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ABSTRACT 
 Orthogonal Frequency Division Multiplexing (OFDM) is a 
multi-carrier modulation technique, in which a single high 
rate data-stream is divided into multiple low rate data-
streams and is modulated using sub-carriers, which are 
orthogonal to each other. Some of its main advantages are 
multipath delay spread tolerance, high spectral efficiency, 
efficient modulation and demodulation process using 
computationally efficient Inverse Fast Fourier Transform 
and Fast Fourier Transform operation respectively. The 
peak to average power ratio of the time domain envelope is 
an important parameter at the physical layer of the 
communication system using OFDM signalling. The 
signals must maintain a specified average energy level in 
the channel to obtain the desired Bit-error-rate. The peak 
signal level relative to that average defines the maximum 
dynamic range that must be accommodated by the 
components in the signal flow path to support the desired 
average. A secondary concern is the carrier frequency 
offset which disturbs the orthogonality among the carriers 
and results ICI. The undesired ICI degrades the 
performance of the system. This paper overviews some of 
the previously reported Peak-to-Average Power Ratio and 
Inter-Carrier-Interference reduction techniques. Extensive 
simulation study and comparisons are carried out to 
justify their applications. The paper proposes efficient 
techniques for compensating both PAPR and ICI which in 
turn improves the performance of the OFDM system and 
carrier frequency offset. CFO is one of major issues 
effecting performance of OFDM based systems. It is 
basically caused due to oscillator instability and Doppler 
shift introduced in the channel. It seriously degrades the 
system performance. This problem becomes even worse in 
uplink case because of random nature of users, since each 
user experiences different offset. Single Carrier FDMA is 
also an OFDM based system which is actually DFT based 
OFDM.  Long Term Evolution LTE uses SC-FDMA 
instead of OFDM in uplink due to problem of Peak to 
Average Power Ratio (PAPR) as mobile handsets have 
limited battery power.  In  this paper  focus is  on  
analyzing  effect  of  CFO  on  the performance  of  LTE  
uplink  system. The simulation results in terms of 
constellation diagrams and Bit Error Rate graphs show 
that system performance is seriously degraded due to 
carrier offset and suppression techniques have to be 
employed in order to save the integrity of user data.  

 

Keywords-Carrier Frequency Offset; OFDM; PAPR; LTE; 
SC-FDMA; LTE Uplink 

I. INTRODUCTION 

New Technologies and thereby various applications are 
emerging not only in wired environment but also in the 
wireless area in the last few years. The next generation mobile 
systems shall be able to handle a substantially high data 
rate to meet the requirements of future high performance 
multimedia applications. The minimum target data rate for the 
4G system is expected to be at 100-200 Mbps and at least 
2Mbps in the moving vehicles. To provide such a high 
spectral efficiency, an efficient modulation scheme is to be 
employed [1, 2]. A promising modulation technique that is 
increasingly being considered for adoption by 4G 
community is Orthogonal Frequency Division Multiplexing 
(OFDM). In recent years, OFDM has emerged as the 
standard of choice in a number of important high data rate 
applications. 

Orthogonal Frequency Division Multiplexing (OFDM) 
is a multi-carrier modulation technique, in which a single 
high rate data-stream is divided into multiple low rate data-
streams and is modulated using sub-carriers which are 
orthogonal to each other [3]. Major advantages of OFDM 
are its multi-path delay spread tolerance and efficient 
spectral usage by allowing overlapping in the frequency 
domain. Also another significant advantage is that the 
modulation and demodulation can be done using IFFT and 
FFT operations, which are computationally efficient [4]. In 
addition to above, OFDM has several favourable properties 
like high spectral efficiency, robustness to channel fading, 
immunity to impulse interference, uniform average spectral 
density, capacity to handle very strong echoes and non-
linear distortion [5,6]. Hence, OFDM is a promising 
modulation technique which can be used in many new 
broadband communication systems. 

Two major limitations of OFDM systems are Peak-to-
Average Power Ratio (PAPR) and Inter Carrier Interference 
(ICI). PAPR is a measurement of waveform calculated from 
the peak amplitude of the waveform divided by the RMS 
value of the waveform and this large peak occurs due to the 
constructive superimposition with a number of subcarriers 
or the summation of a large number of subcarriers. This 
high PAPR demands high power amplifiers (HPA) at the 
transmitter. The non-linearity effects of HPA on the 
transmitted OFDM symbols are spectral spreading, inter 
modulation and changing the signal constellation. In other 
words, the non-linear distortion causes both in-band and 
out-of band interference to signals. Further OFDM system is 
vulnerable to frequency-offset errors between the 
transmitted & received signals, which may be caused by 
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Doppler shift in the channel or by difference between the 
transmitter and receiver local oscillator frequencies. Hence 
orthogonality is lost between subcarriers resulting in inter 
carrier interference. If ICI in not properly compensated it 
results in power leakage among the subcarriers and 
orthogonality between them will be lost. Result in 
degradation of system performance is observed [32]. 

II. INTRODUCING SC-FDMA 

The undesirable high PAR of OFDM led 3GPP to 
choose a different modulation format for the LTE uplink. 
This difference contributed to the inability of TTA, the 
Korean standards body, to persuade 3GPP (in 2006) to 
merge LTE and WiMAX. Pure OFDM is used in the Wi 
MAX uplink but LTE continued to use SC-FDMA, a new 
hybrid modulation scheme that cleverly combines the low 
PAR of single-carrier systems with the multipath 
resistance and flexible subcarrier frequency allocation 
offered by OFDM. 

When a new concept in modulation comes along (e.g., 
OFDM or CDMA), it can take a long time before the 
literature starts to make sense. Yet, after everyone “gets 
it,” we often look back at what previously seemed to be 
impenetrable explanations and wonder what the fuss was 
about! So it may be with SC-FDMA. The Release 8 3GPP 
specifications do little to explain the concept. For a formal 
definition of SC-FDMA, a student of signal processing 
need look no further than TS 36.211, which gives the 
mathematical description of the time-domain 
representation of an SC-FDMA symbol. 

For the majority of us who find the formal 
mathematical approach hard to follow, we will present 
here a graphical comparison of the differences between 
OFDM and SC-FDMA. 

Comparing OFDM and SC-FDMA Figure 2 shows how 
a series of QPSK symbols are mapped into time and 
frequency by the two different modulation schemes. 
Rather than using OFDM, we will now shift to the term 
OFDMA, which stands for orthogonal frequency-division 
multiple access. OFDMA is simply an elaboration of 
OFDM used by LTE and other systems that increases 
system flexibility by multiplexing multiple users onto the 
same subcarriers. This can benefit the efficient trunking of 
many low-rate users onto a shared channel as well as 
enable per-user frequency hopping to mitigate the effects 
of narrowband fading. For clarity, the example here uses 
only four (N) subcarriers over two symbol periods with the 
payload data represented by QPSK modulation. Real LTE 
signals are allocated in units of 12 adjacent subcarriers 
(180 kHz) called resource blocks that last for 0.5 ms and 
usually contain seven symbols whose modulation can be 
QPSK, 16QAM or 64QAM. 

 
 
 
Figure 1 Comparison of how OFDMA and SC-FDMA transmit a 

sequence of QPSK data symbols 

 

III. INTRODUCTION OF OFDM 

Orthogonal Frequency Division Multiplexing (OFDM) 
has grown to a popular communication technique for high 
speed communication in the last decade. Being an important 
member of the multicarrier modulation (MC) techniques, 
Orthogonal Frequency Division Multiplexing (OFDM), is 
also called Discrete Multitone Modulation (DMT) [2]. It is 
based upon the principle of frequency division multiplexing 
(FDM) where each frequency channel is modulated with 
simpler modulation scheme. It splits a high rate data stream 
into a number of lower rate streams that are transmitted 
simultaneously over a number of orthogonal subcarriers [3]. 
Orthogonality is achieved by ensuring that the carriers are 
placed exactly at the nulls in the modulation spectra of each 
other. The increase of symbol duration for the lower rate 
parallel subcarriers reduces the relative amount of 
dispersion in time caused by multipath delay spread. 
Therefore OFDM is an advanced modulation technique 
which is suitable for high-speed data transmission due to its 
advantages in dealing with the multipath propagation 
problem, high data rate and bandwidth efficiency [4]. 
Although OFDM principles have been developed over several 
decades, its implementation for high data rate communications 
has only recently become popular by the reduced cost and 
availability of suitable signal processing components which 
make it a competitive technology for commercial applications 
also. 

 

A. The Simulation model of OFDM System 

The simulation model OFDM system is presented in fig 
2.1. This model consists of a transmitter, a channel and a 
receiver. A brief description of the model is provided below. 

 
Figure 2.1 OFDM model used for simulation 
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Random Data Generator 
Random data generator is used to generate a serial 

random binary data. This binary data stream models the raw 
information that going to be transmitted. The serial binary 
data is then fed into OFDM transmitter 

Serial to Parallel Conversion 
The input serial data stream is formatted into the 

word size required for transmission, and shifted into a 
parallel format. The data then transmitted in parallel by 
assigning each data word to one carrier in the transmission. 

Modulation of Data 
The data to be transmitted on each carrier is then 

differential encoded with previous symbols, then mapped 
into a Phase shift Keying (PSK) format. Since 
differential encoding requires an initial phase reference an 
extra symbol is added at the start for this purpose. The data 
on each symbol is then mapped to a phase angle based on the 
modulation method. 

Inverse Fast Fourier Transform 
After the required spectrum is worked out, an Inverse 

Fourier Transform is used to find the corresponding time 
waveform. The guard period is then added to the start of each 
symbol. 

Guard Period 
The type of guard period used in this simulation is a 

cyclic extension of the symbol. The length of guard period is 
then added to the start of each symbol. 

Parallel to Serial Conversion 
After guard period has been added, the symbol is then 

converted back to a serial time waveform. This signal is the 
baseband signal for the OFDM. 

Channel 
A channel model is then applied to the transmitted signal. 

Hence both AWGN and Rayleigh fading model are included 
for investigation. The AWGN is applied to the OFDM 
signal by adding noise factor 

10(-SNR/10)
 to the transmitted signal. 

In Rayleigh fading model the power of a signal will very 
randomly according to a Rayleigh distribution. Multipath 
delay spread then added by simulating the delay spread using 
an FIR filter. The length of FIR filter represents the 
maximum delay spread while the coefficient amplitude 
represents the reflected signal magnitude. The power clipping 
is applied to the OFDM signal by cutting the signal that 
higher than a certain determined power value. 

 
Receiver 
The receiver basically does the reverse operation to the 

transmitter. The guard period is removed. The FFT of each 
symbol is then taken to find the original transmitted pectrum. 
The phase angle of each transmission carrier is then evaluated 
and converted back to the data word by demodulating the 
received phase. The data words are then combined back to 
the same word size as the original data. 

B. Simulation Results and Analysis 

OFDM system model in fig 2 has been simulated using 
Matlab-Toolbox package. The simulation parameters for the 
OFDM system is given in table 1. BER performance of the 
system is compared for various SNRs of different carrier 
modulation schemes (i.e., BPSK, QPSK, 16PSK). 

 

Table 1 The Simulation Parameters for OFDM Transceiver 
 
The effect of Additive White Gaussian Noise (AWGN) 

channel in OFDM system is shown in fig 2.2 below. It is 
observed from fig 2.2 that to achieve the BER level of 10

-3
 , 

the OFDM system using BPSK modulation needs at least 
SNR of around 6dB, the OFDM system using QPSK 
modulation needs SNR of about 10 dB and the OFDM 
system using 16PSK modulation needs at least SNR of about 
21dB. Though the system capacity improves using QPSK 
schemes, performance is better in BPSK. 

 
Figure 2.2 BER versus SNR for OFDM in AWGN channel using 

BPSK, QPSK and 16PSK modulation 

The performance of OFDM transceiver in a multipath 
fading is studied next. It can be concluded from the fig 2.3 
that OFDM using BPSK modulation gives better 
performance than the high data capacity QPSK and 16PSK 
modulations in terms of BER. 

 

 
Figure2.3 BER versus SNR for OFDM in Rayleigh channel using 

BPSK, QPSK and 16PSK 

 
1) Effect of Peak Power Clipping on BER Performance 

    Parameter Value 

Carrier modulation used BPSK, QPSK, 16PSK 

Number of carrier 200 

IFFT size 512 

Guard period type 
Cyclic extension of the 

symbol 

Guard Time Length 102 

Carrier Frequency 1GHz 

Bandwidth 5MHz 

Space frequency between 
two carrier 

25KHz 
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The effect of power clipping to the performance of 
OFDM system for three modulation techniques is shown in 
fig.2.4. It is observed form fig.2.4 that for a BER level of 10

-

3
or below, the OFDM signal using BPSK modulation can be 

clipped up to about 15dB, the OFDM signal using QPSK 
modulation can be clipped up to about 10dB and the OFDM 
signal using 16PSK modulation can be clipped up to about 
5dB. It is concluded from the analysis that the OFDM 
signal is resistant enough to clipping distortion caused by 
nonlinearity in power amplifier used in transmitting the signal. 

 

 
Figure2.4 Effect of Peak Power Clipping of OFDM on BER 

Performance 

 
2) Effect of Delay Spread on BER Performance 
Delay spread is the time interval between the arrival of the 

fast and last multipath signal seen by the receiver. Due to 
delayed multipath, signal overlapping with the following 
symbols ISI occurs. This can cause significant errors in high 
bit rate symbols. 

 Effect of delay spread on the performance of OFDM system 
for three modulation techniques BPSK, QPSK, and 16PSK is 
shown in the fig 2.5. It observed that BER will start to 
increase when the length of delay spread reaches the length 
of effective guard period and will increase rapidly when the 
length of delay spread is longer than the length of guard 
period. The effect of ISI due to multipath fading can be 
eliminated as long as the length of effective guard period use 
128 samples which is longer than the length of delay spread. 

 

 
 

Figure 2.5 Delay Spread Tolerance of OFDM on BER Performance 
 

3) Objective of the Paper  

The  main  objective  of  this  paper  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.  

4) 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.  

5) Conclusion 
It is concluded that OFDM technique has the potential of 

enhancing the data rate in a band-limited channel. Instead of 
transmitting data on a single carrier requiring more 
bandwidth, in OFDM, the high data rate signal is split into 
many low data rate streams, which are then transmitted on 
multiple closely spaced orthogonal carriers. The simulation 
model of OFDM system implemented using Matlab Toolbox 
package is presented. BER performance analysis for both 
AWGN and fading channel model are demonstrated. The 
three sub-carrier modulation schemes (BPSK, QPSK, 16PSK) 
are compared on the basis of their performance. 16PSK 
increases the system capacity but the BER degrades as 
compared to BPSK and QPSK. It shows that a trade-off 
between system capacity and system robustness is 
necessary. Delay spread and peak power clipping are 
introduced to mobile radio channel and the BER 
performance of the system is investigated. For the delay 
spread that is longer than the effective guard period, the BER 
rises rapidly due to the inter-symbol interference and OFDM 
signal is resistant to clipping distortions caused by the power 
amplifier used in transmitting the signal. Techniques to 
overcome the two major drawbacks like high PAPR and ICI 
are considered as the key research issues from application point 
of view. 

IV. OVERVIEW OF ICI TECHNIQUES 

A. Inter Carrier Interference in OFDM System 
Orthogonal Frequency Division Multiplexing (OFDM) is 

a promising technique for the broadband wireless 
communication systems. However, a critical problem in 
OFDM system is its vulnerability to frequency offset errors 
between the transmitted and received signals, which may be 
caused by Doppler shift in the channel or by the difference 
between the transmitter and receiver local oscillator 
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frequencies [18]. In such situations, the orthogonally of the 
carriers is no longer maintained, which result in Inter-carrier 
Interference (ICI). ICI problem would become more 
complicated when the multipath fading is present. If ICI is 
not properly compensated it results in power leakage among 
the sub-carriers, thus degrading the system performance. 

B. ICI Reduction Techniques 
One of ICI reduction technique is ICI sel f  

cancellat ion .  
1) ICI Self- Cancellation 
The self-cancellation schemes works in two very simple 

steps. At the transmitter side, one data symbol is modulated onto 
a group of adjacent subcarriers with a group of weighting 
coefficients. The weighting coefficients are designed so that 
the ICI caused by the channel frequency errors can be  

 
 
minimized. At the receiver side, by linearly combining 

the received signals on these subcarriers with proposed 
coefficients, the residual ICI contained in the received signals 
can then be further reduced. 

This method is suitable for multipath fading channels 
as here no channel estimation is required because in 
multipath case channel estimation fails as the channel changes 
randomly. 

2) ICI Cancelling Modulation and Demodulation 
In an OFDM communication system, assuming the 

channel frequency offset normalized by the subcarrier 
separation is å, the received signal on subcarrier k can be 
written as 

 
                                            
     
               (3.1) 
where N is the total number of the subcarriers X (k) 

denotes the transmitted symbol for the k
th

 subcarrier and nk 

is additive noise . The first term in the right-hand side  of (3.1) 
represents the desired signal. The second term is the ICI 
components. The sequence S (l-k) is defined as the ICI 
coefficient between l

th
 and k

th
 subcarriers, which can be 

expressed as 
 
 
 
                (3.2) 
It is seen that the difference of ICI coefficient between 

two consecutive sub-carrier {( S(l-k) and S(l+1-k)} is very 
small. Therefore, if a data pair (a, -a) is modulated onto two 
adjacent subcarriers (l , l+1), where a is a complex data, then 
the ICI signals  generated by the subcarrier l will be cancelled 
out significantly by the ICI generated by subcarrier l+1 . 

 

 
 

Figure 3.1 - Comparison between | S ( l − k )|, | S′ ( l − k ) | and | S ′ ( 
l −k)| 

 
Assuming the transmitted symbols are such that 
X(1) = -X(0), X(3) = -X(2),., X(N-1) = -X(N-2), then 

the received signal on subcarrier k becomes 

 
Similarly the received signal on subcarrier k+1 becomes 

In such a case, the ICI coefficient is denoted as 
S  ′ (  l  −  k  )=S( l  −k  )−S( l  +1  −  k)  (3.20) 
To further reduce ICI, ICI cancelling demodulation is done. The 

demodulation is suggested to work in such a way that each signal 
at the k+1

th
 subcarrier (now k denotes even number) is multiplied 

by “-1” and then summed with the one at the k
th

 subcarrier. Then 
the resultant data sequence is used for making symbol 
decision. It can be represented as 
 

The corresponding ICI coefficient then becomes  

''( ) ( 1) 2 ( ) ( 1)s l k s l k s l k s l k           

 
When compared to the two previous ICI coefficients 

|S(l-k)| for the standard OFDM system and |S‟(l-k)| for the ICI 

canceling modulation, |S”(l-k)| has the smallest ICI coefficients, 
for the majority of l-k values, followed by |S‟(l-k)| and |S(l-k)|. It 
is observed in Fig 3.10 for N = 64 and İ = 0.2. It is shown that 
the difference between the ICI co-efficient of two consecutive 
sub-carriers is very small. This makes the basis of ICI self 
cancellation. Here one data symbol is not modulated in to one 
sub-carrier, rather at least in to two consecutive sub-carriers. If the 
data symbol „a‟ is modulated in to the 1st sub-carrier then „-a‟ is 
modulated in to the 2

nd
 sub-carrier. Hence the ICI generated 

between the two sub-carriers almost mutually cancels each 
other. The combined modulation and demodulation method is 
called the ICI self-cancellation scheme. The reduction of the ICI 

signal levels in the ICI self-cancellation scheme [26] leads to a 
higher carrier to interference ratio (CIR). CIR is calculated as 

     (3.3) 
 
The CIR expression for subcarrier 0 < k < N−1 of a 

standard OFDM system is derived as 
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                                                              (3.4) 
 
 

 
 
Figure 3.2 CIR Improvement Using ICI Self-Cancellation 

Schemes 
 
Fig 3.1 shows the comparison of the theoretical CIR curve 

of the ICI self-cancellation scheme, calculated by (3.3), and the 
CIR of a standard OFDM system calculated by (3.4). The ICI 
self-cancellation scheme provides more than 15dB CIR 
improvement for 0 < ε ≤ 0. 5 . The CIR improvement is 
around 17dB for small to medium normalized frequency 
offset in the range 0 < ε ≤ 0.2 

 
Figure 3.3 Simulation Block diagram of the Self-cancellation Schemes. 

 
The simulation block diagram of the ICI self-cancellation 

scheme is shown in fig. 3.3. The simulation parameters used for 
the model are as given below. 

 
Table 2 Simulation Parameters 
 
Fig. 3.4 shows the BER performance comparisons between 

standared OFDM and OFDM with ICI self cancelation 
technique for frequency offset values from 0 to 0.3 and it is 
observed that BER degrades. 

 
Figure 3.4 BER Performance of a QPSK OFDM system with & without Self     
Cancellation 

C. Conclusion 
In this chapter, the drawbacks of OFDM system, inter-carrier 

interference (ICI) are addressed. Some of previously reported ICI 
reduction schemes like ICI Self-Cancellation are investigated in 
detail. Their performances are compared through simulation 
work. ICI self-cancellation scheme provides CIR improvement 
which has been analyzed theoretically and by simulations. OFDM 
system using ICI-self cancellation performs much better than the 
standard OFDM system. All these previously reported 
techniques discussed are suitable for ICI reduction not for 
eliminating both. So designing an efficient scheme without 
increasing system complexity to overcome both the limitations 
of OFDM has been the major focus of this research work but 
spectral efficiency decreasing. 

 

V. SIMULATION RESULTS 

A. Performance analysis of OFDM system: 
The BER analysis of binary phase shift keying (BPSK) 

OFDM systems with a random CFO. Our technical contributions 
are summarized below. We present a new approach in contrast to 
the Gaussian ICI approximation based approaches of the existing 
work. We consider random CFO while most existing works 
addressed deterministic CFO only. We cover several random 
CFO scenarios (e.g., channel- dependent/independent CFO, with 
or without CFO estimation, etc.) .we derive closed form BER 
expressions for AWGN, frequency-flat and frequency-selective 
Rayleigh fading channels with a channel independent uniformly-

distributed (residual) CFO. The channel-dependent CFO case 
where we obtain the BER expression for a frequency-flat 

Parameter Specifications 

IFFT Size 64 

Number of Carriers in one OFDM 
symbol 

52 

Channel AWGN 

Frequency Offset 0, 0.15, 0.3 

Guard Interval 12 

Modulation QPSK 

2 2

1 1
2 2

0, 0

( ) (0)

( ) ( )
N N

l l k l

s k s
CIR

s l k s l
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Rayleigh fading channel with a random residual CFO which, 
conditioned on the channel, is Gaussian-distributed. An 
alternative approach with more relaxed assumptions for the BER 
analysis with a random CFO in both frequency-flat and selective 
Rayleigh fading channels. The BER analyses in the perfect 
channel knowledge is available at the receiver, while channel 
estimation errors in the analysis. 

  
B. Performance Analysis with Channel-Independent CFO 
The CFO and the CIR as independent parameters under some 

conditions. An example is a scenario where the transceivers use 
highly-stable crystal oscillators and skip CFO estimation to save 
energy. Although a crystal oscillator provides a stable frequency, 
different oscillators (of different users) may have slightly 
different frequencies which can also depend on their 
temperatures. Under this condition CFO could be modeled as 
Gaussian. Alternatively, as a worst case design, we may consider 
the CFO (not the residual CFO) to be uniformly distributed and 
independent of the channel. Uniform random CFO is often used 
in the literature [36]. Another example is a scenario where the 
receiver performs CFO estimation and compensation. Under this 
scenario the residual CFO can be treated as a Gaussian random 
variable (by invoking the asymptotic property of maximum 
likelihood (ML) estimation) which is independent of the channel  
in a system with perfect power control and dependent on the 
channel if without power control. 

For the channel-independent residual CFO case, BER is 
obtained by solving the following                    

       ,      |bbP P v f v f h dv d     h h  

where f(vΔ) and f(h) are pdfs of residual CFO and channel 
respectively, and Pb (ξ|vΔ, h) represents the BER conditioned 
on vΔ and h. In the following, the vΔ in the BER expression 
will represent the CFO for the scenario without CFO estimation, 
and the residual CFO for the scenario with CFO estimation and 
compensation. In the following sections A, B and C, we consider 
the uniformly distributed CFO (without CFO estimation), while 
in Section D we address the scenario with CFO estimation (i.e., a 
Gaussian-distributed residual CFO). 

 
1)  SIMULATION RESULTS: 

 
Figure 4.1 : BER Vs Eb/No for BPSK OFDM System in AWGN channel 

 
 

Figure 4.2 BER Vs Eb/No for BPSK OFDM System in Rayleigh Flat Fading 
Channel 

 
C. PERFORMANCE ANALYSIS WITH CHANNEL-

DEPENDENT CFO 
1) AWGN Channel 
The channel coefficient 𝛼 is 1 here. Since the constellation is 

real, we consider only the real part of (3.1) as the decision 
variable. Then we find the characteristic function of this decision 
variable. Using the inversion formula, we can get the density 
function of the decision variable and hence the probability of 
error. Where 
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Using these definitions, the error probability for the bits 
transmitted at subcarrier 𝑘 will be given by the expression 
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The BER is given by the average of the above expressions 

over all N subcarriers.  
 

 
1

1 N

e e

k

P P k
N 

   

 

      
22

1

1

1
2 2

2

N

e l lN

l

P k Q Q  







 

 
2

2

2

O
r

N
g T dt




 



INTERNATIONAL JOURNAL OF RESEARCH IN TECHNOLOGY AND MANAGEMENT (IJRTM) 
ISSN 2454-6240   
www.ijrtm.com 

 

120 
Volume 2 Issue 4, JUNE 2016 

 

 
Figure 4.3 BER Vs Eb/No for Ofdm System In AWGN Channel 

 
2) Rayleigh Flat Fading Channel 

Here (
Nα1,α2,...α ) are all equal to a value, say c, where c  

has Rayleigh distribution given by 
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Conditional bit error probability is given as[35]  
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  , ON  being the noise power 

spectral density and 𝑄(𝑥) is the Gaussian 𝑄 function. The bit error 

probability ep  can be obtained by averaging  over the Rayleigh 

distributed random variable |𝑐|. Hence is given by 
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For finding ep  Craig‟s formula has been used in [35] 

assuming that the arguments of the 𝑄 function are positive. 
However, the arguments of the 𝑄 function in  are positive only for 
small values of CFO. For high CFO values, they are negative and 
hence the expressions derived in [35] are not suitable for all CFO 
values. As shown in the Appendix, we proceed by changing the 

order of integration in [35] and obtain ep  as 
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Where () is the signum function. As expected, it can be noted 

that if l  and   are positive, our expression reduces to the one 

given in [35] for flat fading channels. 

 
Figure 4.4 BER Vs Eb/No for BPSK OFDM System in Rayleigh Flat Fading 

Channel 

 
3) Frequency Selective Rayleigh Fading Channel 

In this case  1 2, ,....
T

N LF h    . Multipath Rayleigh 

fading channel with an exponential power delay profile 
(normalized to unit power) is considered. For BPSK modulation, 
∈{-1, 1} and without loss of generality, we consider the analysis 
for the first subcarrier with a +1 transmitted. Conditional error 
probability is given by [35] 
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where Ch is the time domain channel covariance matrix.  
the BERis given by 
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Figure 4.5 BER Vs Eb/No for BPSK OFDM System in Frequency Selective 

Rayleigh Fading Channel 

4) Performance analysis of SC-FDMA system: 
For simulation, Matlab 2014(b) has been used. Simulation is 

started by developing LTE Uplink system over Matlab for one 
user initially and introducing frequency offset.  Simulation 
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Parameters for this case are given in Table 1. Here it should be 
noted that CFO is added in such a way that its  magnitude  
increases  in  linear  way  i-e  as  number  of  subcarriers increase, 
offset also increases which can be observed in real time but here 
only static diagrams can be attached. In real time, offset on 
subcarriers increases continuously with number of subcarriers.  

 

LTE Uplink 

Modulation scheme BPSK,16-QAM 

Normalized Sub Carrier 
Spacing 

0.1 

Channel type AWGN 

CP Type Normal 

No. of sub carriers 256 

FFT Length 1024 

Table 3: simulation parameters for LTE uplink 
 
Diagram of QPSK is attached, second one shows effect on 16 

QAM  and  last  one  on  the  right  shows  the  effect  of  CFO  on 
64QAM. 

 
Figure 4.6 BER curve for 16QAM 
 
Fig.   shows the  effect  on  the  performance  with respect to 

Bit Error Rate BER on QPSK, 16QAM and 64QAM respectively. 
The results reveal that the probability of error is increasing due to 
CFO hence BER is greater with increase in CFO. 

It may also be observed from illustrations that effect of offset 
is even severe on higher order modulation schemes. For example 
comparing  the  offset  of  0.5  Hz  for  QPSK  and  64QAM,  red 
square can be observed in Fig. 04 and Fig. 06. For same value of 
offset, effect is higher on 64QAM as compared to QPSK. 

 
5) Comparative analysis of OFDM and SC-FDMA with 

carrier frequency offset 
Figure 4.7 shows performance analysis of OFDM and SC-

FDMA for different CFO 0 and 0.2. However, there is a deviation 
from the simulated BER. 

 
Figure 4.7: Comparative analysis of OFDM and SC- FDMA 

with carrier frequency offset 
   
 In figure, our analytical expressions coincide exactly with 

their simulation counterparts but by increasing CFO the 
performance of OFDM system degrades drastically. It is also 
clear from the simulations that if we detect the symbols without 
compensating for the frequency offset, the performance of the 
system degrades drastically. 

6) CONCLUSION 
In this chapter, the BER performance is evaluated using 

simulations and compared with the analytical expressions derived. 
The simulated and analytical BER performance of BPSK OFDM 
systems in the presence of CFO is shown in Figs. 4.4 and 4.5 for 
flat and frequency selective Rayleigh fading channels 
respectively. The corresponding analytical expressions of [35] are 
also plotted for comparison. As expected, the expressions given in 
[35] are matching with the simulation results at low values of 
CFO. However, at high values of CFO, The expression in [35] 
exactly matches our analytical and simulated BER. However, for 
CFO values 0.5 and 0.25, there is a huge mismatch. For frequency 
selective channels, the expression in [35] matches with the 
simulations for CFO of 0.1 and 0.25 as can be seen from Fig. 4.5. 
However, there is a deviation from the simulated BER. In both 
figures, our analytical expressions coincide exactly with their 
simulation counterparts for all the CFO values considered. It is 
also clear from the simulations that if we detect the symbols 
without compensating for the frequency offset, the performance 
of the system degrades drastically. 

We focus on effect of CFO on LTE uplink and results are 
shown for different modulation schemes and varying amount of 
frequency offset.  Based  on  the  results,  it  can  be concluded 
that performance of LTE uplink is degraded seriously due  to  
presence  of  offset  and  cannot  be  ignored.  This effect becomes 
even severe when higher order modulation schemes are used. 
Therefore it is very important to use any of the suppression 
techniques available in order to minimize the impact of CFO and 
user data integrity can be saved which is of foremost importance. 

VI. CONCLUSION 

In recent years OFDM has emerged as the standard of choice 
in a number of important high data applications. Despite its 
various advantages it suffers from two major drawbacks, i.e., ICI 
due to frequency offset, outlined in this paper. Various schemes 
have been provided by researchers to reduce the above.  This  
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paper overviews some of those techniques through investigation. 
Extensive simulation study and comparisons are done to justify 
their applications. This paper proposes an efficient technique 
which has the potential to compensate   ICI problems significantly 
without affecting spectral efficiency of the system. Also its 
implementation complexity is less. It works well with arbitrary 
number of subcarriers for any type of baseband modulation used. 
The OFDM symbols are independent identically distributed 
Gaussian random variables. The drawback of OFDM system is 
ICI power which increases with the frequency offset and degrades 
the performance. Hence, ICI mitigation techniques are essential 
for improving the BER performance. In OFDM system each 
carrier consists of a main lobe followed by a number of side-lobes 
with reducing amplitude. Using a novel approximation of CFO-
induced ICI coefficients, we have derived closed form BER 
expressions of OFDM systems over AWGN, frequency-flat and 
frequency selective Rayleigh fading channels for both cases of 
channel independent and channel-dependent random CFO. 
Simulation results verify the accuracy of our analytical results and 
their applicability to practical OFDM systems. 

We focus on effect of CFO on LTE uplink and results are 
shown for different modulation schemes and varying amount of 
frequency offset.  Based  on  the  results,  it  can  be concluded 
that performance of LTE uplink is degraded seriously due  to  
presence  of  offset  and  cannot  be  ignored.  This effect becomes 
even severe when higher order modulation schemes are used. 
Therefore it is very important to use any of the suppression 
techniques available in order to minimize the impact of CFO and 
user data integrity can be saved which is of foremost importance.  
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