𝐻11

𝑒 (𝑘) = 𝐻11      𝐻12
𝑜 (𝑘) = 𝐻12

𝑒 (𝑘) = 𝐻12 

Therefore, 

𝑆̂𝑜(𝑘) = 𝐻12
𝑒 (𝑘) 𝑟𝑒∗(𝑘) + 𝐻11

𝑜 ∗(𝑘)  𝑟𝑜(𝑘)                                                                       (𝐵. 43)         

𝑆̂𝑒(𝑘) = −𝐻11
𝑒 (𝑘) 𝑟𝑒∗(𝑘) + 𝐻12

𝑜 ∗(𝑘)  𝑟𝑜(𝑘)                                                                    (𝐵. 44)       

𝑆̂𝑜(𝑘) = 𝐻12
𝑒 (𝑘) ( −𝐻11

𝑜 ∗(𝑘) 𝑆𝑒(𝑘) + 𝐻12
𝑜 ∗(𝑘) 𝑆𝑜(𝑘) + 𝑛𝑒∗(𝑘)) 

               +𝐻11
𝑜 ∗(𝑘) (𝐻11

𝑜 (𝑘) 𝑆𝑜(𝑘) + 𝐻12
𝑜 (𝑘)  𝑆𝑒(𝑘) + 𝑛𝑜(𝑘))                                     (𝐵. 45)        

𝑆̂𝑒(𝑘) = −𝐻11
𝑒 (𝑘) (−𝐻11

𝑜 ∗(𝑘) 𝑆𝑒(𝑘) +  𝐻12
𝑜 ∗(𝑘) 𝑆𝑜(𝑘) + 𝑛𝑒∗(𝑘) ) 

                +𝐻12
𝑜 ∗(𝑘)( 𝐻11

𝑜 (𝑘) 𝑆𝑜(𝑘) + 𝐻12
𝑜 (𝑘)  𝑆𝑒(𝑘) + 𝑛𝑜(𝑘))                                    (𝐵. 46)   

𝑆̂𝑜(𝑘) = (|𝐻11
𝑜 |2 + |𝐻12

𝑒 |2 )𝑆𝑜(𝑘) + 𝐻12
𝑒 (𝑘) (−𝐻11

𝑜 ∗(𝑘) 𝑆𝑒(𝑘) + 𝑛𝑒∗(𝑘))  

              + 𝐻11
𝑜 ∗(𝑘) (𝐻12

𝑜 (𝑘)  𝑆𝑒(𝑘) + 𝑛𝑜(𝑘))                                                                    (𝐵. 47)       

𝑆̂𝑒(𝑘) = (|𝐻11
𝑜 |2 + |𝐻12

𝑜 |2) 𝑆𝑒(𝑘)−𝐻11
𝑒 (𝑘) ( 𝐻12

𝑜 ∗(𝑘) 𝑆𝑜(𝑘) + 𝑛𝑒∗(𝑘))

+ 𝐻12
𝑜 ∗(𝑘)( 𝐻11

𝑜 (𝑘) 𝑆𝑜(𝑘) + 𝑛𝑜(𝑘))                                                         (𝐵. 48)  

𝑆̂𝑜(𝑘) = (|𝐻11
𝑜 |2 + |𝐻12

𝑒 |2 )𝑆𝑜(𝑘) + (−𝐻11
𝑜 ∗(𝑘)𝐻12

𝑒 (𝑘) + 𝐻11
𝑜 ∗(𝑘)𝐻12

𝑜 (𝑘) ) 𝑆𝑒(𝑘)

+ 𝐻11
𝑜 ∗(𝑘)𝑛𝑜(𝑘) + 𝐻12

𝑒 (𝑘) 𝑛𝑒∗(𝑘)                                                            (𝐵. 49) 

𝑆̂𝑒(𝑘) = (|𝐻11
𝑜 |2 + |𝐻12

𝑜 |2) 𝑆𝑒(𝑘) + (𝐻12
𝑜 ∗(𝑘) 𝐻11

𝑜 (𝑘)−𝐻11
𝑒 (𝑘)  𝐻12

𝑜 ∗(𝑘) )𝑆𝑜(𝑘)  

+ 𝐻12
𝑜 ∗(𝑘)𝑛𝑜(𝑘)−𝐻11

𝑒 (𝑘)𝑛𝑒∗(𝑘)                                                                (𝐵. 50)  
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Therfore, 

𝑆̂𝑜(𝑘) = (|𝐻11
𝑜 |2 + |𝐻12

𝑒 |2 )𝑆𝑜(𝑘) + 𝐻11
𝑜 ∗(𝑘)𝑛𝑜(𝑘) + 𝐻12

𝑒 (𝑘) 𝑛𝑒∗(𝑘)                        (𝐵. 51) 

𝑆̂𝑒(𝑘) = (|𝐻11
𝑜 |2 + |𝐻12

𝑜 |2) 𝑆𝑒(𝑘) + 𝐻12
𝑜 ∗(𝑘)𝑛𝑜(𝑘)−𝐻11

𝑒 (𝑘)𝑛𝑒∗(𝑘)                            (𝐵. 52) 

𝑆̂𝑜(𝑘) = (|𝐻11
𝑜 |2 + |𝐻12

𝑒 |2 ) 𝑆𝑜(𝑘) + 2 𝑡𝑒𝑟𝑚𝑒 𝑛𝑜𝑖𝑠𝑒                                                       (𝐵. 53)  

𝑆̂𝑒(𝑘) = (|𝐻11
𝑜 |2 + |𝐻12

𝑜 |2) 𝑆𝑒(𝑘) + 2 𝑡𝑒𝑟𝑚𝑒 𝑛𝑜𝑖𝑠𝑒                                                        (𝐵. 54)  

𝑆̂𝑜(𝑘) = (|𝐻11|2 + |𝐻12|2 ) 𝑆𝑜(𝑘) + 2 𝑡𝑒𝑟𝑚𝑒 𝑛𝑜𝑖𝑠𝑒                                                      (𝐵. 55)  

𝑆̂𝑒(𝑘) = (|𝐻11|2 + |𝐻12|2) 𝑆𝑒(𝑘) + 2 𝑡𝑒𝑟𝑚𝑒 𝑛𝑜𝑖𝑠𝑒                                                        (𝐵. 56) 

Where 𝑆̂𝑒(𝑘) and 𝑆̂𝑜(𝑘), 𝑘 = 1,2, … , 𝑁/2 are combined together to construct 𝑆̂(𝑘), 𝑘 =

1,2, … , 𝑁.  𝑆̂(𝑘), is sent to the maximum likelihood decoder, to decide the most probable sent 

vectors 𝑆. 

SFBC User 2×2: 

Let 𝑟1(𝑘), 𝑟2(𝑘) represents the demodulated symbol, after the OFDM demodulator, on the k-

th
 

sub-carrier, 𝑘 = 1,2, … , 𝑁 at receive antenna 1 and 2.  

𝑟1(𝑘) = 𝐻11(𝑘)  𝑆1(𝑘) + 𝐻12(𝑘) 𝑆2(𝑘) + 𝑛1(𝑘)                                                             (𝐵. 57)       

𝑟2(𝑘) = 𝐻21(𝑘)  𝑆1(𝑘) + 𝐻22(𝑘) 𝑆2(𝑘) + 𝑛2(𝑘)                                                             (𝐵. 58)        

Where 𝐻𝑗𝑖(𝑘)) is the channel frequency response from transmit antenna 𝑗 to receive antenna 𝑖, 

on the k-th sub-carrier.  Let 𝑟1
𝑒(𝑘) , 𝑟1

𝑜(𝑘)  and  𝑟2
𝑒(𝑘) ,  𝑟2

𝑜(𝑘),  𝑘 = 1,2, … , 𝑁/2 ,  represent 

the even and odd components of 𝑟1(𝑘) , 𝑟2(𝑘) respectively. Thus, 𝑟1
𝑒(𝑘) , 𝑟1

𝑜(𝑘)  and 𝑟2
𝑒(𝑘)  

 𝑟2
𝑜(𝑘), can be represented as: 

𝑟1
𝑒(𝑘) = 𝐻11

𝑒 (𝑘) 𝑆1
𝑒(𝑘) + 𝐻12

𝑒 (𝑘) 𝑆2
𝑒(𝑘) + 𝑛1

𝑒(𝑘)                                                            (𝐵. 69)         

𝑟1
𝑜(𝑘) = 𝐻11

𝑜 (𝑘) 𝑆1
𝑜(𝑘) + 𝐻12

𝑜 (𝑘) 𝑆2
𝑜(𝑘) + 𝑛1

𝑜(𝑘)                                                            (𝐵. 70)         

𝑟2
𝑒(𝑘) = 𝐻21

𝑒 (𝑘) 𝑆1
𝑒(𝑘) + 𝐻22

𝑒 (𝑘) 𝑆2
𝑒(𝑘) + 𝑛2

𝑒(𝑘)                                                            (𝐵. 71)       

𝑟2
𝑜(𝑘) = 𝐻21

𝑜 (𝑘) 𝑆1
𝑜(𝑘) + 𝐻22

𝑜 (𝑘) 𝑆2
𝑜(𝑘) + 𝑛2

𝑜(𝑘)                                                           (𝐵. 72)     

Where 𝑛1
𝑒(𝑘), 𝑛1

𝑜(𝑘) and 𝑛2
𝑒(𝑘), 𝑛2

𝑜(𝑘) represent the even and odd components, respectively, 

of the demodulated noise vector. Substituting equation (𝐵.33) into equations (𝐵.69), ( 𝐵.70) 

and (𝐵.71), (𝐵.72) we get 

𝑟1
𝑒(𝑘) = −𝐻11

𝑒 (𝑘) 𝑆𝑒∗(𝑘) + 𝐻12
𝑒 (𝑘) 𝑆𝑜∗(𝑘) + 𝑛1

𝑒(𝑘)                                                     (𝐵. 73)        

𝑟1
𝑜(𝑘) = 𝐻11

𝑜 (𝑘) 𝑆𝑜(𝑘) + 𝐻12
𝑜 (𝑘)  𝑆𝑒(𝑘) + 𝑛1

𝑜(𝑘)                                                           (𝐵. 74)  

𝑟2
𝑒(𝑘) = −𝐻21

𝑒 (𝑘) 𝑆𝑒∗(𝑘) + 𝐻22
𝑒 (𝑘) 𝑆𝑜∗(𝑘) + 𝑛2

𝑒(𝑘)                                                     (𝐵. 75)       

𝑟2
𝑜(𝑘) = 𝐻21

𝑜 (𝑘) 𝑆𝑜(𝑘) + 𝐻22
𝑜 (𝑘)  𝑆𝑒(𝑘) + 𝑛2

𝑜(𝑘)                                                           (𝐵. 76)   
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𝑟1
𝑒∗(𝑘) = −𝐻11

𝑒 ∗(𝑘) 𝑆𝑒(𝑘) + 𝐻12
𝑒 ∗(𝑘) 𝑆𝑜(𝑘) + 𝑛1

𝑒∗(𝑘)                                                   (𝐵. 77) 

𝑟2
𝑒∗(𝑘) = −𝐻21

𝑒 ∗(𝑘) 𝑆𝑒(𝑘) + 𝐻22
𝑒 ∗(𝑘) 𝑆𝑜(𝑘) + 𝑛2

𝑒∗(𝑘)                                                   (𝐵. 78)  

The decision variables are constructed by combining 𝑟1
𝑒(𝑘), 𝑟1

𝑜(𝑘), 𝑟2
𝑒(𝑘), 𝑟2

𝑜(𝑘) , 𝑆̂𝑒(𝑘)  

and 𝑆̂𝑜(𝑘)  are calculated by the following equations: 

𝑆̂𝑜(𝑘) = 𝐻12
𝑒 (𝑘) 𝑟1

𝑒(𝑘) + 𝐻11
𝑜 ∗(𝑘)𝑟1

𝑜(𝑘) +  𝐻22
𝑒 (𝑘)𝑟2

𝑒(𝑘) +  𝐻21
𝑜 ∗(𝑘) 𝑟2

𝑜(𝑘)             (𝐵. 79) 

𝑆̂𝑒(𝑘) = −𝐻11
𝑒 (𝑘) 𝑟1

𝑒∗(𝑘)+𝐻12
𝑜 ∗(𝑘) 𝑟1

𝑜(𝑘)– 𝐻21
𝑒 (𝑘) 𝑟2

𝑒∗(𝑘) + 𝐻22
𝑜 ∗(𝑘)𝑟2

𝑜(𝑘)           (𝐵. 80) 

𝑆̂𝑜(𝑘) = 𝐻12
𝑒 (𝑘) (−𝐻11

𝑒 ∗(𝑘) 𝑆𝑒(𝑘) + 𝐻12
𝑒 ∗(𝑘) 𝑆𝑜(𝑘) + 𝑛1

𝑒∗
(𝑘) )   

               +𝐻11
𝑜 ∗(𝑘)(𝐻11

𝑜 (𝑘) 𝑆𝑜(𝑘) + 𝐻12
𝑜 (𝑘)  𝑆𝑒(𝑘) + 𝑛1

𝑜(𝑘)) 

               + 𝐻22
𝑒 (𝑘) (−𝐻21

𝑒 ∗(𝑘) 𝑆𝑒(𝑘) + 𝐻22
𝑒 ∗(𝑘) 𝑆𝑜(𝑘) + 𝑛2

𝑒∗(𝑘)) 

               + 𝐻21
𝑜 ∗(𝑘) (𝐻21

𝑜 (𝑘) 𝑆𝑜(𝑘) + 𝐻22
𝑜 (𝑘)  𝑆𝑒(𝑘) + 𝑛2

𝑜(𝑘)) )                                  (𝐵. 81)  

𝑆̂𝑒(𝑘) = −𝐻11
𝑒 (𝑘) (−𝐻11

𝑒 ∗(𝑘) 𝑆𝑒(𝑘) + 𝐻12
𝑒 ∗(𝑘) 𝑆𝑜(𝑘) + 𝑛1

𝑒∗
(𝑘) )  

                  +𝐻12
𝑜 ∗(𝑘) (𝐻11

𝑜 (𝑘) 𝑆𝑜(𝑘) + 𝐻12
𝑜 (𝑘)  𝑆𝑒(𝑘) + 𝑛1

𝑜(𝑘)  )     

                  – 𝐻21
𝑒 (𝑘) (−𝐻21

𝑒 ∗(𝑘) 𝑆𝑒(𝑘) + 𝐻22
𝑒 ∗(𝑘) 𝑆𝑜(𝑘) + 𝑛2

𝑒∗(𝑘)) 

                 +𝐻22
𝑜 ∗(𝑘)(𝐻21

𝑜 (𝑘) 𝑆𝑜(𝑘) + 𝐻22
𝑜 (𝑘)  𝑆𝑒(𝑘) + 𝑛2

𝑜(𝑘))                                     (𝐵. 82) 

𝑆̂𝑜(𝑘) = (|𝐻11
𝑜 |2 + |𝐻12

𝑒 |2 + |𝐻21
𝑜 |2 + |𝐻22

𝑒 |2 ) 𝑆𝑜(𝑘)  

               + 𝐻12
𝑒 (𝑘)(– 𝐻11

𝑒 ∗(𝑘) 𝑆𝑒(𝑘) + 𝑛1
𝑒∗

(𝑘) ) 

               + 𝐻11
𝑜 ∗(𝑘)( 𝐻12

𝑜 (𝑘)  𝑆𝑒(𝑘) + 𝑛1
𝑜(𝑘)) 

               + 𝐻22
𝑒 (𝑘) (−𝐻21

𝑒 ∗(𝑘) 𝑆𝑒(𝑘) + 𝑛2
𝑒∗(𝑘)) 

              + 𝐻21
𝑜 ∗(𝑘)(𝐻22

𝑜 (𝑘) 𝑆𝑒(𝑘) + 𝑛2
𝑜(𝑘) )                                                                     (𝐵. 83) 

𝑆̂𝑒(𝑘) = ( |𝐻11
𝑒 |2 + |𝐻12

𝑜 |2 + |𝐻21
𝑒 |2 + |𝐻22

𝑜 |2 ) 𝑆𝑒(𝑘) 

                −𝐻11
𝑒 (𝑘) (𝐻12

𝑒 ∗(𝑘) 𝑆𝑜(𝑘) + 𝑛1
𝑒∗

(𝑘) ) 

                +𝐻12
𝑜 ∗(𝑘)(𝐻11

𝑜 (𝑘) 𝑆𝑜(𝑘) + 𝑛1
𝑜(𝑘)) 

                – 𝐻21
𝑒 (𝑘) (𝐻22

𝑒 ∗(𝑘) 𝑆𝑜(𝑘) + 𝑛2
𝑒∗(𝑘)) 

               +𝐻22
𝑜 ∗(𝑘)(𝐻21

𝑜 (𝑘) 𝑆𝑜(𝑘) + 𝑛2
𝑜(𝑘))                                                                      (𝐵. 84) 

𝑆̂𝑜(𝑘) = (|𝐻11
𝑜 |2 + |𝐻12

𝑒 |2 + |𝐻21
𝑜 |2 + |𝐻22

𝑒 |2 ) 𝑆𝑜(𝑘)  

             +(−𝐻11
𝑒 ∗(𝑘)𝐻12

𝑒 (𝑘) 𝑆𝑒(𝑘) + 𝐻12
𝑒 (𝑘) 𝑛1

𝑒∗
(𝑘) ) 

             +( 𝐻12
𝑜 (𝑘) 𝐻11

𝑜 ∗(𝑘) 𝑆𝑒(𝑘) + 𝐻11
𝑜 ∗(𝑘) 𝑛1

𝑜(𝑘)) 

             + (−𝐻21
𝑒 ∗(𝑘) 𝐻22

𝑒 (𝑘)𝑆𝑒(𝑘) + 𝐻22
𝑒 (𝑘)𝑛2

𝑒∗(𝑘)) 

              +  (𝐻21
𝑜 ∗(𝑘)𝐻22

𝑜 (𝑘)  𝑆𝑒(𝑘) + 𝐻21
𝑜 ∗(𝑘)𝑛2

𝑜(𝑘) )                                                   (𝐵. 85) 
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𝑆̂𝑒(𝑘) = ( |𝐻11
𝑒 |2 + |𝐻12

𝑜 |2 + |𝐻21
𝑒 |2 + |𝐻22

𝑜 |2 )𝑆𝑒(𝑘)                             

                    + (−𝐻11
𝑒 (𝑘) 𝐻12

𝑒 ∗(𝑘) 𝑆𝑜(𝑘) − 𝐻11
𝑒 (𝑘) 𝑛1

𝑒∗
(𝑘)) 

                    +(𝐻12
𝑜 ∗(𝑘)𝐻11

𝑜 (𝑘) 𝑆𝑜(𝑘) + 𝐻12
𝑜 ∗(𝑘)𝑛1

𝑜(𝑘)) 

                   + (– 𝐻21
𝑒 (𝑘)𝐻22

𝑒 ∗(𝑘) 𝑆𝑜(𝑘)– 𝐻21
𝑒 (𝑘) 𝑛2

𝑒∗(𝑘)) 

                   + (𝐻22
𝑜 ∗(𝑘)𝐻21

𝑜 (𝑘) 𝑆𝑜(𝑘) + 𝐻22
𝑜 ∗(𝑘) 𝑛2

𝑜(𝑘))                                                (𝐵. 86) 

𝑆̂𝑜(𝑘) = (|𝐻11
𝑜 |2 + |𝐻12

𝑒 |2 + |𝐻21
𝑜 |2 + |𝐻22

𝑒 |2 ) 𝑆𝑜(𝑘)  

             +(𝐻12
𝑜 (𝑘) 𝐻11

𝑜 ∗(𝑘)−𝐻11
𝑒 ∗(𝑘)𝐻12

𝑒 (𝑘) − (𝐻21
𝑒 ∗(𝑘) 𝐻22

𝑒 (𝑘)) + (𝐻21
𝑜 ∗(𝑘)𝐻22

𝑜 (𝑘))) 𝑆𝑒(𝑘) 

             +𝐻12
𝑒 (𝑘) 𝑛1

𝑒∗(𝑘) + 𝐻11
𝑜 ∗(𝑘) 𝑛1

𝑜(𝑘) 

           +𝐻22
𝑒 (𝑘) 𝑛2

𝑒∗(𝑘) + 𝐻21
𝑜 ∗(𝑘)𝑛2

𝑜(𝑘)                                                                          (𝐵. 87) 

𝑆̂𝑒(𝑘) = ( |𝐻11
𝑒 |2 + |𝐻12

𝑜 |2 + |𝐻21
𝑒 |2 + |𝐻22

𝑜 |2 )𝑆𝑒(𝑘) 

               + (𝐻12
𝑜 ∗(𝑘)𝐻11

𝑜 (𝑘) − 𝐻11
𝑒 (𝑘) 𝐻12

𝑒 ∗(𝑘)– 𝐻21
𝑒 (𝑘)𝐻22

𝑒 ∗(𝑘) + 𝐻22
𝑜 ∗(𝑘)𝐻21

𝑜 (𝑘) )𝑆𝑜(𝑘) 

               −𝐻11
𝑒 (𝑘) 𝑛1

𝑒∗(𝑘)−𝐻21
𝑒 (𝑘)𝑛2

𝑒∗(𝑘) 

             +𝐻12
𝑜 ∗(𝑘)𝑛1

𝑜(𝑘)+ 𝐻22
𝑜 ∗(𝑘)𝑛2

𝑜(𝑘)                                                                          (𝐵. 88) 

Assuming the complex channel gains between adjacent sub-carriers are approximately 

constant, such as 

𝐻11
𝑒 (𝑘) = 𝐻11

𝑜 (𝑘) , 𝐻12
𝑒 (𝑘) = 𝐻12

𝑜 (𝑘)  ,   𝐻21
𝑒 (𝑘) = 𝐻21

𝑜 (𝑘) ,   𝐻22
𝑒 (𝑘) = 𝐻22

𝑜 (𝑘) 

𝑆̂𝑜(𝑘) = (|𝐻11
𝑜 |2 + |𝐻12

𝑒 |2 + |𝐻21
𝑜 |2 + |𝐻22

𝑒 |2 ) 𝑆𝑜(𝑘)  

           +(𝐻12
𝑜 (𝑘) 𝐻11

𝑜 ∗(𝑘) − 𝐻11
𝑒 ∗

(𝑘)𝐻12
𝑒 (𝑘) − (𝐻21

𝑒 ∗(𝑘) 𝐻22
𝑒 (𝑘)) + (𝐻21

𝑜 ∗(𝑘)𝐻22
𝑜 (𝑘)))  𝑆𝑒(𝑘) 

            +𝐻12
𝑒 (𝑘) 𝑛1

𝑒∗(𝑘) + 𝐻11
𝑜 ∗(𝑘) 𝑛1

𝑜(𝑘) 

           +𝐻22
𝑒 (𝑘) 𝑛2

𝑒∗(𝑘) + 𝐻21
𝑜 ∗(𝑘)𝑛2

𝑜(𝑘)                                                                          (𝐵. 89) 

𝑆̂𝑒(𝑘) = ( |𝐻11
𝑒 |2 + |𝐻12

𝑜 |2 + |𝐻21
𝑒 |2 + |𝐻22

𝑜 |2 ) 𝑆𝑒(𝑘) 

               + (𝐻12
𝑜 ∗(𝑘)𝐻11

𝑜 (𝑘) − 𝐻11
𝑒 (𝑘) 𝐻12

𝑒 ∗(𝑘)– 𝐻21
𝑒 (𝑘)𝐻22

𝑒 ∗(𝑘) + 𝐻22
𝑜 ∗(𝑘)𝐻21

𝑜 (𝑘) )𝑆𝑜(𝑘) 

               −𝐻11
𝑒 (𝑘) 𝑛1

𝑒∗(𝑘)−𝐻21
𝑒 (𝑘)𝑛2

𝑒∗(𝑘) 

             +𝐻12
𝑜 ∗(𝑘)𝑛1

𝑜(𝑘)+ 𝐻22
𝑜 ∗(𝑘)𝑛2

𝑜(𝑘)                                                                          (𝐵. 90) 

𝑆̂𝑜(𝑘) = (|𝐻11
𝑜 |2 + |𝐻12

𝑒 |2 + |𝐻21
𝑜 |2 + |𝐻22

𝑒 |2 ) 𝑆𝑜(𝑘)  

             +𝐻12
𝑒 (𝑘) 𝑛1

𝑒∗(𝑘) + 𝐻11
𝑜 ∗(𝑘) 𝑛1

𝑜(𝑘) + 𝐻22
𝑒 (𝑘) 𝑛2

𝑒∗(𝑘) + 𝐻21
𝑜 ∗(𝑘)𝑛2

𝑜(𝑘)        (𝐵. 91) 

𝑆̂𝑒(𝑘) = ( |𝐻11
𝑒 |2 + |𝐻12

𝑜 |2 + |𝐻21
𝑒 |2 + |𝐻22

𝑜 |2 )𝑆𝑒(𝑘) 

              −𝐻11
𝑒 (𝑘) 𝑛1

𝑒∗(𝑘)−𝐻21
𝑒 (𝑘)𝑛2

𝑒∗(𝑘) + 𝐻12
𝑜 ∗(𝑘)𝑛1

𝑜(𝑘)+ 𝐻22
𝑜 ∗(𝑘)𝑛2

𝑜(𝑘)             (𝐵. 92) 
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Were 𝑆̂𝑒(𝑘) and 𝑆̂𝑜(𝑘), 𝑘 = 1,2, … , 𝑁/2 are combined together to construct 𝑆̂(𝑘), 𝑘 =

1,2, … , 𝑁. 𝑆̂(𝑘), is sent to the maximum likelihood decoder, to decide the most probable sent 

vectors 𝑆. 
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Abstract 

  In this work, we exploit  the SVD assisted Multiuser Transmitter (MUT) and Multiuser 

Detector (MUD) techniques, using the Downlink (DL)  pre-processing transmitter and DL 

post-processing receiver matrices with the combination of the MIMO OFDM  space Time  

block code (STBC). And also propose the pre-coded DL transmission scheme, were both 

proposed schemes take advantage of the channel state information (CSI) of all users at the 

base station (BS), but only of the mobile station (MS) owns CSI, to decompose the MU 

MIMO channels into parallel single input single output (SISO), these two proposed schemes 

are compared to the vertical Bell layered space time (V-BLAST) detector combined with 

STBC OFDM (V-BLAST STBC OFDM). Our simulation results on hybrid approach show 

that the performance of the proposed scheme with DL Zero Forcing (ZF) transmitter 

outperforms the V-BLAST STBC OFDM and the pre-coded DL schemes with ZF receiver, 

respectively, in frequency selective fading channels. So this hybrid approach, exploit the time, 

space and frequency diversity.   
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