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ABSTRACT 
 

Since past few decades different types of cellular networks were launched and went successful on the 
radio links such as WiMAX, that became very popular because of its high data rate (70Mbps) and 
support for providing wireless internet services over 50km distance. The UMTS Long Term Evolution 
(LTE) is an emerging technology in the evolution of 3G cellular services. LTE runs on an evolution of 
the existing UMTS infrastructure already used by over 80 percent of mobile subscribers globally. We 
have very limited resources in cellular technologies and it is important to utilize them with high 
efficiency.  

Single Carrier Frequency Division Multiple Access (SC-FDMA) & Orthogonal Division Multiple 
Access (OFDMA) are major part of LTE. OFDMA was well utilized for achieving high spectral 
efficiency in communication system. SC-FDMA is introduced recently and it became handy candidate 
for uplink multiple access scheme in LTE system that is a project of Third Generation Partnership 
Project (3GPP). The Multiple Access Scheme in Advanced Mobile radio system has to meet the 
challenging requirements for example high throughput, good robustness, efficient Bit Error Rate 
(BER), high spectral efficiency, low delays, low computational complexity, low Peak to Average 
Power Ratio (PAPR), low error probability etc. Error probability is playing vital role in channel 
estimation and there are many ways to do channel estimation, like Wiener Channel Estimation, 
Bayesian Demodulation etc.  

In our thesis, we investigate the performance of SC-FDMA and OFDMA of LTE physical layer by 
considering different modulation schemes (BPSK, QPSK, 16QAM and 64QAM) on the basis of 
PAPR, BER, power spectral density (PSD) and error probability by simulating the model of SC-
FDMA & OFDMA. We use Additive White Gaussian Noise (AWGN) channel and introduce 
frequency selective (multipath) fading in the channel by using Rayleigh Fading model to evaluate the 
performance in presence of noise and fading. 

A set of conclusions is derived from our results describing the effect of higher order modulation 
schemes on BER and error probability for both OFDMA and SC-FDMA. The power spectral densities 
of both the multiple access techniques (OFDMA and SC-FDMA) are calculated and result shows that 
the OFDMA has high power spectral density. The considered modulation schemes also have a 
significant impact on the PAPR of both OFDMA and SC-FDMA such that the higher order 
modulations increase PAPR in SC-FDMA and decrease PAPR in OFDMA. However, the overall 
value of PAPR is minimum in SC-FDMA for all modulation schemes. The PSD calculation results 
also support the remarks given on PAPR. 

Keywords: OFDMA, SC-FDMA, LTE, BER, PAPR 
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CHAPTER 1 

   INTRODUCTION 

1.1 Introduction 

Designing an efficient wireless communication system is always a challenge. There are many factors 
involved in the performance of a system. Single Carrier Frequency Division Multiple Access (SC-
FDMA) & Orthogonal Division Multiple Access (OFDMA) are a major part of future mobile 
communication standards like Long Term Evolution (LTE), LTE-Advanced and Ultra Mobile 
Broadband (UMB). OFDMA is well utilized for achieving high spectral efficiency in communication 
systems. SC-FDMA was recently introduced and has become handy candidate for uplink multiple 
access scheme. The multiple access schemes in an advanced mobile radio system have to meet the 
challenging requirements for example high throughput, good robustness, low Bit Error Rate (BER), 
high spectral efficiency, low delays, low computational complexity, low Peak to Average Power Ratio 
(PAPR), low error probability etc. 

Our objective of this thesis is to evaluate the performance of LTE physical layer by considering two 
multiple access techniques (SC-FDMA and OFDMA) with adaptive modulation techniques BPSK, 
QPSK, 16-QAM and 64-QAM. We have considered Signal to Noise Ratio (SNR), BER, Power 
Spectral Density (PSD), bit error probability and PAPR parameters to evaluate the performance of 
LTE physical layer. We have considered these parameters because they are vital in communication 
systems and we have achieved our results by simulating the OFDMA and SC-FDMA models in 
MATLAB. 

1.2 Thesis Outline: 

Chapter 2 starts with a brief introduction of generations of mobile communications along with their 
standards, the modulation techniques, the multiple access schemes and basics of wireless 
communication, including noise and fading. 

Chapter 3 contains an introduction about LTE physical layer for both downlink and uplink 
transmission. It also describes in detail the two multiple access schemes (OFDMA & SC-FDMA) 
used in LTE on the physical layer. 

Chapter 4 contains design analysis of both multiple access techniques i.e. SCFDMA and OFDMA 
with block diagrams. It also contains the description of performance parameters used for performance 
evolution i.e. equations and formulas of PAPR, BER, SNR, probability of error and PSD. 

Chapter 5 contains result analysis of the graphs based on Matlab simulation of above described 
parameters. These graphs are taken for different modulation schemes i.e. BPSK, QPSK, 16-QAM and 
64-QAM. 

Chapter 6 shows the set of conclusions of our thesis work based on result analysis.  
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CHAPTER 2 

   WIRELESS COMMUNICATION & MODULATION SCHEMES 

 
 
2.1 History of Wireless Communication and Generation of Mobile Phones: 

The concept of wireless communication was first introduced in 1897 by Guglielmo Marconi [1]. It is 
widely used in broadcasting of television, radio, satellite transmission and cellular networks in today’s 
world. Its approach is spreading quite sharp in transmission and reception of data and voice. 

Wireless communication was effectively used in military and satellite purposes for quite long time, 
but after 1977 it started to grow rapidly in different applications. Before 1977 it was just offering one-
way communication, either outgoing or incoming. First two-way communication also called as Full 
Duplex Mode was introduced as Advanced Mobile Phone System (AMPS) and it was a turning point 
in wireless communication. AMPS was based on analogue communication and was categorized as a 
first generation (1G) of wireless phones. After that more generations came with strong change in their 
characteristics. Details are described below in Table 2.1.  

Generation Standard Multiple Access Frequency Band Throughput 

2 GSM TDMA/FDMA 890-960(MHz)  1710-
1880(MHz) 9.6 Kbps 

2.5 GPRS TDMA/FDMA 890-960(MHz)  1710-
1880(MHz) 171 Kbps 

2.75 EDGE TDMA/FDMA 890-960(MHz)  1710-
1880(MHz) 384 Kbps 

3 UMTS WCDMA 1185-2025(MHz) 
2110-2200(MHz) 2 Mbps 

4 LTE OFDMA/SC-
FDMA 

1920-1980(MHz) 
2110-2170(MHz) 100 Mbps 

 
Table 2.1: Mobile Phone Generations 

2.2 Wireless Communication: 

Transmission of information from one place to another place is called communication and if 
transmitted through wireless medium then it is called wireless communication. The information can 
be data, voice and video. 

2.3 Basic Structure of Communication Model 

The basic communication model consists of three parts, transmitter, channel and receiver as shown in 
figure 2.1. 
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Figure 2.1: General Communication Model 

Each part in the above model has a particular role to transmit the signal successfully, which is 
described as [2]; 

The transmitter converts the message signal into a form depends upon the medium used by the 
transmission channel.  

The transmission channel is a bridge between transmitter and receiver and the medium for the 
transmission channel can be a pair of wires, a coaxial cable, an optical fibre or a free space (air). 
Every channel produces some sort of attenuation, fading and noise therefore the strength of the signal 
decreases with the increase of distance. 

The receiver receives the data from the transmission channel and provides an output to the user or 
destination. Its operation includes compensation for transmission loss to recover the message signal as 
good as possible that is transmitted. 

A suitable and more detailed communication model is given below.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: Communication System 
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In a communication system, modulator and demodulator are essential elements in order to achieve 
several numbers of channels for data transmission and for transmitting the basic information signal 
over a large distance with enough signal strength. A carrier frequency is added along with the 
information signal (modulation) at the transmitter side and removed from the information signal 
(demodulation) at the receiver side to retrieve the original signal. 

The communication system can be analogue and it is difficult to recover the information at receiver 
because of presence of medium impairments like fading, noise etc. Digital communication system is 
more robust as compared to analogue system because of less sensitivity to environmental conditions 
(thermal noise), easy multiplexing and signalling, etc. Modulation scheme depends on the system, 
either it is analogue or digital. 

Some other important blocks that are used in communication systems are; 

Multiplexer: It is an integral part of transmitter that transmits different signals through a single 
medium.  

Demultiplexer: It is used at the receiver end to separate these multiplexed signals. 

Multiple Access: It is a method which allows users to share the same channel on the basis of division 
of time, frequency and space or combination of these, for example; 

 Time Division Multiple Access (TDMA) 

 Code Division Multiple Access (CDMA) 

 Frequency Division Multiple Access (FDMA) 

 Space Division Multiple Access (SDMA) 

 Orthogonal Frequency Division Multiple Access (OFDMA) 

 Single Carrier Frequency Division Multiple Access (SC-FDMA) 

Channel Coding: This is used for detecting and correcting errors because of noisy channel and 
fading effects. 

Source Coding: If the bit rate of input signal is larger than the capacity of the channel then source 
coding is used to reduce bit rate at the input signals. 

2.4 Forms of Communication: 

Point-to-Point Communication: This type of communication occurs between two endpoints and 
normally used for long distance.   

Point to Multipoint Communication: The communication occurs from one point to many points by 
using one transmitter. The transmitter sends data to every point for example video conferencing. 

Simplex:  In this form of communication, the signal transmits in one direction only. 

Half Duplex: In half duplex, data can be transmit in both directions but one user at a time, it is a 
sharing of time between two users. Walkie Talkie is the popular example of half-duplex. 

Full Duplex: It is a two-way communication, both the users can receive and send information at the 
same time, example is telephone. 
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2.5 Transmission Impairments: 

The transmission impairments cause information to be lost in a signal [2][3]. The message signal can 
be sent in any form, if the transmission media is ideal then the receiver will get the same data but 
practically it is not possible. 

The Transmission medium causes three major problems. 

 Attenuation 

 Fading  

 Noise 

2.5.1 Attenuation: 

The attenuation refers to any reduction in signal strength that is a natural consequence of signal 
transmission over long distances [4]. A signal must be strong enough so that the receiver can detect 
and interpret the signal. If attenuation is too high then the receiver might not be able to identify the 
signal at all. Attenuation is usually expressed in dB. 

2.5.2 Noise: 

Unwanted energy from different sources other than the transmitter is called noise. Noise is categorised 
in different ways. 

2.5.2.1 Cross Talk:  

Inductive coupling between two wires that are closed to each other causes cross talk. One example is 
the appearance of another user’s voice in between the voice conversation of two users over a 
telephone network.  

2.5.2.2 Thermal Noise: 

It is an agitation of the charge carriers inside the electric conductor and generated without applying 
any voltage source. It can be described mathematically as: 

N = KTW  

Where, 

T = Temperature in Kelvin 

K = The Boltzmann Constant (K = 1.3806 x 10-23 Joules per Kelvin (J · K-1)) 

W = Bandwidth in Hz 

N = Noise Power in Watts 

Impulse Noise: 

The occurrence of any momentary noise on a channel which exceeds significantly the normal noise 
peaks. Usually it is caused by an external electrical source. 

Inter Symbol Interference (ISI): 

ISI is a distortion in a signal which is caused by the interference of one symbol with subsequent 
symbols. 
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2.5.2.3 AWGN Noise: 

The AWGN is a noise with continuous and uniform frequency spectrum over specified frequency 
band. 

2.5.2.4 Intermodulation: 

When two different frequency signals are transmitted through a medium then interference occurs due 
to the non linear characteristic of the medium. 

2.5.3 Fading: 

Radio waves propagate from a transmitting antenna and passes through atmosphere where they are 
affected by reflection, diffraction, scattering and absorption. Therefore the transmitting signals arrive 
at receiver through several multipath and cause random fluctuations in the received signal. This 
random fluctuation in the received signals is called fading which is an important factor in wireless 
communication. 

Types of fading due to multipath time delay spread [5]; 

 Flat Fading 

 Frequency Selective Fading  

Flat Fading: 

If a radio channel has a bandwidth that is greater than the bandwidth of the transmitted signal, then the 
received signal experience flat fading. In flat fading, the strength of the transmitted signal changes due 
to the fluctuation in the channel gain caused by multipath. Whereas, the spectrum characteristics 
remain preserved. 

Frequency Selective Fading: 

If the bandwidth of the transmitted signal is greater than the channel, then that channel produce 
frequency selective fading on the received signal. The received signal consists of different faded and 
time delayed versions of the transmitted waveform. In the channel, the time dispersion of the 
transmitted symbol causes frequency selective fading. 

Types of fading due to Doppler spread [5]; 

 Slow Fading 

 Fast Fading 

Slow Fading: 

The slow fading occurs when the coherence time is greater than the symbol period, in other words the 
reduction occurs in the signal strength at receiver, when the receiver moves away from the transmitter 
is called slow fading.  

Fast Fading: 

The fast fading occurs in a transmission due to following reason;  

 High Doppler spread in the channel 

 Coherence time is less than the symbol period 
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 The channel variations become faster than the baseband signal variation 

2.5.3.1 Rician Fading: 

The Rician fading occurs when there is a LOS (line of sight) path available along with the number of 
indirect multipath signals.  

2.5.3.2 Rayleigh Fading:   

When there is no LOS path exists between transmitter and receiver and the transmission takes place 
only by multipath propagation then this type of fading is called Rayleigh fading. The received signal 
at the receiver is sum of all the reflected and scattered waves. 

2.6 Digital Modulation: 

In digital modulation the carrier signal is usually in sinusoidal form and its frequency, phase, 
amplitude or combination of these is changed in order to transmit the information signal.  

There are three basic types of digital modulation; 

 Amplitude Shift Keying (ASK) 

 Frequency Shift Keying (FSK) 

 Phase Shift Keying (PSK) 

2.6.1 Amplitude Shift Keying: 

In this type of modulation, the amplitude of carrier signal is changed depending upon the information 
while frequency and phase remains constant [5]. The carrier signal is transmitted with some amplitude 
for logic “1” and with zero amplitude for logic “0.” Figure 2.3 shows clear understanding of ASK. 

 

Figure 2.3: Amplitude Shift Keying 

2.6.2 Frequency Shift Keying: 

In FSK the phase and amplitude remains constant while frequency is changed according to the 
information. Logic “0” represents lower frequency and logic “1” represents upper frequency as shown 
in figure 2.4 [6].   
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Figure 2.4: Frequency Shift Keying 

2.6.3 Phase Shift Keying (PSK): 

In PSK, frequency and amplitude of the carrier signal remains same but variations occur in the phase 
of sinusoidal signal. PSK has many methods but most simple method is Binary Phase Shit Keying 
(BPSK) 

 

Figure 2.5: Phase Shift Keying 

2.6.3.1 Binary Phase Shift Keying (BPSK): 

It is a binary level digital modulation scheme of phase variation that has two theoretical phase angles, 
+90o and -90o. It is immune to noise and interference therefore it improves BER performance. Each 
modulation symbol represents a single phase. Constellation diagram is given in figure 2.6. 
 

 

 

 

 

 

 

 

Figure 2.6: Binary Phase Shift Keying 
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2.6.3.2 Quadrature Phase Shift Keying (QPSK): 

The QPSK uses four phases at 0, 90, -90 and 180 degrees. It gives high spectral efficiency and it is 
more efficient than BPSK because it uses two symbols at a time for modulation. Both BPSK and 
QPSK are power efficient in same way but QPSK is more bandwidth efficient than BPSK. Figure 2.7 
shows the constellation diagram. 

 

 

 

 

 

 

 

 

Figure 2.7 Quadrature Phase Shift Keying Constellation 

Figure 2.7 clearly shows that QPSK uses two symbols at a time and at the receiver make decision 
between two symbols. Table 2.2 shows the change of angle with respect to change of state of the 
modulation bits. 

 

Dibit Phase Change in Degrees 

01 0 

00 90 

10 180 

11 270 

   
Table 2.2: QPSK Signal Space Characteristics 

 2.6.4 Quadrature Amplitude Modulation (QAM): 

QAM is a combination of amplitude modulation and phase shift keying [6]. Data is transferred by 
modulating two separate carrier signals (sine and cosine) that are out of phase by 90 degrees. It uses 
different types of phase; 16 QAM, 32 QAM, 64 QAM and 256 QAM. Each symbol state of QAM 
defines a particular phase and amplitude. By increasing number of levels, the efficiency of QAM 
increases with increase of complexity. QAM has increased the efficiency of transmission for radio 
communication systems by using both phase and amplitude together. It is more susceptible to noise 
because its symbols are very close to each other therefore rate of interference increases. It also has 
problem with the linearity of system because of using amplitude and phase simultaneously while in 
case of frequency and phase there is no need of linear amplifier. 
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Figure 2.8: 16-QAM and 64-QAM   

2.6.5 Adaptive Modulation: 

Adaptive modulation is an intelligent technique that is used to select proper modulation scheme for 
the channel if it is affected by fading, noise and variations. LTE takes great advantage of this, if signal 
conditions become bad, it switches from one modulation scheme to another that suits best for the 
signal. If modulation scheme changes then amount of deviation in throughput and spectral efficiencies 
also varies. 64-QAM has high throughput as compared to BPSK and QPSK. It is important to use 
higher modulation schemes in order achieve high spectral efficiency and high transmission 
throughput. Whereas the lower order modulation schemes are less vulnerable to noise and interference 
in the channel. 

2.7 Multiple Access Schemes: 

Multiple access is a radio transmission scheme that allows many senders to transmit signals in the 
same time span without interfering with each other. There are different types of multiple access 
schemes; 

 Time Division Multiple Access (TDMA) 
 Frequency Division Multiple Access (FDMA) 
 Code Division Multiple Access (CDMA) 
 Space Division Multiple Access (SDMA) 
 Orthogonal Frequency Division Multiple Access (OFDMA) 
 Single Carrier Frequency Division Multiple Access (SC-FDMA) 

2.7.1 Time Division Multiple Access (TDMA): 

In TDMA, a frequency channel is divided in to number of time slots. Several users access the same 
frequency channel for different time slots and each user is assigned a separate time slot for a specific 
period that transmits signal in rapid succession. In TDMA, there are many receivers instead of one 
transmitter connected to one receiver. In mobile communication standards, TDMA is used in second 
generation (2G) and third generation (3G). 
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2.7.2 Frequency Division Multiple Access (FDMA): 

In FDMA, the frequency band allocated to a network is divided in many channels or sub-bands. One 
channel is assigned to each user for entire call duration and each frequency band has capability to 
carry either digital data or voice conversation. Advance Mobile Phone Service (AMPS) is 1G 
analogue cellular system and uses FDMA. This scheme is not so efficient because an assigned 
channel or sub-band is wasted during the unused period of call.  

2.7.3 Code Division Multiple Access (CDMA): 

CDMA uses spread spectrum technology. In CDMA, all users use the entire spectrum of the system 
based on codewords. The available bandwidth is distributed on a sequence of pseudo noise codes, 
each signal is multiplied by the code sequence of a large bandwidth signal [5]. All users in CDMA 
transmit concurrently on the same carrier frequency. The codeword of each user is orthogonal to all 
other users and the correlation operation is used at receiver side in order to retrieve the information for 
a specific codeword.  

2.7.4 Space Division Multiple Access (SDMA):   

In SDMA, the transmitted energy is controlled in the direction of particular user in space [5]. Spot 
beam antennas are used in order to radiate energy for each user separately using the same frequency. 
SDMA uses the same electromagnetic spectrum over multi transmission paths.  

2.7.5 Orthogonal Frequency Division Multiple Access (OFDMA): 

OFDMA is a type of frequency division multiplexing (FDM) in which available frequency band is 
divided into number of orthogonal frequency subcarriers. The data is first converted into parallel bit 
streams then it is modulated on each subcarrier using conventional modulation schemes. OFDMA 
allows low data rate from many users and has shorter and constant delay. It has flexibility in 
deployment across different frequency bands by need of little modification to air interface. The effect 
of multipath fading is reduced by using OFDMA because each user’s data is modulated over several 
orthogonal frequencies rather than a fixed frequency for entire connection period. In addition, the 
OFDMA is not only facilitate the capacity sharing in available bandwidth but it also increases the 
capacity for each user because of using several frequencies. 
 
2.7.6 Single Carrier Frequency Division Multiple Access (SC-FDMA): 

SC-FDMA also deals with multiple users to share a communication resource. Its structure is like 
OFDMA with an addition of Discrete Fourier Transform (DFT) block. The data symbols first pass 
through DFT block then are modulated on subcarriers. At receiver side, the equalization is achieved 
by Fast Fourier Transform (FFT) calculations. As SC-FDMA is derived from OFDMA and has same 
basic structure, it also increases the capacity of users by using several frequencies for carrying data of 
a single user. 
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CHAPTER 3 

  OVERVIEW OF LTE PHYSICAL LAYER 

 

3.1 Introduction: 

The long term evolution (LTE) is one of the latest steps in cellular 3G services. LTE is launched by 
3rd Generation Partnership Project (3GPP) and that project was started in 2004. It brought many 
benefits to cellular networks in terms of bandwidth, latency, data rates, spectral efficiencies etc. 

The OFDM is used in LTE as multiplexing scheme, LTE uses SC-FDMA for uplink and OFDMA for 
downlink transmission. SC-FDMA was introduced in LTE in order to save power from uplink 
transmission.  

The LTE increases the system capacity and widens the spectrum from existing technology up to 
20MHz. It can be deployed in any bandwidth combination because of its flexible usage of spectrum 
(1.4 MHz to 20 MHz). It uses Frequency Division Duplex (FDD) and Time Division Duplex (TDD) 
to suit all types of spectrum resources. 

3.2 LTE Performance Demands: 

The main requirements for designing the LTE Systems are summarized as; 

Date Rate: 

For 20 MHz spectrum, the target for peak data rate is 50 Mbps (for uplink) and 100 Mbps (for 
downlink). 

Bandwidth: 

In 3GPP technology family, there were considered both the wideband (WCDMA with 5MHz) and the 
narrowband (GSM with 200 kHz). Therefore the new system is now required to facilitate frequency 
allocation flexibility with 1.25/2.5, 5, 10, 15 and 20 MHz allocations [7]. 

Peak Spectral Efficiency:  

The peak spectral efficiency requirement for downlink is 5 bps/Hz or higher, and for uplink is 2.5 
bps/Hz or higher. 

Spectral Efficiency of Cell Edge: 

The requirement for spectral efficiency of cell edge is 0.04-0.06 bps/Hz/user for downlink and 0.02-
0.03 bps/Hz/user for uplink, with assumption of 10 users/cell. 

Average Cell Spectral Efficiency: 

The average cell spectral efficiency required for downlink is 1.6-2.1 bps/Hz/cell and for uplink it is 
0.66-1.0 bps/Hz/cell. 

Latency: 

The LTE control-plane latency (transition time to active state) is less than 100 ms (for idle to active), 
and is less than 50 ms (for dormant to active). The user-plane latency is less than 10 ms from UE (user 
end) to server.  
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Security & Mobility: 

Security and mobility in 3GPP technology is used at good level with the earlier systems starting from 
GSM and it is sustained at that level and higher. 

3.3 LTE Multiple Access Techniques: 

The first major design in LTE was to adopt multicarrier approach for multiple access schemes [8]. 
After proposing this step the candidates for downlink were multiple WCDMA and OFDMA while the 
candidate for uplink were WCDMA, OFDMA and SC-FDMA. Finally in 2005 it was decided to 
select OFDMA as a downlink multiple access scheme and SC-FDMA for uplink. 

Single-carrier means that the information is modulated to only one carrier by adjusting amplitude, 
phase or both of the carrier signal. The frequency can also be adjusted, but in LTE the frequency 
adjustment is not affected.  

3.4 LTE Physical Layer: 

The LTE Physical layer for downlink and uplink is quite different from each other. The downlink and 
uplink are treated separately, therefore it is described here accordingly. 

3.5 Generic Frame Structure: 

The LTE frame structure is comprised of two types,  

Type-1 LTE Frequency Division Duplex (FDD) mode systems 

Type-2 LTE Time Division Duplex (TDD) mode systems 

3.5.1 Type-1 LTE Frame Structure: 

Type-1 frame structure works on both half duplex and full duplex FDD modes. This type of radio 
frame has duration of 10ms and consists of 20 slots, each slot has equal duration of 0.5ms [9]. A sub-
frame consists of two slots, therefore one radio frame has 10 sub-frames as shown in figure 3.1. In 
FDD mode, downlink and uplink transmission is divided in frequency domain, such that half of the 
total sub-frames are used for downlink and half for uplink, in each radio frame interval of 10ms. 

 

Figure 3.1:  Type-1 LTE Frame Structure 

3.5.2 Type-2 LTE Frame Structure: 

Type-2 frame structure is composed of two identical half frames of 5ms duration each. Both half 
frames have further 5 sub-frames of 1ms duration as illustrated in figure 3.2 [9]. 
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Figure 3.2: Type-2 LTE Frame Structure 

One sub-frame consists of two slots and each slot has duration of 0.5ms. There are some special sub-
frames which consist of three fields; Guard Period (GP), Downlink Pilot Timeslot (DwPTS) and 
Uplink Pilot Timeslot (UpPTS). In terms of length these three fields are configurable individually, but 
each sub-frames must have total length of 1ms. 

There are seven uplink/downlink configurations used for either 5ms or 10ms switch-point 
periodicities. A special sub-frame exists in both half frames in case of 5ms switch-point periodicity 
whereas, for 10ms switch-point periodicity the special frame exists only in the first half-frame. Table 
3.1 shows the uplink/downlink frame configuration for LTE TDD. 

Uplink / 
Downlink 

Configuration 

Downlink 
to Uplink 

Switch 
Periodicity 

Sub-Frame Number 

  0 1 2 3 4 5 6 7 8 9 

0 5ms D S U U U D S U U U 

1 5ms D S U U D D S U U D 

2 5ms D S U D D D S U D D 

3 10ms D S U U U D D D D D 

4 10ms D S U U D D D D D D 

5 10ms D S U D D D D D D D 

6 5ms D S U U U D S U U D 

 
Table 3.1: Uplink / Downlink Frame Configuration for LTE TDD 

Where, 

    S is a sub-frame and it is used for guard time 
    D is a sub-frame and it is used for downlink transmission 
    U is a sub-frame and it is used for uplink transmission 
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3.6 Downlink: 

Due to high spectral efficiency and robust transmission in presence of multipath fading, the OFDMA 
has been selected as basic modulation scheme for downlink in LTE systems. The LTE physical layer 
specifications are designed to deal with the bandwidths from 1.25MHz to 20MHz. 

3.6.1 Orthogonal Frequency Division Multiple Access (OFDMA): 

The basic implementation of OFDMA is in digital telephony [7]. In OFDMA, the Discrete Fourier 
Transform (DFT) and Inverse Discrete Fourier Transform (IDFT) are used for time and frequency 
domain representation. OFDMA is robust against multipath fading. Examples of different input 
signals and their corresponding output after passing from FFT block are shown in figure 3.3 [7]. 

 

 

 

 

 

 

 

Figure 3.3: Result of FFT operation with different inputs 

3.6.2 Transmitter and Receiver: 

In OFDMA transmitter, the available spectrum is divided into number of orthogonal subcarriers [7] 
. The subcarrier spacing for LTE system is 15KHz with 66.67µs OFDMA symbol duration. The high 
bit-rate data stream passes through modulator, where adaptive modulation schemes such as (BPSK, 
QPSK, 16-QAM, 64-QAM) is applied. This multilevel sequence of modulated symbols is converted 
into parallel frequency components (subcarriers) by serial to parallel converter. The IFFT stage 
converts these complex data symbols into time domain and generates OFDM symbols. A guard band 
is used between OFDMA symbols in order to cancel the Intersymbol Interference at receiver. In LTE, 
this guard band is called Cyclic Prefix (CP) and the duration of the CP should greater than the channel 
impulse response or delay spread. The receiver does not deal with the ISI but still have to consider the 
channel impact for every single subcarrier that have experienced amplitude changes and frequency 
dependent phase. In LTE, the OFDMA uses two types of CP that are normal CP and extended CP. 
The normal CP is used for high frequencies (urban areas) and extended CP for lower frequencies 
(rural areas). 

 

 

 

Figure: 3.4 Cyclic Prefix  

At receiver, the CP is removed first and then subcarriers are converted from parallel to serial 
sequence. The FFT stage further converts the OFDM symbols in to frequency domain followed by 
equalizer and demodulation as shown in figure 3.5 [7].  
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Figure 3.5: Transmitter and Receiver of OFDMA 

3.6.3 Modulation Parameters: 

The modulation parameters for different transmission bandwidth are shown in table 3.2 [10]. 

Parameters Values 

Transmission 
Bandwidth (MHz) 1.25 2.5 5 10 15 20 

Sub-carrier Spacing 15 KHz 

FFT Size 128 256 512 1024 1536 2048 

Sampling Frequency 

1.92 
MHz 

(1/2x3.84 
MHz) 

3.84 MHz 
7.68 MHz 
(2x3.84 
MHz) 

15.36 MHz 
(4x3.84 
MHz) 

23.04 MHz 30.72 MHz 

No. of Occupied Sub-
carrier 76 151 301 601 901 1201 

No. of OFMD 
symbols/slot 7 for Normal CP and 6 for Extended CP 

CP 
Lengths 

(us/sample) 

Normal 

(4.69/9) 
x 6, 

(5.21/10) 
x 1 

(4.69/18)x6, 
(5.21/10) x 

1 

(4.69/36)x6 
(5.21/40) x 

1 

(4.69/72)x6 
(5.21/80) x 

1 

(4.69/108)x6 
(5.21/120)x1 

(4.69/144) x 
6 

(5.21/160)x1 

Extended 16.67/32 16.67/64 16.67/128 16.67/256 16.67/512 16.67/1024 

 
Table 3.2: Modulation Parameters for Downlink 
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3.6.4 Downlink Physical Resource Block (PRB): 

In downlink, the subcarriers are divided into resource blocks. This allows the system to split the 
subcarriers into small parts, without mixing the data across the total number of subcarriers for a given 
bandwidth. The resource block consists of 12 subcarriers for a single time slot of 0.5ms duration. The 
structure of PRB is given in figure 3.6 [10].   

 

Figure 3.6: Downlink Physical Resource Block 

There are different numbers of resource blocks for different signal bandwidths in LTE as shown in 
table 3.3 [10]. 

Bandwidth (MHz) 1.4 3 5 10 15 20 
Physical Resource Block 
(PRB) Bandwidth (kHz) 

180 

Subcarrier Bandwidth (kHz) 15 
Number of Resource Blocks 6 15 25 50 75 100 

  
Table: 3.3: Physical Resource Block for different Bandwidths  

 3.6.5 Physical Channels: 

The main purpose of physical channel is to convey information in LTE stack from higher layers [10]. 
Physical channels represent specific transport channels. LTE downlink has three different types of 
physical channels; 

 Physical Downlink Shared Channel (PDSCH) 

 Physical Downlink Control Channel (PDCCH) 

 Common Control Physical Channel (CCPCH) 
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Each physical channel defines algorithms for modulation, bit scrambling, resource element 
assignment and layer mapping. 

3.6.5.1 Physical Downlink Shared Channel (PDSCH): 

The PDSCH is designed for high data rates and is utilized for multimedia transport and data. 
Modulation schemes used by PDSCH are QPSK, 16-QAM and 64-QAM.  

3.6.5.2 Physical Downlink Control Channel (PDCCH): 

The PDCCH is basically used for control information signalling. It is mapped on the resource element 
in first three OFDM symbols in first slot of sub-frame. It uses only QPSK as modulation scheme and 
carries NACK/ACK response to the uplink channel. In one sub-frame, multiple PDCCH can transmit. 

3.6.5.3 Common Control Physical Channel (CCPCH): 

The CCPCH is used to carry cell-wide control information. Like PDCCH, only QPSK modulation 
scheme is used for CCPCH. In addition, CCPCH is always transmitted close to the centre frequency at 
72 active sub-carriers centred on DC sub-carrier. In CCPCH control information, signal is mapped 
onto resource elements (k,l), where k and l are OFDM symbols and sub-carriers respectively. 

3.6.6 Physical Signals: 

The physical signals do not convey any information from or to higher layers for LTE stack. They use 
assigned resource elements. There are two types of Physical Signals used in downlink. 

3.6.6.1 Reference Signals: 

For channel estimation in OFDMA transmission, the reference symbols are inserted in the subcarriers. 
Theses reference symbols are jointly called downlink reference signals in LTE system. The reference 
signals are used to determine the channel impulse response (CIR). The product of a pseudo-random 
numerical (PRN) sequence and an orthogonal sequence generates the reference signals. There are 
possibly 510 unique reference signals generated of following three types; 

Cell-Specific Reference Signals: 

They are assigned to each cell within a network and transmitted in each downlink sub-frame. They act 
as a cell-specific identifier. 

UE-Specific Reference Signals: 

They are used for supporting single antenna port transmissions of PDSCH. They are only transmitted 
in the resource block that is assigned for PDSCH. 

Mobile Broadband Single Frequency Network (MBSFN) Reference Signals: 

They support MBSFN transmission and transmitted on the antenna port. 

3.6.6.2 Synchronization Signals: 

Synchronization signals are used by UE in cell search procedure and are categorized by primary and 
secondary synchronizations signals. Like reference signals, the same PRN and orthogonal sequence is 
used in synchronization signals. The primary and secondary synchronization signals are transmitted 
during the slot ‘0’ and slot ‘10’ of LTE radio frame, and occupy 72 subcarriers that are centred at the 
DC subcarrier. Table 3.3 shows the modulation schemes used by reference signal and synchronization 
signals. 
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Physcial Signals Modulation Schemes 

Reference Signals Orthogonal Sequence of Binary PN Sequence 

Primary Synchronization Channel (P-SCH) Cycle of 3 Zadoff-Chu Sequence 

Secondary Synchronization Channel (S-SCH) Two 31 Bit BPSK M Sequence 

 
Table 3.4: Modulation Schemes for Downlink Physical Signals 

3.6.7 Transport Channel: 

The transport channel transfers the information to upper layers and MAC, and works as an interface 
between physical layer and MAC [7]. The different types of transport channels are described as; 

3.6.7.1 Broadcast Channel (BCH): 

The Broadcast channel is a fixed format transport channel that broadcasts the system parameters to 
enable the devices accessing the system. It should be broadcasted over the whole cell coverage area. 

3.6.7.2 Paging Channel: 

The paging channel is used to carry the paging information and to switch the device from idle state to 
connected state. It is also required to broadcast over the whole cell coverage area.  

3.6.7.3 Multicast Channel: 

The multicast channel transfers multicast services to the UE and performs following functions [10]; 

 Provides support for multicast broadcast single frequency network  

 Semi Static resource allocation 

3.7 Uplink: 

For uplink, SC-FDMA is selected as a basic multiple access scheme for LTE physical layer. SC-
FDMA is also a multi-carrier scheme that re-uses many of the functional blocks of OFDMA. The 
main advantage of SC-FDMA is its low PAPR which is a useful parameter for uplink.  

3.7.1 SC-FDMA: 

SC-FDMA uses an additional N-point DFT stage at transmitter and an N-point IDFT stage at receiver. 
The basic block diagram of SC-FDMA transmitter is shown in figure 3.7. The input to transmitter is a 
stream of modulated symbols. 

M-Point 
IDFT

Parallel 
to 

Serial

Add 
Cyclic 
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D/A 
Converter

Serial 
to 

Parallel

Sub-
Carrier 

mapping

N-Point 
DFT

 

Figure: 3.7: SC-FDMA Transmitter 

In SC-FDMA, the data is mapped into signal constellation according to the QPSK, 16-QAM, or 64-
QAM modulation, depending upon the channel conditions similarly as in OFDMA. Whereas, the 
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QPSK/QAM symbols do not directly modulate the subcarriers. These symbols passes through a serial 
to parallel converter followed by a DFT block that produce discrete frequency domain representation 
of the QPSK/QAM symbols. Pulse shaping is followed by DFT element, but it is optional and 
sometimes needs to shape the output signal from DFT. If pulse shaping is active then in the actual 
signal, bandwidth extension occurs. The discrete fourier symbols from the output of DFT block are 
then mapped with the subcarriers in subcarrier mapping block. After mapping these frequency domain 
modulated subcarriers pass through IDFT for time domain conversion. The rest of transmitter 
operation is similar as OFDMA. 

The sub-carrier mapping plays an important role in the transmitter of SC-FDMA. It maps each of the 
N DFT output on a single subcarrier out of M subcarriers, where M is the total number of subcarriers 
for available bandwidth. The subcarrier mapping is achieved by two methods; localized subcarrier 
mapping and distributed subcarrier mapping. The modulation symbols in localized subcarrier 
mapping are assigned to M adjacent subcarriers, whereas in distributed mode, the symbols are 
uniformly spaced across the whole channel bandwidth. Localized subcarrier mapping also referred as 
localized SCFDMA (LFDMA) whereas distributed subcarrier mapping referred as distributed 
SCFDMA (DFDMA). In transmitter, the IDFT assigns zero amplitude to the unoccupied subcarriers 
in both modes of subcarrier mapping. The IFDMA is more efficient in SC-FDMA, in that the 
transmitter can modulate the signal in time domain without using DFT and IDFT. If Q = MxN for the 
distributed mode with equidistance between subcarriers then it is called Interleaved FDMA (IFDMA) 
[11]. Where M is number of subcarriers, Q is number of users and N is number of subcarriers 
allocated per users. In distributed mapping, N-discrete frequency signals are mapped uniformly 
spaced sub-carriers, where as in localized mapping, N-discrete frequency signals  are mapped on N 
consecutive subcarriers, as shown in figure 3.8 (a) and figure 3.8 (b) respectively. 
 

 

 

 

 

 

 

 
Figure 3.8 (a): Distributed FDMA 
 

 

 

 

 

 

 

Figure 3.8 (b): Localized FDMA 
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SC-FDMA receiver is shown in figure 3.9. It is almost same as conventional OFDMA with additional 
blocks of subcarrier demapping, IDFT and optional shaping filter. This filter corresponds to the 
spectral shaping used in the transmitter. The subcarrier demapping of M-mapped subcarrier results N-
discrete signals. In the end, IDFT converts the SC-FDMA signal to the signal constellation. 
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Figure: 3.9 SC-FDMA Receiver 

In uplink transmission of LTE, there are some additional data carrying signals such as; reference 
signal, random access preamble and control signal etc. These signals are characterized as sequence 
signalling and have constant amplitude with zero autocorrelation. In contrast with data carrying 
signals, these signals are not part of SC-FDMA modulation scheme.  

3.7.2 Modulation Parameters: 

The LTE Uplink uses same generic frame structure as the downlink, in FDD applications. The width 
of PRB and subcarrier spacing is similar as in downlink. 

3.7.3 Uplink Physical Channels: 

There are three types of LTE Uplink Physical Channels; 

3.7.3.1 Physical Random Access Channel (PRACH): 

The PRACH is used to carry random access preamble and it transmits a signature sequence and a CP 
that are received from the transport layer. In PRACH, a request for transmission resources is 
transmitted on other physical channels [12]. 

Cyclic Prefix Sequence 

Figure 3.10: Random Access Preamble Format 

3.7.3.2 Physical Uplink Shared Channel (PUSCH): 

PUSCH generates time domain signals in SC-FDMA for each port of antenna and carries users data 
for transmission. The subcarriers are hopped from frame to sub-frame and are allocated in the 
multiples of 12 (PRBs). Transmission time of PUSCH is 1ms and it uses QPSK, 16-QAM and 64-
QAM modulations. 

3.7.3.3 Physical Uplink Control Channel (PUCCH): 

The purpose of PUCCH is to carry uplink control information if there is no transmission on PUSCH 
[13]. The PUCCH sends service scheduling requests and transmits the acknowledgement responses 
and retransmission requests (ACK, ARQ, NACK). It also transfers the Channel Quality Information 
(CQI) measured by the UE, to the systems. 

3.7.4 Uplink Physical Signals: 

In the physical layer, there are two types of uplink physical signals that do not transmit information 
from upper layers [10]. 
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3.7.4.1 Uplink Reference Signal: 

There are two types of reference signals in uplink that are based on Zadhoff-chu sequences. The 
sounding reference signal assists frequency dependent scheduling and the demodulation signal helps 
coherent demodulation. 

3.7.4.2 Random Access Preamble: 

The random access preamble involves in physical and higher layers. It initiates the cell search 
procedure by UE, and a random access response is received from the base station upon successful 
initiation. 

3.7.5 Uplink Transport Channels: 

For higher layers, the uplink transport channels perform similarly as a service access point as in the 
downlink. Types of uplink transport channels are given below; 

3.7.5.1 Uplink-Shared Channel (UL-SCH): 

The uplink-shared channel is used to support Hybrid Automatic Repeat Request (HARQ) and possible 
use of beam forming. It also supports the link adaptation such as varying Tx power, switching 
modulation scheme and coding [10]. 

3.7.5.2 Random Access Channel (RACH): 

RACH is used to transmit the limited control information from a UE, it also defines the risk 
of transmission collision from other UEs [12]. 
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CHAPTER 4 

 DESIGN ANALYSIS 

 

4.1 Transmission Model of OFDMA and SC-FDMA: 

In this chapter, we simulate the model of OFDMA and SC-FDMA in Matlab. The block diagrams of 
OFDMA and SC-FDMA are given in figure 4.1 and figure 4.2 respectively. 
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Figure 4.1: OFDMA Transmission Model 
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Figure 4.2: SC-FDMA Transmission Model 

Practically there are some losses in the system as compared to theoretical values, therefore we use the 
Additive White Gaussian Noise (AWGN) channel, which is commonly used to simulate the 
background noise of the channel. We use a built-in Matlab function  awgn in which the noise level is 
described by SNR per sample, which is the actual input parameter to the awgn function. 

We also introduce the frequency selective (multipath) fading in the channel and use the Rayleigh 
fading model which is a reasonable statistical fading model for multipath situation in the absences of 
LOS component. We use a built-in Matlab function rayleighchan for Rayleigh fading and the 
parameters used for that are given below in table 4.1. 
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We use following adaptive modulation schemes to analyse the Peak to Average Power Ratio (PAPR), 
Bit Error Rate (BER), Signal to Noise Ratio (SNR), Error Probability (Pe) and Power Spectral Density 
(PSD) for both OFDMA and SC-FDMA. 

 Binary Phase Shift Keying (BPSK) 

 Quadrature Phase Shift Keying (QPSK) 

 16-Quadrature Amplitude Modulation (16-QAM) 

 64-Quadrature Amplitude Modulation (64-QAM) 

The parameters selected for simulation are given in table 4.1. 

PARAMETERS ASSUMPTION 
Number of Sub-carriers 512 (FFT Length) 
CP Length 64 
Range of SNR in dB 0 to 30 
Modulation  BPSK, QPSK, 16-QAM, 64-QAM 
Data Block Size 16 (Number of Symbols) 
Channel  AWGN (SNR = 100 dB) 
System Bandwidth 5 MHz 
Confidence Interval used 32 times 
Fading Rayleigh (frequency selective) 

Rayleigh fading parameters 

Input sample period = 1.00e-3 sec 
Maximum Doppler shift = 100 Hz 
Vector path delays = [0  2.00e-5] sec 
Average path gain vector = [0  -9] dB 

 
Table 4.1: Parameters used for Simulation 

4.2 PAPR: 

Power saving in transmission is an extensive issue for the multiple access techniques used in LTE, 
therefore we consider here an important transmission factor PAPR for both OFDMA and SC-FDMA. 
The PAPR is calculated by representing a CCDF (Complementary Cumulative Distribution Function) 
of PAPR. The CCDF of PAPR is the probability that the PAPR is higher than a certain PAPR value 
PAPR0 (Pr {PAPR>PAPR0}) [14]. It is an important measure that is widely used for the complete 
description of the power characteristics of signals.  

4.3 BER: 

The BER is ratio of error bits and total number of bits transmitted during time interval. 

BER = Error Bits / Number of Transmitted Bits 

4.4 SNR: 

The SNR is the ratio of bit energy (Eb) to the noise power spectral density (N0) and it is expressed in 
dB. 

SNR = Eb / N0 
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4.5 BER vs SNR Process: 

For any modulation scheme, the BER is expressed in terms of SNR. BER is measured by comparing 
the transmitted signal with received signal, and compute the error counts over total number of bits 
transmitted.  

4.6 Error Probability: 

The probability of error or error probability (Pe) is the rate of errors occurs in the received signal. For 
coherent detection, the symbol error probability of M-ary PSK and M-ary QAM in the AWGN 
channel is determined by following expressions; 

For M-ary PSK the Pe is given by [15]; 

𝑃𝑒 ≅ 2𝑄 ��
2𝐸𝑏𝑙𝑜𝑔2𝑀

𝑁0
Sin �

𝜋
𝑀
�� 

Where, 

Eblog2M = E (Transmitted signal energy per symbol)  

N0 = Noise density in AWGN 

Q = Q-Function 

Therefore; 

𝑃𝑒 ≅ 2𝑄 ��
2𝐸
𝑁0

Sin �
𝜋
𝑀
�� 

In our simulation, we use the complementary error function (erfc) instead of Q. Therefore, the symbol 
error probability in terms of erfc is given by [16]; 

𝑃𝑒 ≅ 𝑒𝑟𝑓𝑐 ��
𝐸
𝑁0

Sin �
𝜋
𝑀
�� 

 Whereas, the relationship between erfc and Q is given by; 

𝑄(𝑥)  =  
1
2
𝑒𝑟𝑓𝑐 �

𝑥
√2
� 

For M-ary QAM the Pe is given by [15];  

𝑃𝑒 ≅ 4 �1 −
1
√𝑀
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Similarly in terms of erfc, the Pe of M-ary QAM is given by [16]; 

𝑃𝑒 ≅ 2 �1 −
1
√𝑀

�𝑒𝑟𝑓𝑐 ��
3𝐸𝑎𝑣

2(𝑀 − 1)𝑁0
� 

Where, 

Eav = Average value of transmitted symbol energy in M-ary QAM 

4.7 Power Spectral Density: 

The power spectral density (PSD) is an important function that describes the power distribution of a 
signal with respect to frequency. In mobile communication, to perform the correct decision of radio 
resource management (RRM) at base station, the PSD plays a vital role, especially for the 
transmission format allocation including modulation and bandwidth. In the base station terminal, if 
PSD is unknown then it may cause to spent high transmission bandwidth as compared to the 
maximum UE power capabilities [7].  

In our simulation, we use a Matlab function spectrum that is used to estimate the spectrum 
characteristics of a signal, along with psd (describes power characteristics of a signal). The average 
power of a signal in a given frequency band is determined by the integral of PSD over that frequency 
band. There are different types of spectral estimation methods used with psd. In ours simulation we 
use periodogram spectrum estimation method which is a valid approach for discrete sinusoidal 
signals.  

In our case, we analyze the average power distribution in OFDMA and SC-FDMA symbols over a 5 
MHz bandwidth. This 5 MHz bandwidth may exist in any LTE carrier frequency band (900 MHz, 
1800 MHz, and 2600 MHz). For baseband modulation, we estimate the power characteristics of 
OFDMA and SC-FDMA symbols over a sampling frequency that is equal to twice of bandwidth (10 
MHz). The total power in the frequency band for the periodic signal with N period would be [17]; 

𝑃𝑥𝑥(𝑚) =
1
𝑓𝑠

1
𝑁

|𝐷𝐹𝑇𝑁{𝑥(𝑛)}|2 

Where, 

𝑓𝑠 = Sampling Frequency (10 MHz) 

𝑁 = Number of FFT points (512 = total subcarriers) 

We calculate the PSD at the output of IFFT block in the transmitter of both OFDMA and SC-FDMA. 
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CHAPTER 5 

  SIMULATION 

 

5.1 BER vs SNR of OFDMA and SC-FDMA: 

The BER vs SNR of OFDMA and SC-FDMA are shown in figure 5.1 and figure 5.2 respectively. 

 

Figure 5.1: BER vs SNR of OFDMA with Adaptive Modulation  

For BER = 1e-3 

Modulation Scheme Bits per Symbol SNR (dB) 

BPSK 1 6.8 

QPSK 2 6.8 

16-QAM 4 11.6 

64-QAM 6 16.4 

 
Table 5.1:  BER vs SNR for OFDMA 
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Figure 5.2: BER vs SNR of SC-FDMA with Adaptive Modulation  

For BER = 1e-3 

Modulation Scheme Bits per Symbol SNR (dB) 

BPSK 1 6.5 

QPSK 2 6.5 

16-QAM 4 11.7 

64-QAM 6 16.4 

 
Table 5.2: BER vs SNR for SCFDMA 

In Table 5.1 and 5.2, the observations are taken for a specific value of BER (1e-3). In both OFDMA 
and SC-FDMA, the BPSK and QPSK have same SNR values of 6.8 and 6.5 respectively, but a sudden 
change occur in 16-QAM and 64-QAM. The 64-QAM has highest value of SNR (16.4) which shows 
that 64-QAM is more efficient in terms BER.  

5.2 Error Probability of OFDMA and SC-FDMA for Adaptive Modulation: 

The error probability graphs of OFDMA and SC-FDMA are shown in figure 5.3 and figure 5.4 
respectively.  
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Figure 5.3: Probability Error of OFDMA 

For Pe = 1e-0.5 

Modulation Scheme Bits per Symbol SNR (dB) 

BPSK 1 1 

QPSK 2 2.6 

16-QAM 4 8.4 

64-QAM 6 56 

 
Table 5.3: Error Probability for OFDMA 

 
 

 

 

 

 

 

 

 

 
Figure 5.4: Error Probability of SC-FDMA 
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For Pe = 1e-0.5 

Modulation Scheme Bits per Symbol SNR (dB) 

BPSK 1 1 

QPSK 2 2 

16-QAM 4 8 

64-QAM 6 39 

 
Table 5.4: Error Probability for SC-FDMA 

From Table 5.3 and 5.4, we can observe that for a specific value of Pe (1e-0.5) the BPSK modulation 
has less value of SNR as compared to other modulations. The 64-QAM has higher SNR values in both 
OFDMA and SC-FDMA. 

5.3 Power Spectral Density of OFDMA and SC-FDMA: 

The power spectral density of OFDMA and SC-FDMA are shown in figure 5.5 and figure 5.6 
respectively. 

 

Figure 5.5: Power Spectral Density of OFDMA 
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Figure 5.6: Power Spectral Density of SC-FDMA 

Figure 5.5 and Figure 5.6 shows the power spectral density of the OFDMA and SC-FDMA 
respectively. We can observe that the average power of all SC-FDMA symbols (512) is nearly             
-375dB, whereas, in case of OFDMA the average power of all symbols is nearly -400dB. This shows 
that the SC-FDMA symbols have inherently more average power as compared to OFDMA at all 
frequencies. This result also shows the transmit power requirements of OFDMA and SC-FDMA 
symbols which is covered in next section of PAPR. 

5.4 PAPR of OFDMA and SC-FDMA for Adaptive Modulation: 

5.4.1 BPSK and QPSK: 

The PAPR of OFDMA and SC-FDMA for BPSK and QPSK modulations are shown in figure 5.7 and 
figure 5.8 respectively. 
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Figure 5.7: PAPR of OFDMA and SC-FDMA for BPSK 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8: PAPR of OFDMA and SC-FDMA for QPSK 

From figure 5.7 and figure 5.8, we can observe that the PAPR value of SC-FDMA is almost similar 
for both modulation schemes i.e. 6.3 dB. Whereas the PAPR value of OFDMA slightly decreases in 
case of QPSK modulation. 
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5.4.2 16-QAM and 64-QAM: 

The PAPR of OFDMA and SC-FDMA for 16-QAM and 64-QAM are shown in figure 5.9 and figure 
5.10 respectively. 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9: PAPR of OFDMA and SC-FDMA for 16-QAM 

 

 

 

 

 

 

 

 

 

 

      

Figure 5.10: PAPR of OFDMA and SC-FDMA for 64-QAM 
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From figure 5.9 and figure 5.10, we can observe that by increasing the order of modulation, the PAPR 
of SC-FDMA increases from 7 dB to 7.5 dB (in case of 16-QAM) and becomes 8.8 db (in case of 64-
QAM). Hence for SC-FDMA the PAPR increases for higher order modulation, whereas for OFDMA 
the PAPR decreases for higher order modulation (64-QAM).  
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CHAPTER 6 

CONCLUSION 

 

BER is the key parameter for indicating the system performance of any data link. In our research we 
analyze that for a fix value of SNR, the BER increases for high order modulation (16-QAM and 64-
QAM) in both the multiple access techniques (OFDMA and SC-FDMA) used in LTE system. On the 
other hand, the lower order modulation schemes (BPSK and QPSK) experience less BER at receiver 
thus lower order modulations improve the system performance in terms of BER and SNR. If we 
consider the bandwidth efficiency of these modulation schemes, the higher order modulation 
accommodates more data within a given bandwidth and is more bandwidth efficient as compare to 
lower order modulation. Thus there exists a tradeoff between BER and bandwidth efficiency among 
these modulation schemes used in LTE.   

We also conclude from our results that, the error probability increases as order of modulation scheme 
increases. Therefore the selection of modulation schemes in adaptive modulation is quite crucial 
based on these results. 

The power consumption at the user end such as portable devices is again a vital issue for uplink 
transmission in LTE system. From our simulation results we also conclude that the higher order 
modulation schemes have an impact on the PAPR of both OFDMA and SC-FDMA. The PAPR 
increases in SC-FDMA and slightly decreases in OFDMA for higher order modulation schemes.  The 
overall value of PAPR in SC-FDMA is still less than that of OFDMA in all modulation schemes, and 
that is why it has been adopted for uplink transmission in LTE system. Based on our result we 
conclude to adopt low order modulation scheme i.e. BPSK, QPSK and 16-QAM for uplink in order to 
have less PAPR at user end. 

The conclusive remarks on PAPR are also supported by the results of PSD calculations. The average 
power distributed on all frequencies in SC-FDMA is greater than OFDMA. Therefore the peak 
transmits power requirements of SC-FDMA is relatively less as compare to OFDMA. Thus SC-
FDMA is more power efficient.    
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APPENDIX 

Matlab Code: 

OFDMA: 

% No. of Subcarriers 
NS = 512; 
% Input Generation 
x = rand(1,NS)>0.5; 
fftlength = 512; 
nd = 6; 
BW = 5e6; 
FS = 2×BW; % Sampling Frequency 
% Conversion of data from serial to parallel  
p = series2parallel(x,NS); 
% M ary Modulation of PSK and QAM 
M = 2;  
X = 0; 
for count1 = 2:1:7; 
if (M==2||M==4||M==16||M==64) 
M = M+X 
% M-ary modulation for producing y. 
if(M<=8) 
% Modulation for PSK 
y=modulate(modem.pskmod(M),p); 
else 
% Modulation for QAM 
y=modulate(modem.qammod(M),p); 
end 
ylen = length(y); 
%Applying Mapping 
q_out = ofdma_mapping(y,ylen); 
% Apply IFFT operation 
outifft = ifft(q_out); 
% Cyclic Prefix Addition 
cp(count1,:) = cyclicpad(outifft,64); 
% Length of CP 
cplength = length(cp); 
% Conversion of data from parallel to serial  
out = reshape(cp(count1,:),1,cplength); 
% Signal transmits through AWGN channel. 
ynoisy = awgn(out,100,'measured'); 
% Addition of Rayleigh Fading  
c = rayleighchan(1/1000,100,[0 2e-5],[0 -9]); 
rf = filter(c,ynoisy);  
% Conversion of data from serial to parallel 
p2 = series2parallel(rf,cplength); 
re_par = real(p2); 
% Remove cyclic prefix 
rcp(count1,:) = decyclicpad(p2,64); 
rcplength = length(rcp); 
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% FFT 
zzfft = fft(rcp(count1,:),fftlength); 
  
%Apply Demapping 
qq_out = ofdma_demapping(zzfft,fftlength); 
outfft = qq_out; 
% %Applying IFFT 
% zfft = ifft(qq_out); 
  
if (M<=8) 
% Demodulation of PSK at Reciever 
z=demodulate(modem.pskdemod(M),outfft); 
else 
% Demodulation of QAM at Reciever 
z=demodulate(modem.qamdemod(M),outfft); 
end 
% Conversion of data from parallel to serial 
xdash = reshape(z,1,NS) 
berr = 0 ; 
for a = 1:1:NS; 
if (xdash(:,a) == x(:,a)) 
berr = 0; 
else 
berr = berr+1; 
end 
end 
  
tberr(count1,:) = berr; 
  
Eb_No = 0:1:NS-1; 
Eb_No = 0.4*Eb_No; 
  
if(M<=8) 
ber(count1,:) = berawgn(Eb_No,'psk',M,'nondiff'); 
Pe(count1,:) = erfc(sqrt(0.9*Eb_No)*sin(pi/M)); 
else 
ber1(count1,:) = berawgn(0.9*Eb_No,'qam',M); 
Pe(count1,:) = 2*((1-(1/sqrt(M)))*erfc(sqrt((1.5*Eb_No)/(M-1)))); 
end 
for init = 1:1:32 
switch M 
end 
end 
end 
M= 2^count1; 
end 
figure() 
% Plot SNR and BER  
semilogy(Eb_No,ber(2,:),'k',Eb_No,ber(3,:),'g',Eb_No,ber1(5,:),'b',Eb_No,ber1(7,:),'r'); 
axis([0 25 0.0001 1]); 
xlabel('SNR [dB]') 
ylabel('BER') 
legend('BPSK','QPSK','16-QAM','64-QAM') 
title('OFDMA') 
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figure() 
% Plot Error Probability  
semilogy(Eb_No,Pe(2,:),'k',Eb_No,Pe(3,:),'r',Eb_No,Pe(5,:),'b',Eb_No,Pe(7,:),'g'); 
axis([0 50 0.0001 1]); 
xlabel('SNR [dB]') 
ylabel('Probability of Error') 
legend('BPSK','QPSK','16-QAM','64-QAM') 
title('OFDMA') 
h = spectrum.periodogram; 
figure() 
HS = psd(h,outifft,'SpectrumType','twosided','NFFT',NS,'FS',FS); 
plot(HS) 
xlabel('Sampling Frequency (2×BW) in MHz') 
ylabel('Power Spectral Density [dBm/Hz]') 
title('OFDMA') 
grid off; 
 

SC-FDMA: 

% No. of Subcarriers 
NS = 512; 
% Input Generation 
x = rand(1,NS)>0.5; 
fftlength = 512; 
nd = 6; 
BW = 5e6; 
FS = 2×BW; % Sampling Frequency 
% Conversion of data from serial to parallel  
par2 = series2parallel(x,NS); 
% M ary Modulation of PSK and QAM 
M = 2;  
X = 0; 
for count1 = 2:1:7; 
if (M==2||M==4||M==16||M==64) 
M = M+X 
% M-ary modulation for producing y. 
if(M<=8) 
% Modulation for PSK 
y=modulate(modem.pskmod(M),par2); 
else 
% Modulation for QAM 
y=modulate(modem.qammod(M),par2); 
end 
%Apply FFT operation 
out_fft = fft(y,fftlength); 
%Applying Mapping 
q_out = scfdma_mapping(out_fft,fftlength); 
% Apply IFFT operation 
out_ifft = ifft(q_out); 
% Cyclic Prefix Addition 
cp(count1,:) = cyclicpad(out_ifft,64); 
cplength = length(cp); 
% Conversion of data from parallel to serial 
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out = reshape(cp(count1,:),1,cplength); 
% Signal transmits through an AWGN channel. 
ynoisy = awgn(out,100,'measured'); 
% Rayleigh Fading  
c = rayleighchan(1/1000,100,[0 2e-5],[0 -9]); 
rf = filter(c,ynoisy);  
% Conversion of data from serial to parallel 
p = series2parallel(rf,cplength); 
re_par = real(p); 
% Remove cyclic prefix 
rcp(count1,:) = decyclicpad(p,64); 
len_rcp = length(rcp); 
% Applying FFT operation 
cpfft = fft(rcp(count1,:),fftlength); 
%Applying Demapping 
qq_out = scfdma_demapping(cpfft,fftlength); 
%Applying IFFT operation 
out_fft = ifft(qq_out); 
if (M<=8) 
% Demodulation of PSK 
z=demodulate(modem.pskdemod(M),out_fft); 
else 
% Demodulation of QAM 
z=demodulate(modem.qamdemod(M),out_fft); 
end 
% Conversion of data from parallel to serial 
xdash = reshape(z,1,NS) 
berr = 0 ; 
for a = 1:1:NS; 
if (xdash(:,a) == x(:,a)) 
berr = 0; 
else 
berr = berr+1; 
end 
end 
tberr(count1,:) = berr; 
Eb_No = 0:1:NS-1; 
if(M<=8) 
ber(count1,:) = berawgn(0.9*Eb_No,'psk',M,'nondiff'); 
Pe(count1,:) = erfc(sqrt(2*Eb_No)*sin(pi/M)); 
else 
ber1(count1,:) = berawgn(0.9*Eb_No,'qam',M); 
Pe(count1,:) = 2*((1-(1/sqrt(M)))*erfc(sqrt((1.5*Eb_No)/(M-1)))); 
end 
for init = 1:1:32 
switch M 
end 
end 
end 
M= 2^count1; 
end 
figure() 
% Plot SNR and BER  
semilogy(Eb_No,ber(2,:),'*-r',Eb_No,ber(3,:),'k',Eb_No,ber1(5,:),'b',Eb_No,ber1(7,:),'g'); 
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axis([0 25 0.0001 1]); 
xlabel('SNR [dB]') 
ylabel('BER') 
legend('BPSK','QPSK','16-QAM','64-QAM') 
title('SC-FDMA') 
figure() 
% Plot Error Probability  
semilogy(Eb_No,Pe(2,:),'-k',Eb_No,Pe(3,:),'-r',Eb_No,Pe(5,:),'-b',Eb_No,Pe(7,:),'-c'); 
axis([0 50 0.0001 1]); 
xlabel('SNR [dB]') 
ylabel('Probability of Error') 
legend('BPSK','QPSK','16-QAM','64-QAM') 
title('SC-FDMA') 
h = spectrum.periodogram; 
figure() 
HS = psd(h,out_ifft,'SpectrumType','twosided','NFFT',NS,'FS',FS); 
plot(HS) 
xlabel('Sampling Frequency (2×BW) in MHz') 
ylabel('Power Spectral Density [dBm/Hz]') 
title('SC-FDMA') 
grid off; 
 

Serial to Parallel: 

function y = series2parallel(x,NS) 
L=length(x); 
q=floor(L/NS); 
newvec=zeros(NS,q); 
for i=1:q 
newvec(1:NS,i)=x((1+(i-1)*NS):i*NS); 
end 
y=newvec; 
 

Cyclic Prefix: 

function y=cyclicpad(X,L) 
N=length(X(:,1)); 
N-L+1 
  
Y=[X(N-L+1:N,:);X]; 
y=Y; 
 

Remove Cyclic Prefix: 

function y=decyclicpad(X,L) 
N=length(X(:,1)); 
Y=X(L+1:N,:); 
y=Y; 
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Mapping: 

function [iout,qout]=crmapping(idata,qdata,fftlength,nd); 
iout=zeros(fftlength,nd); 
qout=zeros(fftlength,nd); 
iout(2:27,:)=idata(1:26,:); 
qout(2:27,:)=qdata(1:26,:); 
iout(39:64,:)=idata(27:52,:); 
qout(39:64,:)=qdata(27:52,:); 
 
 
Demapping: 

function [iout,qout]=crdemapping(idata,qdata,fftlength,nd); 
iout(1:26,:)=idata(2:27,:); 
qout(1:26,:)=qdata(2:27,:); 
iout(27:52,:)=idata(39:64,:); 
qout(27:52,:)=qdata(39:64,:); 

 

PAPR: 

BPSK: 

function paprSCFDMA() 
  
dataType = 'B-PSK'; % Modulation format. 
NS = 512; % Number of total subcarriers. 
Symbols = 16; % Data block size. 
Q = NS/Symbols; % Bandwidth spreading factor of SC-FDMA. 
BW = 5e6; % System bandwidth. 
Ts = 1/BW; % sampling rate. 
osf = 4; % Oversampling factor. 
Nsub = NS; 
Fsub = [0:Nsub-1]*BW/Nsub; % Subcarrier spacing of OFDMA. 
  
Runs = 1e3; % Number of iterations. 
  
papr1 = zeros(1,Runs); % Initialize the PAPR results for sc-fdma. 
papr3 = zeros(1,Runs); % Initialize the PAPR results for OFDMA 
  
for n = 1:Runs, 
    % Generate random data. 
    if dataType == 'B-PSK' 
        tmp = round(rand(Symbols,2)); 
        tmp = tmp*2 - 1; 
        data = (tmp(:,1) + j*tmp(:,2))/sqrt(2); 
    elseif dataType == '16QAM' 
        dataSet = [-3+3i -1+3i 1+3i 3+3i ... 
            -3+i -1+i 1+i 3+i ... 
            -3-i -1-i 1-i 3-i ... 
            -3-3i -1-3i 1-3i 3-3i]; 
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        dataSet = dataSet / sqrt(mean(abs(dataSet).^2)); 
        tmp = ceil(rand(Symbols,1)*16); 
        for k = 1:Symbols, 
            if tmp(k) == 0 
                tmp(k) = 1; 
            end 
            data(k) = dataSet(tmp(k)); 
        end 
        data = data.'; 
    end 
  
    % Convert data to frequency domain. 
    Z1 = fft(data); 
    Z2 = fft(data); 
    % Initialize the subcarriers. 
    Y1 = zeros(NS,1);     
    Y2 = zeros(NS,1);     
     % Subcarrier mapping for SC-FDMA 
            Y1(1:Q:NS) = Z1; 
            Y2(1:Symbols) = Z2; 
            % Convert data back to time domain. 
    y1 = ifft(Y1);  
    y2 = ifft(Y2);    
    % OFDMA modulation. 
    % Time range of the OFDMA symbol. 
    t = [0:Ts/osf:Nsub*Ts]; 
        y3 = 0; 
    for k = 1:Symbols, 
        y3= y3 + data(k)*exp(j*2*pi*Fsub(k)*t); 
    end 
        % Calculate PAPR. 
    papr3(n) = 10*log10(max(abs(y3).^2) / mean(abs(y3).^2));  
    papr1(n) = 10*log10(max(abs(y1).^2) / mean(abs(y1).^2)); 
    papr2(n) = 10*log10(max(abs(y2).^2) / mean(abs(y2).^2)); 
end 
% Plot CCDF. 
figure () 
[N,Z3] = hist(papr3, 100); 
[N,Z1] = hist(papr1, 100); 
[N,Z2] = hist(papr2, 100); 
semilogy(Z1,1-cumsum(N)/max(cumsum(N)),'b') 
hold on 
semilogy(Z3,1-cumsum(N)/max(cumsum(N)),'black') 
hold off 
title ('PAPR of SC-FDMA and OFDMA for BPSK') 
xlabel ('PAPR[dB]') 
ylabel ('{PAPR(PAPR>PAPR0)}') 
grid off; 
% Save data. 
save paprSCFDMA 
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QPSK: 

if dataType == 'QPSK' 
        tmp = round(rand(Symbols,4)); 
        tmp = tmp*2 - 1; 
        data = (tmp(:,1) + j*tmp(:,2))/sqrt(2); 
 

 

16-QAM: 

elseif dataType == '16QAM' 
        dataSet = [-3+3i -1+3i 1+3i 3+3i ... 
            -3+i -1+i 1+i 3+i ... 
            -3-i -1-i 1-i 3-i ... 
            -3-3i -1-3i 1-3i 3-3i]; 
 

 

64-QAM: 

elseif dataType == '64QAM'      
        dataSet = [-5+5i -1+5i 1+5i 5+5i ... 
            -5+i -1+i 1+i 5+i ... 
            -5-i -1-i 1-i 5-i ... 
            -5-5i -1-5i 1-5i 5-5i]; 
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