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Orthogonal frequency division multiplexing (OFDM) is an advanced 3G/4G scheme 

which achieves high data rate and combats multipath fading. However, OFDM systems suffer 

from nonlinear peak to average power ratio (PAPR) and carrier frequency offsets (CFO).  These 

two factors lead to degraded performance and thereby reducing the system efficiency.  OFDM 

with multiple antennas both at transmitter and receiver and space-time block coding is used to 

increase the channel capacity and receiver diversity. Space-time block coding is used to increase 

data rate and for reliable communications. With space-time block coding we can take advantage 

of both space and time. It is also possible to implement spatial multiplexing using space-time 

block coding. However, MIMO-OFDM also suffers from high PAPR value. Many methods have 

been proposed to reduce the PAPR problem in OFDM. Distortion techniques, coding techniques 

and scrambling techniques are some of those methods. These methods can be extended to 

MIMO-OFDM. Distortion techniques can reduce the PAPR, but in turn it increases bit error rate. 

Coding techniques have limitations with number of subcarriers. Scrambling techniques can 

reduce the PAPR effectively. In this paper we used SLM and PTS methods to reduce the PAPR 

problem in MIMO-OFDM. The bit error rate performance for each method is plotted and 

compared with each other. BER performance of MIMO is compared with SIMO and MISO.
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CHAPTER 1: INTRODUCTION 

1.1 Background 

Wireless communication has been one of the major areas of focus since the late 20th 

century. The demand for large bandwidth and high communication speed is growing at a rapid 

pace. Due to the increased demand in mobile applications, next-generation wireless mobile 

system is designed in such a way that they not only support voice call but also provide high-

performance data applications over radio-wave communication system [1]. In order to satisfy 

these demands, wireless technologies like GSM, OFDM, UWB, LTE, XLTE and LTE-A came 

into existence.  

3G mobile communication systems were modeled using the code division multiple access 

(CDMA) scheme. OFDM technology is the basis for 4G wireless communication systems. 4G 

wireless technologies like LTE, LTE-A and worldwide interoperability for microwave access 

(Wi-MAX) operate in the 2-4 GHz frequency region and provide data rates of 100-200 Mbps. 

Communication takes place in two ways: uplink and downlink. Verma and Sharma [2] state that 

“the uplink represents the transmission from a mobile terminal to base station, and downlink 

represents the transmission from a base station to mobile terminal” (p. 2207). With a wider 

transmission bandwidth, the signal bandwidth becomes greater than the coherence bandwidth 

leading to inter-symbol interference (ISI) caused by frequency selectivity of the wireless channel 

which becomes more serious in a single-carrier communication system [3]. One way to counter 

effects of frequency selectivity is to use a multicarrier technique which divides the total channel 
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bandwidth into smaller bandwidth portions [3]. OFDM satisfies this requirement as it is a 

multicarrier system. In order to increase the diversity gain and channel capacity, OFDM with 

multiple antennas and space-time block coding is used. However, OFDM system has its own 

disadvantages. It suffers from high PAPR and also has very high sensitivity to CFO.  

1.2 Problem Statement 

OFDM signal is the superposition of all the individual signals placed on each subcarrier. 

The superposition leads to a high peak value compared to the average signal value. This leads to 

a high PAPR value. PAPR value increases as the number of subcarriers increases, and it does not 

depend on the modulation scheme used.  Presence of high peak power signals in the transmitter 

requires high-power semiconductor amplifiers with large operating region. Designing and 

implementing such power amplifiers is very costly and also leads to performance degradation. 

Large peak values force the power amplifiers to go into the saturation region where the signal 

gets clipped. In this region, the orthogonal nature of the subcarriers is lost, which leads to inter-

carrier interference (ICI). The situation is even worse when Doppler combined with multipath 

propagation is present in the system. 

OFDM with multiple antennas at both transmitter and receiver are used to increase 

channel capacity and spatial diversity. However, MIMO also suffers from high PAPR value 

which causes signal distortion. PAPR reduction methods proposed for OFDM can be extended to 

space-time block-coded (STBC) MIMO-OFDM. Many methods have been proposed before to 

reduce the PAPR. Some of them include signal distortion methods like clipping and filtering, 

tone injection method, coding techniques like linear block codes and signal scrambling 
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techniques. Signal distortion techniques can reduce PAPR, but it reduces the BER performance. 

Coding techniques can also be implemented to reduce the PAPR, but they are limited with 

number of subcarriers. In this thesis we are implementing scrambling techniques to reduce the 

PAPR, and performance of each method is compared with each other. 

1.3 Thesis Structure 

This thesis is framed as follows: 

 In Chapter 2, multipath propagation and Doppler effect are studied. The wireless 

channel characteristics are explained in detail and modeled. 

 Chapter 3 deals with the advantages of multicarrier over single-carrier modulation 

techniques. OFDM system is explained in detail, listing the advantages and 

drawbacks. 

 Chapter 4 explains about the space-time block-coded MIMO-OFDM and Alamouti 

coding techniques. 

 Chapter 5 explains about the PAPR problem in OFDM systems and MIMO-OFDM. 

 In Chapter 6, the space-time block-coded MIMO-OFDM system is described and the 

PAPR reduction techniques are discussed. 

 Chapter 7 contains the simulation results for the methods mentioned in Chapter 6 and 

the results are analyzed in this chapter. 

 In Chapter 8, the thesis is concluded, and possible future work is suggested. 

 



 
 

CHAPTER 2: WIRELESS CHANNEL MODELLING 

2.1 Multipath Propagation 

The received signal at the antennas is the summation of different copies (of the same 

signal) at different times due to attenuations in different paths. These copies add up at the 

receiver either constructively or destructively, which leads to either constructive or destructive 

interference. Multipath occurs due to reflections from buildings, mountains, water bodies, etc. 

Air is the medium or channel of propagation in wireless communications. Multipath propagation 

causes errors and hence it degrades the performance of communication. The transmitted signal is 

represented as x(t), received signal as y(t) and the channel as h(t). The relation between the three 

parameters is shown in Figure 2.1. 

 

Figure 2.1: Relation between x, h and y. 

A circumstance where the signal reaches the receiver through a direct path and L 

multipath can be observed in Figure 2.2. Direct path is otherwise called line of sight (LOS) and 

indirect path is named as non-line of sight (NLOS). Equation 2.1 demonstrates the impulse 

response of the channel. 

 ( )     (    )      (    )     (    )       (    )                  (2.1) 

aL and    are the attenuation and delay associated with Lth path [4].  



 
 

 

Figure 2.2: Multipath communication. 

Equation 2.1 can be further simplified as shown in equation 2.2. 

  ( )   ∑    (    )
   
                                                            (   )                                                    

The wireless signal S(t) whose carrier signal is fc is given by equation 2.3.  

 ( )    {  ( ) 
      }                                                          (   )                                                      

Sb(t) is known as the complex baseband equivalent. The net signal obtained at the receiver 

combined with the multipath is given by equation 2.4. 

 ( )    *∑(    (    ))

   

   

 

  ( )  ∑     (    )                                                    (   )   
                                                 

In practical applications, the value of    is on the order of a few microseconds (~1µs). A signal is 

said to be a narrow band signal if  

   
 

  
                                                                                    (   )                                                                               

For a narrow band signal   (    )    ( ) 

5 
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  ( )    ( )∑    
           

                                                               (   )                                                      

Equation 2.6 indicates the phenomenon called fading in which we receive a collection of variable 

power signals at the receiver in feasible applications [4].  „h‟ is the fading coefficient and it is 

determined in equation 2.7 as follows: 

   ∑    
           

            (2.7) 

2.2 Statistics of Fading Coefficient 

The fading coefficient given by equation 2.7 can be split into two random variables. One 

random variable is real while the other is imaginary. It is shown in equations 2.8 and 2.9. 

   ∑   
        

   

   

                                                          (   ) 

   ∑(     (      )         (      ))                                      (   )

   

   

 

Upon splitting these terms and assigning them to the two random variables, we get the following 

results: 

   ∑           

   

   

        ∑           

   

   

 

The probability density function of the two random variables is given by equation 2.10 [4]. 

     
 

 
    

   (   )                                                                   (    ) 

J is called as the Jacobian matrix. Let us assume                : 
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  ]
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] 

      
 

 
    

                                                          (    ) 

The probability distribution function is given by equation 2.12 which is the marginal of 

the density function with respect to „a‟ over a fixed interval. 

                         ( )   ∫     (   )   ∫
 

 
    

                                            

 

  

 

  

 

  ( )        
                                                                     (    ) 

The envelope of fading power is demonstrated in equation 2.1 which is broadly known as 

Rayleigh fading. Rayleigh fading happens because of the multipath propagation in the wireless 

channel. Fading in the multipath environment is proportional to the Rayleigh distribution. 

Rayleigh distribution is observed in Figure 2.3. 

The probability density of „a’ and φ are given by equations 2.13 and 2.14. 
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Figure 2.3: Rayleigh distribution. 

2.3 Delay Spread 

The concept of fading coefficient has been discussed in section 2.2. This section 

describes the power characteristics and delay spread of the channel. An instance of four 

multipath channels is considered in which the gain and delay associated with each path are given 

in Table 2.1. as follows: 

Table 2.1: Gain and Delay Values 

Gain(g) Delay( ) 

|a0|2    

|a1|2    

|a2|2    

|a3|2    
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Power profile of the channel is given by equation 2.15. 

 ( )  | ( )|                             

  ∑  
  (    )

   

   

 

  ∑   (    )                                                        (    )

   

   

 

Hence we get multiple copies due to scattering. These copies are occurring over an interval of 

time [5]. This time interval is termed “delay spread,” shown in Figure 2.4. 

 

Figure 2.4: Delay spread. 

2.3.1 Maximum Delay Spread 

The first component of the signal arrives after a delay of    and the last component 

comes to the receiver at    . The maximum delay spread is given by equation 2.16. 

                                                                                (    ) 

2.3.2 RMS Delay Spread 

The signals received after a long time come with less power and these signals are not 

received by the receiver, which causes problem in calculating the delay spread. Hence root mean 
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square (RMS) delay spread is an effective way to overcome this problem because low-power 

paths are not considered in calculating delay spread in RMS delay spread. 

Normalized fraction of power in the ith path is given by equation 2.17 in which gi is the 

power associated with the ith multipath. 

   
  

            

 

   
  

∑   
   
   

                                                                           (    ) 

Average delay is given by equation 2.18. 

                        

   ∑    

   

   

 

    ∑
    

∑   
   
   

 
              

           
                                        (    ) 

   

   

  

 Using the value of average delay, the RMS delay spread can be calculated. 

  
    (     )    (      )        (       )   

  ∑   (     ) 

   

   

 

  ∑
  (     ) 

∑   
   
   

   

   

 

                                                                     √∑
  (     ) 

∑   
   
   

   

   

                                                       (    ) 
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2.4 Coherence Bandwidth 

Coherence bandwidth is a statistical measurement of the range of frequencies over which 

the channel can be considered "flat." The coherence bandwidth can be calculated by taking the 

Fourier transform of the channel delay profile. Considering the Fourier transform of the channel 

delay profile, a low pass sort of characteristics is observed. The frequency band stays constant or 

flat for some portion of the characteristics. The flat portion is termed as coherence bandwidth. 

Figure2.5. shows the regular coherence bandwidth spectrum. Bc is the coherence 

bandwidth. 

 

Figure 2.5: Coherence bandwidth spectrum. 

If signal bandwidth is greater than the coherence bandwidth, the edges of input are 

attenuated due to which the output gets distorted. Such a phenomenon is known as frequency 

selective fading response. Equation 2.20 represents the Fourier transform of the channel.  

            ( )   ∑    
                                                                  (    ) 

Mathematically, coherence bandwidth in terms of delay spread is given by equation 2.21. 

   
 

   

                                                                             (    ) 
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A channel can be called as frequency nonselective or flat fading channel if the bandwidth 

of the signal is less than or equal to the coherence bandwidth. Distortion is eliminated in this 

case. If bandwidth of the signal is greater than the coherence bandwidth, output is distorted 

because of the attenuated edges of input. This situation is called frequency selective fading 

response or inter-block interference (IBI) [5], a phenomenon where the delay spread is larger 

than symbol duration. In this case, the previous symbol interferes with the current symbol. If the 

delay spread is less than the symbol duration, the same symbol interferes with itself. This is why 

GSM is considered a frequency nonselective channel and 3G/4G is considered a frequency 

selective fading system. Loss of data at the receiver occurs due to ISI which reduces the 

performance of communication. Hence equalizers are used to make the frequency selective 

fading system a flat fading response. 

2.5 Doppler Shift 

Due to the relative motion between the transmitter and the receiver, there is a variation in 

the frequency of the electromagnetic (EM) wave. This phenomenon is known as Doppler effect. 

This change in frequency causes incorrect results in real-time communication systems. Hence, 

this has to be negated. Figure 2.6 shows the system which demonstrates Doppler effect. 

 

Figure 2.6: Cause of Doppler effect. 
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2.5.1 Computation of Doppler Shift 

Consider a situation where the MS is moving at an angle   with respect to the BS as 

shown in Figure 2.7.  

 

Figure 2.7: Motion of BS. 

The received frequency fr is now equal to the sum of carrier frequency fc and the Doppler 

frequency fd as shown in equation 2.22. 

   
     

 
    

            
     

 
                                                      (    ) 

    
 

 
 : The MS is moving towards the BS 

 

 
     : The MS is moving away from the BS 

For any other condition, even though the MS has a velocity, there is no effect of Doppler 

on the system whatsoever. For typical values of fc = 1850 MHz, V = 60 mph towards BS, the 

computed Doppler shift is about 165 Hz. The received frequency is therefore 1850 MHz + 165 

Hz. This value may look small, but it has a huge impact. 
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2.5.2 Effect on Channel 

If    represents the attenuation of ith path and    represents the delay of the ith path, then 

the baseband channel can be denoted as    (    ). The delay in this path is decreased by 

   
  

 
 since the distance between the MS and the BS is decreased by Vt on increasing time t. 

Here, MS is moving at an angle   with respect to BS; therefore, delay in this case becomes  

    
      

 
. 

The flat fading channel coefficient as discussed previously is given as 

  ∑   
        

   

   

 

Since MS is moving with respect to BS, it becomes the function of t. Therefore 

equation2.23 gives new flat fading coefficient. 

       ( )   ∑  

   

   

         ( )                                                      (    ) 

While using the delay value which is obtained from theoretical analysis,  

                                                       ( )   ∑  

   

   

 
      (   

      
 

)
                                            (    ) 

The new flat fading coefficient can be divided into two different random variables.  

 ( )   ∑   
         

   

   

 
     (

      
 

) 
 

 ( )   ∑   
         

   

   

                                                    (    ) 
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The Doppler term     in the above equation leads to time-varying phase. Now Doppler 

has become a time-selective channel. At this point of time, a parameter called coherence time Tc 

can be determined. Tc is the time where the channel remains constant [5]. The channel has to be 

measured once every coherence time to understand the channel because the coherence time is 

approximately 1ms in active wireless applications. Coherence time is measured mathematically 

where it is equal to reciprocal of four times the maximum Doppler shift. 

2.5.3 Doppler Spectrum 

Doppler is calculated using a correlation function of the channel. Correlation is the 

measure of similarity or dissimilarity. The higher the correlation between the two variables, the 

more similar they are. If X and Y are considered as two random variables, then the correlation 

between X and Y is mathematically represented as E{XY*}. 

  ( )     
                

If  *  ( )    
 (    )+ is high, then the channel hasn‟t changed. 

  (    )     
              (    )  

 (  )   *|  |
          +  

 (  )   *  (    )+ 

Normalizing |  |
   , we get the equation 2.26.  

 (  )   {         }                                                       (    ) 

This is known as the correlation coefficient. Substituting the value of Doppler frequency we get 

 (  )   {  
      

 
      }                                             (    ) 

We know that       
   

 
         . Therefore the equation 2.27 becomes equation 2.28.  
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 (  )   {                }                                            (    ) 

Assuming that   is uniformly distributed between 0 and π, we get equation 2.29. 

 (  )   ∫
 

 
                                                         (    )

 

 

 

The solution for equation 2.29 is in terms of the Bessel function and it is as follows: 

 (  )    (         ) 

Here J0 is the Bessel function of 0th order [5]. The above expression can also be written as  

 (  )     (
    

   

)    (
 

 
 
  

  

)                                    (    )  

In practical applications, any correlation below 0.5 is considered as a change in channel 

parameters [5]. Finally, the Doppler spectrum is nothing but the Fourier transform of the 

autocorrelation function [5], i.e., equation 2.30, which is given as follows: 

                                       ( )   ∫  (  )         

  
 (  )  

  ( )   ∫   (         )        

 

  

 (  ) 

  ( )  

 
      

    (
 
  

)

√  (
 
  

)
 

                                                (    ) 

Equation 2.31 represents the Doppler spectrum. The plot of the above spectrum is shown 

in Figure 2.8. It is evident from the plot that the Doppler spectrum exists only between the 

intervals -fd to fd. The spectrum shown in Figure 2.8 is also known as U-shaped spectrum or 

Jake's spectrum or Jake's model. 
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Figure 2.8: Jake‟s spectrum [5]. 

 

 

 



 
 

CHAPTER 3: MULTICARRIER MODULATION AND OFDM 

3.1 Multicarrier Modulation 

In single-carrier modulation technique one carrier occupies the entire bandwidth. If „B‟ is 

the bandwidth available for communication, the symbol duration will be      . One symbol is 

transmitted every T seconds. It is typically two symbols as there is a „sine‟ and a „cosine‟ term 

associated with a signal. Symbol rate is the inverse of transmission time which is equal to B. If 

the available bandwidth is divided into „N‟ subcarriers and each data symbol is modulated with 

the individual subcarrier, the system becomes a multicarrier system. The bandwidth of each 

subcarrier is        and consequently the spacing between each subcarrier [6]. A typical 

multicarrier spectrum is shown in Figure 3.1. 

 
Figure 3.1: Subcarrier spacing. 

3.1.1 Transmission 

In multicarrier transmission, the center frequency of the ith subcarrier is given by equation 

3.1. 
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      (3.1) 

 
Xi is the data to be transmitted on the ith subcarrier. The modulated data stream is given 

by equation 3.2. 

  ( )     
           (3.2) 

In a multicarrier system, there are a total of N subcarriers. Hence, N data symbols can be 

modulated using the N subcarriers. Before transmitting, the N modulated streams are added. The 

composite transmit signal is given by equation 3.3 [6]. 

 ( )  ∑    
     

 
        (3.3) 

Figure 3.2 clearly shows the block diagram to implement a multicarrier system.  

 

Figure 3.2: Block diagram of multicarrier transmitter system [6]. 

3.1.2 Reception 

At the receiver, the received signal is the transmitted signal combined with noise. 

Ignoring the effect of noise, the received signal is the same as the composite transmitted signal 

given by equation 3.3. To get back the original data symbols, each stream is coherently 

demodulated with its corresponding subcarrier [6]. The process of correlation is done with the lth 

subcarrier.  

  
 

 
∫ ∑    

     

 
   

     

 
     

 

 
 

  



 
 

 

  
 

 
∑ ∫

   
  (   ) 

 
  

 
 

 

 
      

∫  
   (   ) 

 
               {

                   
 

 
                

 

 
   

All subcarriers except lth subcarrier are orthogonal to the lth subcarrier. Hence we can 

correlate with         . After demodulation with lth coherent subcarrier, we get back the original 

data stream [6]. The block diagram of an MCM receiver is shown in Figure 3.3.  

 

Figure 3.3: Block diagram of multicarrier receiver System [6].  

The window of time associated with detection of this multicarrier signal is N/B, which is 

the time period of integration [6]. Hence, multicarrier modulation transmits N symbols using N 

subcarriers in time period N/B. The symbol rate is N/(N/B) = B. The net symbol rate using 

single-carrier vs. multicarrier modulation has not changed. Therefore, nothing has been achieved 

in terms of symbol rate [6]. 

3.2 OFDM  

Implementing N bank of modulators or correlators and demodulators or decorrelators is a 

very difficult task as it leads to phase offsets and also increases the cost required to install 2N 

oscillators [6]. However, there was a key advancement made by Weinstein and Ebert in 1971 at 

20 
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Bell Labs [7]. The Nyquist sampling rate of a multicarrier system is B. The multicarrier system is 

band limited to B. Consider the uth sample in the system which is given by equation 3.4. 

 (   )   ( )   ∑    

     
 

 

   ∑    
     

 
      (3.4) 

From equation 3.4, it is evident that the output samples are the IDFT of the information 

symbols. This theory formulated by Weinstein and Ebert provided a breakthrough in modeling 

the OFDM system. The IDFT and DFT operations replace the modulators and demodulators, 

making it very efficient. In practice, the IDFT and DFT are implemented by IFFT and FFT 

operations in the digital signal processor. This proposed scheme of generating the multicarrier 

transmit signal has a much lower implementation complexity compared to the bank of correlators 

[6]. Such a system is termed as OFDM. The name orthogonality is used as OFDM uses 

orthogonal subcarriers instead of random subcarrier frequencies, making it much easier to 

demodulate on the receiver due to the orthogonality principle.  

The coherence bandwidth in outdoor channels for a 3G/4G system is about 300 kHz. The 

bandwidth for an OFDM system is about 2 GHz. It can be clearly seen that bandwidth is very 

much higher than the coherence bandwidth. This leads to inter-symbol interference (ISI). OFDM 

employs smart methods to combat the issue of ISI or IBI.  

3.2.1 Transmitter 

The block schematic of an OFDM transmitter is demonstrated in Figure 3.4. The raw data 

bits are modulated using various digital modulation schemes like QAM, PSK and BPSK. Since 

OFDM focuses on parallel transmission of data, the serial data after modulation is converted into 

parallel data. The size of the parallel data depends upon the number of subcarriers used. The 



22 
 

 

parallel symbol stream is then sent to the modulator block, which is now replaced by the IFFT 

operation. Here, each data symbol is modulated with its corresponding subcarrier. The parallel 

modulated data is now converted into serial data and it goes into the cyclic prefix module. In this 

block, the last few symbols are copied and attached at the beginning of the OFDM symbol. This 

is done mainly to avoid the effects of multipath propagation and fading. After the addition of 

cyclic prefix, the data is sent out into the channel which is to be captured by the receiver.  

 

Figure 3.4: OFDM transmitter block diagram [6]. 

N represents the number of subcarriers. Typically the number of subcarriers is a power of 

2. In practical applications, the number of subcarriers is equal to         , where x, y and z‟s 

are integers.  

3.2.2 Receiver 

At the receiver, the opposite procedure is done compared to the transmitter. The symbols 

received are first deprived of the cyclic prefix. The serial symbol stream is converted into a 

parallel symbol stream by using the multiplexer or serial to parallel converter. The parallel 

symbol stream is demodulated by using the N-pt FFT operation. FFT is a correlator or a 

frequency domain sampler. The parallel symbol stream after the FFT operation is demodulated to 

the baseband and serialized, which goes to various applications. Figure 3.5 shows the schematic 

block diagram of a typical OFDM receiver. 
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Figure 3.5: OFDM receiver block diagram [6].



 
 

 

CHAPTER 4: MIMO STBC AND INTRODUCTION TO  

ALAMOUTI CODING 

 

4.1 Introduction to MIMO 

 MIMO system is the use of multiple antennas both at transmitter and receiver to enhance 

communication performance. MIMO technology combined with OFDM and space-time block 

coding represents an interesting candidate for mobile communication due to its ability to 

withstand high speeds, high capacity and robustness to multipath fading. In the scenario, where 

mobility is required for the data transmission, MIMO-OFDM is deployed for transmit diversity 

and secure means for data propagation.  
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MIMO channel matrix is given by 

MIMO 

Channel 
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MIMO system model 
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Special Cases 

 t = 1: 
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    (4.7) 

This is known as receive diversity or SIMO (single input multiple output) system. 

r=1:  

    ,       - [

  

  

 
  

]       (4.8) 

  ̅   ̅  ̅        (4.9) 

This is known as transmit diversity or MISO (multiple input single output) system. 

r = t= 1:    

            (4.10) 

This is known as SISO system (single input single output system). 
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Noise is uncorrelated across antennas and time. 

4.2 MIMO Receiver  

4.2.1 Linear Receiver 

At receiver  

 Y = H x + n     (4.17)  

                           (4.18) 

Inverse exists for only r =t. 
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Generalized inverse (   ) 
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Vector differentiation: 
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Let 
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Now go back to error 

 Error = ||    ||
 
     (4.26) 

 (    ) (    ) 
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Differentiating with respect to   
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For optimal value      ̅       ̅    
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This solution is known as zero forcing receivers. 

Diversity of zero forcing receivers = r-t+1. 

4.2.2 MIMO MMSE Receiver 
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Linear estimator:  ̂   ̅  ̅ 
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LMMSE for complex vectors is  ̂    ̅  ̅  

MIMO system model  ̅    ̅   ̅ 
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For single receiver and transmitter, H = h. 
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If |h| = 0, MIMO doesn‟t blow noise. 

We know 
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At high SNR, 
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Decomposition of MIMO channel: 

            (4.50) 
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                                 V is a unitary matrix 

          are known as singular values. 

                 (4.51) 

              . Singular values are ordered. 

Number of nonsingular values is equal to the rank of the matrix. From equation (4.17), 

  ̅    ̅   ̅ 

  ̅        ̅     (4.52) 

At the receiver, multiply  ̅ with   : 

     ̅    (    ̅  ̅)    (4.53) 

 ̃     ̅     ̅ 

  ̃     ̅   ̃     (4.54) 

At transmitter,  ̅   ̃  . 

  ̃       ̃   ̃     (4.55) 

  ̃    ̃   ̃     (4.56) 

Decoupling of MIMO system (parallelization of MIMO system): 
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This is called spatial multiplexing.  

  ̃          (4.59) 
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SNR of i-th parallel path  
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Maximum rate = Shannon capacity =     (     ).     (4.62) 

So for i-th path =     .  
    

 

  
 /                          total MIMO capacity 
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Optimal allocation of power „P‟ to all transmitted streams: 
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Maximizing capacity: 
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Constraint: 
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To maximize the capacity, 
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4.3 Asymptotic Capacity 

One of the key parameters of the communication is its channel capacity, which gives 

upper limit to data rate. In time-variant channels there are multiple definitions for channel 

capacity. The maximum mutual information between channel inputs and outputs averaged over 
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all channel realizations is known as channel capacity. There are many theories, like Shannon‟s 

capacity theorem, etc., proposed to calculate channel capacity. 
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4.4 Introduction to Alamouti Code 

To exploit the multiple versions of the data to improve the reliability of data transfer by 

transferring multiple copies of the data using array of antennas, space-time block coding 

technique is used. In 1998 Alamouti proposed the simplest space-time block code for the first 

time but he did not coin the term STBC. It was designed for a 2*2 system. Alamouti code is the 

only STBC which achieves its full diversity without sacrificing its data rate. 

Consider a 2*2 MIMO system: 
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Consider a symbol „x‟. 
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First transmit instance 

  ( )   ,    - 0
  

  
1   ( )     (4.93) 

Second transmit instance 
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Stack y(1) and y*(2) as for receiving info matrix: 
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5. PAPR AND REDUCTION TECHNIQUES 

5.1    Peak to Average Power Ratio (PAPR) 

5.1.1    Causes of PAPR 

OFDM is a multicarrier modulation technique [8]. The major drawback of using OFDM 

is the presence of high PAPR. The summation operation of the closely spaced subcarriers cause 

high peak signals compared to the average peaks. The IFFT operation in the transmitter causes 

PAPR. The complex OFDM symbol is given by equation 5.1. 

 ( )  
 

 
∑  ( ) 

     

     
       (5.1)  

X(i) are the modulated symbols to be given to the IFFT block and x(k) are the k th IFFT 

sample. The average power of the signal mentioned in equation 5.1 is given by equation 5.2. 
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The average power of transmission is a2/N. The peak transmission power is a2. PAPR, 

which is a fraction of peak power in average power, is given by equation 5.3. 
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From equation 5.3 it is seen that PAPR depends upon the number of subcarriers. PAPR 

increases proportionally as the number of subcarriers in IFFT increases. It mainly occurs due to 

the IFFT preprocessing. Data symbols across subcarriers can add up constructively to produce a 

signal with a very high peak value. In an OFDM system with 256 subcarriers and modulation of 

16 QAM, the PAPR is about 10dB, i.e., 10 times peak power compared to average power. PAPR 

increases as the number of subcarriers in the IFFT preprocessing increases. PAPR is 

characterized by the complementary cumulative distribution function (CCDF). It gives a measure 

about the probability that PAPR value is below a given threshold. CCDF function is described by 

equation 5.5. 

   
 ( )   (   )    (5.5) 

              (5.6) 

Figure 5.1 shows the PAPR curves for an OFDM system with 256, 128 and 64 

subcarriers with a modulation of 16 QAM. From a typical CCDF curve, which follows a chi-

square distribution, PAPR can be read as the probability that a certain PAPR value will exceed a 

threshold for N subcarriers. From Figure 5.1, the probability that PAPR will exceed 10dB for N 

= 256 is 0.01 or 1% CCDF. From Figure 5.1 it can be seen that as the number of subcarriers 

increases from 64 to 256, PAPR is also increasing proportionally. This gradual increase can 

cause adverse effects which are dealt with in the later sections of this chapter. 
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Figure 5.1: PAPR curves for different N values. 

However, the type of modulation scheme employed has no effect on PAPR, which can be 

seen in Figure 5.2. 

 

Figure 5.2: PAPR curves for various modulation schemes. 
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5.1.2    Effect of PAPR 

Power amplifiers with certain dynamic range are used in the transmitter before 

transmitting the signal. Presence of high peaks in the signal will make the peak level go beyond 

the average level point. The average level point can also be called as the Q-point. When the peak 

level goes beyond the average level, the amplifier goes into the saturation region. It is no longer 

functioning in the linear range. The Q-point is now in the saturation range. In this region, the 

amplifier is totally saturated, leading to signal clipping. The clipped signal has some information 

loss and the shape of the clipped signal is different from the original one. Amplifier saturation 

leads to nonlinearity, distortion and inter-carrier interference (ICI). Orthogonality among 

subcarriers is lost due to clipping, which leads to a very low signal to noise ratio (SNR). Figure 

5.3 shows the typical characteristics of an amplifier.  

 

Figure 5.3: Power amplifier characteristics [9]. 
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5.2     Studying PAPR Reduction Techniques 

Many techniques have been proposed to reduce the PAPR problem in OFDM. They are 

classified into different approaches as follows: 

1. Signal distortion technique 

2. Coding technique 

3. Scrambling technique 

5.2.1 Signal Distortion Technique 

The simplest way to reduce the PAPR is clipping. Clipping and filtering is used at the 

transmitter to snip the signal at a threshold so as to eliminate the high peaks that are present. 

Nonlinear saturation is used around the peaks. The peak amplitude now becomes limited to some 

desired level.  By distorting the OFDM signal amplitude, a kind of self-interference is introduced 

that degrades the BER [10]. 

The undesired effect of nonlinear distortion can be avoided by doing a linear peak 

cancellation technique, whereby a time-shifted and scaled reference function is subtracted from 

the signal such that each subtracted reference function reduced the peak power at least one signal 

sample. This technique is known as peak window cancellation. 

5.2.2 Coding Techniques  

Encoding methods employ special forward error correction technique to eliminate high 

peak signals in OFDM. These schemes include linear block code, Golay code and Reed Muller 

code [11, 12]. These codes have a few drawbacks as they are not applicable for all OFDM 

signals. For example, the linear block code is only suitable for small number of subcarriers. Reed 
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Muller code obtains a low PAPR value but it‟s limited to only a few types of constellation 

methods.  

As the code rate is reduced coding technique suffers from bandwidth efficiency. 

Especially for large number of subcarriers, it also suffers from complexity to find the best codes 

and to store large lookup tables for encoding and decoding. 

5.2.3 Scrambling Techniques   

The basic idea of symbol scrambling is that for each OFDM symbol, the input sequence 

is scrambled by a certain number of scrambling sequence, and the output signal with the smallest 

PAPR is transmitted [13]. This technique also reduces spectral efficiency, and complexity 

increases as number of subcarriers increases. This is a probabilistic technique and it cannot 

guarantee PAPR to be below a specified level. Types of symbol scrambling techniques are: 

1. Adaptive subcarrier selection: With the subcarrier allocation scheme. 

2. Selected mapping (SLM): The transmitter selects one favorable transmit signal from a set 

of sufficiently different signals which all represent the same information [14, 15]. 

3. Partial transmit sequence (PTS): The transmitter constructs its transmit signal with low 

PAR by coordinated addition of appropriately phase-rotated signal parts [8, 9].  

 

 

 

 



 
 

 

CHAPTER 6: STBC MIMO-OFDM AND PAPR REDUCTION 

6.1 Introduction 

 Orthogonal frequency division multiplexing (OFDM) is a multicarrier modulation 

(MCM) scheme used in 4th generation (4G) communications [8]. This technique is used for high-

speed data transmission in mobile communication and digital video broadcasting. OFDM has 

high spectral efficiency, immunity to inter-symbol interference and capability of handling 

multipath fading. However, OFDM suffers with a problem called high peak to average power 

ratio (PAPR). This makes OFDM very sensitive to the nonlinearities in transceiver. A high-

power amplifier is designed to work in its saturation region. In this area, nonlinear behavior is 

severe. The in-band distortions are the sources of these nonlinearities [16]. These in-band 

distortions will increase the PAPR which in turn reduces the performance of OFDM in the 

context of bit error rate (BER). So, to preserve the cost-effective advantages of OFDM, reducing 

the PAPR of OFDM signals is increasingly being considered to be very important.  

 Using multiple antennas both at transmitter and receiver to enhance the performance is 

known as MIMO [17]. Due to its ability to withstand high speeds, high capacity and robustness 

to multipath fading, OFDM combined with MIMO technology with the space-time block coding 

(STBC) represents an interesting candidate for mobile communication.  

Similar to OFDM, the main drawback of MIMO-OFDM with STBC is its high PAPR of 

the signals transmitted on each antenna. A simple way to reduce this high PAPR is to apply 

PAPR reduction techniques to each antenna and the side information required to retrace the 
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signal separately. There are many methods proposed to reduce the PAPR of the OFDM system. 

Clipping and filtering is the simplest one among them but it increases the bit error rate (BER). 

Here we are going to look at two signal scrambling techniques for the reduction of PAPR in 

STBC MIMO-OFDM. 

6.2 STBC MIMO-OFDM System  

 Figure6.1 illustrates the general block diagram of STBC MIMO-OFDM system. 

Baseband modulated symbols are passed through serial to parallel converter which generates a 

complex vector of size N. Then this vector is passed through STBC encoder. The output 

sequences of STBC encoder are then passed through each IFFT block for antenna as 1 and 2 

respectively.   

 
 

Fig. 6.1 Structure of STBC MIMO OFDM. 
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6.3 Alamouti Space-Time Block Coding (STBC) 

 Nowadays in wireless communications, increasing transmission rates and providing 

robustness to channel conditions are the two of the main research topics. So, the main aim of the 

research is to develop systems that offer both high speed and capacity.  Much effort is done in 

the area of multiple input multiple output (MIMO) systems. By using space-time codes such as 

Alamouti code in a multi-antenna system, we can exploit space and time diversity. 

 Space-time coding technique is essentially a two-dimensional (2-D) space and time 

processing method [14]. The receiver antennas can realize diversity reception because of the 

introduction of correlation of time and space between signals which are transmitted by different 

antennas. So, space-time coding is especially used for enhancing the capacity of a wireless 

system without using more bandwidth [10, 18]. 

 In this thesis, we used Alamouti space-time block coding to achieve spatial diversity in 

MIMO system. In this technique, every two continuous transmit symbols           are coded 

into a transmit symbol matrix as follows: 

s = [
     

 

    
 ]                                                             (6.1) 

where s is the space-time code with its columns representing space dimensions while rows 

represents time dimension [11]. Alamouti encoded signal is then transmitted through two 

transmit antennas simultaneously. During the first symbol period,           are transmitted 

simultaneously, and during the second symbol duration,    
  is transmitted from first antenna 

and   
  is transmitted from second antenna. 
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6.4 PAPR Reduction Techniques 

6.4.1 Selected Mapping Method (SLM)  

In selected mapping, U statistically independent sequences are generated which represent 

the same space-time coded OFDM symbol [9, 14]. The probability of PAPR greater than a 

certain threshold is given by 

                                  (      )    (     (  ))   

The probability of PAPR>Z for „U‟ statistically independent sequences is given by  

(    (      ))  (  (     (  )) )  (6.2)  

The message symbols S(n) are duplicated U number of times and each copy is passed into phase 

rotation block as shown in Figure 6.2. The U statistically independent data blocks S1(n), 

S2(n),….SU(n) are thus generated by multiplying S(n) with U phase rotation vectors P1(n), 

P2(n),….PU(n). 

                 ( )       
( )

      

( )
   ,    -               (6.3) 

                                          ( )    ( )    
( )

 (6.4) 

 

Figure 6.2: Block diagram of SLM technique [9]. 
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The multiple copies of sequence S(n) are fed to IFFT block where modulation takes place 

and then the output x1, x2,…….xU is generated. The PAPR of each modulated sequence is 

calculated independently and finally the sequence xd where (1 ≤ d ≤ U), which is the lowest 

PAPR, is selected for transmission through the channel.  

                        (     ))    (  )    (6.5) 

Since the multiple copies containing the same information are statistically independent, the 

PAPR performance of MIMO-OFDM system is improved significantly. Assuming the 

probability of PAPR > threshold for a single signal is p; then for U copies generated, the CCDF 

probability becomes pU. Thus statistically the PAPR performance of OFDM is improved using 

SLM technique.  In order to correctly demodulate the received signal, we need to send the side 

information which contains information about which phase vector sequence was selected needs 

to be transmitted to the receiver. This can be done by sending             bits, which are 

used to represent the route number U. 

 

SLM Scheme Simulation Steps 

1. Symbols were generated using M-QAM modulation where M is the size of constellation. 

Space-time coded symbols are generated by passing symbols through Alamouti encoder.  

2. N-point IFFT was taken for modulation where N = 128 i.e., number of subcarriers in 

OFDM system. A total of 2500 space-time coded OFDM symbols were generated and 

PAPR was calculated for each symbol to plot CCDF curve of original OFDM symbols. 

3. Phase factor set P was generated, and to reduce complexity, only four values were chosen 

for the P vector [1,-1, j,-j].  



48 
 

 

4. Multiple copies „U‟ were generated for each space-time coded OFDM symbol and each 

copy was multiplied with a phase vector or rotation factor. From U copies the lowest 

PAPR copy was selected for transmission for each symbol.  

5. Simulations were done for different values of U (2, 4, 8, and 16) and from the results it is 

a fact that the PAPR reduction performance improved as the value of U increased.  

6.4.2 Partial Transmit Sequence (PTS)  

Muller and Huber [14] first proposed the PTS method for improving the statistics of the 

OFDM signal. It is a non-distortion technique. In PTS technique the original space-time coded 

OFDM signal is divided into V-equal number of non-over lapping sub-blocks. Then each sub-

block is multiplied with different phase rotation factors and then added. This process is repeated 

until optimum values of phase factor combination are found which result in lowest PAPR.  The 

block diagram of PTS technique is shown in Figure 6.3. 

 

 

Figure 6.3 Block diagram of PTS technique [14]. 
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The data or information signal X is given as input to serial to parallel converter (S/P) and 

partitioning block where signal is converted to parallel and partitioned into V non-overlapping 

sub-blocks [X1,X2,…..XV]. These are then passed to the IFFT block where they are converted 

into time domain (modulation). Phase factor bv is multiplied with respective sub-block as shown 

in equations below: 

    ∑     
        (6.6) 

  ̂   ∑       
        (6.7) 

                ,    -    (6.8) 

Where    is the phase rotation factor. 

The above procedure is repeated by selecting different values for phase factor 

combination [b1, b2,…bv] and the optimum combination which gives the lowest PAPR is selected 

for transmission. Thus by finding the optimum phase factor combination [b1, b2,…bv]  we can 

reduce PAPR of each OFDM symbol as shown in equation 6.9. 

 ̂  * ̂   ̂    ̂ +          |∑       
   |

 

(         )
                                           (6.9) 

In this algorithm we perform V-1 times extra IFFT operation.  B = [b1, b2,… bv]   is set of 

V discrete values. Suppose Φv has W different values then b will have V.WV different 

combinations. So as V increases W increases, hence computational cost increases and PAPR is 

further reduced. Side information that needs to be transmitted is (V-1).log2W. If bv contains only 

four possible values [±1, ±j] (W=4) then computational complexity is reduced as side info = (V-

1)*2. This is usually done in practice in order to reduce the computation burden.  
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PTS Scheme Simulation Steps 

1. Symbols were generated using M-QAM modulation where M is the size of constellation. 

Space-time coded symbols are generated using Alamouti encoder. 

2. To perform modulation, N-point IFFT is done where N – is number of subcarriers, i.e., 

128 in this case. A total of 2500 OFDM symbols were generated and PAPR was 

calculated for each OFDM symbol to plot CCDF curve of original OFDM symbols. 

3. Different values of V (number of sub-blocks) and W (number of values b can take) are 

considered for simulation. 

4. By keeping W constant, simulations were done for different values of V (2, 4, and 8). 

Space-time coded OFDM symbol was portioned into V number of sub-blocks and IFFT 

was applied for each sub-block. Then phase factors = [b1, b2,…bv] were multiplied with 

each sub-block and added. PAPR was calculated for each combination and lowest PAPR 

was chosen. This was repeated for all space-time coded OFDM symbols.  



 
 

 

CHAPTER 7: SIMULATION RESULTS AND ANALYSIS 

PAPR reduction techniques discussed in Chapter 6 are simulated and analyzed using 

MATLAB 2012R2b. 

7.1 SLM Scheme Simulation  

Scrambling techniques were simulated first. The selective mapping technique generates 

multiple copies of the STBC OFDM symbol. The simulation parameters are given in Table 7.1.  

The selected mapping technique SLM scheme shows a much better PAPR reduction than the 

original STBC OFDM symbol. The PAPR reduction performance improves as the number of 

SLM copies generated increases as shown in Figure 7.1.  

As more copies of space-time coded OFDM symbol are generated (i.e., the value of M is 

increased), PAPR is reduced further. The reduction in PAPR becomes less significant beyond 

M>8. This shows there won‟t be a linear growth if PAPR reduction performance. The bit error 

rate performance is not affected much with SLM technique implementation. There was a slight 

decrease in bit error rate where      >10dB compared with original bit error rate plot. 

SLM requires „M‟ IFFT operations at transmitter; hence computational complexity 

increases.  M number of IFFT operations for N points require        
 

 
       complex 

multiplications and        
 

 
       complex additions.  Hence for practical applications a 

compromise between PAPR reduction and computational complexity is achieved by choosing 

value of M≤8. Log2M bits need to be sent to the receiver in the form of side information in order 

to correctly decode the low PAPR OFDM symbol are required to explicitly represent side info. 
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Figure7.2 shows the BER performance of space-time coded MIMO-OFDM with SLM scheme 

with U = 4. 

Table 7.1 Simulation Parameters for SLM Scheme 

Modulation format 4-QAM 

Number of subcarriers 128 

Number of symbols generated 2500 

Phase vector [1,-1,j,-j] 

OFDM symbol copies „U‟ [2,4,8,16] 

 

 

Figure 7.1 PAPR reduction performances with different values of M. 
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Figure 7.2 BER graph for SLM method with U = 4. 

7.2 PTS Scheme Simulation  

Simulations are done for multiple values of V, i.e., number of sub-blocks. The simulation 

parameters used are shown in Table 7.2. A much better PAPR reduction is obtained using PTS 

scheme when compared with the original OFDM symbol. PTS gives better and better 

performance as the number of sub-block partitions increase as shown in Figure 7.3.  As the value 

of V is increased beyond 8, the PAPR reduction becomes less significant.  This shows there is a 

nonlinear growth in PAPR reduction as number of sub-blocks is increased. 

PTS requires „V‟ IFFT operations at transmitter; hence computational complexity 

increases.  V IFFT operations for N points require        
 

 
       complex multiplications 

and        
 

 
       complex additions.  Figure 7.4 shows BER performance is increased 

with PTS scheme. 
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Table 7.2 Simulation Parameters for PTS Scheme 

Modulation format 4-QAM 

Tx IFFT size (N), number of subcarriers 128 

Number of OFDM symbols generated 2500 

Phase vector b W=4 [1,-1,j,-j] 

Number of sub-block partitions „V‟ [2,4,8] 

 

 

Figure 7.3 PAPR reduction performances of PTS with different values of V. 
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Figure 7.4 BER performance of PTS for V = 4. 

7.3 Comparative Analysis 

Scrambling techniques were compared as shown in Figure 7.5. The number of copies in 

SLM and number of sub block divisions were kept the same for a fair comparison. PTS 

technique gives a better performance than SLM technique and the number of information bits 

required to be sent in PTS technique is more. Table 7.3 shows the comparison of the two 

scrambling techniques. Figure7.6 shows the bit error rate comparison graph of MIMO-OFDM 

with SLM and PTS scheme. From the Figure7.6, it is evident that, PTS scheme gives better 

performance than SLM scheme.  

Table 7.3 Comparison of PAPR Reduction Performance of SLM and PTS Schemes 

V = U =4 
No. of IFFT 
required 

Info bits required Phase vector set 
PAPR(dB) at 1% 
prob. 

SLM 4 2 [±1, ±j] 7.6 

PTS 4 2 [±1, ±j] 6.9 
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Figure 7.5 Comparison of PAPR reduction performance using SLM and PTS schemes. 

 

 

Figure 7.6 Comparision BER of STBC MIMO-OFDM with SLM and PTS.  
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 The bit error rate performance of different MIMO-OFDM systems are compared with 

each other. Figure.7.7 clearly shows that SIMO (single transmitter antenna and two receiving 

antennas) performs better than MIMO (two transmit and receiving antennas) and MISO (two 

transmit and one receiving antenna). MIMO is performs better than MISO. 

 

Figure 7.7 BER comparision for SIMO, MISO and MIMO.  

 

 



 
 

CHAPTER 8: CONCLUSION AND FUTURE WORK 
 

8.1 Conclusion 

PAPR increases as the number of subcarriers is increased. STBC OFDM symbol was 

generated using different modulation schemes like BPSK, QPSK, 4-QAM, 16-QAM, and 64-

QAM and then by using Alamouti coding. There was insignificant change in PAPR with 

different modulation schemes. 

PAPR reduction techniques for MIMO-OFDM system with space-time block coding 

were simulated and compared with each other. PTS gives the better performance when compared 

with SLM.  

The bit error rate (BER) vs. signal to noise ratio (SNR) performance of SLM and PTS 

schemes was simulated and compared. SLM and PTS techniques performance was the same. As 

the size of constellation for input modulation increased from M=4 to 64 there was a significant 

degradation of BER performance. 

8.2 Future Work 

The future work may include channel estimation and synchronization blocks in MIMO-

OFDM system. Advantages of combining PAPR reduction techniques with orthogonal space-

time block-coding (OSTBC) can be explored. The receiver part of MIMO-OFDM system may be 

simulated and analyzed using different receivers for future work since this thesis deals with only 

the transmission of MIMO-OFDM symbol and zero forcing receiver. Future work may include 

spatial multiplexing using space-time coded MIMO-OFDM.  
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