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Abstract 

This master thesis analyzes the effect of Carrier Frequency Offsets (CFO) on LTE 

uplink transmission, which is the main cause of ICI (Inter Carrier Interference) and 

MAI (Multiuser Access Interference). A model of the LTE uplink is required to 

conduct the study and is implemented in MATLAB, in compliance with 3GPP 

specifications. The model can generate uplink signal as generated by the UE, (User 

Equipment) and it supports multiple channel bandwidths described by the 3GPP. 

The channel estimation is done with the help of block type pilots. The model is used 

to simulate the experimental conditions. The presence of CFO results in poor system 

performance. Therefore, many algorithms have been proposed for the CFO 

cancellation such as Successive Interference Cancellation (SIC), Parallel Interference 

Cancellation (PIC) and Inverse Interference Matrix Cancellation. As the topic is very 

broad, I investigate the performance of Inverse Interference Matrix Cancellation 

algorithm. Compared with the other CFO cancellation algorithms this algorithm can 

directly estimate the interference components from the inverse pilot matrix, thus 

there is no need for CFO estimation. Simulation results show that the algorithm is 

very effective in the presence of CFO. The channel estimation technique used is the 

Least Square (LS) method and frequency selective channel is used for simulation. 

Performance graphs are plotted in terms of BER (Bit Error Rate) against different 

values of SNR (Signal to Noise Ratio). 
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Chapter 1 

 Introduction  1

  
This Master thesis describes the modelling of 3GPP LTE (Third Generation 

Partnership Project Long Term Evolution) Uplink and analyses the interference 

caused by Carrier frequency offset on uplink communication. Finally, the 

performance of an interference cancellation algorithm is evaluated. This chapter 

provides some back ground information and advanced technologies of LTE, defines 

the problem that is to be investigated and presents an outline of the report. 

1.1 Evolution of Mobile Wireless Communication 

Mobile wireless communication provides evolutionary paths for people to 
communicate, as it blends communication with mobility. In a very short span of time 
remarkable achievements and advancements have already been recorded in the 
history of wireless communications. Evolution of wireless communication has 
already embarked on its 4th Generation, when we looked into the past every 
generation has its own objectives and goals and every new generation has come up 
with something more advanced [1]. 

The first generation (1G) of mobile wireless communication utilized analog 
communication techniques, which were built mainly on frequency modulation (FM) 
and frequency division multiple access (FDMA). Digital communication techniques 
emerged from (2G) which were built on time division multiple access (TDMA); the 
most widely accepted systems of 2nd generation were GSM (Global System for 
Mobile) and IS-95. The emergence of 3G systems came to the scene when IMT-2000 
(International Mobile for Telecommunications-2000) was developed in mid-1980 at 
ITU (International Telecommunication Union). In the year 2000 two outstanding 
systems were developed under IMT-2000, WCDMA/UMTS (Wideband 
CDMA/Universal Mobile Telecommunication System) and CDMA-2000. Both of the 
above have evolved in to so-called “3.5G”.At present, the Third Generation 
Partnership Project Long Term Evolution (3GPP LTE) is considered as the path to the 
next generation of cellular system [2]. 

1.2 Introduction to 3GPP LTE 

The Third Generation Partnership Project (3GPP) Long Term Evolution (LTE) is a 

major advance in mobile system technology, with a focus on wireless broad band. As 

this topic is very broad and our area of interest is on the physical layer, we will 

concentrate on the LTE PHY. LTE physical layer makes use of Orthogonal Frequency 

Division Multiple Access (OFDMA) in the downlink and Single Carrier Orthogonal 

Frequency Division Multiple Access (SC-OFDMA) in the uplink. It supports both 

FDD and TDD modes of duplexing. LTE allows a downlink speed up to 100 Mbps 

and uplink speed up to 50Mbps with a scalable bandwidth from 1.25 MHz to 20 
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MHz, which makes it interoperable with its preceding cellular technologies. In this 

thesis we adhere to LTE FDD systems as the majority of the deployed systems are in 

FDD. 

1.3 Why OFDMA and SC-FDMA as Channel Access Technologies 

Second and third generation mobile systems are based either on TDMA or on CDMA 

technologies [3].There are some practical limitations to extend these technologies for 

next generation high data rate wireless systems, whereas OFDM makes the 

implementation simple and reliable. The main advantage of OFDM is its 

susceptibility to signal dispersion under multipath propagation. 

 

In OFDM, the whole bandwidth is divided among   multiple smaller subcarriers and 

all these subcarriers are transmitted simultaneously. Hence it can be viewed as a 

multi carrier narrow band system.  For LTE each of these subcarriers is spaced 15 

KHz apart. The subcarriers are narrow enough so that the multi path channel 

response will be almost flat over the individual subcarrier frequencies [3]. This 

makes OFDM susceptible to channel dispersion. 

 

A small amount of channel dispersion can cause Inter Symbol Interference (ISI), 

under multipath conditions. This ISI is due to the overlapping of one OFDM symbol 

over the next symbol. It can be avoided by transmitting the symbol with a Cyclic 

Prefix (CP). Cyclic Prefixing is the process of extending the symbol duration by 

copying a portion of the signal from the symbol end and adding it to the beginning 

of the symbol. The CP can easily be removed at the receiver. 

 

OFDMA uses OFDM. In OFDMA, multiple users share the available bandwidth at a 

time, while in OFDM the whole bandwidth is occupied with a single user for a 

particular period of time. 
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Figure 1.1 Differences between OFDM and OFDMA 
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Each colour represents a burst of data from a user node. In OFDM, the whole 

subcarriers are occupied with data burst from one user node, while the total number 

of subcarriers is shared by the active users in the case of OFDMA. In LTE uplink, SC-

FDMA, which is a DFT pre-coded version of OFDMA, is employed. The main 

advantage of SCFDMA over OFDMA is its lower PAPR (Peak to Average Power 

Ratio).This reduces the user equipment´s power consumption and makes the RF 

amplifier design much simpler. SCFDMA cannot be used for downlink, as its 

receiver is complex, compared to OFDMA receiver. 

1.4 Objective of the Thesis Work 

The main objective of this thesis work is to study the intra-cell interference in the 

LTE uplink system and to model an LTE-Uplink System in Matlab® as the tool to 

conduct the interference analysis. The scope of the thesis is limited to the analysis of 

Carrier Frequency Offset, which is the main reason for ICI (Inter Carrier Interference) 

and MAI (Multi Access Interference) in LTE uplink. An algorithm to mitigate the ICI 

and MAI is also investigated. 

1.5 Followed Methodology  

A quantitative performance analysis on the LTE uplink transmission interference is 

done for different CFO values. The experiments are carried out on the LTE Uplink 

model, which is implemented in compliance with the 3GPP specifications. Different 

bandwidths specified in 3GPP LTE are considered and block type pilots are used for 

channel estimation. Frequency selective, fading channel is used as the channel 

interface. To study the effect of Carrier Frequency Offset, two or more User 

Equipment (UE) is introduced in the system. Same amount of frequency offset is 

introduced with all the subcarriers belong to the same UE. Bit Error probability 

(BER) is plotted against different values of normalized carrier frequency offset. The 

effect of CFO on the constellation pattern for different modulation schemes is 

examined. The performance of the interference cancellation algorithm described in 

[16] is verified on the implemented simulator. 

1.6 Societal and Ethical Issues to be Addressed 

The uplink transmission frequency must be  selected in such a way that it  should not 

coincide with the licensed spectrum for commercial and military applications. The 

transmission power is  another important parameter to be considered. In this master 

thesis I do not  want to do the real test case and it is a mere simulation, the above is 

of less significance. 

1.7 Report Outline 

The outline of the report is as follows: 
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Chapter 2 introduces the basic building blocks for SC-FDMA along with its 

comparison with OFDMA; furthermore it gives an overview of the LTE Uplink 

system. 

Chapter 3 describes the characteristics of the air interface and the model which is 

used to model the frequency selective channel. It also provides a description of the 

channel estimation method we followed. 

Chapter 4 provides the typical LTE uplink scenario along with the system model 

with the introduction of CFO, analyses it and investigates the efficiency of an Inverse 

Interference matrix cancellation algorithm on the system model. 

Chapter 5 covers the simulation part where we have described our simulation results 

with a discussion on the results. 

Chapter 6 summarizes the results along with the future advancements that need to 

be done in the future. 
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Chapter 2  

  An Overview of LTE Uplink System 2

Single Carrier Frequency Division Multiple Access (SC-FDMA) has been adopted by 

the 3GPP for the LTE Uplink PHY. It is a modified form of OFDMA and has some 

advantages over OFDMA like the low PAPR, while it inherits the properties of 

OFDMA like its robustness against multipath signal propagation. 

2.1 OFDMA and SC-FDMA 

A Block level description of both OFDMA and SC-FDMA is shown below in Figure 

2.1 and Figure 2.2 

 

 

                 Figure 2.1 Block Diagram of OFDMA transceiver 

The transmitter section compromises of baseband modulator, subcarrier mapping, 

and Inverse Fourier Transform block. A Cyclic prefix is also added before 

transmitting it onto the channel. Different modulation schemes operate symbol by 

symbol, whereas in OFDMA transmission takes place as a block of data is 

transmitted simultaneously over one OFDM symbol [3]. The first block baseband 

modulator is used to transform input binary bits to different modulation formats like 

BPSK, QPSK or 16/64-QAM. These modulated symbols are then mapped to 

subcarriers and an inverse discrete Fourier transform is used to transform the 

modulated subcarriers in frequency domain to time domain. Use of IFFT is the 

simple and efficient way to generate OFDM symbols from the sequence of 

modulated symbols. After this conversion cyclic prefix is added, a portion of samples 

in time domain at the end are copied to the beginning so that the signal will become 

continuous. The length of the cyclic prefix is preferably longer than the length of the 

channel response and it is also dependent on the channel delay spread. 
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                 Figure 2.2 Block Diagram of SC-FDMA transceiver 

The SC-FDMA transceiver has a similar structure to a typical OFDM system except 

that in the case of SC-FDMA there is a new block of DFT which is introduced before 

the subcarrier mapping block, so we can say that SC-FDMA is basically an OFDM 

based system.  A block of M modulated symbols from some modulation alphabet 

(e.g. QPSK or QAM) is first applied to M point DFT and the output of this DFT is fed 

to the Subcarrier Mapping block. The subcarrier mapping block maps the output of 

the M point DFT to the input of N point IDFT block. Constellation Mapping 

The information bits are mapped to complex constellation symbols. BPSK, QPSK and 

16/64-QAM are the modulation schemes supported in LTE uplink. The complex 

valued modulation symbols are different from normal QPSK or QAM, they are 

scaled. 

2.1.1 DFT precoding 

In transform precoding or DFT precoding section, the block of M modulation symbol 

from the QPSK or QAM modulator is fed to size M-DFT. The DFT size M 

corresponds to the number of scheduled subcarriers for PUSCH (Physical Uplink 

Shared Channel) transmission in an SC-FDMA symbol. 

2.1.2 Sub Carrier Mapping 

Sub carrier mapping is the process of mapping the constellation mapped data non to 

the available subcarriers. There are mainly two types of subcarrier mapping 

methods, namely: Distributed Mapping mode and the Localized Mapping mode. 

In Distributed subcarrier mapping mode, the constellation mapped data are mapped 

on to equally spaced subcarriers, while zeros are mapped on to the unused carriers 

in between them. In Localized subcarrier mapping mode, the data symbols are 

mapped contiguously. Usually the Distributed subcarrier mapping mode of 

SCFDMA is referred to as Distributed FDMA (DFDMA) and the Localized mode of 

SC-FDMA as Localized FDMA (LFDMA). 
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Figure 2.3 Localized and Distributed Subcarrier Mapping 

There is a special form of the DFDMA, called Interleaved Subcarrier Mapping 

(IFDMA). The difference between DFDMA and IFDMA is that the IFDMA outputs 

are allocated over the entire bandwidth. 

2.1.3 N-point IDFT 

The output of the subcarrier mapping block is applied to the N point IDFT.The 

remaining inputs of this N point inverse DFT will be set to zero when N>M. 

Afterwards, just like OFDM, the cyclic prefix is inserted for each transmitted block so 

that a low complexity frequency domain equalization can be used at the receiving 

side. 

 

If M point DFT is less than the N point inverse DFT, considering that all other inputs 

in N point inverse DFT were zero, then the output of this N point inverse DFT will 

be a signal that will have “Single-carrier” properties, which means that it will have 

low variation in transmit power and its bandwidth is dependent on M. The 

instantaneous bandwidth of the transmitted signal can be varied by varying the 

block size of M point DFT. The main advantage of SC-FDMA over OFDMA is 

reduced variation in instantaneous transmit power. From this, it is clearly evident 

that SC-FDMA is the best suited in terms of both complexity and power for uplink 

transmission. 
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2.1.4 Cyclic Prefix 

 

Figure 2.4 Cyclic Prefix 

Use of a Cyclic Prefix is an efficient method to prevent Inter Block Interference (IBI) 

between two successive blocks. The CP is a copy of the last part of the OFDM block. 

The CP length should be longer than the maximum delay spread of the channel to 

ensure that there is no IBI. It will also avoid the ICI between subcarriers. The 

drawback of the CP is that it does not carry any new information, as it is the copy of 

the information contained in a symbol. Thus it will reduce the spectrum efficiency. 

3GPP LTE supports two types of CP, the normal CP and the Extended CP.  In the 

case of extended CP, the length of CP will be more and this is preferred for rural and 

long distance communication. 

The parallel to serial converter converts the time domain output sequence suitable 

for modulating a radio frequency carrier and transmission [2]. 

2.2 LTE Uplink Physical Layer 

There are three types of data channels in LTE uplink namely, physical channel, 

transport channel and logical channel. Network control information and the user 

information are carried in uplink share channel UL-SCH, a transport channel. Other 

transport channel is random access channel which is used to request transmission 

resources. The transmission of user data and control information are carried by 

uplink physical channel. There are three uplink physical channels; the Physical 

Uplink Shared Channel (PUSCH), Physical Uplink Control Channel (PUCCH) and 

Physical Random access Channel (PRACH). The uplink physical layer also consists 

of two reference signals, the Demodulation Reference Signal (DMRS) and the 

Sounding Reference Signal (SRS).The thesis is limited to implementation of PUSCH 

and DMRS in Matlab according to the 3GPP specification.  

 

The PUSCH carries the data from UL-SCH transport channel uses DFT spread 

OFDM. There is no d. c subcarrier in the PUSCH transmission as it is half frequency 

shifted in subcarrier that is 7.5 kHz. The PRACH carries random access preamble 

and contains the cyclic prefix (CP) length and is used to time synchronize the UE 

with the eNodeB. Physical Uplink Control Channel (PUCCH) carries the uplink 

control information which includes Hybrid Automatic Repeat Request (HARQ), 

Channel Quality Indicators (CQI) and scheduling requests for uplink transmission. 

DMRS is used for coherent detection of the signal and SRS is optional and it helps in 

channel dependent scheduling. 
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2.3 LTE Uplink System Model 
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 Figure 2.5 LTE Uplink Systems 

Figure 2.5 depicts the block diagram of the LTE uplink system model which we have 

used in the simulations; a detailed explanation of each block except the Pilot 

generator block is already discussed in section 2.7.1 to 2.7.4. 

 

In LTE uplink, information bits are first modulated and converted in to single carrier 

symbols. BPSK, QPSK, QAM-16 and QAM-64 are the modulation schemes supported 

by the 3GPP LTE in uplink transmission and are adaptable with the channel 

conditions. The above symbols are passed through a DFT block to generate 

frequency domain symbols and then subcarrier mapping is done. The LFDMA mode 

of mapping is the subcarrier mapping method accepted by 3GPP LTE for uplink 

transmission. In uplink, the LTE divides a group of subcarriers in to several sub 

channels. These sub channels or group of sub channels are allocated for each UEs. 

Note that the pilots are not passed through the DFT block. 

2.3.1 Uplink Reference Signals 

In LTE uplink, there are two kinds of reference signals, the Demodulating Reference 

Signal (DMRS) and Sounding Reference Signal (SRS). In Figure 2.5, the pilot 

corresponds to DMRS. DMRS uses the same bandwidth as the data and its main 

purpose is to enable coherent demodulation of the signal at the base station (e Node-

B). The DMRS occupies the third or fourth SCFDMA symbol of an uplink slot for 

extended and normal type of CP respectively. SRS is an optional feature and is used 

for aiding scheduling purposes like channel dependent scheduling. It is placed at the 

last SCFDMA symbol of a sub frame. 
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Figure 2.7 DMRS positions in LTE Uplink Frame 

 

 The uplink reference signal should have limited power variations in frequency and 

time domain to maintain the low PAPR. Zadoff-chu sequences are Constant 

Amplitude Zero Auto Correlation sequences, it satisfies these properties and can be 

expressed as 

   

[11]. 

2.4 LTE   Uplink Frame Structure 

#0 #1 #2 #3 #19#18

One radio frame, Tf = 307200Ts = 10 ms

One slot, Tslot = 15360Ts = 0.5 ms

One subframe

 

                           Figure 2.6 LTE Frame structure in time domain 

As shown in figure 2.6, the total time duration of one LTE frame is 10ms and each 

frame is divided in to 20 slots of duration 0.5ms. Two of such slots are collectively 

referred to as a sub frame. A Physical Resource Block (PRB) consists of 12 subcarriers 

in frequency domain and can contain 6 or 7 OFDM symbols in time domain. One or 

more PRBs can be allocated to a user during uplink transmission. In one PRB there 

can be 12*7 or 12*6 resource elements, depending on the type of CP used. The CP can 

be of extended type or normal CP. In the case of normal CP, there will be 7 OFDM 

symbols in a slot and in case of extended CP it is 6. Different channel bandwidth has 

a different number of available PRBs.  A PRB is the smallest unit that the base station 
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can allocate to the user. Subcarrier bandwidth and PRBs bandwidths are 15     and 

180     respectively for all system bandwidths.  

 

1 Frame (10 msec)

1 Sub-Frame (1.0 msec)
1 Slot (0.5 msec)

1
2 

su
b

ca
rr

ie
rs

N
 s

u
b

ca
rr

ie
rs

RESOURCE BLOCK
7 symbols x 12 subcarriers (normal cp), or

6 symbols x 12 subcarriers (extended cp)

Resource element

 
 

Figure 2.7 LTE time frequency resource grids 

 

LTE supports a wide range of bandwidths ranging from 1.4 MHz to 20 MHz with 

different sampling frequencies. Table 2.1 gives an overview of some LTE parameters 

for different bandwidths. 
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Transmission 
Bandwidth 
(MHz) 

1.4 3 5 10 15 20 

Sub frame 
duration 

                               1 millisecond 

Subcarrier 
spacing 

                                15 KHz 

Sampling 
frequency (MHz) 

1.92 3.84 7.68  15.36 23.04 30.72 

IFFT size 128 256 512 1024 1536 2048 

Number of 
Resource blocks 

6 15 25 50 75 100 

Number of 
occupied 
Subcarriers 

72 180 300 600 900 1200 

CP 
length 

Normal 
CP 

          160 (5.21 millisecond) for first symbol in a slot. 
          144 (69 milliseconds) for symbols  1, 2, …,6 

Extended 
CP 

          512 (16.67 millisecond) for symbols  0, 1, …, 5 

 

Table 2.1 System Parameters. 
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Chapter 3  

 Air Interface and Channel Estimation 3

It is very important to have a good channel model for simulations as close to reality 

as possible. Correct channel models are also essential for testing, parameter 

optimization, performance evolution of communication systems and deployment of 

communication system for reliable transfer of information between the transmitter 

and receiver. On the basis of time, a channel may be time-invariant i.e. the channel is 

constant over time or time-variant channel i.e. the channel varies over time. The 

time-invariant channels are relatively easy to estimate since they only require one 

estimate at the beginning of the reception of the signal whereas the time-variant 

channel is much harder to estimate since it requires continuous estimation. 

 

SCATTERING

BASE 

STATION(eNodeB)

USER EQUIPMENT 

(UE) 

 

Figure 3.1 Multi-path propagation in a terrestrial mobile radio environment 

 

Fading and Multipath propagation are the two main characteristics of wireless 

channels, fading is basically the result of multipath propagation, so we first need to 

understand what multipath propagation means. As the name depicts, multipath 

means that there will be multiple copies of a transmitted signal which will be 

received at the receiver, which is because in the wireless environment our 

transmitted signal can be affected by several factors, like ionospheric reflection, 

refraction, reflection from different objects like buildings or mountains. The 

interference that can occur due to the multipath effect can be categorized as 

constructive or destructive interferences resulting in frequency and phase shift of the 
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signal. Investigating the effect of frequency offsets in LTE uplink is the main 

objective of this thesis. 

There can be direct LOS (Line Of Sight) but as in the real world, it is not a good 

estimate to rely on only these assumptions. Several factors like reflection, diffraction 

and scattering give rise to fading. Fading occurs whenever there is signal distortion 

due to multipath, it basically deals with the variation of signal amplitude over time 

and frequency, which can further be divided into two types, but we need to 

understand the causes of fading. 

3.1 Causes of Fading 

Fading is caused due to reflection, scattering, diffraction and Doppler shifts which 

are described below. 

3.1.1 Reflection 

Reflection is a phenomenon that occurs whenever a radio wave strikes an object that 

will have a dimension greater than the wavelength of the wave. As from our 

previous studies we know that when a wave is incident on a perfect conductor, all its 

energy will be reflected back, but as in the case of dielectric, only some part of its 

energy will be reflected back, reflection occurs from buildings and walls.   

3.1.2 Scattering 

When the dimension of an obstacle is less than the wavelength of the wave, because 

of this obstacle the wave is deviated and it is called scattering. 

3.1.3 Diffraction 

Diffraction is the phenomenon in which a radio wave is strike by an irregular surface 

is known as diffraction like small openings etc. 

3.1.4 Doppler Shift 

Doppler shift arises when a user is moving and because of the user’s velocity there 
will be a shift in the frequency of the transmitted signal along each path, this 

phenomenon is known as Doppler shift. 

3.2 Types of Fading 

In a broader sense, fading can be categorized in to three types, some of which are 

listed below. 
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3.2.1 Multipath Propagation 

There will be a rapid fluctuation in amplitude as well as in the phase of the 

transmitted signal due to multipath propagation. If the signal moves over a small 

distance in order of the wavelength, this phenomenon is termed as Small Scale Effect. 

When the fading characteristics changes over large distances, this is known as Large 

Scale Effect. 

3.2.2 Delay Spread 

Fading can further be divided into two types in this regime, such as flat fading and 

frequency selective fading. Flat fading occurs when the frequency components of the 

received signal varies in the same proportion and when the channel bandwidth is 

greater than the transmitted signal bandwidth, this type of fading is called flat 

fading.  Conversely, when the channel bandwidth is less than the transmitted signal, 

due to this different frequency, components of a signal will experience different 

magnitudes of fading; this type of fading comes into the category of frequency 

selective fading.   

3.2.3 Doppler Spread 

Slow fading and fast fading comes in to this regime of fading. In order to understand 

slow and fast fading we first need to understand coherence time, coherence time is 

the time duration over which two received signals that will have a strong potential 

for amplitude correlation, in other words, the time interval over which the 

characteristics of a channel don’t change significantly is known as coherence time. 
Mathematically it can be expressed as   

 

                                                                                                                                    (3.1)  

                                                                                          

Where,      = root mean square value of Doppler spread 

Slow fading occurs when the coherence time is greater, relative to the delay 

constraint of the channel and usually slow fading occurs because of shadowing, 

when large objects like buildings and mountains create NLOS (Non Line Of Sight) 

between transmitter and receiver [7]. Conversely, Fast fading occurs when the 

coherence time is smaller relative to the delay constraint. In fast fading, change in 

amplitude and phase varies considerably over the period of use. 

3.3 Types of Small Scale Fading 

3.3.1 Rayleigh distribution 

Rayleigh distributions are the most common type of distributions that are used to 

describe the effects of small scale fading. In order to measure the fading amplitude 

characteristics for mobile faded channels in an NLOS (Non Line Of Sight) 

environment, Rayleigh distribution gives the best approximation. Acceptability of 
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the Rayleigh model which is based on Rayleigh distribution can be seen in large 

cities when there are many objects in the surroundings that can attenuate, reflect, 

refract and diffract the signal [22]. There can be different properties in the 

environment like shadowing or path loss because of which fading is superimposed.  

In this master thesis we are using Jakes model which is based on Rayleigh 

distribution for simulation purposes, the information about jakes model is given 

below. 

3.3.2 Rician distribution 

Rician distribution is just like an extension of Rayleigh distribution, as this type of 

distribution is useful to consider in the presence of a large number of multipath 

components and a coherent Line Of Sight component. This LOS (Line Of Sight) 

component will have a constant power and it will have power which is greater than 

the total multipath power. 

If there is no LOS component in Rician distribution, it can be expressed in terms of 

Rayleigh distribution. 

3.4 Jakes Model 

The Jakes model is also known as the sum of sinusoids model; it is widely used 

today for simulating Rayleigh fading waveforms because of its deterministic nature 

[9].The amount of maximum Doppler shift can be written as:  

                                                                                                                             (3.2) 

 

Where   = maximum Doppler shift                                             
   = carrier frequency   =speed of the vehicle   =speed of light 

 

The impulse response of a channel according to Jakes model which is described in 

[15] can be written as, 

      ∑                                                                                             (3.3) 

 

Where     is the complex amplitude and    is the delay of path  , in this master 

thesis according to our channel model the number of delay paths  and delays    

will not change our time. The complex amplitude     can be described in terms of 

distance between the transmitter and receiver and function of an angle    . 

     ∑                                                                                                (3.4) 

 

According to the jakes model described in [15] the factor that controls how much a 

channel varies between two successive symbols is represented by    and the 

autocorrelation between different paths     is zero order Bessel function [15]. 
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Another parameter that is used in our model is constant power delay profile. The 

channel models have some kind of restriction in power distribution. There are two 

types of power distributions namely, uniform power distribution and exponential 

power distribution. In uniform power distribution, power is uniformly distributed in 

the channel response over a certain period of time, whereas in exponential power 

distribution power is exponentially distributed as described in [14]. According to 

exponential power distribution                                                                                                                        (3.5) 

 

Where    is the delay of path  ,   is the arbitrary constant and     is the root mean 

square delay spread of the channel, here the delays are uniformly distributed over 

the delay time of the channel which can be defined as:       ∑    √                                                                                   (3.6) 

 

 Different subcarriers have different frequencies. Normalization of the average 

power   in the exponential power delay profile can be achieved by setting the 

arbitrary constant    

      ∫                  ∑    √                                                (3.7) 

 

In this master thesis we have used time variant jakes model with exponential power 

delay profile as described in [14].  

3.5 Channel estimation 

Channel estimation is an important part of the receiver section. Without channel 

estimation, the received data in any receiver cannot be decoded correctly while 

propagated through a time varying environment (channel). For the time varying 

channel, the receiver must have continuous channel estimation and tracking, 

otherwise receiver performance will degrade drastically. 

In this thesis report different types of channel estimation are studied and 

implemented. As in LTE uplink, the DMRSs are scattered in the time frequency 

resource grid as described in the LTE technical specification, 3GPP TS 36.211 [11] as 

shown in the figure. The channel is estimated at DMRSs position, using the received 

DMRS and transmitted DMRS (locally generated at the receiver) by the least squared 

estimate. The whole channel can be estimated by interpolation in time domain. 

3.5.1 Least Square Estimator  

The least square estimator uses no information from channel, i.e. channel statistics 

and is the simplest of all the estimators in uses for channel estimation. The LS 

estimator uses received DMRS and known transmitted DMRS for estimating the 

channel estimation at the DMRS position in the following way: 
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 ̂   [                                                              ]                      (3.8) 

 

Where  ̂   is the estimated channel frequency response of the sub-carrier at the 

DMRS positions in the resource grid. The time interpolation is done to fully estimate 

the channel frequency response at the data position in the resource grid. 

Due to low complexity the LS estimate is used widely, but it has an inherent 

disadvantage, that it has high mean square error. The LS channel estimation given in 

equation (3.8) is based on minimization of the squared error    without noise as 

described in [14]. 

   |    ̂  |  |    ̂  | |    ̂  |                              (3.9)   

 

After some mathematical calculation and by taking derivatives of squared error, we 

get the LS estimation given bellow: 

  ̂                                             (3.10)            

  ̂                                        (3.11) 
 

Where k = 1, 2, 3. . . N 

3.5.2 Interpolation 

In order to estimate the channel over data, it is necessary for achieving accuracy in 

demodulation and good performance at the receiver. In LTE downlink DMRSs are 

time frequency distributed. Frequency interpolation is not needed, as there are 

DMRSs on all subcarrier frequencies in case of Uplink.  Interpolation is done in time 

domain to estimate the channel condition for other data symbols. 

3.5.3 A Smart Channel Estimation Approach 

The Channel Frequency Response (CFR) of the resource elements in SC-FDMA 

symbols having no DMRSs can be determined by the time interpolation. First we 

estimate the channel for the all subcarriers for the SC-FDMA symbols 4 and 11 (for 

normal CP) in time domain. Then by interpolating the channel estimates at these two 

symbols, the CFR for the symbols in between these two can be found. However it 

will be difficult to estimate the CFR for the symbols 1, 2, 3, 12, 13 and 14 as they are 

outside and extrapolation may lead to reduce the accuracy.  It  is better to  take  

interpolation  of the CFR at the pilot symbol 2 of sub-frame zero and that at pilot 

symbol 1 of sub-frame one , so that it will give the CFRs at positions 12, 13 and 14 of 

sub-frame zero and that at positions 1,2 and 3 of sub-frame 1.To calculate the CFRs at 

positions 5,6,7,8,9 and 10 of sub-frame 1,we interpolated the CFRs corresponding to 

the Pilot symbol 1 and Pilot symbol2  of the sub-frame 1. 
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 Figure 3.2 Channel estimation method, using interpolation. 

3.5.4 Equalization 

As the transmitted data is passed through the time varying channel it convolves with 

the CIRs of the channel, due to which the received sub-carrier in OFDM data symbol 

suffers from distortion in amplitudes and phase shift. So in order to compensate this 

distortion in amplitudes and phase shift, due to the multiplicative inverse of the 

complex channel, equalization must be performed. Two types of equalizations are:  

 Time domain equalization 

 Frequency domain equalization 

 

CP Removal
Sub-Carrier

De-Mapping
N-Point DFT

Time Domain Equalization
Frequency Domain 

Equalization

.  .   .

.  .   .

 

Figure 3.3 LTE time domain and frequency domain equalizer option 

Time domain equalization is done on data symbols in time domain, in order to 

equalize it with the transmitted data symbol as shown in the figure. The time domain 

equalization is used in the OFDM receiver. Frequency domain equalization tries to 

reduce the error between the received sub-carrier of OFDM data symbol and 

transmitted OFDM data symbol in frequency domain. In frequency domain 

equalization, the received time domain OFDM data symbols are first transformed 

into frequency domain, while using N- point DFT and then equalization is done by 

frequency domain filtering. 

 In simulation we performed the frequency domain equalization and the frequency 
domain system model. 
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Chapter 4 

 Effect of CFO on Uplink and 4

Compensation Methods 

As described earlier, SC-FDMA is used in 3GPP LTE uplink as it provides more 

robustness when compared with OFDMA, but like OFDMA, SC-FDMA also suffers 

from Carrier Frequency Offsets (CFOs) that is the main reason for Inter Carrier 

Interference (ICI) and Multiuser Access Interference (MAI). In Figure 4.1 depict the 

scenario we are considering that first UE is interfered with by the second UE in the 

same cell. Because of this interference the first UE suffers from ICI and MAI which 

can degrade the system performance. 

 

UE1 

(target UE that 

will be affected 

by ICI & MAI)
UE2 

(Interferer UE that 

will cause MAI in 

the system)

eNodeB

(Serving Base Station in 

the same cell)

 

Figure 4.1 Typical LTE uplink interference scenarios 

This chapter covers the system model description along with its block diagram, 

detailed analysis and discussion of carrier frequency offset effects and compensation 

methods. 
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4.1  The System Model 
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Figure 4.2 The system model used for CFO analysis 

Figure 4.2 illustrate the block diagram of an LTE uplink system which we have used 

in our simulation to analyse the CFO effect on uplink, a detailed explanation of each 

block is given below. 

In LTE uplink information bits are first modulated and converted  to single carrier 

symbols i.e. QPSK/QAM and then these modulated symbols are converted to 

frequency domain, by using DFT with these frequency mapped symbols, subcarrier 

mapping can be done.   As described previously, there are two ways for subcarrier 

mapping but as LFDMA is specified for use in 3GPP standards, we are also using 

LFDMA in the system model to make it as close to the practical model as possible. 

LTE uplink specifies that it is not appropriate to use all the available subcarriers, 

instead of utilizing all the subcarriers LTE divides the group of subcarriers into 

several sub channels. These sub channels can be used by different users. There will 

be   active users which are connected to the base station it is important to note that 

only one sub channel can be assigned to one UE [16]. 
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Within this master thesis we are considering that we have   subcarriers which are 

further grouped into   sub channels. P is the maximum number of active users 

communicating with the base station at a time ( P<=R ). Each  sub-channel is 

assigned to one user, depending on the data transmission demand. We assume that o    is the sub-channel group assigned to user p and    is the subcarrier number of   . 

Then the transmitted data for the     user can be represented by    where                             ,      represent the data symbol on     sub-carrier. If there are 

two users currently active in the system, then the subcarriers allocated to the first UE 

will be different than the second UE.         this shows that both the users have 

been allocated with different subcarriers so in order to generate DFT spread symbols 

for     user, we used the FFT function in MATLAB because it provides 

computationally faster results than by using the normal DFT equation; here the 

results of the DFT is denoted by                              where 

       ∑                                                                                                                           (4.1)   

 

As we have discussed earlier, in the subcarrier mapping block LFDMA is used such 

that only the subcarriers which are allocated for active  users are used while the rest 

of the subcarriers are not used. After subcarrier mapping , the symbols for the      

user can be written as                            . Then after the N-IFFT 

processing, the transmitted signal of       user, can be represented as 

 

        ∑                                                                                                     (4.2) 

 

  [16] .Reference signals which are often named as pilots are generated according to 

LTE standards, which are specified in [11], the only difference in the generation of 

the reference signals from downlink is that for different values of resource blocks, i.e. 

12 subcarriers are assigned as one  resource block and a group of these resource 

blocks can referred to  as sub-channels. LTE specifies different base sequences, 

depending on the size of the resource blocks used. 

 

The received signal at eNodeB is the superposition of signals from all active users 

and can be shown as 

 

    ∑                                                                                 (4.3) 

 

In the above equation,    is the time domain impulse response of the 

frequency selective channel,     repesents the AWGN noise on the user and     denotes  convolution. 

After the N-FFT processing at the receiver, the output on     subcarrier canbe 

written as 

     ∑                                                                                                             (4.4) 
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The data for each user can be recovered after frequency domain 

equalization,subcarrier demapping and DFT- despreading. 
 

In the presence of carrier frequency offset, equation 4.3 changes to 

    ∑ [       ]                                                                   (4.5) 

 

Where     is the carrier frequency offset experienced by the user p. 

Then equation 4.4 can be rewritten as  

    ∑ ∑  [       ]                                                                     (4.6) 

 

Substituting values for     and on expansion,  

      ∑ ∑   
                       ∑     

   ∑ ∑                                   
      

  
       

    

                                                                                                                                  (4.7) 
Equation 4.7 depicts the original data as well as the interference caused in the     

subcarrier because of the     subcarrier. In the above equation     is the frequency 

domain channel response and    is the frequency domain AWGN noise on the     

user. According to LFDMA only one subcarrier can be assigned to one user at a time; 

let say if     is the transmitted data in which one user uses the     subcarrier, then  it 

is not possible for the other user to use it at the same time [16]. So if this      belongs 

to the user p’,  then Equation 4.7 leads to  

                  ∑                           ∑         ∑                                                       (4.8) 

 

As we mentioned above in this master thesis, we have divided a group of subcarriers 

as   sub channels, from Equation 4.8 we can conclude that after doing the DFT of our 

signal it compromises of different components [16]. The first value in the above 

equation shows the original data which corresponds to the     user which is 

occupying   sub channels, while the second term indicates the ICI caused, because of 

the other data of the     user. The Third term indicates the MAI which is caused 

because of the presence of the other user and the last term shows correspondence to 

the AWGN noise. Please note that   is the interference coefficient in Equation 3.10 

defined as: 

       ∑                                                                                                                            (4.9)                   

 

Here     is the normalized CFO. Normalized CFO is the ratio of change in frequency 

to the subcarrier spacing. 
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4.2 Effect of CFO on different constellation schemes 

As from our previous discussion, we can conclude that the data received on a 

subcarrier at the base station is comprised of different components, such as   our 

original transmitted data on the subcarrier, ICI which is caused because of the 

interference with other subcarriers of the same user, MAI because of the presence of 

other users,  the AWGN noise etc.. It is also significant to show how our transmitted 

signal is affected with the introduction of CFO in different constellation schemes in 

order to understand the changes that would arise in the system. First we would like 

to consider QPSK constellation scheme and analyse its effects. 

 

 
 

 Figure 4.3 (a) QPSK constellation without CFO 

Figure 4.3 (a) illustrate the QPSK constellation scheme without the effect of CFO; 

I have generated the QPSK constellation scheme in MATLAB by taking 2048 

sample points. Figure 4.3 (b) shows the constellation after introducing CFO. 
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Figure 4.3 (b) QPSK constellation with CFO=0.1 

 

 
 

             Figure 4.4 (a) QAM-16 constellation without CFO 

From Figure 4.4 (a) and Figure 4.4 (b), we observed that our transmitted signal 

constellation is rotated up on reception, just as happened in the QPSK constellation 

 

 



                                 Chapter 4. Effect of CFO on Uplink and Compensation Methods   

 

27 

27 

 
 

Figure 4.4 (b) QAM-16 constellation with CFO=0.1 

Again 2048 samples were taken with CFO = 0.1, all these simulations were 

done in a MATLAB environment. 

4.3 Effect of CFO on SC-FDMA based systems 

SC-FDMA has several advantages over OFDMA, such as it shows good spectrum 

efficiency, low PAPR and more robustness to frequency selective fading with almost 

the same overall complexity.  Just like OFDMA systems SC-FDMA is sensitive to 

CFO because of oscillator mismatch or Doppler shifts. In order to avoid the problem 

of oscillator mismatch or Doppler shifts we need to have an efficient frequency 

synchronization technique that could ensure no ICI and MAI occurs in the uplink 

communication system.  

Uncorrected frequency errors can cause ICI as shown in Figure 4.6. In order to avoid 

drop packets which can happen because of excessive ICI, the base station needs to 

keep track of any of the offsets that can occur in the system. 



 

 

28 

 

 

Figure 4.5 depicts the scenario when there are no CFO in the system 

Figure 4.6 The effect of CFO on demodulation
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From the above, it is clear that the orthogonality of the signal is lost at the receiver, as 

there are interfering components from other subcarriers which will present at the 

FFT sampling points. 

 

Before discussing the algorithm under consideration and the methods which were 

previously described by different authors, we would like to show the effect of CFO 

on Bit Error Probability. 

        

Figure 4.7 Normalized CFO vs. BER 

It gives an idea about how BER changes with different Normalized frequency offsets, 

keeping the SNR constant. The above graph is for 10MHz LTE system with 300 

subcarriers allocated to the user. 

4.4 Frequency Synchronisation Methods 

As far the frequency synchronization method is concerned, it is mainly divided into 

two categories, namely: 

1. Feedback method 

2. Compensation method 

 

According to the feedback method, it utilizes the downlink control channel to 

provide the estimated CFO values of different users to the base station, so that every 

user can adjust their offset by adjusting the carrier frequency. The compensation 

method uses different signal processing approaches and techniques to overcome the 

effect the CFO for different users and this technology does not need a control 
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channel. Here, as we don’t have any information about the downlink control 
channel, we cannot adopt the former approach, whenever utilizing the feedback 

approach one should understand that by adopting such an approach, transmission 

overheads of the system are increased. 

 

So, the main focus will be on the compensation methods that utilize different signal 

processing techniques in order to minimize the effect of CFO which is caused in the 

first user in the required scenario. In this master thesis, block type pilots are used 

instead of comb type pilots. The comb type pilots will increase the PAPR for SC-

FDMA, which is not desirable. SC-FDMA has been chosen because of its low PAPR 

for uplink transmission in LTE; in [17] the authors used the comb type pilots for SC-

FDMA when considering the ICI self-cancellation scheme. There are many other 

methods which comprise  of Successive Interference Cancellation (SIC) and Parallel 

Interference Cancellation (PIC) which are used in [17-20] by different authors, in 

which they have divided the received signal into two groups i.e. reliable group and 

unreliable group.  Reliable group is being deducted directly and cancelled from the 

received signal, whereas in the unreliable group, signals are being deducted after the 

cancellation of the MAI effect because of reliable signals. 

 

However, in practical systems, it is important to note that the methods used in [17-

20] needs perfect CFO estimation, which is not possible. In [21] the authors have 

used the inverse interference matrix method but still the method suffers from 

imperfect estimation, so we proposed an algorithm in the scenario where the first UE 

starts to communicate with the base station and after the first sub frame second UE 

starts to communicate with the base station and because of this second UE our first 

UE will experience ICI and MAI. The proposed method is comprised of two 

assumptions, a different value of CFO for every UE and the channel estimates have 

already been estimated by the channel estimator. As according to LTE standard 

block type pilots are used, this algorithm can directly estimate the interference 

components by using the block type pilots and hence it does not need to do the CFO 

estimation; after getting the values the proposed method can reduce the influence of 

CFO by using the inverse interference matrix method.  

 

Using the block pilot gives the advantage that the proposed algorithm can be 

extended to other communication systems and may also be implemented in SFBC 

MIMO, STBC MIMO etc. 

4.5 Interference Matrix Cancellation Method  

It is evident from Equation 3.10 that our received signal is comprised of different 

components when there are multiple CFOs existing in an LTE uplink system, this 

problem can degrade the system performance, therefore we need to have a 

compensation algorithm that can suppress the interferences, as it is assumed that the 

channel characteristics have already been known because it is fairly difficult to 

obtain the accurate estimation results, here we are estimating the interference 

components directly from the received pilot block. After that we reconstruct the 
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interference components and did the suppression by means of inverse matrix, so that 

the overall performance of the system is improved. 

After removing the CP from the received signals and after converting our signal into 

frequency domain by means of doing FFT in MATLAB, we can write our received 

signal as, 

                                                                                                                            (4.10)                                       

 

In the above equation   represents the received signal vector,   represents the 

frequency domain channel response given by,                     
    represents 

transmitted modulated symbol vector where                       ,   represents 

the AWGN noise and    is the interference matrix which can be written as, 

 

   
[  
   
                                                                        ]  

   
 
                                                                        (4.11) 

                                                                

In Equation 4.8 the superscript in the elements is the user index, for example if the     

subcarrier is assigned to the      user, then the superscripts of all the users in the     

column will change to   . By using Equation 4.9 as 

        ∑                 
    

    ∑      [     ]        
    

    ∑      [      ]    
    

  

                                                         
                                                                           (4.12)    

                                                     

Therefore, we may write our interference matrix thus: 

 

   
[  
   
                                                                  ]  

   
 
                                                                          (4.13) 

 

The interference matrix    is a circulant matrix having the     different 

components, here in MATLAB we created interference matrix by using the circshift 
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command. P is the total number of users connected to the base station and N is the 

total number of subcarriers (size of N point IDFT).The proposed algorithm is 

implemented in a scenario when the first user starts to communicate with the base 

station and the first sub frame, which arrives at the base station, is from the first UE. 

The second UE is getting connected to the base station in the next sub frame period. 

So after the first sub frame, the base station will receive the data from the first UE 

and second UE. After the arrival of the first UE’s signal, we estimate the ICI 

components which belong to the first UE from the pilot block and then update the 

interference matrix by the estimate results.  Just after the arrival of the second UE we 

again estimated the ICI components and due to these components we also have MAI 

components from the second UE. We updated the interference matrix by using the 

estimated values, making our suppression easy and feasible. 

 

 

In order to make the algorithm feasible, it is assumed that only one pilot block which 

belongs to one user will arrive at the base station during a symbol period. The 

algorithm make use of a vector    = [    ,     ,...,       
    , p= 1,2,...P and      represents 

the interference component  caused by the CFO from     user on     subcarrier.There 

is another set vector I = [    
,     

,...,       
   , p= 1,2,...P and p denotes the user’s 

index. If the      carrier is assigned to the       use , then     
=      

. Both the above 

vectors are initially set to zero.When the first UE starts to communicate with the base 

station, then we can say that      which is our transmitted signal that only carries 

the information of the first UE then Equation 4.10  can be rewritten as  

 

                                                                                                                             
                                               

                                                                                                                             (4.15)           

 

So in case of the first UE Equation 4.15 changes to  

 

                                                                                                                             (4.16)                                     

 

  [   
                                                                                                                                   ]   

   [  
             ]  

                                  (4.17)       

 

In order to find the interference matrix, first we need to calculate the interference 

vector from Equation 4.16.    is the received signal in which we have received the 

first pilot block and  we assume that the channel characteristics are already  known 

to the receiver. So the transmitted pilots on each subcarrier are already known to the 

receiver. The Interference vector in Equation 4.17 can be estimated by using the 

inverse     matrix. 

 

                                                                                                                                  (4.18)              
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After calculating the interference vector ,we update the vector I and the interference 

matrix    with the interference vector for the first UE, and then by using Equation 

4.10 the interferences can be suppressed. When the second UE is introduced in the 

system we can  suppress the interferences due to first UE by using Equation   

 

                                                                                                                          (4.19)   

 
Then iterate the process of calculating I vector and updating     matrix, to acheive 
interference cancellation  for any number of UEs getting connected to the base 
station. 
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Chapter 5 

5 Simulation Results 

This chapter covers the simulation part of the thesis; in this section the discussion 

will be on the simulation parameters along with the graphs to show how we 

summarize the results. All the simulations have been done in MATLAB 

environment. The very first attempt was to implement the 3GPP LTE Uplink 

simulator and is based on the block diagram which has already been discussed in 

section 2.2. The simulation model works efficiently on different channel bandwidths 

as specified by LTE. 

 

 
 

Figure 5.1 BER Vs. SNR for 10MHz channel with 300 subcarriers 
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Figure 5.2 BER Vs. SNR for 20MHz channel with 600 subcarriers 

 

The above figures show how the Bit error probability is changing with SNR values 

for different modulation schemes. Comparing graphs 5.1 and 5.2, bit error 

probability is higher for the first one at a particular value of SNR. It happens because 

as the number of carriers allocated for a user increases, the interference will be 

greater. 

 

In Figures 5.3, 5.4 and 5.5  Bit error probability is plotted against different 

normalized CFOs at a fixed value of SNR. In this simulation 5MHz system with 120 

subcarriers allocated for the UE and QAM-16 is the modulation scheme used with 

only one UE under consideration. The graph is symmetrical, that is for positive and 

negative values of CFO, and the BER values are the same, irrespective of their signs. 

The bit error will be greater with an increase in CFO and it is due to the ICI caused 

by CFOs. 
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Figure 5.3. BER Vs. Normalized Frequency Offset at SNR =15 

 

Figure 5.4. BER Vs. Normalized Frequency Offset at SNR =18 
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Figure 5.5. BER Vs. Normalized Frequency Offset at SNR =20 

Now we can consider the performance interference mitigation algorithm. For the rest 

of the simulations we have considered the 5MHz LTE channel and allocated 120 

subcarriers to each UE. 

 
 

Figure 5.6 BER Vs SNR at different CFOs without mitigation     
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   Figure 5.7  BER Vs. SNR at different CFOs  with mitigation scheme   

 

                                  

 Figure 5.8 BER vs. SNR at CFO=0.1 with mitigation scheme   
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Table 6.1 shows the parameters which we have used during our simulations, we have 

assumed the normalized frequency offset for the first user, which is randomly 

distributed in [0.1 0],  the channel model for frequency selective channel in this 

master thesis is Jakes model, which is described in [14]. 

 

 

 

 

 
 

 

 

 

 

Table 6.1 Parameters used in simulation 

 

Transmission Bandwidth   5 MHz 

Sub-frame  Duration     1 millisecond 

Subcarrier Spacing     15 KHz 

Sampling Frequency   7.68 MHz 

IFFT  size (Subcarriers) 

 

    512 

 SC-FDMA Symbols per slot (extended 

CP) 6 

 Available Subcarriers   300 

 No. of Subcarriers for one UE   120 

 Subcarrier Mapping     Localized mode 

Channel Type     

AWGN and 

ferquency selective 

Channel taps     10 

 Maximum Doppler Shift   20 Hz 

τ(rms delay spread)   25 ns 

Modulation Scheme   QAM 16 

No. of frames     300 

 Range of SNR     0-35 dB 
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Chapter 6 

6 Conclusions and Future Work  

This master thesis analyses some important aspects of Inter Carrier Interference and 

Multi Access Interference effects in LTE uplink systems. The analysis is focused on 

the Carrier Frequency Offset introduced in the system. 3GPP LTE Release 10 

supports MIMO system to achieve a high data rate in uplink, but we have chosen the 

SISO system for simulation purposes because of time constraints. The uplink Link 

Level Simulator is implemented according to the 3GPP specifications. We have seen 

how the BER varies with SNR values for different modulation schemes and number 

of subcarrier allocation. The 3GPP LTE Uplink Simulator is implemented in and 

effect of CFO on uplink transmission is studied. An investigation on the performance 

of inverse interference matrix algorithm, for the cancellation of interference caused 

by CFO is performed. The above algorithm is very efficient for normalized CFO 

values less than 0.1.  

 

The following topics may be of interest for future study: 
  

• It would be interesting to include support for MIMO in the simulator. 
• Implementation of other channel estimation algorithms, like low complexity 

Kalman would be of interest. 
• It would be beneficial to have a performance measure with coded data. 
• A new matrix inversion algorithm which reduces operation time would be 

helpful. 
• Compare the performances of different Interference cancellation algorithms, 

such as Successive Interference cancellation, Parallel Interference Cancellation. 

The simulator developed in the thesis can be taken as a reference for further study 

and research in the field of LTE or OFDM systems. 
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Notation  

 

  ̂    Least Square Channel estimate. 

 

εp Normalized frequency offset. 

      RMS value of Doppler spread. 
         

      

ith subcarrier of user p 

 

Channel response of kth subcarrier of user p 

  

  

  

  

  

  

 

 

 

 



  Notation   
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