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Abstract 

Error free transmission is one of the main aims in wireless communications. With the increase in 
multimedia applications, large amount of data is being transmitted over wireless 
communications. This requires error free transmission more than ever and to achieve error free 
transmission multiple antennas can be implemented on both stations i.e. base station and user 
terminal with proper modulation scheme and coding technique. The 4th generation of wireless 
communications can be attained by Multiple-Input Multiple-Output (MIMO) in combination 
with Orthogonal Frequency Division Multiplexing (OFDM). 

MIMO multiplexing (spatial multiplexing) and diversity (space time coding) having OFDM 
modulation scheme are the main areas of focus in our thesis study. MIMO multiplexing increases 
a network capacity by splitting a high signal rate into multiple lower rate streams. MIMO allows 
higher throughput, diversity gain and interference reduction. It also fulfills the requirement by 
offering high data rate through spatial multiplexing gain and improved link reliability due to 
antenna diversity gain. 

Alamouti Space Time Block Code (STBC) scheme is used with orthogonal designs over multiple 
antennas which showed simulated results are identical to expected theoretical results. With this 
technique both Bit Error Rate (BER) and maximum diversity gain are achieved by increasing 
number of antennas on either side. This scheme is efficient in all the applications where system 
capacity is limited by multipath fading. 

 

  

Keywords: Multiple-Input Multiple-Output (MIMO), Orthogonal Frequency Division 
Multiplexing (OFDM), Space Time Block Code (STBC), Bit Error Rate (BER), Multipath 
Fading. 
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AWGN  Adaptive White Gaussian Noise  

ASN   Access Service Network 

BER   Bit Error Rate 

BPSK   Binary Phase Shift Keying 

CE   Channel Estimation  

CSI   Channel State Information 
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DFT   Discrete Fourier Transform  
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ISI   Intersymbol Interference 

ICI   Intercarrier Interference  

IEEE   Institute of Electrical and Electronic Engineering 

IMS   IP Multimedia Subsystem 

IDFT   Inverse Discrete Fourier Transform 

IFFT   Inverse Fast Fourier Transform 

LAN   Local Area Network 

LST   Layered Space Time Code 

LOS    Line-of-Sight 

LF   Lower Frequency 
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MAN   Metropolitan Area Network 

MIMO   Multiple-Input Multiple-Output 

MRRC   Maximal Ratio Receive Combining  

MF   Medium Frequency 

MISO   Multiple-Input Single-Output 

MAC   Medium Access Control 

MS    Mobile Station 

NLOS   Non Line-of-Site 

OFDM   Orthogonal Frequency Division Multiplexing   

PAPR   Peak to Average Power Ratio 

PAM   Pulse Amplitude Modulation  

QAM   Quadrature Amplitude Modulation  

QPSK   Quadrature Phase Shift Keying 

QoS   Quality-of-Service 

Rx   Receiver  

RF   Radio Frequency 

SISO   Single-Input Single-Output 

SIMO   Single–Input Multiple-Output 

SVD   Singular Value Decomposition 

STC   Space Time Coding 

STBC   Space Time Block Code 

STTC   Space Time Trellis Code 

SNR   Signal-to-Noise Ratio 

TDMA   Time Division Multiple Access 

Tx    Transmitter 

WiMAX  Worldwide Interoperability for Microwave Access 

WLAN  Wireless Local Area Network 
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Chapter 1: Wireless Channel Propagation and Fading 

1.1 IEEE Standards Overview 

IEEE Standards provide a platform where different companies and manufacturers develop 
quality products having compatibility among them. It provides architecture and protocols for a 
large amount of applications and to maximize the research and innovation to develop customer 
trust and safety.    

Local Area Network (LAN) and Metropolitan Area Network (MAN) cover the number of data 
communications technologies and applications related to them. To provide balance between the 
developing number of different incompatible local and metropolitan networks, and to satisfy 
applications or cost goals certain rules are being defined in IEEE 802 Standards. Some of the 
important IEEE standards from family of 802 are IEEE standard 802.1, which provides 
network management, IEEE 802.2 gives an explanation of data link layer in OSI Reference 
model, IEEE 802.3 contributes for bus networks to depict MAC layer, IEEE standard 802.4 is 
for the token bus network, whereas the IEEE 802.6 standard is defining Metropolitan Area 
Networks (MAN) [1]. 

1.2 IEEE 802.11 Standard 

The task to extend Local Area Networks (LANs) to wireless was given to a committee of IEEE 
called 802.11. Today the standards proposed by this committee are in use globally and are called 
WiFi standards. In 1997, IEEE introduced first LAN standard called 802.11 standards. It covered 
low speed of 2 Mbps but the important aspect was the connectivity to the LAN without cable. 
The first 802.11 standard was made for 2.4 GHz unlicensed band but later versions replaced it 
hence this version is no longer in use now. The 802.11 standard can be implemented in two ways 
at the physical layer. One is the direct sequence spread spectrum (DSSS) and the frequency 
hopping spread spectrum (FHSS). 

1.2.1 IEEE 802.11a 

In October 1999, the IEEE released a version of 802.11a standard which is designed for wireless 
LANs and provides up to 54 Mbps in the 5 GHz band. It also uses orthogonal frequency division 
multiplexing (OFDM) encoding scheme rather than FHSS and DSSS. 

1.2.2 IEEE 802.11b 

IEEE 802.11b was introduced in September 1999, more or less in the same time frame as IEEE 
802.11a was released. 802.11b operated in the same band of 2.4 GHz but operated up to 11 Mbps 
transmission and uses only DSSS. It can also be referred as WiFi. 
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1.2.3 IEEE 802.11g 

The third enhanced standard of IEEE was 802.11g. This standard was basically based on OFDM 
modulation but on 2.4GHz which is available universally. It defines the throughput of 54 Mbps 
for data communications. 

1.2.4 IEEE 802.11n 

802.11n is also derived from the previous versions of 802.11 standards by addition of multiple-
input multiple-output (MIMO). By adding more antennas on both transmitter and receiver gives 
us increased in data rate via spatial multiplexing and spatial diversity by using coding schemes 
like Alamouti coding. The speed can increase up to 100 Mbit/s, which is 4-5 times faster than 
802.11g.   

1.3 IEEE 802.16 

In 1998, IEEE founded a group termed 802.16 for wide area broadband access and to 
recommend air interface and modulation techniques. The first recommendations for 802.16 
standards came out in June 2001. The recommendations include that frequency band can vary 
from 10 to 66 GHz; transmission has to be done by single carrier with modulation from QPSK to 
64 QAM. On the basis of modulation scheme the bandwidth can vary from 32 Mbps to 134 
Mbps. The single carrier modulation used for line-of-sight (LOS) environments to control 
multipath effects which cause intersymbol interference. IEEE 802.16 standard was the 
foundation for wireless MANs.  

1.3.1 IEEE 802.16a 

Later in April 2003, IEEE 802.16a was introduced by IEEE 802.16 committee to target the 
utilization of Wireless MANs to non line-of-sight (NLOS) environments and also to be used 
within buildings. Frequencies selected were from 2-11 GHz band. One of the important features 
in 802.16a is the introduction of OFDM as one transmission scheme to address the NLOS issues. 

1.3.2 IEEE 802.16d 

802.16d came out in 2003 and the main objective of 802.16d was to make compatibility between 
the European Telecommunications Standards Institute (ETSI) HiperMAN with the IEEE wireless 
MAN standards. 

1.3.3 IEEE 802.16e 

The IEEE 802.16 group has introduced new standard under the rules of WiMAX forum and 
named it IEEE 802.16e in December 2005. 802.16e was the updated version of IEEE 802.16-
2004 which established the basis for first fixed WiMAX solution. IEEE 802.16e was addressing 
the wireless MANs. There were some challenges for mobile wireless environment: 
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 Mobile devices receive signal which vary over shorter distances and can be affected by 
serious errors so there must be some protocols to deal this issue. 

 There must be a control of Peak to Average Power Ratio (PAPR) in wireless 
environment. 

 The Mobile WiMAX must be working on a licensed bands rather than unlicensed 
bands. 

The main purpose of this standard was to provide platform for interoperability between vendors. 
WiMAX forum works similarly to WiFi forum which provide standard to business organizations 
and manufacturers to recommend standards of equipment interoperability [2]. 

1.3.4 10-66 GHz 

WiMAX formed first formed 10-66GHz working group, which produced system profile having 
two features, optional and compulsory. There can be a difference in manufacturing and design of 
equipments between the vendors but optional and compulsory features must be the same. 

To run a network with 10-66 GHz, the line-of-site (LOS) transmission is essential. In this 
scenario, the single carrier modulation can be easily selected. However, still there are many 
issues, which need to be addressed. In point-to-multipoint architectures, the BS transmits a TDM 
signal to allocate time lots serially. To access the uplink is possible due to time division multiple 
access (TDMA). To achieve duplexing the burst design was selected, which treats both time 
division duplex (TDD) and frequency division duplex (FDD) in the similar way. In TDD 
subscriber and BS share the channels, but they cannot be transmitted simultaneously. In FDD 
transmission for uplink and downlink can be done on separate channels so in that situation 
transmission can be occurred at the same time from both ends (BS and subscriber station), and 
coding can be assigned dynamically up on changing burst profile nature.  

1.3.5 2-11 GHz 

IEEE 802.16 standard was enhanced to 802.16a which was focusing on broadband wireless 
access in frequencies from 2-11GHz. The objective was to address non-line-of-sight (NLOS) 
transmission due to residential areas. Rooftops can be low for LOS antenna and there can be a 
blockage due to trees hence multipath propagation can be expected. 802.16a uses OFDM as 
modulation instead of QAM. The three main 2-11GHz air interface specifications are:  

 Single carrier modulation scheme will be used in WirelessMAN-SC2. 
 This air interface is for license exempt band which uses OFDM with 256 point transform 

(WirelessMAN-OFDM). 
 The third uses again the OFDM but with 2048 points transform and multiple access can 

be provided by dealing a subset of multiple carriers [3]. 
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1.4 Fading 

Mostly, subscriber used their mobile services in a populated and dense area and transmitting 
antennas are placed at the top of buildings and towers. Transmitting antenna transmit at the 
maximum power but Mobile Station (MS) is well below than transmitting antennas and 
buildings, and radio channel is affected by the surrounding structures such as cars, buildings, 
etc., due to which power of signal drops down, under this scenario channel is said to be faded 
channel. Now signal is transmitted and at the receiver (Rx) end it is a mixture of many copies of 
original signal from various paths. As it comes from various paths due to this, they can interfere 
constructively and destructively with each other that is called Multipath. Now if anyone of 
receiver (RX) or transmitter is in moving condition than this propagation phenomena will be 
time varying, and fading occurs. In this topic, we are discussing about three types of fading such 
as fast fading, slow fading (shadowing) and path losses. 

1.4.1 Flat Fading  

Flat fading occurs when coherence bandwidth Bm of the channel is greater than the bandwidth B 
of transmitted signal, 

Bm > > B. 

Alternatively, we can define this as when we have a constant gain and linear phase response over 
a bandwidth which is much greater than the bandwidth of transmitted signal. Flat fading channel 
effects on the decrease of Signal-to-Noise ratio (SNR) and also known as amplitude varying 
channels or narrowband channels. 

1.4.2 Fast Fading 

While in fast fading change in amplitude and phase imposed by channel varies considerably, it 
occurs when coherence time TD is smaller than the symbol period of the transmitted signal T 
such as: 

TD < < T.  

When the signal is transmitted, and it reflects from local surfaces in the way of a constructive or 
destructive manner depending on the relative phase shift and at the receiver end received as a 
sum of that reflected signal. Phase shift relies on the path lengths, frequency of transmission and 
speed of motion. 

1.4.3 Slow Fading 

Slow fading occurs due to shadowing by buildings, mountains and hills, etc. We can illustrate the 
concept of shadowing on an object which is moving around BS at a constant range. Now as a 
result some of the signal paths suffer less obstruction and have almost actual signal strength and 
others have increased loss. This phenomenon is called slow fading. 
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1.4.4 Rayleigh Fading 

When the fading amplitude r(t) of flat fading channels has zero mean and constant variance than 
the fading is a Rayleigh. The probability density function (PDF) of the Rayleigh random process 
is given by; 

,)( 2

2

2
2

σ
σ

r

errf −=  

where and 0≥r σ  is variance. This shows the most defective fading scenario as we have not 
considered the line-of-sight (LOS) transmission. While power is exponentially distributed but the 
phase is uniformly distributed and also independent of the amplitude. This is the most common 
model in wireless communications [4]. 

1.5 Wireless Channel Propagation 

Radio propagation is a communication link established between transmitting and receiving 
antenna in the earth or into the various part of the atmosphere. Different mechanism takes place 
when propagation occurs. The basic propagation mechanisms are reflection, diffraction and 
scattering. Reflection occurs when propagating wave strike on an object which is large as 
compared to the wavelength. Diffraction takes place when the radio path is obstructed by sharp 
irregular edges. And scattering occurs when objects are smaller than the wavelength of 
propagating wave.   

There are various types of Propagation: 

 Ground Wave Propagation 
 Tropospheric Propagation 
 Ionospheric Propagation 
 Line-of-sight Propagation 

1.5.1 Ground Wave Propagation 

When waves are propagated horizontally more or less close to the earth surface, then the wave 
acts electrically with the ground. Ground wave propagation is normally operated on the lower 
frequency LF (30-300 KHz) and medium frequency MF (300-3000 KHz) of radio spectrum. This 
propagation is relatively ideal for short distance communication. At longer distance, fading can 
occur due to interference between ground wave and sky wave. 
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Figure 1-1: Ground wave propagation. 

1.5.2 Tropospheric Propagation 

When waves are propagated slightly above the surface of the earth, then the propagation refers to 
Tropospheric Propagation. This propagation is highly affected by weather condition. The 
refractive index of the wave decreases smoothly as altitude is increased and depends on the 
factors like humidity, temperature and pressure. The frequency range useful for Tropospheric 
propagation is from about 100 MHz to 10 GHz.  

1.5.3 Ionospheric Propagation 

The upper layer of atmosphere above (90 -100km) from earth surface which is the most 
conducting region is the ionosphere. Ionosphere is highly ionized layer with high density of free 
electron (negative charge) and positive charged ions. These ionic charges plays very important 
role in ionospheric propagation. The wave performs numbers of hops from transmitting side to 
receiving side because of reflection from ionosphere to earth and from earth to ionosphere. The 
frequency range suitable for Ionospheric communication is high frequency HF (3-30MHz).  

1.5.4 Line of sight Propagation  

When the signal propagates from transmitter to receiver without any delay and multipath effects 
is referred as LOS propagation. When electromagnetic wave propagates it is distorted by number 
of phenomena as absorption, reflection, refraction, diffraction, scattering this occurs a non-line-
of-sight propagation (NLOS) [5]. 
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Chapter 2: Orthogonal Frequency Division Multiplexing (OFDM) 

2.1 Introduction 

In recent years there has been increasing demand of high data rates on mobile communications 
networks because of broadband multimedia applications. To increase data rates over a radio link 
from few Kb/s to Mb/s with good quality-of-service (QOS), many issues related to wireless 
transmission occurs e.g. multipath reception, delay in a radio channel, fading, intersymbol 
interference (ISI) etc. Adaptive equalization is one of the solutions to these issues but there are 
some problems in operating this equalization, particularly limitations of bandwidth, low-cost 
hardware and complexities at the receiver. Orthogonal Frequency Division Multiplexing 
(OFDM) is one of the promising applications, which reduces the multipath fading and makes 
complex equalizers unnecessary [6]. 

2.2 Background of OFDM 
The concept of using parallel-data transmission and frequency division multiplexing (FDM) was 
first published in the mid of 1960s. The basic idea was to use parallel data and FDM with 
overlapping subchannels to avoid the use of high-speed equalization to combat impulsive noise 
and multipath distortion and fully utilize bandwidth. 

 

Figure 2-1: Concept of OFDM Signal: (a) conventional multicarrier technique (FDM), and (b) 
orthogonal frequency division multiplexing technique. 

 

In Figure 2-1, we can observe the difference between nonoverlapping multicarrier modulation 
technique and overlapping modulation technique. From figure 2-1(b) it is very clear that by using 
overlapping modulation technique we can save much more bandwidth than the nonoverlapping 
one [6]. Weinstein and Ebert [7] applied the discrete Fourier transform (DFT) to parallel data 
transmission system as part of the modulation and demodulation process. In multicarrier 
transmission, bandwidth divided in many non-overlapping subcarriers but not essential that all 
subcarriers are orthogonal to each other as shown in figure 2-2 [6]. 
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Figure 2-2: Spectra of (a) an OFDM subchannel, and (b) an OFDM signal [6]. 

2.3 Basic Principles of OFDM 
OFDM is a special form of multicarrier modulation (MCM) with densely spaced subcarriers with 
overlapping spectra, thus allowing multiple-access. MCM works on the principle of transmitting 
data by dividing the stream into several bit streams, each of which has a much lower bit rate, and 
by using these sub-streams to modulate several carriers. This technique is being investigated as 
the next generation transmission scheme for mobile wireless communications networks. 
 
In OFDM the sub-channels overlap each other to a certain extent as can be seen in figure 2-2(b), 
which leads to an efficient use of the total bandwidth. The information sequence is mapped into 
symbols, which are distributed and sent over the N sub-channels, one symbol per channel. To 
allow dense packing and still ensure that a minimum of interference between the sub-channels is 
encountered, the carrier frequencies must be chosen carefully. By using orthogonal carriers, 
which in the frequency domain can be viewed so as the frequency distance between two sub-
carriers is given by the distance to the first spectral null. 
 
Although the idea of OFDM was conceived in 1960s, it was not realizable until the advent of 
FFT. With the advent of FFT/IFFT it became possible to generate OFDM using the digital 
domain for orthogonality of sub carriers. Figure 2-3 shows a block diagram of a discrete time 
OFDM system, where an N complex-valued data symbol modulates N orthogonal carriers using 
the IFFT forming. The transmitted OFDM signal multiplexes N low-rate data streams, each 
experiencing an almost flat fading channel when transmitted. In single carrier systems each 
symbol occupying an entire bandwidth could be lost due to frequency selective fading, but when 
transmitted on low data parallel streams, symbol time increases and channel become flat fading 
[8].    
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Figure 2-3: Block diagram of OFDM using FFT and IFFT. 
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  OFDM structure basically relies on three principles: 

 The IFFT and FFT are used for modulating and demodulating individual OFDM sub 
carriers to transform the signal spectrum to the time domain for transmission over the 
channel and then by employing FFT on the receiving end to recover data symbols in 
serial order. 

 The second key principle is the cyclic prefix (CP) as Guard Interval (GI). CP keeps the 
transmitted signal periodic. One of the reasons to apply CP is to avoid intercarrier 
interference (ICI). 

 Interleaving is the third most important concept applied. The radio channel may affect the 
data symbols transmitted on one or several sub carriers which lead to bit errors. To 
encounter this issue we use efficient coding schemes [8].  

2.3.1 Serial to Parallel Conversion 

Normally, data transmission occurs in the serial stream of bits. In OFDM data travels in parallel 
streams, so a serial to parallel stage is needed for converting the input bit stream to data that is 
transmitted on OFDM symbols and each symbol occupies 40 – 4000 bits. The data to be 
transmitted on each OFDM symbol depends upon the modulation scheme used and no of carriers 
used. So if we have 50 carriers and using 16-QAM, we will transmit 200 bits on each OFDM 
symbol [9]. 

2.3.2 Modulation 

In OFDM, Pulse Amplitude Modulation (PAM) is used to convey the data over the different sub-
channels. To obtain high spectral efficiency, QAM or other higher order modulation methods can 
be applied. The selection of modulation depends on the data rate and requirements and 
transmission robustness [10]. 
 
2.3.3 Fast Fourier Transform (FFT) 
 
The advent of the Fourier Transform eliminated the initial complexity of the OFDM scheme 
where the harmonically related frequencies generated by Fourier and Inverse Fourier transforms 
are used to implement OFDM systems. However, the famous technique of Fourier transform is 
Discrete Fourier Transform (DFT) which deals with the discrete values in all digital systems. 
FFT is a fast and efficient technique to compute the DFT used in OFDM. 

In OFDM, the serial data is reshaped in the parallel form. The data is grouped in specific size as 
per OFDM design and will be converted to complex numbers. A complex number is then 
modulated using IFFT. On the receiving end the data is again reshaped from parallel to serial for 
transmission [10, 11]. 

 

2.3.4 Guard Interval (GI) 

In OFDM, Guard Interval (GI) is introduced because of multipath propagation as it affects the 
symbols to delay and attenuate, which causes intersymbol interference (ISI). In GI, Cyclic Prefix 
(CP) is used to counter intercarrier interference (ICI) within an OFDM frame. The CP is simply a 
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copy of the last symbols of the samples placed first, making the signal appear as periodic in the 
receiver as shown in figure 2-4. 

 

Guard 
Interval

Symbol N

Time

Symbol N-1
Symbol N-1

 
Figure 2-4: Guard interval and cyclic prefix. 

 

Before demodulating the OFDM signal the CP is removed. By exploiting the structure imposed 
using CP. Symbol synchronization can be achieved. Due to the carrier orthogonality it is possible 
to use the Discrete Fourier Transform (DFT) and the Inverse Discrete Fourier Transform (IDFT) 
for modulation and demodulation of the signal [8]. 

 

2.3.5 Interleaving 
Interleaving is one of the most effective techniques to improve bit error rate. In OFDM, 
transmitted information is divided into several numbers of subcarriers. Thus each subcarrier will 
then experience flat fading and to counter ISI, guard interval is inserted. Frequency response of 
channel causes deep fade and data loss in burst while propagating through the channel. To 
overcome this issue, there is a good scheme required to handle and recover data in burst error. In 
interleaving technique, data is rearranged from burst error to random error, which can be simply 
recovered on the receiver. Bits are rearranged in a way that at receiver original data is recovered 
by reverse rearranging, which makes an error to appear in random. Commonly used technique of 
interleaving is block codes, in which data is written row by row and retrieved in column by 
column [12]. 

 

2.3.6 Windowing 
FFT of square wave is sine function. Square pulse has a very large bandwidth due to side lobes, 
and if we take FFT it will give sine function. The FFT of these side lobes will result in sharp 
transition of bits, which causes spreading of signal into neighboring spectrum and leakage of 
energy. Windowing is the technique which causes the symbol or signals to decrease in order to 
reside in the spectrum. In OFDM, windowing is performed on every symbol, and it must not 
affect the signal. Hence the result will be the pulse shaped wave [13]. 
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2.3.7 Peak to Average Power Ratio (PAPR) 
 
OFDM signal consists of a number of sub carrier frequencies which if added coherently give 
large PAPR. When signals having the same phase are added will result in signal with amplitude 
equal to N times the average power. Signal having large PAPR passes through the amplifier for 
processing; the amplifier will drift in a saturation or non-linear region. Hence the system will 
show non-linear behavior, which will affect the efficiency of the amplifier and the output signal 
will be distorted. 
 
There are several ways to reduce PAPR, which are divided into three categories; 

 Signal distortion 
 Coding techniques 
 Scrambling techniques 

 
Decrease in PAPR will result in improving in SNR at the receiver and high average power to be 
transmitted [13]. 
 
2.4 Issues of OFDM Design 
 
There are certain factors which needs to be considered when developing and designing OFDM 
system. 
 
2.4.1 Useful Symbol Information 
 
With respect to time the size of symbols affects the number of carriers and spacing between 
them. It is helpful, specifically in latency measurement. Longer duration of symbols has some 
useful effects in accommodating delay profile of channel, reducing subcarrier spacing, increasing 
number of subcarriers and the size of FFT. There can be issue of the carrier offset and instability 
of OFDM symbol. Number of carrier and subcarrier spacing to depend upon applications and 
requirements. For mobile communication, the Doppler shift subcarrier spacing is chosen to be 
large [10]. 
 
2.4.2 Number of Carriers 
 
The number of subcarriers can be selected depends upon channel bandwidth, data rate, through 
put and symbol duration. If carriers are N in the number then it will be reciprocal of symbol time 
duration. 
 

N = 1/T. 
 
Carrier selection depends on FFT size and its modules. If the number of carriers is higher in the 
number then higher number of complex points processing in FFT [10]. 
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2.4.3 Modulation Scheme 
  
One of the main advantages of OFDM is that different modulation schemes can be applied to 
each sub-channel depend on channel conditions like data rate, robustness, through put and 
channel bandwidth. To obtain high spectral efficiency, there can be different modulation 
schemes can be applied i.e. QPSK, 16-QAM, 64-QAM. The modulation method considered in 
our case is 16-QAM [10].  
 
2.5 Advantages of OFDM 
 

 OFDM is the effective way of dealing with multipath fading channel. 
 In OFDM systems equalization is very simpler and reduces complexity at receiver. 
 OFDM technique provides high spectral efficiency due to orthogonality amongst the 

subcarriers.  
 OFDM is attractive for broadcasting applications using single frequency. 
 It is possible in OFDM that subcarrier spacing could be adjustable according to the 

requirements and data rates. 
 Simple implementation of FFT and low receiver complexity [6]. 

 
2.6 Disadvantages of OFDM 
 

 There exists higher peak-to-average-power ratio (PAPR) as compared to single-carrier 
modulation which reduces the power efficiency of radio frequency (RF) amplifier. 

 OFDM is much sensitive to frequency offset and phase noise. 
 High sensitivity intercarrier interference (ICI) [6]. 
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Chapter 3: Multiple Antennas and Space-Time Coding Techniques 

3.1 Introduction 

In the conventional wireless system, a single antenna is used at transmitter and receiver which 
normally lead to the problem regarding multipath effects (transmitted signal at various times at 
the receiver due to obstruction like hills, building, trees, etc.), fading which affect the quality and 
reliability of reception. So to eradicate this multipath affects why not to use multiple antennas at 
both side transmitters as well as the receiver.   

Multiple antennas used at the transmitter and receiver in the wireless communication system 
known as MIMO (Multiple Input Multiple Output). These schemes are highly considered to 
improve the range and performance of an overall system. Therefore, the use of multiple antenna 
permits to transmit and receive simultaneously by eliminating the multipath effect. MIMO 
allows higher throughput, diversity gain and interference reduction. It also fulfills the 
requirement by offering high data rate through spatial multiplexing gain and improved link 
reliability due to antenna diversity gain. 

3.2 Types of Antenna 

3.2.1 SISO 

Single-Input Single-Output is the classical method in wireless communication and the most 
common antenna configuration, using one antenna at transmitter and one at the receiver. It is 
used in radio, TV broadcast and in technology as WiFi, Bluetooth.  

 

Figure 3-1: SISO 

3.2.2 SIMO 

Single-Input Multiple-Output is the system using one antenna at transmitter and multiple 
antennas at the receiver. It provides receiver diversity which receive the strongest signal from 
several transmit antennas. Generally, it is used in Uplink environment.   
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Figure 3-2: SIMO 

3.2.3 MISO 

In Multiple-Input Single-Output two or more number of antennas are used in the transmitter and 
one antenna at the receiver. It provides transmit diversity because of multiple antenna at a 
transmitter side. MISO technology has applications in WLAN, MAN and digital television 
(DTV). Commonly, it is used in downlink scenarios.  

 

 

Figure 3-3: MISO 

3.2.4 MIMO 

Multiple-Input Multiple-Output uses multiple antennas at both sides which provides transmit 
diversity and receiver diversity. It’s applicable in every kind of networks like PAN, LAN, 
WLAN, WAN, MAN. MIMO system can be applied in different ways to receive either a 
diversity gain, capacity gain or to overcome signal fading.  
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Figure 3-4: MIMO 

3.3 System Model 

MIMO system consists of three components, mainly transmitter, channel and receiver. 
Transmitter sends a multiple data such as x1, x2, x3… xN say xi from different transmit antenna 
and signal is received by each receive antenna (r1, r2, r3….rN say rj) simultaneously. The relation 
between transmit data and receive data is given by   

  r1= h11 x1 + h12 x2+…+ h1N xN, 

 r2= h21 x1 + h22 x2+…+ h2N xN, 

… 

rN = hN1 x1 + hN2 x2+...+ hNN xN.                                  (1)                                            

 

Figure 3-5: MIMO System Model. 
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The MIMO signal model is described as  

                                             r= Hx+n,              (2)  

where r is Nr*1 received signal vector, H is Nr*Nt the channel matrix, x is Nt*1 transmitted 
vector and n is Nr*1 Gaussian noise vector. 

With Nt inputs and Nr outputs the channel can be expressed as Nr*Nt channel matrix H. By 
showing the channel in a matrix form, we can fully recover the transmitted data. The channel 
matrix can be represented as: 
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 where hij is the attenuation and phase shift between the jth transmitter and ith receiver. It is 
assumed the MIMO channel behaves in the quasi static manner [14]. 

3.4 Capacity of MIMO channel 

Capacity is maximum possible information that can be transmitted with available bandwidth and 
transmitted power [15]. In single antenna SISO having bandwidth B, transmitted power P, noise 
spectrum No and channel assumed to be white Gaussian, then the capacity of a system is given 
by Shannon’s capacity formula: 

                                  
                                                       (4) ( ).1log2 SNRBC +=

When multiple antennas are used, channel faces multiple input and output, and its capacity is 
determined by extended Shannon’s capacity. Antenna with Nt input from transmitter and Nr 

output in a receiver channel is expressed as Nr * Nt matrix of channel H as shown in equation (3). 

The capacity of a MIMO channel can be estimated by the following equation: 
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n

HHRIC
σ

+=                                                        (5) 

where H is Nr x Nt channel matrix, Rx is covariance of input signal x, HH is transpose conjugate of 
H matrix and  is the variance of the uncorrelated and Gaussian noise [16]. Since equation (5) 
is obtained by large theoretical calculations, but practically it has never been achieved yet. 

2
nσ

To achieve more precise results linear transformation at both transmitter and receiver can be 
performed by converting MIMO channel (Nr, Nt) to a SISO sub channel min (Nr, Nt). According 
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to singular value decomposition (SVD) every matrix can be decomposed. Suppose the channel 
matrix H transformation is given by 

                H = UDVH,                                                  (6) 

Where the matrix U is Nr x Nr matrix, V is Nc x Nc matrix and D is non-negative diagonal matrix 
of Nr x Nt. Therefore capacity of N SISO subchannels is sum of individual capacity and results 
the total MIMO capacity [17]. 

3.5 Advantages of MIMO 

MIMO advantages can be achieved without any expansion in required bandwidth or increases in 
transmit power. 

 Array gain: Array gain results an increase in average receive SNR and hence enhance 
the coverage area and range of network. 

 Diversity gain: MIMO opens a new dimension space to offer an advantage of diversity. 
With multiple numbers of independent copies transmitted, there are fewer chances to loss 
the information. 

 Multiplexing gain: MIMO system significantly increases the channel capacity which 
immediately translates to higher data rate through spatial multiplexing. 

 Interference reduction: Interference is minimized in MIMO system by exploiting the 
spatial dimension to increase the distance between users [18]. 

3.6 Diversity 

One of the methods to increase the capacity in MIMO system is through diversity technique. 
Diversity is defined as a method in which transmitter sends multiple copies of same information 
signal over two or more channels and proper combining of signal is done by a receiver. When the 
replicas of signal are transmitted the probability that the signal will fade decreases exponentially.  
So diversity techniques enhance the performance of the system over fading channels. 

The several forms of diversity are  

 Frequency diversity: In frequency diversity information are transmitted on two or more 
different frequency. To achieve the uncorrelated diversity, the carrier frequency should 
be separated suitable.  
 

 Time Diversity: In time diversity multiple signal are transmitted on different time slots 
depending on fading range. If the time interval between time slots is longer, then the 
fading becomes much low [19]. 
 

 Space Diversity: In Space diversity two or more transmits or receive antenna is used to 
increase quality and reliability of a wireless links such that if one antenna suffers fading it 
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is likely that another antenna will have a good signal.  Spatial diversity or antenna 
diversity is more attractive as compared to time or frequency diversity that does not 
sacrifice time or bandwidth and also provide array gain or increased average received 
SNR. A MIMO system with Nt transmit antenna and Nr receive antenna have maximum 
diversity(diversity order) equal to product of a number of transmit and receive antenna  
NtNr. Depending upon whether the multiple antenna are used at transmission or 
reception, space diversity can be classified into two categories Transmit Diversity and 
Receive diversity. 

 Transmit Diversity: In transmit diversity multiple transmit antenna are deployed at a 
transmitter side and data are send through multiple channels. 
 

 Receive Diversity: In receive diversity multiple antennas are used at a receiver to pick 
the independent copies of transmit signal [20]. 
 

3.7 Space Time Processing Techniques 

Space time processing technique for MIMO generally has two objectives one is to increase the 
data rate and next is to achieve maximum possible diversity. The space time processing 
techniques are: 

3.7.1 Spatial Multiplexing 

Spatial multiplexing is a transmission technique to transmit several different data bits called 
streams through an independent spatial channel to achieve the greater throughput. Typically 
there are four kinds of spatial multiplexing schemes V-BLAST, diagonal blast, horizontal blast 
and turbo blast. Among them V-BLAST is the most promising scheme to apply [21]. 

 

Figure 3-6:  Simple example of spatial multiplexing. 
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The above simple example illustrated the idea behind spatial multiplexing. The input bits stream 
is divided into N independent substreams using serial to parallel demultiplexer, and each stream 
is transmitted from several different antennas with output N symbol per channel. So the 
throughput increases N times and therefore, spatial multiplexing becomes the better candidate for 
high data rate [22]. 

3.7.2 Space Time Coding 

To gain the maximum capacity of MIMO wireless channel one of the efficient procedures is to 
utilize space time coding. In STC, the multiple copies of information are transmitted for 
achieving diversity is extracted from a space time encoder which encodes a single bit through 
space and time. So coding is done in both spatial and temporal axis to correlate the transmitted 
signal from various transmit antenna at a different time. STC can achieve transmit diversity and 
power gain without losing the bandwidth. The space time coded matrix is given by 
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There are several methods of STC namely Space time block codes(STBC) Space time trellis 
code (STTC), space time turbo trellis code and layered space time code (LST) [23]. 

3.7.2.1 Space Time Block Code 

Space Time Block Code (STBC) is based on the theory of orthogonal design. Using this theory 
space time block code can be constructed for any kind of transmit antenna. STBC can achieve 
full transmit diversity allowing maximum likelihood decoding algorithm based only on linear 
processing at the receiver [24]. STBC is constructed by Nt * p transmission matrix X where Nt 
represents the number of transmit antenna and p represents the number of transmission period to 
transmit coded symbol through transmit antenna. Let k be the input number of symbol to an 
encoder in each encoding operation. So the rate of Space time block code is a ratio between the 
number of input symbols and number of space time coded symbols. Rate of STBC is [25]. 

                                                R= k/p                                                      (8) 

 

Figure 3-7: Encoder for STBC. 
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Orthogonal design:  An orthogonal design [25] of size Nt * Nt with transmission matrix Xn 
exists if and only if a number of transmit antennas are Nt = 2, 4, or 8. Examples of orthogonal 
design are 

When Nt=2                                         

                                                               .                                                   (9) 

When Nt=4  

                                                     .                                            (10) 

When Nt=8 

                                           .         (11) 

From the above matrix, it can be analyzed that for the number of transmit antenna Nt, the number 
of input symbol that an encoder takes (k) is equal to the number of time period (p) required to 
transmit these symbols. For example, the transmission matrix X4 for transmit antenna Nt = 4, 
encoder takes the input symbol x1, x2, x3, x4 (k=4) and formulate the code sequence. At a time 
t=1 signal x1, x2, x3, x4 are transmitted from antenna 1 through 4. At a time t = 2 –x2, x1, -x4, x3 
are transmitted from antenna 1 through 4. At a time t = 3 signal –x3, x4, x1, -x2 are transmitted 
from antenna 1 through 4. So for four transmit antennas, four time periods are needed to transmit 
four message symbols. Hence it is obvious that this scheme requires no bandwidth expansion 
[25].  

3.7.2.2 Space Time Trellis Code 

Space Time Trellis Code (STTC) [26] provides appropriate control coding, transmit and receive 
diversity to multiple transmit antenna. Moreover, it offers significant coding gain, spectral 
efficiency and better diversity on fading channels [27]. Particularly, in 2*4 antennas STTC 
performs well in fading condition with upgrade capacity. However, in the decoder, decoding 

30 
 



complexity of STTC highly increases with transmission rate. This drawback regarding decoding 
complexity is overcome by famous Alamouti scheme for transmission using two transmit 
antenna [26]. 

3.7.3 Comparison between Spatial Multiplexing and STC 

Spatial Multiplexing and STC are compared by following parameters [21]: 

Data rate:  STC is mostly suitable for low data rate and spatial multiplexing for high data rate. 
Therefore, to have high bandwidth efficiency in future spatial multiplexing is a better choice. 

Diversity gain: Since STC is coded in the space and time domain which achieves the diversity 
gain and such type of coding system is not available in Spatial multiplexing and not appropriate 
to obtain a diversity gain. 

Fading channel: Both technique STC and Spatial multiplexing perform well in a fast fading 
channel only if the channel is not frequency selective. 

Channel Estimation:  STC is a better option in this case because STC is not much sensitive to 
channel estimation errors as compared to spatial multiplexing. 

Channel with LOS:  To maintain LOS, receiver should have high received SNR. Since STC has 
high received SNR, and it works well for LOS transmission. In other hands spatial multiplexing 
fails to work in LOS.   

Antenna Configuration: The configuration depends upon the number of antenna used in 
transmitter and receiver. Usually two or more transmit antenna are preferred for STC and more 
or less same for spatial multiplexing. 

3.7.4 Maximal Ratio Receive Combining (MRRC)  

To eliminate the effect of multipath fading antenna diversity is practical, effective and commonly 
used technique. MRRC is classical receive diversity technique, which uses the multiple antenna 
at the receiver and performs combining or selection and switching to improve the quality of 
received signal. Since the cost, size and power are the important factors to be considered, MRRC 
uses selection and switching circuit in the receiver which makes it larger in size and costly. Due 
to this reason transmit diversity schemes are found more attractive than the receive diversity. 
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Figure 3-8:  Two branches MRRC. 

At a time t signal s1 is transmitted and the channel is presented with complex multiplicative 
distortion. Let h1 be the channel between transmit antenna and receiving antenna 1 and h2 be 
channel between transmit antenna and receive antenna 2 and are given by  

,1
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θα jeh =  

                                                                                                                           (12) .2
22
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The received signal with added noise and interference are below as shown in figure 3-8. 
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Where n0 and n1 are noise and interference which is assumed to be Gaussian distributed. The two 
branch MRRC combiner combines the received signal as follow: 
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After combining the signal, maximum likelihood decision rule is used at receiver to choose the 
signal which symbol was actually transmitted. 
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Choose s1 = si if and only if   
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2

issd is the square Euclidean distance between signals s1 and si calculated by the 
following:  

                           ),~( 1
2

issd = ).~)(~( **
11 ii ssss −−                                                             (16) 

Finally the maximum likelihood detector will produce the signal s1 which is maximum likelihood 
estimate of s1. 

3.7.5 Alamouti Scheme 

The new transmit diversity scheme was introduced by Alamouti known as Alamouti scheme. 
Alamouti scheme uses two transmit antenna and Nr receive antenna and can have a maximum 
diversity order of 2Nr. Alamouti scheme has the rate of unity i.e. full rate since it transmits two 
symbols after every two time periods. This scheme is efficient in all the applications where 
system capacity is limited by multipath fading. 

3.7.5.1 Two Transmit antennas with one receiver  

Let us assume a signal s1 and s2 are transmitted by antenna 1 and antenna 2 respectively at time t. 
At next time t+T signal  is transmitted from antenna 1 and signal  is transmitted from 
antenna 2 where (*) is the complex conjugate operation. 

*
2s− *

1s

  

Time antenna 1 antenna 2 
t 

1s  2s  

t+T *
2s−  

*
1s  

Table 3-1: Encoding and transmission sequence for 2x1 Alamouti scheme. 

Let h1 and h2 be the channel response for antenna 1 and antenna 2. Assume 1α and 2α  be the 
respective path gains from transmit antenna 1 and 2 to the receive antenna as given by equation 
(12) 
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Let r1 and r2 be receiving signal at a receiver in time t and t+T respectively. 
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Where n1 and n2 are variable representing noise (AWGN, fast fading). 
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Figure 3-9: Two transmit and one receiver Alamouti Scheme. 

The combiner combines the two signals as shown in above figure 3-9. Here, 
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Now by substituting above two equations in combiner equation, the result is  
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These combined signals are then send to the maximum likelihood detector which makes a 
decision for each of the signals s1 and s2 to select. The resulting diversity order from 2*1 antenna 
is same as that of 1*2 Maximal Ratio Receive Combining (MRRC). 
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3.7.5.2 Two Transmit and two receive antennas 

Alamouti scheme can be applied for system with two transmits antenna and Nr receiver antennas. 
Let us consider a case with two transmits and two receive antenna. The transmission part of 
information symbols are same as single receive antenna as mentioned above in two transmit and 
single receive antenna by equation (12) 
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Figure 3-10: Two Transmit and two receive Alamouti Scheme. 

Let h1, h3 and h2, h4 be channel parameter for antenna 1 and antenna 2 respectively and received 
signal at two receive antenna are r1, r3 at time t and r2, r4 at time t+T. 

 

Tx antenna rx antenna 1 rx antenna 2 
1 

1h  3h  
2 2h  4h  

 Table 3-2: Channel Parameter between 2 transmits and 2 receive antennas. 
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Time rx antenna 1 rx antenna 2 
t 

1r  3r  
t+T 2r  4r  

Table 3-3: Received signal at two receive antennas. 

Here, 
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where n1, n2, n3 and n4 variables representing noise and interference. 

The combiner combines these received signals and produces the following two signals as shown 
in figure 3-10. Here, 
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Now, inserting the above two equations in combiner 

                         .)(~
)(~

3
*
4

*
431

*
2

*
212

2
4

2
3

2
2

2
12

*
443

*
3

*
221

*
11

2
4

2
3

2
2

2
11

nhnhnhnhss

nhnhnhnhss

+−+−+++=

+++++++=

αααα

αααα
                   (22) 

Now these combined signals are passed to a maximum likelihood detector which for each of the 
signals s1 and s2 uses the decision criteria. 

Alamouti 2*2 antenna gives the same diversity order with 1*4 MRRC. So it is concluded that 
using two transmit antenna and Nr receive antenna, combiner in a receiver adds the combined 
signal from all receiver antennas to obtain the diversity order of 2Nr [28]. 

3.7.5.3 Two Transmit and three receive antennas 

Alamouti scheme works for two transmit and N number of receive antennas. Let us consider case 
with two transmit and three receive antennas. The transmission sequence of information symbol 
for this configuration is identical with 2x1 and 2x2 antenna scheme. Moreover it can be seen in 
Table 3-1. 
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Figure 3-11: Two Transmit and three receive Alamouti scheme. 

Let  and  be the channel between two transmit and three receive antenna which 
is also shown in table 3-4 below: 

531 ,, hhh 642 ,, hhh

Tx antenna rx antenna 1 rx antenna 2 rx antenna 3 
1 

1h  3h  5h  
2 2h  4h  6h  

Table 3-4: Channel parameter for 2x3 antennas. 

The received signals at time t and t+T are  and  respectively, which can be seen 
in table 3-5. 

531 ,, rrr 642 ,, rrr

Time rx antenna 1 rx antenna 2 rx antenna 3 
t 

1r  3r  5r  
t+T 2r  4r  6r  
Table 3-5: Received signals at three receive antennas. 
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Here, 
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where and are complex random variables representing noise and interference. 
As it can be seen in Figure 3-11, the received signals are combined and following two signals are 
generated. 

54321 ,,,, nnnnn 6n

.~

~
*

655
*
6

*
433

*
4

*
211

*
22

*
665

*
5

*
443

*
3

*
221

*
11

rhrhrhrhrhrhs

rhrhrhrhrhrhs

−+−+−=

+++++=

   (24) 

Substituting eq (23) into eq (24) which gives eq (25); 
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These combined signals are inserted into the maximum likelihood detector in which some 
algorithm is performed to choose from each of the signal and .  1s 2s
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3.7.5.4 Two Transmit and N receive antennas 

When higher order of diversity is needed at receiving side, Alamouti scheme provides a 
technique to use receive antennas till N. Therefore Alamouti scheme offers a diversity order of 
2N using two antennas at transmitter and N antenna in receiver. This scheme also works on three 
functions same as 2x1, 2x2 and 2x3. Firstly transmission sequence of information symbol at 
transmitter is generated followed by combination of received signal which is then passed to 
maximum likelihood detector for making decision. The different channel parameter between two 
transmitter and N receiver is shown in Figure 3-12. 
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Figure 3-12: Alamouti scheme with N receiver antenna. 

Since receiver is provided with N number of receiver, the received signal for Rx antenna 1, Rx 
antenna 2 till Rx antenna N is given by; 
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where n1, n2…. nt are random variables representing noise and interference. After receiving the 
signal the combiner in figure 6-12 builds up the following two signals that are later sent to 
maximum likelihood detector. 
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Substituting the equations (26) into (27) we have; 
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Maximum likelihood decoder chooses the signal for which each of signal s1 and s2 uses the 
decision criteria. Hence, it is interesting to note that Alamouti scheme can be applied for N 
number of receiver. 

3.7.6 Performance of Alamouti scheme   

The BER performance comparison  of Alamouti  transmit diversity scheme with coherent BPSK  
on slow Rayleigh fading channel with two and four branch MRRC receive diversity scheme as 
shown in figure 3-11. It is assumed that the total transmit power in two transmit antenna in 
Alamouti scheme is same as the transmit power from single transmit antenna for MRRC. And 
also assumed that receiver has perfect knowledge of the channel.  
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Figure 3-13: BER performance comparison of BPSK Alamouti scheme Rayleigh fading to 
MRRC. 

The simulation output shows that the Alamouti scheme with two transmit and a single receive 
antenna achieves the same diversity order as MRRC scheme with one transmit and two receive 
antenna as the slope of two curves are almost same. However, it can be seen that Alamouti 
scheme is 3dB behind than MRRC. The fact is that due to energy radiated from two transmit 
antenna in Alamouti is half of the energy radiated from a single antenna in MRRC. If the energy 
radiated is same for each transmit antenna in Alamouti and MRRC than resulting curve would be 
same [29]. 

3.7.7 Comparison between Alamouti and MRRC Scheme 

The performance of Alamouti scheme with two transmit and Nr receive antenna has a same 
diversity gain as in MRRC scheme with one antenna and 2Nr receive antennas. Although after 
implementing them practically they differ from following terms [28]. 

Power Requirements:  Transmit diversity (Alamouti) requires more power as compared to 
receive diversity (MRRC) since in transmit diversity two antenna are used to transmit the data, 
whereas in receive diversity single antenna is use to transmit the data. If the power transmitted 
from two transmit antenna is half of total power than total radiated power is same in both 
schemes. 
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Delay Effects:  With N branch transmit diversity, the decoding delay is N symbol periods. 
Therefore, two branch diversity scheme suffers the delay of two symbol periods and similarly for 
one branch diversity scheme the delay is one symbol periods. 

Sensitivity to channel Estimation Errors:  Channel information is obtained from pilot symbol 
insertion and extraction. Alamouti scheme requires twice as many numbers of pilot symbols for 
channel information as compared to MRRC. 

Soft Failure: This benefit can be found in both Transmit diversity as well as Receive diversity. 
If one of the receiver or transmitter fails than other receivers or transmitters is in operation, this 
is generally referred as a soft failure.     
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Chapter 4: MIMO-OFDM 

4.1 Introduction 

Multiple-input multiple-output (MIMO) in combination with orthogonal frequency division 
multiplexing (OFDM) is the promising technique to achieve the high data rates and large system 
capacity for wireless communication systems in frequency selective fading environments. The 
most likely application of MIMO is the next generation wireless local area network (WLAN). 
The current standards of WLAN i.e. IEEE 802.11a and IEEE 802.11g are basically relying on 
OFDM but to achieve higher data rates they are based on MIMO [30]. The quality of wireless 
link is basically depended on three factors the transmission rate, the transmission range and the 
transmission reliability. With the emergence of MIMO assisted OFDM system, the above factors 
can be improved concurrently [31]. The main advantage of wireless LAN is the deployment in 
indoor environments. All individual functions of OFDM like IFFT, FFT and CP when applied to 
every single transmit and receive antenna (MIMO) makes it MIMO-OFDM.  

4.2 MIMO-OFDM Signal Model 

Consider a MIMO-OFDM system, where space time processing technique of MIMO is 
implemented. Encoding can be carried out collectively over the multiple transmitter antennas or 
to individual antenna. Encoding done on individual antenna is called per antenna coding (PAC). 
A scheme in which PAC applied in MIMO-OFDM system is shown in figure 4-1 below [32]. 

 

Figure 4-1: MIMO-OFDM system. 

4.2.1 Transmitter Tx 

For Nt transmitter antenna, there would be Nt OFDM transmitter or N parallel branch of OFDM 
system. The input binary data are transmitted and each branch in parallel executes the same 
transmission process. Firstly each parallel bit streams performs encoding, interleaving and 
modulation (16 QAM). Then pilot symbols are inserted according to pilot patterns. After that 
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symbol sequence in frequency is modulated by Inverse Fast Fourier Transform (IFFT) to an 
OFDM symbol sequence and cyclic prefix (CP) is added to each OFDM symbol. Finally signal is 
transformed to radio frequency (RF) components for transmission. 

4.2.2 Receiver Rx 

For Nr receiver antenna there would be Nr OFDM receiver, the received symbol from RF 
component are first synchronized (time and frequency). After that CP is removed from each 
receiver symbol stream and those OFDM symbols are then demodulated by FFT in each branch. 
In the next step pilot symbols are extracted accurately which is followed by demodulation, de-
interleaving and decoding. In the end the resulting data after combining is the binary output data. 

4.3 Frame Structure 

The frame structure of MIMO-OFDM system is the small transmission unit in the time domain 
with 10 slots as shown in the figure 4-2. Every slot contains one preamble slot and eight 
symbols. Preamble is used for synchronization of time and every OFDM slot contains CP to 
overcome ISI. The structure of the frame has the data and pilot symbols which are to be 
transmitted on subcarriers, which allows estimation as well. When synchronization has been 
done then the timing estimates can be applied from pilot symbols. 

# n # 9# 0 # 1

# n # 9# 0 # 1

Antenna N

Antenna 1

# n # 7# 0 # 1Slot 
Preamble

OFDM symbolCP

Preamble + 8 OFDM symbols

Frame

Slot

10 slots

 

Figure 4-2: MIMO-OFDM system frame structure. 
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4.4 Channel Estimation (CE) 

The biggest advantage of combing MIMO and OFDM is the higher data rates and larger system 
capacity over wireless link. For obtaining the higher data rates we need precise channel state 
information (CSI) on the receiver. In case of OFDM having multiple antennas, signal must be 
transmitted from different antennas at same time hence there can be probability of overlapping 
these signals at receiver, which is a big challenge for CE. For the pilot patterns there are three 
types of CE algorithms i.e. scattered pilots, orthogonal pilots and block pilots. The scattered pilot 
pattern is most widely used application over fast fading and frequency selective channel. In 
scattered pilot pattern, pilot spacing is designed according to MIMO-OFDM CE algorithm [21]. 

4.5 Advantages of MIMO-OFDM 

 Less interference 
 Diversity Gain 
 Increase data capacity 
 Power efficiency 
 Bandwidth gain.  
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Chapter 5: WiMAX 

5.1 Introduction 

In the rapid growing field of wireless communications, there is an increasing demand of higher 
rates with longer transmission ranges for new broadband applications [32]. It was a big challenge 
for modern wireless communications networks to provide services like video, voice, data and 
mobility. To overcome these network requirements many network providers have upgraded their 
platforms towards next-generation solutions during the past decade. One of the solutions came 
out to fulfill these requirements was IEEE 802.16e or Worldwide Interoperability for Microwave 
Access (WiMAX) launched in 2004 by IEEE WiMAX forum [33]. 

5.2 Background of WiMAX 

In 1998, Institute of Electrical and Electronics Engineering (IEEE) formed a group called IEEE 
802.16 to originate air interface standard for wireless broadband. The initial objective of the 
group was to develop a Line-of-Site (LOS) based point-to-multipoint wireless broadband system 
to operate on 10GHz-66GHz millimeter wave band. For the first time 802.16 standards came out 
in December 2001, this was based on the single carrier physical (PHY) layer with a medium 
access control (MAC) protocol for Metropolitan Area Networks (MAN). 

Later, IEEE 802.16 was amended and new standard presented i.e. 802.16a, which had non line-
of-site (NLOS) applications in the 2GHz-11GHz band by using orthogonal frequency division 
multiplexing (OFDM) based layer. In 2004, a new standard launched called IEEE 802.16-2004, 
which substituted all previous versions and established the basis for the first WiMAX solution. 
The early WiMAX solutions relying IEEE 802.16-2004 were targeting fixed applications, so it 
has been mostly referred as fixed WiMAX. The IEEE group completed and approved IEEE 
802.16e-2005 standard in December 2005, which was the amended version of IEEE 802.16-
2004, which added mobility support. This newer version IEEE 802.16e was the foundation of 
WiMAX solutions for mobile applications or denoted as mobile WiMAX.           

The development standards for wireless MANs have made a way to form a WiMAX forum in 
2001 to promote interoperability among wireless MANs. The purpose of wireless MAN 
technologies is to cover much larger areas compared to the WiFi. The recent models of wireless 
connectivity environment in the real world are contributing their support to erect further for 
MANs and the most common one is WiMAX. The basic idea is to provide the connectivity in an 
environment in which user is moving from place to place. The range of WiMAX transmission 
can extend up to 20 kms even in urban areas, which is one of the reasons that wireless networks 
are increasing in great demand around the world. One of the main features of these WiMAX 
networks is to provide speed and cost of usage [34]. 
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5.3 WiMAX Network Architecture 

The WiMAX network architecture basically relies on standard IP protocols and its compatible 
frameworks like IP Multimedia subsystem (IMS). WiMAX forum formed two working groups 
one is to define the network specifications called Network Working Group (NWG) and second is 
Service Providers Working Group (SPWG) to determine requirements and priorities [35]. By 
keeping above factors in mind the WiMAX architecture has been made with specific 
requirements i.e. 

 IEEE and IETF standards based high performance packet network ensuring maximum 
flexibility. 

 Support fully all applications and services. 
 Roaming and internetworking must be supported with other fixed/mobile networks. 

For service and applications, WiMAX network must support: 

 Voice having VoIP, multimedia applications and services such as emergency calls, which 
are mandatory. 

 There must be an interface in between other interworking and media gateways to 
transport them over WiMAX networks. 

 Delivery of IP MBS, multicast and broadcast services. 

By considering network interworking and roaming, certain features must be supported: 

 Loose coupling with existing wired like DSL or wireless networks (e.g. 3GPP or 3GPP2 
mobile networks). 

 In between WiMAX operators there must global roaming (specifically consistent use of 
AAA, Authentication Authorization and Accounting among WiMAX operators for 
billing and authentication). 

 User authentication methods, i.e. username/passwords, SIM based. 
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Figure 5-1: WiMAX network reference model with components. 

5.3.1 Network Reference Model 

WiMAX reference model consists of three main components: 

 MS (Mobile Station) 
 ASN (Access Service Network) 
 CSN (Connectivity Service Network) 

To provide connectivity between mobile equipment and a WiMAX BS is the functionality of 
Mobile Station (MS). In ASN, the main feature is to provide connectivity between radio access 
and WiMAX users. The deployment of Network Access Provider (NAP) can have more than one 
ASN, which interconnects by a reference point R4. To interconnect more than one Network 
Service Providers (NSP), NAP provide radio access infrastructure. NSP provides IP connectivity 
and WiMAX services to WiMAX subscribers as per Service Level agreements (SLA). For IP 
connectivity NSP deploys the Connectivity Service Networks (CSN) for WiMAX users. 
WiMAX services are provided via contractual agreements with one or more NAPs on radio 
access network end [36]. 

5.3.2 ASN Reference Model 

ASN consists of all the properties, which enable radio connectivity to WiMAX users. The main 
features of ASN are: 

 Provide layer 2 connectivity to the subscribers, i.e. via WiMAX air interface. 
 Radio Resource Management (RRM) mechanisms like handing over and execution.  
 Location and paging management. 
 For layer 3 connectivity for WiMAX users can be enforced by relay functions to the 

CSN. 
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 Reference point R3 is the source to flow the data and signal in between ASN and CSN. 
 Network discovery and selection of the preferred NAP/NSP. 

The ASN architecture relies on several base stations (BS) connected to various ASN gateways 
(ASN-GW) as can be seen in figure 5-2. In ASN, there are two more reference points described 
for WiMAX architecture Release 1: R6 between BS and ASN-GW and R8 between different 
BSs. These are the basic factors for interoperability between BS and ASN-GW for WiMAX 
vendors in later releases [37]. 

 

Figure 5-2: ASN Reference Model. 

5.3.2.1 Base Station (BS) 

According to IEEE 802.16 standards, BS is the entity to support PHY and MAC layer properties. 
The scheduling of user and signaling messages to be exchanged with the ASN-GW is a part of 
BS as per R6 interface.  

In WiMAX, BS is determined by a sector and a frequency assignment. If multiple frequencies 
assign in a sector, so as much as the frequencies are assigned the same number of BS will be 
required. This is very common in 3GPP UMTS networks. The connectivity between multiple 
ASN-GW is required to share a load or for redundancy. 
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5.3.2.2 ASN Gateway (ASN-GW) 

ASN-GW is a logical entity that includes: 

 Control function entities in correspondence with ASN. 
 Bearer plane routing or a bridging function. 

For nonbearer plane functions ASN-GW behaves as a resulting point and for bearer it is an 
implementation point. In case of implementation, it is optional to separate these two groups. For 
doing this separation, we need to use the reference point R7. Mostly, in telecom systems the 
ASN-GW has been installed to provide load balancing and redundancy in between ASN-GWs.  

5.3.2.3 ASN Profiles 

To implement ASN, we have three major choices: the profiles have been divided in A, B and C. 
As per the profiles some functions are carried out by the BS or the ASN-GW. The profile A of 
ASN includes: 

 Intra handover within ASN-GW allows simple control of radio resources and path re-
routing in Layer 3. 

 Load balancing is possible due to Radio Resource Control (RRC) inside ASN-GW. 

In ASN, connectivity among BSs is achieved via R4 and R6 reference points. This connectivity 
achieves the handover where anchor point for MS in the ASN does not change. Profile C 
structure has the same properties as profile A but the main difference is that in profile A BSs 
have much more functionalities. Profile C can include: 

ASN-GW
Black box (1,2 

or more 
boxes). No 
intra ASN 

interoperability 
possible

ASN, Profile A ASN, Profile B

BS BS

R1 R1

R6 R6

R3

R4

ASN-GW

ASN, Profile C

BS BS

R1 R1

R6 R6

R3

R4

R8

R3

R4

R1

 

Figure 5-3: ASN profiles A, B, C. 
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 Handing over control inside BS 
 Radio Resource Control (RRC) inside BS 
 The anchored mobility points in ASN among the BS achieved through R4 and R6 as in 

profile A. 

The functional split is not specified in profile B. The separation in between boxes if any is left to 
vendor choice. Hence no intra-ASN interoperability is possible with profile B [36]. 

5.3.3 CSN Reference Model 

Connectivity Service Network (CSN) contains all the properties which make it possible the IP 
connectivity to WiMAX users. With these affects the CSN includes the following functions. 

 User connection authorization and layer 3 access 
 Quality of Service (QoS) management 
 Interconnectivity among other equipment/network 
 WiMAX subscriber billing 
 WiMAX network services (internet access, location-based services, connectivity for peer-

to-peer services, provisioning etc.) 

To fulfill these requirements, the CSN deployed by NSP includes the following: 

 Routers 
 Domain Name System (DNS) 
 AAA proxy servers and the use of databases for WiMAX Authentication Authorization 

and Accounting which is called Home Location Register (HLR) in GSM. 
 Internetworking gateways for interoperability of WiMAX with other networks (e.g. 

GSM, PSTN and 3G). 
 Firewalls for protection of WiMAX network equipments by implementing access and 

filter policies on the traffic. 

5.4 Reference Points 

There are Several Reference Points (RPs) which provides interoperability points between 
equipments of different vendors. Mainly, in WiMAX there are six WiMAX mandatory RPs R1 
to R6 and two informative RPs (R7 and R8). 

5.4.1 Reference Point R1 (Normative) 

R1 Reference point actually contained both user traffic and control plane messages, and it is the 
radio interface between MS and ASN. R1 consists of all physical and MAC features retained in 
WiMAX profile according to IEEE 802.16 standard. 
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5.4.2 Reference Point R2 (Normative) 

R2 Reference point carries all protocols and other procedures, which are required for 
authentication (user and device), service vice authorization and IP host configuration 
management, and it is a logical interface between MS and the CSN. Mainly, R2 interface works 
between the MS and H-NSP but some protocol may be executed by the visited NSP in the case 
of roaming. 

5.4.3 Reference Point R3 (Normative) 

R3 Reference point sends control plane messages as well as data plane information through 
tunneling between the ASN and the CSN, and it is the logical interface between the ASN and 
CSN.  

5.4.4 Reference Point R4 (Normative) 

R4 Reference point carries both control and data plane messages, especially when it shifts from 
one ASNs/ASN-GW to another in ASNs/ASN-GW in terms of hand over and location area 
updates in dedicated and Idle mode respectively, and it connects to ASNs (ASN Profile B) or 
two ASN-GWs (ASN profiles A or C). R4 is the only reference point which shows 
interoperability between two ASN from different vendors. GRE (Generic Routing 
Encapsulation) protocol is used to implement IP in IP tunneling mode for R4. 

5.4.5 Reference Point R5 (Normative) 

Reference point R5 contains control and data planes methods between the visited NSP (CSN) 
and in the home NSP (CSN) and it is the interface between two CSNs. 

5.4.6 Reference Point R6 (Normative for profiles A and C) 

In Release 1, ASN GW and BS is established by decomposing ASN in profiles A and C. So R6 
and R1 have same normative procedure. It sends control messages as well as data plane 
information and work as interlink between BS and ASN-GW. 

5.4.7 Other Informative Reference Points 

Reference Point R7 and R8 is established for interoperability points in the next WiMAX 
architecture releases. R7 works as an optional logical interface inside the ASN-GW for decision 
function and enforcement function. 

Reference point R8 sends control plane flow exchange which is used for improving and fast 
handover between two different BSs. R8 can sends data plane information exchange when 
handover phase is under processed [36]. 
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5.5 Comparison between WiMAX and LTE 

In recent years it has been observed that in mobile communications WiMAX and LTE both are 
considered to be the most advance featured technologies. In general the radio performance is 
almost equal but there are certain advantages and disadvantages in both technologies. 

If both WiMAX and LTE deployed fully as per their architecture designs then there is significant 
amount of performance improvement in spectral efficiency is expected in both technologies. 
There are some similar features both carry are: 

 Tight frequency reuse 
 Flexibility in bandwidth scalability from 1.25 / 1.4 MHz up to 20 MHz. 
 Orthogonal Frequency Division Multiplexing (OFDM) components. 
 Flexibility in cyclic prefix (CP) configuration to overcome multipath especially in hilly 

areas. 
 Fast adaptive modulation and coding techniques. 
 Different MIMO diversity and spatial multiplexing techniques with dynamic switching as 

per radio. 
 User specific link adaption on signaling channels. 

5.5.1 WiMAX and LTE Design Overview 

WiMAX and LTE both reply on OFDM technology but there are some differences in between 
them: 

5.5.1.1 Frame Structure 

WiMAX has frame duration from 2 ms – 20 ms but generally 2 ms assumed for configuration. On the 
other hand LTE has frame with constant 10 ms length. 

5.5.1.2 Sub-carrier Structure 

In LTE, sub-carrier spacing is always fixed having 15 kHz while in WiMAX subcarrier spacing 
depends on the selected bandwidth. 

5.5.1.3 Cyclic Prefix Overhead 

In LTE the cyclic prefix has limited choices i.e. long and short CP, with 4.6 μs and 16.7 μs. In 
the case of WiMAX the CP length is not fixed. 

5.5.1.4 Downlink Control Channel Overhead 

In LTE, Physical Download Control Channel (PDCCH) uses the first 3 OFDM symbols per sub-
frame from 14 symbols in total. Hence the control overhead changes between 7% to 21%. 
WiMAX on the other hand, put in the scheduling and control information through dynamic 
FCH/MAP region attached in the beginning of every frame [38]. 
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5.6 Future Goals and Challenges 

The basic idea behind IEEE.16e standard was not to purpose a new cellular network which has 
multi-hop capability but to provide a structure to upgrade ongoing single-hop standards to multi-
hop. Although WiMAX has yet to be installed in many countries so there are yet some scenario 
which needs to be resolved such that; 

5.6.1 Fixed Infrastructure 

Service providers mostly try to deploy BS in stationary area to cover general traffic. But if they 
need to increase throughput and coverage they must have to change a place of BS or to select 
places like roof tops so that LOS with BS must not be interrupted. So there might an issue that to 
get the required location has some difficulties. 

5.6.2 In-Building Coverage 

Inside building there is always poor performance observed by mobile phones or service 
providers. To cover these issues between service providers and end users is an also important 
factor. These things can also be addressed by the solution services to provide coverage near 
tunnels and subways where there is no network exist. For this NLOS service or equipment is 
required who operate on battery power and must have low complexity. 

5.6.3 Temporary Coverage 

Whenever there are large number of people there needs to be more traffic from mobile users this 
needs to be re-routed to adjacent BSs. There must have some permanent solution to this issue 
and needs some temporary equipment which can be deployed in emergencies and can also run on 
batteries, ranging from small and simple to large and complex situations. 

5.6.4 Coverage on a Mobile Vehicle 

Providing mobile service in a train or a bus is always a big challenge for communications 
engineers. If there is a group of people travelling in a moving train or a bus and crossing cells 
quickly then to provide reliable coverage needs some complex equipment. This needs to be 
deployed in such a way that mobile services work properly [39].  
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Chapter 6: Simulation and Results 

6.1 Introduction 

In the previous chapters we have discussed in detail all the three main parts of our project which 
are OFDM, MIMO and WiMAX. In this chapter we apply these ideas to simulate the topic’s 
problem by using Matlab. The simulation results has two parts first we will cover OFDM 
simulation and in the second one we will discuss and simulate Alamouti for 2x1, 2x2 and 2x3 for 
MIMO and showed there results and compared with theoretical result for 1 Transmitter and 1 
Receiver antenna (1x1),1 Transmitter and 2 Receiver antennas (1x2) (MRRC) and Alamouti 2x1. 

6.2 Design and Simulation using MATLAB 

MATLAB is a mathematical computing environment which is very effective to calculate and 
simulate the technical problems. This tool has the capability to perform many different tasks by 
its different tools in particular cases like matrix manipulation, plotting of functions and data, 
implementation of algorithms, creation of user interfaces and interfacing with other languages 
(C, C++, and FORTRAN). 

6.3 Simulation and Procedure 

For our simulation MATLAB is necessary to achieve required results. In this report MATLAB 
7.7 is used to simulate and models the problems for analysis and results. Different features have 
been utilized specifically for simulation part for Alamouti scheme which are not supported fully 
by the older versions of MATLAB.     

6.3.1 OFDM 

OFDM modulator and demodulator for SISO is implemented in MATLAB by particular length 
of frame of bits on which IFFT operations has been performed and then cyclic prefix is added, 
due to addition of cyclic prefix the length of OFDM signal is increased. Cyclic Prefix is 
introduced to overcome ICI. Multipath Rayleigh fading channel is used between transmitted and 
received OFDM signal. Adaptive White Gaussian Noise (AWGN) is used on the receiver end. 
On receiving end FFT operations has been performed then removal of cyclic prefix and 
demodulation is applied on the received signal to get required results.   

6.3.2 Simulation Model 

a) Setting parameters for Data 64 points, 25 percent cyclic prefix (CP) and 8 points for 
size of OFDM block. 

b) Generated random data for those 64 points. 

c) Performed 16 QAM modulation scheme on the data. 
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d) IFFT operation is performed on the data in the next step and addition of 25 percent of 
cyclic prefix (CP). 

e) Multipath propagation between transmitter and receiver in the form of channel. 

f) At the receiver end Adaptive White Gaussian Noise (AWGN) has been added in 
transmitted signal. 

g) In the next step FFT operation is applied on that received signal. 

h) Cyclic Prefix is removed from received signal. 

i) Demodulated the received signal and got the required results. 

6.4 Simulation Result for OFDM 

Below figures shows the simulation results for OFDM. 

 

Figure 6-1: Shows randomly generated 64 data points and their amplitudes. 
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Figure 6-2: 16 QAM Modulation Scheme. 

 In this report 16 QAM modulation scheme is used to strengthen a signal which can be 
seen in Figure 6-2. 
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Figure 6-3: Result after performing IFFT and adding Cyclic Prefix. 

 After applying IFFT operation, CP is added to the signal. The size of CP depends upon 
the medium and in this report 25% of signal size is taken as CP which can be clearly seen 
in the above Figure 6-3. It is evident from the figure that size of the signal increased from 
64 to 80 points due to addition of CP.  
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Figure 6-4: Random complex noise. 

 On transmitter side there is Power Amplification and to overcome this issue the average 
value of 0.5 is fixed if amplitude is more than average value or threshold value then the 
random complex noise will be added otherwise it will add nothing as can be seen in 
Figure 6-4. 
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Figure 6-5: Result for Demodulation. 

 In Figure 6-5, QAM demodulation has been which affect both phase and amplitude of the 
signal. 
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Figure 6-6: Result on receiver side. 

Now after comparing the results at transmitter end in Figure 6-1 and receiver side in Figure 6-6, 
we can observe that signals are almost identical but there is some difference which is due to 
multipath fading at the channel. 

6.5 MIMO Simulation 

A simple Space time code suggested by Sivash. M. Alamouti in his October 1998 paper is 
studied below. It offers a simple method for achieving spatial diversity. The Alamouti scheme 
uses two transmit antenna and Nr receive antenna and can have a maximum diversity order of 
2Nr. In our case we perform our result for Alamouti 2x1, Alamouti 2x2 and Alamouti 2x3 
considering channel is a flat fading Rayleigh multipath channel. Using Alamouti with 2x1 
antennas the scheme provides the same diversity order as MRRC with 1x2 receive antenna. The 
Alamouti technique are implemented in MATLAB and analyzed for performance according to 
the bit error rates using BPSK modulation which shows simulated result is identical to expected 
theoretical result.  

Details of the simulations set-up is as follows: 

 The transmission sequences of information symbol are },..., . ,,{ 321 nssss
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 In normal transmission 1s  will be sent in the first time slot, 2s  in the second time slot, 
and so on. However, Alamouti gives another idea about transmitting as we group the 
symbols into two groups. In the first time slot, send 1s  and 2s from the first and second 

antenna and in second time slot send *
2s−  and *

1s from the first and second antenna. In 
the third time slot send 3s and 4s from the first and second antenna and in fourth time slot, 

send *
4s− and *

3s from the first and second antenna and so on. 

 In between the thi transmit antenna to thj receive antenna, each transmitted symbol gets 
multiplied by a randomly varying complex number ijh , . As the channel under 

consideration is a Rayleigh channel, the real and imaginary parts of ijh , are Gaussian 

distributed having mean 
ijh ,

μ =0 and variance ijh ,
2σ =1/2. 

 However, there is a white Gaussian noise on receive antenna so the noise n  has the 
Gaussian probability density function with 

2

2

2
)(

22
1)( σ

μ

πσ

−−

=
n

enp  with 0=μ and
2

02 N
=σ  

where is channel known at the receiver antenna. ijh ,

 In the first time slot received signal when Alamouti 2x1 is used. 

 

 
[ ]21122111 hhnxhshr =++= 1

2

1 n
s
s

+⎥
⎦

⎤
⎢
⎣

⎡

 
similarly in the second time slot, the received signal is, 

 

 

 
 

[ ]212
*

12
*

212 hhnshshr =++−= 2*
1

*
2 n

s
s

+⎥
⎦

⎤
⎢
⎣

⎡−
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1
*
2 , ss−

2
*
1 , ss

 
 
 

Figure 6-7: Alamouti 2x1 design. 

21, ss  are the transmitted symbols.  

1h  is the channel from first transmit antenna to receive antenna.  

2h  is the channel from second transmit antenna to receive antenna.  

21, rr  are received symbol on the first and second time slot respectively. 

21, nn  are the noise on first and second time slots. 

 

 In Alamouti 2x2 scheme the received signal on first time slot and second time slot are 
given by; 

[ ]121112121111 hhnshshr =++=

[ ]222122221212 hhnshshr =++=

1
2
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+⎥
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⎤
⎢
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⎡

2

1 n
s
s

+⎥
⎦

⎤
⎢
⎣

⎡

 

 
2

Similarly in the second time slot the received signal is; 
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*

112
*

2113 hhnshshr =++−=

[ ]22214
*

122
*

2214 hhnshshr =++−=

3*
1

*
2 n

s
s

+⎥
⎦

⎤
⎢
⎣

⎡−
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1

*
2 n

s
s

+⎥
⎦

⎤
⎢
⎣

⎡−
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1
*
2 , ss−

2
*
1 , ss

 
 

Figure 6-8: Alamouti 2x2 design. 

21, ss are the transmitted symbols. 

11h  is the channel from first transmit antenna to first receive antenna. 

12h  is the channel from second transmit antenna to first receive antenna. 

21h  is the channel from first transmit antenna to second receive antenna. 

22h is the channel from second transmit antenna to second receive antenna. 

4321 ,,, rrrr are the received symbols on the first and second antenna respectively for first 
and second time slot. 

4321 ,,, nnnn  are AWGN noise on first and second receive antenna for time slot 1 and 2. 

 Consider a special case with Alamouti 2x3 technique in which the received signal on first 
time slot and second time slot are given by. 

For first time slot, 

[ ]121112121111 hhnshshr =++=

[ ]222122221212 hhnshshr =++=
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For second time slot, 
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Figure 6-9: Alamouti 2x3 design. 

21, ss  are the transmitted symbol from first and second antenna respectively. 

11h   is the channel from first transmit antenna to first receive antenna. 

21h  is the channel from first transmit antenna to second receive antenna. 

31h  is the channel from first transmit antenna to third receive antenna. 

12h  is the channel from second transmit antenna to first receive antenna. 

22h  is the channel from second transmit antenna to second receive antenna. 
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32h  is the channel from second transmit antenna to third receive antenna. 

654321 ,,,,, rrrrrr  are received symbol on first, second and third antenna for first and 
second time slot respectively. 

654321 ,,,,, nnnnnn  are the AWGN noise on the first, second and third antenna on the 
receiver end for first and second time slot respectively. 

 Theoretical results for the bit error rate for BPSK modulation in Rayleigh channel with 
one transmit and two receiver case and for Alamouti 2x1 is given below. 

The BER for BPSK modulation in Rayleigh channel with 1 transmit and 2 receive is 
given by: 

)]1(21[2
, MRRCMRRCe ppP −+= ,  

Where  is the Probability Density Function for MRRC using BPSK. MRRCp

2
1

11
2
1

2
1 −

⎟
⎠
⎞

⎜
⎝
⎛ +−=

SNR
p CMRR

 

 

The BER for BPSK modulation in Rayleigh channel with Alamouti 2 transmit and 1 
receive is given by: 

)],1(21[2
, STBCSTBCSTBCe ppP −+=  

Where is Probability Density Function for Alamouti 2 transmits and 1 receive using 
BPSK [40]. 

STBCp

           .21
2
1

2
1 2

1
−

⎟
⎠
⎞

⎜
⎝
⎛ +−=

SNR
pSTBC  

 

6.5.1 Flow Chart and Simulation Model 

In figure we made flow chart of our code as it is easy to understand from flow chart and you can 
easily work for improvement of code while looking at flow chart. 

6.5.1.1 Simulation Model 

a) Generate random binary sequence of +1’s and -1’s. 
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b) Group them into pair of two symbols and send two symbols in one time slot. 

c) Multiply the symbols with the channel and then add white Gaussian noise. 

d) Equalize the received symbols. 

e) Perform hard decision decoding and count the bite errors. 

f) Repeat for multiple values of SNR and plot the simulation and theoretical results. 
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Figure 6-10: Simulation of 2x1 Alamouti scheme and comparison with theoretical results. 

 Figure 6-10 indicates that simulation result of 2x1 Alamouti scheme is identical to the 
theoretical result. It clearly shows that simulation result of 2x1 is better than 1x1 but 1x2 
has improved BER from 2x1 due to receiver diversity. 
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Figure 6-11: Simulation result of 2x2 Alamouti Scheme. 

 In Figure 6-11 the simulated results of Alamouti scheme 2x2 is better than 1x1, 1x2 and 
2x1 due to increase in number of antennas at receiver side.  
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Figure 6-12: Simulation result of 2x3 Alamouti. 

 As the receive diversity increases BER is reduced as can be seen in Figure 6-12. The 
simulated result of Alamouti 2x3 shows better performance than the theoretical results of 
1x1, 1x2 and 2x1 Alamouti scheme. 
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Figure 6-13: Simulation result of Alamouti 2x1, 2x2 and 2x3 and their comparison. 

 In above Figure 6-13 the simulation results of Alamouti 2x1, 2x2 and 2x3 are compared 
with each other and it shows that as receive diversity increases the BER rate will 
gradually decreased. Alamouti 2x3 has shown better results than Alamouti 2x1 and 2x2. 

If we analyze our output results in the figures shown above then we can observe that as antenna 
diversity increases on the receiver end BER reduces and almost getting Free Error 
communication (FEC). Below table shows the performance analysis on the basis of our 
simulated result for Alamouti 2x1, 2x2, 2x3.  

BER Performance 
Simulation Result  High  Medium  Low 

Alamouti 2x1        

Alamouti 2x2          

Alamouti 2x3          
Table 6-1: Comparison of BER performance with different Alamouti schemes. 

After comparison of these simulated results with theoretical results it has been noticed that the 
performance of Alamouti 2x2 and 2x3 are better than one transmit antenna two receive 
antennas(MRRC) , Alamouti 2x1 and one transmit antenna and one receive antenna.
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Chapter 7: Conclusion and Future Work 

7.1 Conclusion 

In this report, a detailed overview and analysis of OFDM, MIMO and their combination with 
space time coding were discussed. OFDM modulator and demodulator were designed and 
simulated for single input and single output. Cyclic prefix was used to remove intercarrier 
interference (ICI) and multipath fading channel were used between transmitter and receiver to 
design simulation results. 

Space time coding (STC) has been implemented on MIMO system and its BER checked.  
Simulated result for Alamouti 2x1, 2x2 and 2x3 were compared with theoretical results of one 
transmitter and one receiver (MRRC) and Alamouti 2x1. As diversity increases at the receiver 
end BER is reduced.  MIMO code was designed in such a way that it can be raised up to 2xN 
receiver. The results of the simulations, in which BER performance of different schemes is, 
computed shows that MIMO-OFDM with space time coding can provide high data rate 
transmission and there is no need to increase the transmit power and expansion of bandwidth. 

 

7.2 Future Work 

The main focus of this thesis was BER performance for different Alamouti schemes. In future 
one can combine MIMO and OFDM and extend it for Singular Value Decomposition (SVD) for 
higher diversity of antennas. Moreover, further work can also be done to enhance the capacity of 
the channel. 
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