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Abstract

This thesis presents research that has addressed various design issues 

related to an adapted orthogonal frequency division multiplexing scheme, namely 

Fast-OFDM. A comparative study of the system with conventional OFDM in 

various signal mapping conditions has been investigated. The thesis reports on 

performance assessment in terms of bit-error-rate (BER), spectral efficiency, 

peak-to-average-power ratio (PAPR), nonlinear effects and adjacent channel 

interference (ACI) analysis. The results show that the performance of Fast-OFDM 

is comparable to OFDM for single dimensional modulation scheme, whereas for 

complex modulation schemes, the performance of Fast-OFDM degrades severely 

due to the loss of orthogonality between subcarriers.

Two multi-carrier CDMA schemes, multi-carrier direct sequence CDMA 

(MC-DS-CDMA) and multi-tone CDMA (MT-CDMA), have been studied in different 

modulation scenarios. The performance of the overlapping multi-carrier CDMA 

schemes compared to OFDM and Fast-OFDM has been evaluated in terms of BER, 

spectral efficiency, PAPR and ACI analysis. The results reveal that the overlapping 

multi-carrier CDMA systems are comparable to the Fast-OFDM system under 

single user condition. It is thus feasible to apply multi-carrier CDMA detection 

techniques in Fast-OFDM systems. Therefore, two different types of linear 

detectors, zero-forcing (ZF) and minimum mean square error (MMSE) have been 

employed in complex modulated Fast-OFDM, leading to improvement of system 

performance.

Overall, the theoretical design and performance assessment issues 

addressed in this thesis provide an insight into the performance of Fast-OFDM in 

the presence of additive white Gaussian noise (AWGN). The results obtained can 

be used by receiver designers for improving signal recovery of complex 

modulated Fast-OFDM in future wireless communication systems.
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Chapter 1 Introduction

1.1 Introduction

Due to the preciousness of the usage on the available RF bands, for 

spectrum conservation the band occupancy of chosen modulation scheme 

must be as small as possible so as to accommodate more channels in a given 

band. Orthogonal Frequency Division Multiplexing (OFDM) is such a widely 

used scheme, which has been rated as one of the most promising solutions 

for the next generation wireless communications due to its robustness to 

multipath interference and efficient system implementation using inverse 

fast Fourier transform (IFFT) and fast Fourier transform (FFT). It has been 

adopted in a variety of wireless applications including European terrestrial 

digital video broadcasting (DVB-T), digital audio broadcasting (DAB), indoor 

wireless local area network (WLAN) IEEE 802.11, high performance radio 

LAN type 2 (HIPERLAN2) and worldwide interoperability for microwave 

access (WiMax), IEEE 802.16a. With the increasing demand for bandwidth, 

improving the bandwidth efficiency is vital in all wireless system designs. 

Fast-OFDM [1-3] is a system based on OFDM but offering twice the 

bandwidth efficiency compared to the conventional OFDM. However, its 

spectral efficiency benefit has not been fully exploited as Fast-OFDM 

currently only operates with one-dimensional modulation schemes (e.g. 

BPSK or M-ASK). Therefore, combining the Fast-OFDM system with complex 

modulation schemes to explore its bandwidth efficiency advantage becomes 

significantly important.

In order to provide broadband services such as wireless Internet 

access to users in future wireless communication networks, there are 

challenges for reliable and high-rate communications over time-dispersive
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(frequency selective) channels with limited spectrum and intersymbol 

interference (ISI) caused by multipath fading. The direct sequence code 

division multiple access (DS-CDMA) is preferred due to its advantages [4] 

over conventional time division multiple access (TDMA) and frequency 

division multiple access (FDMA). However, it suffers from multipath induced 

multiple access interference (MAI). Multi-carrier code division multiplexing 

access [5] that combines OFDM and CDMA exploits the advantages of both 

systems, attracting much attention as an alternative to the conventional DS- 

CDMA. The concept of overlapping multi-carrier CDMA systems, with 

varying subcarrier spacing as in Fast-OFDM, has been introduced by Hanzo 

[6]. Much research has also been carried out into the performance of multi­

carrier CDMA systems with advanced detection techniques. It is, therefore, 

essential to compare the performance of overlapping multi-carrier CDMA 

systems with OFDM and Fast-OFDM schemes, and adopt system structure 

and detection mechanisms of the multi-carrier CDMA in Fast-OFDM for 

system performance improvement.

This thesis is concerned with system modelling and performance 

assessment of modulation techniques for use in wireless communication 

systems. A number of topics included are: i) system modelling and 

performance assessment of OFDM and Fast-OFDM systems, ii) system 

design and modelling of overlapping multi-carrier schemes and 

performance comparison of OFDM and Fast-OFDM systems and iii) the 

implementation of Fast-OFDM with linear detection techniques. The 

research reported in this thesis is modelling and simulation based. The main 

simulation tools that have been used for this purpose are Agilent's Advanced 

Design System (ADS) and MATLAB. The details of the thesis structure are 

given in the following section.
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1.2 Thesis outline

Chapter 2 is concerned with the performance comparison of the Fast- 

OFDM and conventional OFDM with different mapping schemes. The chapter 

is divided into six sections. The chapter begins with a general overview of 

different generations of mobile communications. The following two sections 

then provide a background and a discussion on the merits and demerits of 

OFDM. The subsequent section introduces Fast-OFDM, as well as its 

advantages and drawbacks compared to OFDM. The model implementation 

and system parameters are described in section 2.6. Finally, the 

performance of the two systems in terms of bit-error-rate (BER), peak-to- 

average-power ratio (PAPR), spectral efficiency, nonlinear performance and 

adjacent channel interference (ACI) analysis are presented and a 

comparison is made between the two in order to determine the advantages 

and disadvantages of each in relation to the other.

Chapter 3 investigates the performance comparison of the overlapping 

multi-carrier CDMA and variable subcarrier spacing FDM systems with 

different modulation schemes. The chapter begins with a brief overview of 

CDMA, multi-carrier CDMA and overlapping multi-carrier CDMA schemes. 

Their advantages and disadvantages in terms of the system structures and 

the spectral efficiency are addressed. The subsequent section discusses the 

system modelling and simulation parameters of the two schemes in ADS. 

Finally the performance assessment of the systems as compared to OFDM 

and Fast-OFDM in terms of BER performance, PAPR, bandwidth efficiency 

and ACI analysis are presented.

Chapter 4 explores the performance of Fast-OFDM incorporating 

equalisation-based detection receivers, zero-forcing (ZF) and minimum 

mean square error (MMSE), with complex modulation schemes. The chapter 

is divided into two main sections for ZF and MMSE detectors. Each section 

focuses on the principles and system implementation of the detector. The 

performance of each scheme is then assessed and a comparison of the two is 

made for system evaluation.
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The thesis ends with Chapter 5. The chapter describes the main 

outcomes of the research and presents the concluding remarks. Suggestions 

for further research of the area are also proposed.

Finally, in the appendices, the simulation models designed in ADS and 

MATLAB are enclosed. The Appendix A provides the models of the 

oscillator-based OFDM and Fast-OFDM system and the overlapping multi­

carrier CDMA systems developed in ADS.

1.3 Contributions and publications

The work reported in this thesis contains several contributions of the 

author to the field of wireless communications. A summary of the main 

contributions in each chapter is listed below:

Chapter 2

• Evaluation of the OFDM and Fast-OFDM systems with BPSK, QPSK 

and 16-QAM complex modulation schemes. This work is an extension 

of the work in [3] where only the BPSK scheme was considered. Fast- 

OFDM is currently limited to one dimensional modulation schemes. 

In order to fully exploit its benefits in bandwidth efficiency, 

investigating the performance of the system with complex 

modulation schemes becomes vital.

• Performance assessment of the FDM system with variable frequency 

spacing between subcarriers. The simulation results indicated that 

the BER performance severely degraded as the subcarriers were 

spaced closer than 50% overlapping (Fast-OFDM). The aim of the 

work was to study the performance of the FDM systems at other 

subcarrier spacing and look for the system with an optimum 

subcarrier spacing that could balance the benefit in spectrum 

efficiency and system performance.
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• Study of the effect of high PAPR and nonlinear effects in OFDM and 

Fast-OFDM systems. Performance assessment of the two systems in 

noise limited (additive white Gaussian noise (AWGN)) and 

interference limited (ACI) environment. OFDM is sensitive to 

synchronisation errors and nonlinear distortions. In [7], the authors 

showed that Fast-OFDM systems were sensitive to wireless 

environments impairments such as frequency offsets and frequency 

selective fading. The work in this thesis focuses on the performance 

comparison of OFDM and Fast-OFDM in nonlinear and ACI 

environment.

Chapter 3

• Evaluation of overlapping multi-carrier CDMA (multi-carrier direct 

sequence CDMA (MC-DS-CDMA) and multi-tone CDMA (MT-CDMA)) 

and Fast-OFDM system in AWGN channels with BPSK and QPSK 

modulation schemes. The results showed comparable performance 

under such environments. The work was originally inspired by [8] 

where the performance comparison of MC-CDMA and OFDM systems 

was investigated. Due to the system similarities between the 

overlapping multi-carrier CDMA and variable subcarrier spacing 

FDM, the comparative performance between the two was studied. 

This led to applying multi-user and multi-carrier detection 

techniques on Fast-OFDM.

• Study of the effect of high PAPR in multi-carrier CDMA systems. 

Performance assessment of overlapping multi-carrier CDMA, OFDM 

and Fast-OFDM in noise limited and interference limited 

environment.
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Chapter 4

• Derivation of analytical expressions of the correlation matrix for 

Fast-OFDM received signals with ZF and MMSE detectors.

• System implementation and performance assessment of BPSK, QPSK 

and 8-PSK Fast-OFDM system with ZF and MMSE receivers. The 

results indicated that MMSE detector exhibited better performance 

as compared to ZF.

The work in this thesis has led to the following publications:

K. Li and I. Darwazeh, "System performance comparison of Fast-OFDM 

system and overlapping multi-carrier DS-CDMA scheme," Proceedings 

of the London Communications Symposium 2006 - UCL, London, UK: 

2006, pp. 73-76

K. Li and I. Darwazeh, "System performance comparison of Fast-OFDM 

system with overlapping MT-CDMA systems," Proceedings of the 

London Communications Symposium 2007 - UCL, London, UK: 2007. 

pp. 111-114

K. Li and I. Darwazeh, "Analysis and performance comparison of Fast- 

OFDM system and overlapping multi-carrier CDMA systems," 

International Symposium on Communication Theory and Applications 

ISCTA'07, Ambleside, UK: 2007. pp. 33-36

K. Li and I. Darwazeh, "System performance comparison of Fast-OFDM 

with overlapping MC-DS-CDMA and MT-CDMA systems," Sixth 

International Conference on Information, Communication and Signal 

Processing ICICS 2007, Singapore: 2007. pp. 1-4

K. Li and I. Darwazeh, "System performance analysis of Fast-OFDM 

system with Zero-forcing equalisation receiver," Multi-Strand 

Conference at University of Cranfield, UK: 2008. pp. 45-47



Chapter 2 OFDM and Fast OFDM

2.1 Introduction

Orthogonal Frequency Division Multiplexing (OFDM) [9;10] signaling 

has been made very popular for current and future wireless 

communications due to its attractive features. It is widely used in both the 

wired and the wireless industry, such as xDSL families for the wired; DAB, 

DVB-T, WLAN, HIPERLAN-2 and WiMax in the wireless industry. In 

combination with wireless multiple input and multiple output (MIMO) 

systems [11] that involve multiple antennas at the transmitter and the 

receiver, MIMO-OFDM can offer a much higher capacity compared to a single 

input single output (SISO) system for multiple user services. Moreover, due 

to the fact that OFDM has the advantage of mitigating the effects of delay 

spread in frequency selective channels, it has been proposed as one of the 

candidate formats to be used in 4th generation (4G) system for high speed, 

high capacity, low cost and IP based multimedia services.

The chapter starts with a general review of different generations of 

mobile communications. Subsequently, the fundamentals of multi-carrier 

transmission techniques are addressed. The principal ideas behind OFDM 

and Fast-OFDM are presented. The principle concepts such as the oscillator 

based OFDM system implementation and the FFT based implementation are 

introduced in section 2.3. The basic elements of OFDM such as the guard 

time, cyclic prefix, coding and channel estimation are also outlined in section

2.3. Then the drawbacks of OFDM, particularly its vulnerability to 

synchronization errors and nonlinear distortion are discussed in section 2.4. 

In section 2.5, a variation of the OFDM scheme with improved bandwidth 

efficiency, Fast-OFDM, is investigated and compared with the conventional
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OFDM. Sections 2.6 and 2.7 present the implementation issues of the 

systems in ADS and the performance parameters in terms of BER, 

bandwidth efficiency, PAPR, nonlinear performance and ACI analysis. Finally, 

a summary of the chapter is included in section 2.7.

2.2 Mobile communication systems overview

The 1st generation (1G) wireless telephone technology is the analogue 

cellphone standard introduced in the 1980s. The voice signal during a call is 

modulated to a higher frequency instead of encoding to digital signals in the 

2nd generation (2G). Typical systems include the Nordic mobile telephone 

(NMT), used in Europe and advanced mobile phone system (AMPS), used in 

the United States [12].

The 2G cellular telecoms networks were fully digital networks, which 

were launched on the GSM standard in Finland in 1991 [13]. There were a 

number of advantages of 2G networks compared to 1G; digital encryption of 

phone conversations to prevent eaves-dropping on calls, efficient spectrum 

utilization due to digital voice data compression and multiplexing, and 

finally, introduction of mobile data services (short message service). The 

main 2G standards are divided into TDMA-based and CDMA-based. GSM is 

the world most popular TDMA-based 2G standards used in almost all 

countries on all six inhabited continents (80% world mobile subscription 

market share [14]). Interim Standard 95 (IS-95) aka cdmaOne, commonly 

referred as simply CDMA, is a CDMA-based standards used in the Americas 

and parts of Asia [13].

However, GSM was not able to cope with the increased demand for 

new users and services. In order to respond to market demand, three 

systems were proposed, namely the high speed circuit switched data 

(HSCSD), general packet radio service (GPRS) and enhanced data services 

for GSM evolution (EDGE), which offered new services and higher data rates. 

These telecom networks were termed as 2.5G (EDGE was even termed as 

2.75G due to the higher data rate compared to GPRS) since they acted as a
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bridge between the 2nd and 3rd generation (3G) systems [15]. Circuit 

switched data (CSD) networks were the systems that were used for data 

transmission. HSCSD was a system based on the original CSD networks but 

provided higher data rates by bundling multiple (up to 4) time slots [12]. 

Due to the high cost of circuit switched networks, GPRS was proposed as its 

advantages in efficient packet-based data transmission. For the 

consideration of higher data rate, EDGE was introduced as an initial 

enhancement of GSM toward UMTS. It provided data rates of up to 384 kb/s 

for 8 timeslots, while being switchable between EDGE and GSM/GPRS [12]. 

2.5G systems were created as enhancement of 2G toward 3G. They were 

built to introduce the possibilities of wireless application technology to the 

end consumers, and so increase demand for 3G services.

The two main 3G standards were the Wideband CDMA (WCDMA) (or 

universal mobile telecommunications systems (UMTS)] and CDMA2000, 

launched in 2001 in Japan and in South Korea, respectively. In July 2008, 

228 3G/WCDMA operators launched in 94 countries, which has 70% share 

of 328 commercially launched 3G networks [14]. China announced in May 

2008, that the telecoms sector was re-organized and three 3G networks 

would be allocated in China. The largest mobile operator in China, China 

Mobile, would launch 3G onto the Chinese 3G standard, TD-SCDMA. China 

Unicom would relinquish its CDMA2000 customer base and launch 3G on 

the globally leading WCDMA standard. The 3rd 3G standard was the CDMA 

lxEV-DO (Ev-DO stands for Evolution Data Optimized) standard launched 

by China Telecom [14].

The 3G data speed was expected to be minimum of 2 Mb/s and 348 

kb/s, whereas in real life, 384 kb/s and 128 kb/s, for stationary or walking 

users and for a moving vehicle, respectively [16]. In order to have higher 

speed for 3G data transmission, high-speed downlink packet access (HSDPA) 

protocol was developed, known as the Super 3G or 3.5G [17]. HSDPA was a 

3G protocol in the high-speed packet access (HSPA) family, which allowed 

networks based on UMTS to support downlink speeds up to 14.4 Mb/s. 

Further speed increases were available with HSPA+, which provided speeds
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of up to 42 Mb/s downlink [18]. By the end of July, 2008, over 90% of 

commercial WCDMA operators have launched HSPA. Currently, over 200 

commercial operators have launched HSDPA in 89 countries [14].

Due to the limitations and issues of itself, 3G is having the problems of 

delayed deployment and meeting its promised performance and throughput. 

Therefore, the next generation of mobile network, 4G, has already been 

considered [19-21]. A 4G system will be able to provide a comprehensive IP 

solution where voice, data and streamed multimedia can be delivered to 

users on an "Anytime, Anywhere" basis with higher data rates and an 

affordable cost. 4G will be a fully IP-based integrated system and will be 

capable of providing between 100 Mb/s and 1 Gb/s speeds both indoors and 

outdoors, with premium quality and high security [20]. Applications (Figure 

2.1) such as, wireless broadband access, multimedia messaging service 

(MMS), video chat, mobile TV, high definition television (HDTV) content, 

digital video broadcasting (DVB), voice and data, and other streaming 

services will be provided in a 4G system [20]. There are three modulation 

schemes that could be used in 4G networks: CDMA, TDMA and OFDMA, 

where OFDMA is the strongest candidate that will be considered [10].

Figure 2.1. Applications driving wireless technologies [17]
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2.3 Principles of OFDM

Multi-carrier systems are advantageous in immunity to impulse noise 

and fast fades due to the extended symbol duration compared to 

conventional single-carrier systems. OFDM and multi-carrier CDMA are the 

two most popular schemes and have been widely utilized and studied. 

OFDM offers numerous advantages over the conventional serial modem 

schemes, although it is only natural that it also imposes a number of 

disadvantages [22]. It has been used in a wide range of applications and is 

considered to be the most likely format to be adopted in 4G systems 

[10;19;20]. In order to support multi-user transmissions at the same time, 

spreading codes are applied in conjunction with OFDM, which leads to the 

concept of multi-carrier CDMA. The OFDM and multi-carrier CDMA are 

further detailed in this chapter and the following chapter, respectively.

An OFDM system is a multi-carrier modulation scheme that 

simultaneously transmits a number of narrow-band carriers (subcarriers), 

each modulated at a low data rate. It is different from a single-carrier 

modulation scheme which transmits data sequentially on a single carrier in 

that the signaling interval of a multi-carrier system is much larger than that 

of an equivalent single-carrier system. Therefore, the time dispersive effects 

of a multi-path fading channel can be efficiently combated without complex 

time-domain equalization at the receiver.

OFDM scheme initially originated from conventional frequency 

division multiplexing (FDM) technology to transmit information on multiple 

carriers. The orthogonality was later proposed where the spectra of 

different subcarriers were assigned to overlapping frequency slots, to 

ensure that there was no loss of information even when the subcarriers 

were overlapped. Reducing the frequency separation between subcarriers, 

results in a more efficient utilization of the available bandwidth when 

compared to the conventional FDM. OFDM had been the subject of 

important work in the mid-1960s at Bell Laboratories, and was termed as 

OFDM by R.W. Chang in 1970 [23;24]. In the 1980s, OFDM was studied for
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high-speed modems, digital mobile communications and high density 

recording. In the 1990s and early 2000s, OFDM was adopted in many 

applications such as high-bit-rate digital subscriber lines (HDSL), ADSL, very 

high-speed digital subscriber line (VHDSL), DAB [25], DVB-T [26], new 

WLAN such as IEEE 802.11a, HiperLAN2 [27] and WiMax, IEEE 802.16a 

[28]. OFDM is almost certainly going to be used in future wireless 

multimedia applications and 4G wireless networks [29;30]. Table 2.1 and 

Table 2.2 show a summary of wired and wireless OFDM applications and 

milestones in the history of OFDM. In the following sections the principles of 

OFDM are described.

Table 2.1. OFDM applications [8]
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Table 2.2. Milestones in the history of OFDM [8]
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2.3.1. Oscillator-based and FFT-based OFDM

OFDM is a multi-carrier transmission technique, which divides the 

available spectrum into subcarriers, each being modulated by a low data 

rate stream (Figure 2.2). The simultaneous transmission of these sub­

carriers increases the symbol duration, which combats multi-path delay 

spread over the wireless channel and results in high data rate transmission. 

By making the subcarriers orthogonal to one another, the channels can be 

placed closer together, resulting in a more efficient use of the allocated 

bandwidth. The original method of generating OFDM signals is oscillator- 

based which requires N oscillators to generate N subcarriers for each low 

data rate stream. Such implementation suffers from mutual interference 

between the subcarriers, leading to the distortion of the signal. It has been 

shown in [31] that an OFDM system can be implemented efficiently using an 

inverse discrete Fourier transform (IDFT) instead of a bank of oscillators. At 

the receiver a forward discrete Fourier transform (DFT) is used to recover 

the transmitted data bits. The implementation of an oscillator-based OFDM 

and FFT-based OFDM systems are reviewed in the following paragraphs.
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An oscillator-based OFDM signal can be implemented by modulating a 

low rate data stream of symbol duration, T, with a number of orthogonal 

overlapping oscillator-generated subcarriers, each separated by a frequency 

spacing of 1/THz. A frequency separation of 1 /T  is the minimum separation 

to achieve orthogonality. Consequently, the correlation between adjacent 

subcarriers is zero at the sampling instants. Hence, the subcarriers may 

overlap with no loss of information. The OFDM signal is generated by adding 

up all the individual modulated subcarriers. The resulting data rate is N /T  

b/s, where N is the total number of the subcarriers used. In other words, the 

total data rate to be sent on the channel is divided between the subcarriers.

The Complex envelope representation of an OFDM signal, ignoring the 

cyclic prefix, is shown in [32] as:

00 N —l

^Tx,OFDM(f) =  ^  ^  an,k9n(t ~  kT ) (2.1)
k = -o o  n = 0

where an,k is the complex symbol transmitted on the nth subcarrier at the kth 

signalling interval, N  is the number of OFDM subcarriers, g n[ t  - kT) is the 

OFDM complex subcarrier and is expressed as:

1 ,2nnt
0n( t ) = - = e J T , t e  [0,r ]  (2.2)

It can be seen from equation (2.1) that an OFDM signal is summation of 

low rate subcarriers having the same amplitude and phase (in practice the 

amplitudes and phases may be modulated differently for each subcarrier 

[33]). Therefore, it results in a longer signal timespan, which is normally set 

to be longer than the time spread of a frequency selective channel, thus 

resulting in improved performance over frequency selective channels 

compared to a high data rate single carrier system occupying the same 

bandwidth. The block diagram of an oscillator based OFDM baseband 

system is shown in Figure 2.3.
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Figure 2.3. Oscillator based OFDM system

At the receiver, the complex symbol is recovered by multiplying the 

OFDM symbol with the complex conjugate of the sub-carriers and 

integrating over the signaling interval. The nth recovered symbol at the kth 

signaling interval is then given by:

/

&n,k =  ~J=; J  SrX'OFDMCO ' 9 n (t — kT )d t (2-3)

Figure 2.4 shows the spectrum overlap of a 4-subcarrier OFDM signal. 

It is found that the frequency response of an OFDM signal is comprised of a 

number of overlapping sine1 functions. No mutual interference (inter-carrier

1 sine function is defined as sin(Tix)/ ttx , in order to have integer intervals instead of it, 2tt,..,
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interference) is found between the subcarriers due to the fact that the zero- 

crossings meet at the maximum point of each sine function.
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Figure 2.4. Spectrum of an OFDM signal

One disadvantage of the oscillator-base OFDM implementation is that 

it results in high complexity due to the utilization of N oscillators especially 

when N is large. The novel solution to this problem is to use IFFT and FFT to 

generate a discrete version of OFDM signals. It was first proposed by 

Weinstein and Ebert in [31] that OFDM generation and detection could be 

achieved by using an IDFT and a DFT at the transmitter and receiver, 

respectively. In practice, a combination of IFFT and FFT, which are 

mathematically equivalent versions of IDFT and DFT but more efficient to 

implement using modern DSP and VLSI technology, is used for OFDM signal 

generation and recovery. The block diagram of a FFT-based OFDM system is 

shown in Figure 2.5.
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If the time t, in the equations (2.1) and (2.2) is digitized with N

samples, i.e. tm = mT/N, the scaled samples xm =  y jT /N x (m T /N ), where m 

is from 0 to N-1, then an OFDM symbol can be generated by taking the IFFT 

of the complex modulation symbols given by [31]:

lm

N - 1
1 .2nmn

= ^ L Xnel~ ' m  =  0......
(2.4)

71=0

where Xn are the modulated data symbols, N is the number of the IFFT 

samples, n = 0,...,N-1 are the position of the subcarriers and xm, m = 0,...,N-1 

are the output IFFT samples. Therefore, it can be noticed that for each 

sample xm, it is a summation of all the data symbols multiplied with the 

corresponding discrete version of the subcarriers. This is different from the 

oscillator-based OFDM where for each output OFDM sample, it corresponds 

to one complex symbol modulated by one subcarrier. However, the principle 

is still the same since in both methods a low rate data is modulated by 

orthogonal subcarriers. A comparison of the implementation of both OFDM 

systems is shown in Figure 2.6. Assuming the input data is represented in a 

digital way, after serial-to-parallel (S/P) conversion, the reduced bit rate 

samples are fed into the multiple oscillators and IFFT respectively, whereas 

the output from both of the systems reveal the same results.
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Figure 2.6. Oscillator-OFDM and FFT-OFDM sample generation 

At the receiver, the OFDM signal is recovered using a forward FFT,

thus:

N - 1

= 2-Y .2nm n

Xn =  7 t i L Xme N  ' n  =  0 - - - w _ 1

n=0

(2.5)

2.3.2. Guard interval and cyclic prefix

Due to the effects in multipath transmissions, an OFDM frame is 

distorted by its previous OFDM frames, which causes inter-symbol 

interference (ISI). In addition, interference occurs amongst the OFDM 

symbol's own subcarriers, which in turn causes inter-carrier interference 

(ICI). To eliminate the effects of ISI, a guard interval (Figure 2.7) which has a 

duration longer than the duration of the impulse response of the channel, 

can be added by inserting zeros at the end of each OFDM frame. Moreover,
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by making the guard interval cyclically extended, it can also eliminate the 

effects of ICI [34].

Cyclic extension on each OFDM frame is shown in Figure 2.8. A number 

of IFFT output samples with duration of Tg are inserted at the start of the 

OFDM symbol at the transmitter, while at the receiver, the first Tg samples of 

the symbol are removed. Therefore, if the total system duration is T, the 

duration of the useful part of an OFDM symbol is Tmfo=T-Tg. Hence, the 

frequency separation between subcarriers equals 1 /(T -T g). The reason for 

applying the cyclic extension can be interpreted as follows. Due to the 

multipath effects, an OFDM signal is attenuated and delayed during 

transmission; a number of replicas of the transmitted OFDM signal are 

received at the receiver. With an ordinary guard interval, whose duration is 

longer than the channel relative delay, the sum of those replicas does not 

yield a continuous wave, in other words, the number of cycles within the 

FFT interval is not an integer. As a result, there is no integer number of 

cycles difference between adjacent subcarriers, or the subcarriers are no 

longer orthogonal, hence, causes ICI at the receiver. However, with the 

presence of cyclic extended guard interval, the repeated extension of the 

OFDM frame ensures that the OFDM signal and its replicas are all 

continuous, and the summation of these components yields an attenuated or 

phase rotated version of the same sub-carrier (Figure 2.9). Therefore, the 

OFDM signals can be made periodic so that cyclic convolution can be 

performed. Subcarriers remain orthogonal as integer number of cycles is 

retained within the FFT interval. Hence, no ICI occurs among subcarriers 

and each data symbol is received only with a random amplitude or phase 

rotation.

One disadvantage of this scheme is the reduction of bandwidth 

efficiency since some of the bandwidth is used for the guard interval without 

carrying information. Moreover, insertion of the cyclic prefix also causes 

loss in the signal-to-noise ratio (SNR) since the power of the guard interval 

samples are discarded at the receiver.
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2.3.3. Coding and interleaving

Coding is used in an OFDM channel in order to detect and/or correct 

errors in the received data, combat fading and enhance BER performance. A 

number of channel coding schemes [32;35] have been proposed for OFDM 

applications. Due to the fact that coding schemes are normally designed to 

deal with independent errors rather than burst errors, which are caused by 

deep fades on groups of sub-carriers, interleaving techniques are therefore 

introduced to deal with the effects of randomly scattered errors. 

Interleaving is a process where adjacent data bits are separated by several 

bits at the transmitter, while at the receiver, before decoding, de­

interleaving is performed to re-arrange the data bits. It is noted that the 

amount of separation in time and in frequency for interleaving should 

satisfy the following conditions [35]:

Tint >  Tc V -V

fin t >  Wc (2.7)

with Tint, t c being the interleaving space in time and the coherence time, 

respectively, and fint and Wc being the interleaving space in frequency and 

the coherence bandwidth of the channel, respectively. Here, the coherence 

bandwidth is a statistical measure of the range of frequencies over which 

the channel frequency response is essentially flat. It corresponds to the 

inverse of the delay spread introduced by the channel. Accordingly, the 

coherence time is a statistical measure of the time duration over which the 

channel impulse response is essentially invariant. In other words, it is the 

time interval within which its phase is, on average, predictable and it is 

equivalent to the inverse of the Doppler spread introduced by the channel 

[36].

2.3.4. Channel estimation and pilot symbols

For an OFDM system with coherent detection at the receiver, channel 

estimation is necessary to provide an estimate of the amplitude and phase
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references of the constellation in each sub-carrier for correct data symbol 

demodulation. It is a process of inserting some known symbols or pilot 

carriers into the OFDM signal and obtaining estimates of the frequency 

response of the channel using interpolation. Subsequently, the knowledge of 

the channel impulse response will help to correct the effects of the channel 

on the transmitted symbols. Different arrangements of the pilot symbols 

result in different performance in the estimators. Here the pilots are 

redundant symbols with specific pattern arrangement but carry no useful 

information. The pilot symbols are used to mitigate the effects of fading and 

to estimate the channel impulse response. A typical pilot pattern is shown in 

Figure 2.10. This is determined by the nature of the system. For example, in 

a fast fading channel more scattered pilot patterns are necessary so that the 

channel impulse response can be tracked more precisely. However, in a slow 

fading environment with constant channel impulse response, fewer pilot 

symbols can be used. Moreover, the minimum separation between pilots in 

time and in frequency depends on the coherence time and coherence 

bandwidth of the channel, respectively. The higher density of pilot symbols 

the better the accuracy, but the lower the bandwidth efficiency and data rate 

[35]. Therefore, a trade-off exists between data rate and good channel 

estimation performance.
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Figure 2.10. Typical pilot structure viewed in time and frequency
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2.4 Drawbacks of OFDM System

OFDM exhibits a number of advantages, such as high data rate 

transmission due to its parallel data transmissions and robustness in multi- 

path fading environment due to its multi-carrier data delivery. Long symbol 

durations allow for relatively long cyclic prefix durations to eliminate ICI 

and ISI with minimal SNR loss. A Simple system implementation is also 

feasible when IFFT/FFT is used instead of a bank of oscillators and lower 

complexity in equalization at the receiver is achieved when compared to an 

equivalent single-carrier system. However, OFDM also has some drawbacks. 

Due to the fact that OFDM signals have a large signal dynamic range and 

thus a high PAPR, it is therefore sensitive to the nonlinear distortion caused 

from the nonlinear devices in the system. Moreover, OFDM is also 

vulnerable to synchronization errors mainly from symbol timing offsets and 

carrier frequency offsets. Both of the above are discussed in the following 

two sub-sections.

2.4.1. OFDM nonlinearities

An OFDM signal consists of a large number of carriers that are added 

together. This causes a time varying envelope. The signal peak power is 

much higher than the average value when the subcarriers are added in 

phase. This results in a large signal dynamic range and a high PAPR, which 

makes OFDM highly sensitive to nonlinear distortion. The PAPR is defined as 

the ratio of the peak signal power to the mean signal power,

where xn is the complex symbol, E{.} indicates the expectation operator. The 

effects of nonlinearity on OFDM signals can be viewed from two 

perspectives; signal distortion at the output of a nonlinear device and 

harmonic distortion and intermodulation distortion (IMD) due to the multi­

carrier nature of an OFDM signal.

PAPR =  101og10 (2.8)
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When an OFDM signal passes through a nonlinear device, such as a 

high power amplifier (HPA), the signal peaks may occasionally thrust into 

the saturation region of the power amplifier. As a result, the output suffers 

from nonlinear distortion (Figure 2.11). Therefore, highly linear amplifiers 

with a wide dynamic range are required to reduce the effects on nonlinear 

distortion, however, such kind of devices are expensive.

Expected output
1.5*

Distorted output
■o

1.0 * ’

Expected 
Linear region

q . 0.5-■

Non-linear 
region ^Linear region

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

Input Amplitude (AU)

Figure 2.11. Nonlinear signal distortion of a HPA

Nonlinearity in OFDM system also results in introduction of harmonic 

distortion and IMD by the nonlinear elements in the systems. For example, 

the nonlinear distortion performance of an amplifier is often expressed in 

terms of intercept points or intermodulation points. The intercept points are 

found by extrapolating fundamental and harmonic input-output amplitude 

curves from the signal range where little distortion occurs [37]. It is also 

important to note that even-order distortion is mapped to bands that are far 

from the original OFDM signal passband. It is assumed that these are filtered 

out and do not influence the symbol-error-rate (SER). Therefore, only odd- 

order distortion is of importance. Furthermore, the 3rd order distortion is 

often dominant and will give a good estimate of the SER to be expected. 

Therefore, if the 3rd order harmonics are considered, the distorted signal 

will contain three parts: the original signal with frequency f i ,  f i  and f i ;  the 

harmonics 3f i ,  3 fi and 3 fi; and IMD products of the form fi+fj+fv, fi+fj-fv, 2f+ f i
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and 2f - f  where i, j  and v are integers of different harmonics. These newly 

generated frequency terms cause in-band and out-of-band distortion, which 

leads to error performance degradation and signal spectral spreading, 

respectively.

Nonlinear Model

s(t) as(t) sd(t)OFDM
MOD

OFDM
DEMOD

G(r) = A(r) ' exP(M(r) >
r

Figure 2.12. Nonlinear OFDM system model in non-fading AWGN channel

Figure 2.12 shows an equivalent OFDM system with nonlinear effects 

(nonlinear amplifier) in non-fading AWGN channel. Different types of 

nonlinear models can be applied. Here the Saleh model [38], which is a 

widely accepted travelling-wave tube (TW T) model, is described. According 

to the central lim it theorem, the complex baseband OFDM signal can be 

modelled as a complex Gaussian process when the number of subcarriers is 

large. This allows the analytical treatment of nonlinear OFDM systems 

making use of the more general results for nonlinear distortions of Gaussian 

signals. Therefore the Bussgang theorem [39] can be applied in the TW T  

model, which indicates that a nonlinear output is the sum of a useful 

attenuated input replica and an uncorrelated nonlinear distortion. This can 

be expressed by:

Sd(0 =  su ( t ) +  nd(t)  =  a  • s (t) +  nd(t)  (2.9)

When additive white Gaussian noise is considered, the final output signal sr(t)  

is given by:

sr ( t )  =  sd(t )  +  n (t)  =  a  • s (t) +  nd(t)  +  n (t)  (2.10)

where s(t) is the input OFDM signal, su(t) and nj(t) are the useful and 

distorted signal, Sd(t) is the output signal from nonlinear model, n [t)  is the 

Gaussian noise signal, a  is the attenuation coefficient of the useful
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component, and finally G(r) is the gain of the amplifier with amplitude and 

phase distortions. For a Saleh model, the gain G(.) is given by:

WOP  , ^ 0 1 ) (2.U)

where |s(t)| denotes the amplitude of s(t), function A(.) and <p(.) represent 

an AM/AM (amplitude) and AM /PM  (phase) distortions, respectively. For a 

TW T model, both functions are given by:

A rr \  =  VL  (2.12)
1 + P - r 2

v ( r )  =  a * ' r2  (2.13)
VK }  1 + ^ - r 2

Here r  represents the amplitude of the input signal r = \s{t]\, y is a small 

signal gain. /? is a parameter defining the saturation point of the input and 

output signal of the Saleh model. The maximum input saturation voltage Ai 

can be found by partial derivative of the function A(.). Therefore, it is found 

that when At = 1 / ,  the maximum output amplitude A0 equals half of the

input amplitude, A0= A ,/2. Note that A, and A0 are the maximum saturation 

input and output amplitude, respectively. They can be used to define two 

common parameters that quantify the nonlinear distortion: input backoff 

(IBO) and output backoff (OBO) [40], which are defined as:

IBO =  lO log-^i- (2-14)
M n

OBO =  10 log t2-15)
* o u t

Where A,2 and A02 are the maximum input and output power, P,n and Pout are 

the average input and output power, respectively. It should be noted that 

higher IBO gives less distortion due to the nonlinearity.

In recent years, considerable attention has been drawn in the field of 

performance assessment and performance improvement of nonlinear OFDM 

systems [40-44]. A number of PAPR reduction techniques have been
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proposed to reduce the signal dynamic range and improve the performance 

of OFDM systems in nonlinearities. Techniques such as clipping and filtering 

[45] and peak cancelling [46], have been proposed that based on the 

principles of reducing the PAPR by distorting the signal with high peaks. 

There are also other techniques [47-49] that have been proposed for OFDM 

nonlinearity system performance improvement. The study of these 

techniques is beyond the scope of this thesis.

2.4.2. OFDM synchronization

Synchronization errors are mainly caused by symbol timing offsets and 

carrier frequency offsets in OFDM systems [50-52]. The carrier frequency 

offsets originate from frequency inaccuracy in the local oscillator at the 

transmitter and receiver. The symbol timing offset error occurs when an 

OFDM signal is delayed and/or the symbol is not sampled at the correct 

intervals.

Carrier frequency offsets introduce a shift in the spectrum of the 

received OFDM signal. It comprises of two parts as shown below:

e =  e0 +  27t • n fs (2.16)

where £ represents the carrier frequency offsets, £o is the fine frequency 

error which represents the frequency error that is less than half of the 

subcarrier spacing, and nfs is the coarse frequency that indicates the integer 

number of carrier spacing. These errors are illustrated in Figure 2.13.
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Figure 2.13. Frequency offset errors

If  the frequency error is an integer number of the subcarrier spacing, 

i.e. fine frequency error is zero, orthogonality still holds between 

subcarriers. However, when the demodulated data at the output of FFT do 

not correspond to the correct transmitted symbols, a very high BER occurs. 

Similarly, if the frequency offset is not an integer number of the subcarrier 

spacing, the orthogonality is lost between subcarriers, which in turn 

introduces ICI and distorts the demodulated signal. It is also noted that the 

effect of frequency offset becomes severer as the number of subcarriers 

increases within a given bandwidth, since the frequency separation between 

the subcarriers is reduced. It is shown in [51] that the subcarriers at the 

centre of the frequency band suffer nearly twice the ICI than the subcarriers 

at the edge of the band. This is because interference affects the subcarriers 

in the centre more than at the edge of the OFDM band. Frequency offsets 

therefore induce degradation in the BER.

OFDM is relatively robust to timing offsets, due to the use of cyclically 

extended guard time without causing any ISI and ICI. Timing offset occurs 

when the received symbol is delayed and/or is not sampled at the correct 

intervals. When the timing offset extends over the OFDM symbol boundaries, 

then ISI and ICI occur. However, when the timing offset does not extend over 

the symbol interval, each subcarrier only suffers from a phase offset. The
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relationship between the phase offset (p at the nth subcarrier and the timing 

offset r  is given by:

<pn '=  2tz • n fs • t  (2.17)

Therefore, for an OFDM system with N subcarriers and a frequency spacing 

of 1 /7 , a timing delay of one sampling interval of T/N  causes a phase shift of 

2tt(1-1//V) rad between the first and last subcarriers.

There are also other problems which cause synchronisation errors. 

For example, phase noise, which is caused by the random perturbation of 

the phase of the local oscillator frequency [50;51]. Sampling frequency 

errors also occur when the clock at the receiver is not aligned with that of 

the transmitter. Hence, the received OFDM symbol has a different sampling 

rate from the transmitted symbols and thus results in timing jitter [52].

2.5 Fast-OFDM System

Fast-OFDM is an adaptation of OFDM, which was developed by 

Rodrigues and Darwazeh at University College London in 2002 and by Xiong 

at Cleveland State University [1;2]. The basic feature of Fast-OFDM is its 

bandwidth efficiency when compared to OFDM, as it requires only half the 

bandwidth of an OFDM system using the same modulation system to 

transmit the same data rate. This feature currently applies only for single 

dimensional modulation schemes like binary phase shift keying (BPSK) or 

M-ary amplitude shift keying (M-ASK) [3]. In this thesis we consider Fast- 

OFDM for user with complex modulation schemes such as quadrature phase 

shift keying (QPSK) and 16-quadrature amplitude modulation (16-QAM).

2.5.1. Definition of Fast-OFDM system

Fast-OFDM is based on the OFDM principle with the advantage of 

having twice the bandwidth efficiency of OFDM, where the frequency 

separation of the sub-carriers is (1 /2 7 ) Hz with 7 being the duration of the
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signalling interval. In other words, a Fast-OFDM system will achieve the 

same data rate as OFDM, while using only half of the bandwidth.

The complex envelope of a Fast-OFDM signal is shown as follows:

00 N - l

$ T x , F a s t - O F D M  (0 =  an.kPn(t -  kT) C218)
k = —oo n = 0

where each Fast-OFDM complex carrier is

.n n t4 ./W it

Pn(t) = j = e , ~ , t e  [0, T]

For FFT-based Fast-OFDM, the mathematical expression is written as 

follows:

^ N_1

X-m,F a s t - O F D M  =  ~JT7 ^  \ N  , ttl =  0, ..., N ~  1 (2.19)
71=0

where the scaled sample are xm = jT /N x (m T /N ).  These two equations may 

be compared to the OFDM equations (2.1) and (2.4), respectively.

The block diagrams for an oscillator-based and FFT-based OFDM 

system are shown in Figure 2.14 and Figure 2.15, respectively. A comparison 

of OFDM and Fast-OFDM is given in Table 2.3. It is important to note that 

one way of producing a Fast-OFDM symbol is based on the partial symmetry 

in the IFFT samples, as it is observed that a partial symmetry in the IFFT 

samples exists when real symbols are applied to an IFFT [53]. Such symbols 

can be obtained when data has only real values, as in one dimensional 

modulation schemes such as BPSK or M-ASK.

For partial symmetry, it is observed that the output IFFT samples are 

such th a tx N- m = x ^ n fo r Therefore, by transmitting the first

[N /2 )+ l IFFT samples and discarding the rest, a Fast-OFDM signal is 

effectively generated using the IFFT, whereby at the receiver the discarded 

samples are recovered by taking the complex conjugates of the received 

values.
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Figure 2.14. Oscillator based Fast OFDM system

Transmitter Receiver

Fast-
OFDM
signal

X N / 2 * l = X * N / 2  |

Figure 2.15. FFT based Fast OFDM system

Table 2.3. Comparison of OFDM and Fast-OFDM systems

OFDM Fast-OFDM

OFDM is a transmission scheme that Fast-OFDM is based on the OFDM principle,
distributes the high-rate data stream into with the advantage of having twice the
many low-rate data streams that are bandwidth efficiency of OFDM, where the
transmitted in a parallel way over many frequency separation of the sub-carriers is
orthogonal sub channels separated with (1 /2  T) Hz
(1 /T )  Hz

00 N - l  00 N —l

g- ^ T x .O F D M ^ )  =  ^  ' Y j O n . k S n i t - k T )  ^ T x ,F a s t-O F D M ( 0  -  ^  ^  a n , k V n ( t  — k T )

"3 k = —oo n=0 k=-oo n=0

x 9 n ( f ~ k T )  are the OFDM complex pn(t  — kT)  are the Fast-OFDM complex 
subcarriers subcarriers

o  1 ,2 n n t  1 n n t
gn( t )  =  j = e J T > t E [ 0 , T ]  pn(t )  =  —  eJ t  , t  e  [0 ,T]

Si N - l  N—l
<u 4) 1 ' 2jrmn 1 V- ' ,nmn
^  .§ x m,OFDM ~  ^ n €  N >m  =  ...,N — 1 Xm Fast-OFDM =  ^  %ne N , m  =  0, , /V — 1
5 n=0 n=0
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2.5.2. Limitations of Fast-OFDM

As discussed earlier that the major disadvantage of Fast-OFDM is that 

it can only handle single-dimensional modulation schemes, such as BPSK 

and M-ASK. Orthogonality between subcarriers is reserved only for the real 

part of a Fast-OFDM signal, whereas the imaginary part of the signal loses 

orthogonality when the frequency separation becomes 1/(27*). To justify 

this statement two signals can be considered: S i(t) =  e*2nf xt and 

52 (0  =  ej2n^2t. Both of the signals have duration 7  and their correlation 

coefficient p is given as:

T T

P  =  \  f  =i [  e i 2 n f l t  ■ e~> 2 n h t d t
‘  I  ‘  Jo (2-20)

p =  s in c [(/i — f z ) T ] '

This defines two components, real p r  and imaginary p, as:

sin(27r(/i — / 2)7 )
pr  =  Re(p) =  sine  [(A  -  / 2)7 ] • cos tt( / i  -  f 2)T  =  _  ■----- f

2 ^ C /l J2J*
(2.21)

sin2^ ^  — / 2)T)
Pi =  Im (p ) =  s in c i i f i  -  f 2)T ] • sin ttCA -  f 2)T  =  — — ---- j — —

n \Jl  J2 )T

Figure 2.16 shows plots of the real and imaginary part of the 

correlation coefficient versus normalised frequency difference [ f i -  f i )T .  It 

can be observed from the figure that pr is zero when the frequency 

difference between he two signals is an integer multiple of 1 /2 T. Therefore, 

the real parts of the two signals are orthogonal when their frequency 

separation is 1 /2  T. On the other hand, p i  is zero when the frequency 

difference between the two signals is an integer multiple of 1 /7 . In the 

OFDM case, where the separation of the subcarriers is 1 /7 , orthogonality is 

preserved in both the real and the imaginary part of the OFDM signal. 

Whereas, in the Fast-OFDM case, where the subcarrier separation is 1 /27, 

orthogonality between the subcarriers is preserved only for the real part of 

the signal, thereby limiting the use of Fast-OFDM to real signals.
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Figure 2.16. Plots of p versus normalised frequency difference: a) Real and b)

imaginary part [3]
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Hence, for a received signal r ( t )  over an ideal noiseless channel, 

assuming time interval k starts from 0, (3 indicating received signal,

For real received signals (with BPSK or M-ASK), which are multiplied by the 

complex sine term in equation (2.23), only the imaginary part of the 

recovered symbol will be distorted. The symbol can be recovered with no 

ICI by decoding its real part, as information is carried only in the real part of 

the symbol. However, for complex modulation scheme, like QPSK or 16-QAM, 

multiplication with the complex sine term will distort both the real and 

imaginary parts of the symbol, and hence makes the recovery of the symbol 

difficult.

00 N - l

r ( £ )  =  SRXl r i ,Fast-OFDM ( t  -  k ' T ) (2.22)
k ' = 0 n '= 0

The recovered symbolyn,fc is found as:

(k+i)r

Pn,Fast-O FDM  — kT)dt
kT

(J c + i ) r  oo N—i

kT k '= 0  n '= 0
n \ Fast-O FDM (t — k'T) • Pn,Fast-OFDM O' ~  kT)dt

T N - l

T N - l

anfs in c (n 2
n £ —n  ̂ '

(2.23)
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2 . 6  S y s t e m  m o d e l i n g  i n  A D S

In order to assess the capabilities and limitation of the Fast-OFDM 

technique, a system model was designed and studied. The performance 

metrics of the Fast-OFDM system are compared to OFDM. This section 

describes the proposed system models of OFDM and Fast-OFDM schemes 

implemented in ADS. The system assumptions and configurations are also 

detailed.

2.6.1. System implementation of OFDM and Fast-OFDM

Figure 2.17 shows a block diagram of the proposed OFDM system 

transmitter implemented in ADS. A screenshot of the ADS model is also 

shown in the Appendix A.I.

Sin2n/Cf

OFDM
Signalsr QPSK 

Mapper

Upsampling

OFDM generator
M odulator

Figure 2.17. Oscillator based OFDM/Fast-OFDM system model - transmitter

The system is a 4-subcarrier oscillator-based passband OFDM system 

in a time-invariant AWGN channel. In this work the guard interval is 

excluded. The data generator ("Date In") generates random binary bits with 

an initial bit rate Rb of 1 Mb/s or bit period Tb of 1 ps, which are then 

mapped into complex symbols using different mapping schemes with the 

symbol rate of Rs or the symbol duration of Ts. The mapped complex symbols 

are then serial-to-parallel (S/P) converted into four lower rate sub-data 

streams, which has a symbol rate of Rofdm  [R s /4) or symbol period of Tofdm  

(4Ts) on each data stream. Upsampling and numeric to timed conversion are
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the two techniques applied for timing information insertion. The sub-data 

streams are modulated by four complex sub-carriers with a frequency 

spacing of 1 /T o fd m  and summed for OFDM signal generation. The signal is 

then split into its real and imaginary parts and fed into an IQ modulator for 

RF signal transmission.

During transmission, the complex AWGN is added to the arriving signal. 

The elements of the noise signal are independent Gaussian random 

variables with zero mean and variance N o/2 . The received signals are de­

modulated using an IQ demodulator. The demodulated signal is then 

multiplied with the complex conjugate of each subcarrier, integrated over 

the signaling interval Tofdm , and sampled at time Tofdm  for signal detection. 

The detected signals are parallel-to-serial (P/S) converted and, finally, 

demapped into the original date bits. Figure 2.18 shows the block diagram of 

the OFDM receiver.

Integrator
Received

OFDM
S ignals

Sin2n/cf

Figure 2.18. Oscillator based OFDM/Fast-OFDM system model - receiver

For the Fast-OFDM system, the transceiver is similar to OFDM except 

that the frequency separation between subcarriers is adjusted to 1 /(2 Tofdm ).
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2.6.2. System implementation in ADS

2.6.2.1 OFDM system implementation

In order to implement the system in ADS, designs discussed in the 

previous section need to be translated into the discrete sampled world of 

the ADS simulation platform. As an illustration, we take both systems to 

have the same data rate, the simulation time step (i.e. "TStep") must be set in 

such a way so that both systems have 1 ps bit duration. Figure 2.19 shows 

the variable configurations defined for the BPSK OFDM/Fast-OFDM system. 

The simulation time step is set to a hundred times smaller than the initial bit 

period. The frequency spacing (i.e. "DF") is the inverse of OFDM symbol 

duration, which is controlled by an overlapping coefficient Xfdm  (i.e. 

“Lambda"), with X fdm  -  1 and 0.5 for OFDM and Fast-OFDM, respectively.

| | VAR
VAR1
TStep=0.01 usee 
BitTime=1 usee 
SymbolTime=BitTime 
Nsc=4
OFDMSymbolTime=Nsc*SymbolTime
SampPerBit=BitTime/TStep
Lambda=1
DF=Lambda/OFDMSymbolTime 
FCarrier=100 MHz 
TimeSinkStop=50 usee 
NumSinkStop=50 
Fstart=1 MHz

Figure 2.19. OFDM/Fast-OFDM system variable configurations

In ADS there are two types of simulation methods, "numeric" and 

“timed". The difference between the two is that in “timed" simulation the 

duration of each pulse and consequently the period and frequency of the 

signal are known. “Numeric" simulation is usually used to model baseband 

system, whereas, “timed" simulation is more suitable for RF systems. Both of 

the simulation can be performed at the same time in ADS.

Taking the BPSK OFDM/Fast-OFDM system as an example, the source 

information of the system is initially generated using a single numeric “Bits" 

component and then mapped into complex symbols using a "Mapper" 

component with different mapping schemes (Figure 2.20). The “Bits"
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component is configured to generate equiprobable random binary bit 

sequences. Figure 2.21 shows the first 11 bits of the data and the mapping. 

The mapped bits are then S/P converted using a "Distributor" followed by a 

"BusSplit" component (Figure 2.22). The "Distributor" component 

synchronously splits one input stream into N output streams. With 

"BlockSize" = 1, it sends the first bit to the first output, the second bit to the 

next output, until the Nth output. Then the (N + l)t/l bit to the first output, 

[N+2)th bit to the next output, and so on.

11010

Bits
B6
Type=Random 
ProbOfZero=0.5 
LFSR_Length=12 
LFSR lnitState=1

...

| Map>per

Mapper
M28
ModType=BPSK
MappingTable=“"

Figure 2.20. Data generation and mapping

1.0

^  0.8- 
<u
1  0.6

I  0.4 
< 0.2̂

0.0
4 6

Index
10

Index Bitsmapped

0 1.000 /  0.000
1 1 .000/180 .000
2 1 .000/180 .000
3 1.000 / 0.000
4 1.000 /  0.000
5 1.000 / 0.000
6 1.000 / 0.000
7 1.000 / 0.000
8 1.000/180 .000
9 1.000 / 0.000

10 1.000 / 0.000

Figure 2.21. First eleven bits generation and mapping

Distributor
D 19
BlockSize=1

BusSplit4
B7

Figure 2.22. Serial to parallel converter

After S/P conversion, each branch of binary bit sequence is upsampled 

and assigned with timing information using a "Repeat” component and a 

"IntToTimed" component, respectively. The timed data is then modulated
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with an exponential subcarrier generated using a "ComplexExp" and a 

"CxToTimed" component (Figure 2.23). The subcarrier frequency is set to 

2nAftxN  with N being the Nth subcarrier. The first subcarrier is centred 

around 2.25 MHz during baseband modulation. Figure 2.24 and Figure 2.25 

show the numeric results and signal shape in time domain of the 1st branch 

of data stream modulated with the 1st subcarrier, respectively.

ComplexExp CxToTimed
C73 C74
Radian s PerSarrxjle=2 *pi'DF*T Step* 1 TStep=TStep 
Initial Radians=0 FCamier=Fstart

Repeat IntToTimed
R12 113
NumTimea=OFDMSymbolTima/TStep TStep=0.0 sec 
BlockStoe-1

Figure 2.23.1st OFDM subcarrier modulation 2

time . ..rC02carrlef 1 mod")
0.0000 sec 0.500 / 0.000
10.00 nsec 0.500 / 0.900
20.00 nsec 0.500/1.800
30.00 nsec 0.500/2.700
40.00 nsec 0.500 / 3.600
50.00 nsec 0.500 / 4.500
60.00 nsec 0.500/5.400
70.00 nsec 0.500 / 6.300
80.00 nsec 0.500/7.200
90.00 nsec 0.500/8.100
100.0 nsec 0.500 / 9.000
110.0 nsec 0.500 / 9.900
120.0 nsec 0.500/10.800
130.0 nsec 0.500/11.700
140.0 nsec 0.500/12.600
150.0 nsec 0.500/13.500
160.0 nsec 0.500/14.400
170.0 nsec 0.500/15.300
180.0 nsec 0.500 /16.200
190.0 nsec 0.500/17.100
200.0 nsec 0.500 /18.000
210.0 nsec 0.500 /18.900
220.0 nsec 0.500 /19.800
230.0 nsec 0.500 / 20.700
240.0 nsec 0.500/21.600
250.0 nsec 0.500 / 22.500
260.0 nsec 0.500 / 23.400
270.0 nsec 0.500 / 24.300
280.0 nsec 0.500/25.200
290.0 nsec 0.500/26.100

time var("013subcarrier1")
0.0000 sec 1.000 / 0.000
10.00 nsec 1.000/0.900
20.00 nsec 1.000/1.800
30 .00 nsec 1.000/2.700
40.00 nsec 1.000/3.600
50.00 nsec 1.000 / 4.500
60.00 nsec 1.000/5.400
70.00 nsec 1.000/6.300
80.00 nsec 1.000 / 7.200
90.00 nsec 1.000 / 8.100
100.0 nsec 1.000 / 9.000
110.0 nsec 1.000 / 9.900
120.0 nsec 1.000/10.800
130.0 nsec 1.000/11.700
140.0 nsec 1.000/12.600
150.0 nsec 1.000/13.500
160.0 nsec 1.000/14.400
170.0 nsec 1.000/15.300
180.0 nsec 1.000/16.200
190.0 nsec 1.000/17.100
200.0 nsec 1.000/18.000
210.0 nsec 1.000/18.900
220.0 nsec 1.000/19.800
230.0 nsec 1.000 / 20.700
240.0 nsec 1.000/21.600
250.0 nsec 1.000 / 22.500
260.0 nsec 1.000/23.400
270.0 nsec 1.000 / 24.300
280.0 nsec 1.000/25.200
290.0 nsec 1.000 / 26.100

time varT014datacarrier1")
0.0000 sec 1.000 / 0.000
10.00 nsec 1.000 / 0.000
20.00 nsec 1.000/0.000
30.00 nsec 1.000 / 0.000
40.00 nsec 1.000 / 0.000
50.00 nsec 1.000 / 0.000
60.00 nsec 1.000 / 0.000
70.00 nsec 1.000 / 0.000
80.00 nsec 1.000 / 0.000
90.00 nsec 1.000 / 0.000
100.0 nsec 1.000 / 0.000
110.0 nsec 1.000 / 0.000
120.0 nsec 1.000 / 0.000
130.0 nsec 1.000 / 0.000
140.0 nsec 1.000 / 0.000
150.0 nsec 1.000 / 0.000
160.0 nsec 1.000 / 0.000
170.0 nsec 1.000/0.000
180.0 nsec 1.000 / 0.000
190.0 nsec 1.000/0.000
200.0 nsec 1.000 / 0.000
210.0 nsec 1.000 / 0.000
220.0 nsec 1.000 / 0.000
230.0 nsec 1.000/0.000
240.0 nsec 1.000 / 0.000
250.0 nsec 1.000/0.000
260.0 nsec 1.000/0.000
270.0 nsec 1.000 / 0.000
280.0 nsec 1.000 / 0.000
290.0 nsec 1.000 / 0.000

a) b) c)

Figure 2.24.Numeric results a) 1st branch data, b) 1st subcarrier and c) 1st

branch modulated data

2 In ADS, different types of blocks are distinguished using different color coding schemes. A 
"timed" block has a black arrow, whereas a "numeric" block has a yellow arrow. A blue 
arrow represents floating point input/output number (real), whereas a green arrow 
indicates complex input/output number. Finally, a red arrow indicates any input/output.

MultiplierRF
M28
Rln=DefaultRln 
ROut=DefaultROut 
RT emp=DefaultRT emp
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1.0 

0.5 

0.0 

-0.5 

- 1.0
0 5 10 15 20 25 30 35 40 45 50 55

Time (usee)

a} 1st branch data

1.0

0.0-

-0 .5 -

- 1.0
40 500 10 15 20 25 30 35 45 555

Time (usee)

b) 1st subcarrier (Real part)

0.6 

0.4 

0.2 

0.0 

- 0.2 

-0.4 

- 0.6
0 5 10 15 20 25 30 35 40 45 50 55

Time (usee)

c) 1st branch modulated data (Real part)

1 1 i ■ 1

Figure 2.25.Time domain representation
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The block "MultiplierRF" in Figure 2.23 requires both "timed" input 

and output (black arrows). Therefore, a spectrum analyzer is inserted at the 

multiplier output. The frequency spectrum of the first subcarrier modulated 

data stream and the overall baseband OFDM signal spectrum are shown in 

Figure 2.26 and Figure 2.27, respectively. The total frequency span of the 

OFDM signal is 1.25 MHz, which agrees with the theoretical prediction 

((4+ l)/4 |is ). Figure 2.28 also shows the signal viewed on time domain.

0.030

0 .0 2 5 -

TO 0 .0 2 0 -

Frequency Span 0.5 MHz

^  0.015 —

q _ 0 .010 -

0.005 —

0.000
1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.51.0 1.2 1.4 1.6

Frequency (MHz)

Figure 2.26. Signal spectrum of 1st subcarrier modulated data stream for

OFDM

0.07

Frequency Span 1.25 MHz
0 .0 6 -

I  0 05"(O
£  0 .0 4 -
oz

0 .0 3 -

Q.
E 0.02- <

0.01-

0.00
1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0

Frequency (MHz)

Figure 2.27. Baseband BPSK OFDM signal spectrum
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Q.

0 10 15 20 25 30 35 40 45 50 555

Time (usee)

Figure 2.28. Baseband BPSK OFDM signal shape

The OFDM signals are up-converted and down-converted using 

"QAM_Mod" and "QAM_Demod" component, respectively. The block diagram 

is shown in Figure 2.29. The block "CxToRect" is used to split the complex 

data into real and imaginary braches to be fed into the "QAM_Mod" block 

that performs IQ modulation. The modulator has an internal oscillator that 

generates the reference carrier signal used to modulate the RF signal. The 

passband frequency is configured to “FCarrier" (100 MHz). The block 

“AddNDensity" adds white Gaussian noise of the specified noise density to 

the input signal. Figure 2.30 shows the AWGN channel configurations. 

"ModOutPower" is the signal power measured at the input of 

“AddNDensity". "NDensity" is the noise power spectrum density determined 

in dBm/Hz. Figure 2.31 and Figure 2.32 show the OFDM signal spectrum 

before and after adding noise, respectively. The signals are then I/Q  

demodulated by "QAM_Demod" and converted to complex symbols by 

“RectToCx" component.
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• M OD

QAMMod
Q6
Rln=DefaultRln 
ROut= DetaultROut 
RTemp= Detaul t RTemp 
F Carrier= FCarrier 
Power=ModPower 
VRef=1 V 
Phase=0

AddNDensity
A6
N Density=NDensity

— II aBmnw

RectToCx

Tk Power
SignalPower_A(terMod1

QAMDemod
Q7
Rln=DefaultRln 
ROut= DetaultROut 
RTemp=DetaultRTemp 
RefFreq=F Carrier 
Sensitivity=1.0 
Phase=0.0 
6ainlmbalance=0.0 
Phaseimbalance=0 0

Figure 2.29. Up-conversion and down-conversion

| | V A R
V A R 2  
EbNo=4
ModPower=0.01 W
ModOutPower=dbmtow(10)
Eb=10*log10(ModOutPower*BitTime)
No=Eb - EbNo
NDensity=No+30

Figure 2.30. AWGN channel configuration

0.07

0 .0 6 -

■o 0 .0 5 -

0.04 —

0 .0 3 -

£ 0.02-

0.01-

0.00
99.00 99.50 100.00 100.50 101.00 101.50 102.00 102.25

Frequency (MHz)

Figure 2.31. RF OFDM signal spectrum without noise
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Frequency (MHz)

Figure 2.32. RF OFDM signal spectrum with noise

After down-converting to baseband, the signals are then demodulated 

and fed into a matched filter for data detection. Figure 2.33 shows the 

content of the matched filter. The "IntDumpTimed" component performs an 

integrate and dump function on the input signal, where the time of 

integration is determined by the clock signal generated from the “Clock” 

component. The period of the clock is the OFDM symbol duration. After 

amplification through the “GainRF" block, signals are reconstructed using a 

"SampleAndHold” component, which samples the input signal at each rising 

edge of the clock signal and holds for a period of time defined by the clock 

(OFDM symbol time). The signal plot at each stage of the matched filter is 

shown in Figure 2.34.

Clock
C76
R 0ut=50.0  Ohm 
RTem p=-273.15  
TStep=TStep
Period=OFDMSymbolTlme 
Delay=0 usee

IntDumpTimed GainRF SampleAndHold
114 G12 S17

Figure 2.33. Block diagram of matched filter
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100

i f

25 30

Time (usee)

a) Before matched filter

10-

T3

i  -5-
Q.
E -1 0 -  <

-1 5 -  

-20 -

35 40 45 50 550 10 15 20 25 305

Time (usee)

b) After integration and amplification

10-

&  -5 -
Q .

|  -10- 
-15 - 

-20-
40 45 50 5515 20 25 30 350 5 10

Time (usee)

c) Sample and hold output

Figure 2.34. Signal plot of matched filter

Finally the reconstructed signals are detected using a Limiter 

component that soft limits the input signal, and downsampled using 

"TimedToFloat" and "DownSample" component for symbol regeneration



Chapter 2 -  OFDM and Fast-OFDM 72

(Figure 2.35). The shape of the signal at the detector is shown in Figure 2.36. 

The regenerated complex symbols are demapped into binary bit sequences 

using "Demapper" component. The outputs are compared to the original bit 

sequence in Figure 2.37. It is noticeable that there is one OFDM symbol 

delay between the initial and recovered bit sequence. This is due to the 

insertion of the matched filter. Therefore, a "Delay” component is inserted 

after the original bit generator during comparison.

TimedToFloat
T20

DownSample
020

Demapper
D21

Figure 2.35. Block diagram of signal detector and demapper

1.0

m 0!H
E

0.0

q_ -0.5-
E <

-1.0-
10 15 20 25 30

Time (usee)
35 40 45 50 55

a) After limiter

1.0

.52
76E
1

-S
Z3

Q.
E<

-1.0-

T-------- ' i--------<i------------------<>---------------------------- <------------- <i------------------

1 ' 1 ' 1 1 1 1 1 1 1 
0 5 10 15 20 25 30 35 40 45 50 

Timed (usee)

b) Downsamppling

Figure 2.36. Signal plot at the detector
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Index var("01 Bits") var("17demappedM)

0.0000 ,0.000,
Delay lj}‘522l 0.000,

1
2

1.000
1.000

3 0.000
4 0.000 0.000
5 0.000 1.000
6 0.000 1.000
7 0.000 0.000
8 1.000 0.000
9 0.000 0.000

10 0.000 0.000
11 0.000 0.000
12 0.000 1.000
13 1.000 0.000
14 0.000 0.000
15 0.000 0.000
16 1.000 0.000
17 1.000 1.000
18 1.000 0.000
19 0.000 0.000
20 1.000 1.000
21 0.000 1.000
22 1.000 1.000
23 0.000 0.000
24 1.000 1.000
25 0.000 0.000
26 0.000 1.000
27 0.000 0.000
28 0.000 1.000

Figure 2.37. Comparison of initial and received bit sequence

QPSK and 16-QAM systems are similar to the BPSK system except that 

the initial setting of the symbol period needs to be adjusted accordingly 

(symbol duration for QPSK is twice the bit period and for 16-QAM is 3 times 

of the bit period).

2.6.2.2 Fast-OFDM system implementation

Fast-OFDM has half the subcarrier spacing of OFDM, thus the 

overlapping coefficient, Xfdm , in Figure 2.19 becomes 0.5. The initial bit rate 

is still IM b /s , which gives 0.5MHz frequency span for each subcarrier (Fast- 

OFDM symbol rate is 0.25Mb/s for 4-subcarrier system). The frequency 

spectrum of the 1st subcarrier modulated data stream and the baseband 

Fast-OFDM signal are shown in Figure 2.38 and Figure 2.39, respectively.
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0.000

0 .0 5 0 -

0 .0 4 5 -

0 .0 4 0

0 .0 3 5

0 .0 3 0

0 .0 2 5

0.020

0 .0 1 5

0.010

Frequency Span 0.5 MHz

3.4  3 .5  

Frequency (MHz)

igure 2.38. Spectrum of the 1st subcarrier modulated data stream of Fast-

OFDM

Frequency Span 0.625 MHz

Frequency (MHz)

Figure 2.39. Spectrum of the baseband Fast-OFDM signal
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2.7 Performance comparison of OFDM and Fast-OFDM

2.7.1. BER performance

The BER performance is quantified in terms of the achievable BER for 

a given energy-per-bit-to-noise-density ratio (Eb/N0) in AWGN. In this work, 

the Monte Carlo [54] technique has been employed for the estimation of bit 

error rate in the simulation, where the BER is calculated as the ratio of 

erroneous bits received to the total number of bits received.

Using the models described in section 2.6.1 under non-fading AWGN 

channel conditions with three types of modulation schemes (BPSK, QPSK 

and 16-QAM), the BER performance (BER versus Eb/N0) of the OFDM and 

the Fast-OFDM systems are shown in Figure 2.40 and Figure 2.41, 

respectively.

From Figure 2.40, it can be observed that, as expected, the insertion of 

OFDM does not affect the BER performance when compared to single carrier 

scheme systems. It is also shown in Figure 2.41 that the BER plot of Fast- 

OFDM with BPSK mapping scheme agrees well with the theoretical values. 

Performance degradation occurs when complex modulation schemes, such 

as QPSK and 16-QAM, are applied. This is due to the loss of orthogonality 

among subcarriers (as discussed in the section 2.5.2) when complex signals 

are transmitted.

The results can also be viewed from the constellation diagrams of the 

received signal for BPSK and QPSK systems shown in Figure 2.42 and Figure 

2.43, respectively. In the case of BPSK, the real part of the data is received 

without ICI whereas the imaginary part of the data is not. A series of 

vertically aligned demodulated points are received, indicating the additional 

imaginary components (Figure 2.42 b)). Thus, the transmitted data can be 

recovered by taking the real part of the received signal. On the other hand, 

when complex mapping is applied, for example QPSK, both of the real and 

imaginary part of the data are affected by ICI, which makes the data 

recovery difficult. This explains the severe degradation in the BER 

performance for Fast-OFDM with complex modulations in Figure 2.41
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H I
..................................

f c r ... ...........

...
* ** <..................... X............................ N....

Eb/No (dB)

 BPSK Theoretical BER
•  OFDM/BPSK Simulation 

— QPSK Theoretical BER 
O OFDM/QPSK Simulation

 16-QAM Theoretical BER
A  OFDM/16-QAM SimUatton

Figure 2.40. BER plot for OFDM in AWGN channel for BPSK, QPSK and 16- 

QAM modulations. The number of bits is 104; N = 4.

Figure 2.41. BER plot for Fast-OFDM in AWGN channel for BPSK, QPSK and 

16-QAM modulations. The number of bits is 104; N = 4.

—  BPSK Theoretical BER 
•  Fast-OFDM/BPSK SimuiationUtion 

— QPSK Theoretical BER 
O Fast-OFDM/QPSK SmuUboo 
-  • 16-QAM Theoretical BER 

A  Fast-OF DM/16-QAM SenuUtwo

Eb/No (dB)
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1.5- 1.5-

1.0- 1 .0 -

0 .5 - 0 .5 -

0 .0 -

-0 .5 - -0 .5 -

-1.0- -1 .0 -

-1.5 -1.5-
-1.5 -1.0 -0.5 0.0 0.5

In-phase
1.0 1.5 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2

In-phase

a) b)

Figure 2.42. Constellation diagrams for 16-carrier BPSK at the receiver a)

OFDM b) Fast-OFDM
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Figure 2.43. Constellation diagrams of 16-carrier QPSK at the receiver a)

OFDM b) Fast-OFDM

In order to examine the importance of the orthogonality of the 

subcarriers to BER performance, a plot of BER against frequency spacing 

between adjacent subcarriers with Eb/No  = 4dB is given in Figure 2.44. The 

frequency spacing is defined as X f d m /T s, where T s is the OFDM symbol period 

and X fd m  is the overlapping coefficient for frequency spacing varying FDM 

systems. The overlapping coefficient varies from 0 to 2. The values of X fd m  

are chosen to be 0, 0.5, 1 and 2 to represent full overlapping, Fast-OFDM,
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OFDM and FDM, respectively. It can be observed from the figure that, for the 

BPSK systems, the BER performances are close to the theoretical BPSK BER 

value at the points of 0.5, 1, 1.5 and 2, where the orthogonality remains 

between subcarriers. However, in the case of QPSK, BER performance 

degrades when X fd m  equals 0.5 (and 1.5). This is due to the loss of 

orthogonality in the imaginary part of the complex Fast-OFDM signals.

BPSK Theoretical result 
BPSK Simulation result 
QPSK Theoretical result

DO

06 0.8
Overlapping coefficient,

u
coefficient,

0.4

Figure 2.44. BER vs X fd m  plot for variable subcarrier spacing FDM schemes. 

The number of bits is 104; N = 4; Eb/N0 = 4dB.
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2.7.2. Peak to average power ratio (PAPR)

In a multi-carrier system, employing non-linear elements, the BER 

performance of the system is influenced by the envelope fluctuations of the 

transmitted signal, which are measured in terms of the PAPR of the signal. 

As described in section 2.4.1, the PAPR is the ratio of the peak power of the 

transmitted signal over the average power. The peak power of a baseband 

signal, s(£), is given as the average power that would be obtained if the 

envelope of the equivalent bandpass signal, |s(£)|, was held constant at its 

peak value. This is equivalent to the average power in an unmodulated sine 

wave with a peak value of max(|s(t)|). Hence, the peak power of s(t), in 

terms of its equivalent baseband representation is given by [55]:

The average power of a bandpass signal within one signal period is 

given by:

where TSig is the duration of s(t) and E{.} is the expectation operator.

The average power of s(t) in terms of its equivalent baseband 

representation is given by [36]:

From equations (2.24) and (2.26),

(2.24)

PAPR
(2.27)
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In this work, the PAPR is calculated over a duration of 104 OFDM 

symbols. As the main aim of the work is not to obtain the precise value of the 

PAPR but to present a comparison between the different implementations, 

104 symbols is taken to be a sufficient duration for the simulation.

The PAPR of the OFDM and Fast-OFDM signals at the output of the 

transmitter BPSK and QPSK mapping schemes are shown in Figure 2.45. 

From this figure, it can be observed that the PAPR increases with the 

number of subcarriers N, for both mapping schemes. This is because as N 

increases, the peak power of the signal increases while the average power is 

kept constant. Theoretically, the PAPR of an OFDM signal is expressed as 

lOlogioN [45]. In other words, doubling the number of subcarriers leads to a 

3 dB increase in PAPR. It also can be noticed that the PAPR value of the Fast- 

OFDM signals are comparable to OFDM. This is due to the fact that reducing 

the subcarrier spacing does not affect the peak amplitude of the signals. 

Figure 2.46 shows the envelope of a 16-subcarrier OFDM and Fast-OFDM 

signal within 5-symbol periods. It  can be seen from the figure that both the 

OFDM and Fast-OFDM signals have the same peak signal amplitudes. 

However, with less peaks as compared to OFDM, the Fast-OFDM signal may 

have lower percentage of achieving high peak amplitudes. This can be 

observed from the complementary cumulative distribution function (CCDF) 

of OFDM and Fast-OFDM in Figure 2.47. The signal range in the figure is the 

transient absolute signal power minus the average signal power. It can be 

observed that for a specific value of signal range, e.g. -20 dB, OFDM has 

higher possibility of achieving this value than Fast-OFDM.
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Figure 2.45. PAPR comparison of Fast-OFDM and OFDM
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Figure 2.46. Signal envelope of 16-subcarrier OFDM and Fast-OFDM
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Figure 2.47. CCDF for 4-carrier OFDM and Fast-OFDM

For high power efficiency attaining, a Fast-OFDM system needs to 

operate near saturation regions of the transmitter power amplifier, which 

may result in nonlinear distortion. It is thus important to assess the effect of 

amplifier nonlinearity of the Fast-OFDM. The effect of nonlinearities on 

OFDM transmissions has been studied in a number of contributions [40- 

42;44]. Yet, it has not been applied on Fast-OFDM system. Therefore, 

different systems' performance is expected for OFDM and Fast-OFDM under 

nonlinear distortion.

In order to examine the different performance of OFDM and Fast- 

OFDM systems under nonlinear effects, the BPSK models of both systems 

have been adapted to add a high power amplifier (HPA) with nonlinear 

distortions. The effect of nonlinearity was controlled by a nonlinear gain 

compression factor that was determined according to different nonlinear 

characteristics. Those gain compression characteristics were modelled using 

a polynomial expression up to the saturation point; after this point, output 

power was held constant for increasing input power. The nonlinear 

characteristic of the model was the ldB gain compression. In other words,
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the nonlinear gain compression factor was due only to the output ldB gain 

compression point (dBclout).

The signal bandwidth before and after the HPA are shown in Figure 

2.48 and Figure 2.49 for OFDM and Fast-OFDM, respectively. The system 

gain and the value of dBclout were configured equally for both systems. It 

can be observed from the figures that spectrum spreading is generated due 

to the nonlinear effects of the amplifier. The BER results for nonlinearly 

distorted OFDM and Fast-OFDM are shown in Figure 2.50. It is noticeable 

from the results that the OFDM systems outperform Fast-OFDM in the 

presences of nonlinear distortions. This is because of the consequence of 

that reducing the subcarrier spacing in Fast-OFDM also reduces the distance 

between the wanted carriers and the nearby intermodulation products 

(IMP) generated due to nonlinear effects. Therefore, it is more difficult to 

filter out the IMP that may fall in-band to recover the signals. Therefore, the 

determining factor of BER degradation is effectively the spectral spreading.
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Figure 2.48. Frequency spectrum of nonlinear distorted 4-carrier OFDM

system
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Figure 2.50. BER performance of nonlinearly distorted OFDM and Fast-
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2.7.3. Spectral efficiency

The spectral efficiency is termed as the useful data rate of the signal 

over its total bandwidth. For the purpose of comparing, the normalized 

spectral efficiency is defined as the ratio of the Fast-OFDM data rate, 

RFastoFDM, over the OFDM data rate, R o fd m , in this analysis. The transmission 

bandwidth is fixed and described as:

B =  (N  +  1 )R o fd m  =   ̂ 2  )  ^ F ast-O F D M  (2.28)

where N is the total number of subcarriers. For this work, we define spectral 

efficiency as:

R F a s t-O F D M  ( N  +  1 )

w "  rofdm -  JE+Ij
The ratio of the two data rates depends on the number of subcarriers. The 

spectral efficiency for different values of N is shown in Figure 2.51. It can be 

observed that as the number of subcarriers increases, the spectral efficiency 

of the Fast-OFDM approaches nearly twice that of the OFDM system.
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Figure 2.51. Spectral efficiency of Fast-OFDM compared to OFDM
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An alternative way of comparing the two systems is to keep the data 

rate constant in both cases and compare the occupied bandwidth. The p lot 

(Figure 2.52) in this case is an inverted p lot o f Figure 2.51. This is because, 

fo r a constant data rate, the Fast-OFDM w ill occupy nearly half o f the 

bandwidth o f the conventional OFDM when the number of subcarriers is 

large.
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Figure 2.52. Occupied bandwidth comparison of OFDM and Fast-OFDM

2.7.4. Adjacent channel interference (ACI) performance

ACI is the interference caused by the extraneous power of a signal in 

an adjacent channel. It is im portant to note that the effect of ACI must be 

taken into consideration when designing a wireless system. In [56;57], a 

study has been performed to investigate the ACI performance for mobile 

communication systems GSM and EDGE. The results concluded different 

performance o f the systems was obtained in the presence of noise or ACI. 

This study motivated us to consider how the ACI affects the performance of 

an OFDM and Fast-OFDM system.

The frequency spectrum for adjacent channel interference simulation 

is given in Figure 2.53. A 20% (one symbol period) spectrum overlapping is 

placed between the transm itting channel and the adjacent channel. Figure



Chapter 2 -  OFDM and Fast-OFDM 87

2.54 shows a simplified p lo t o f tw o overlapping channels for the 4 

subcarrier OFDM scenario. Ps and Pa represent the power of the wanted 

signal and adjacent channel signal, respectively. A screenshot of the ADS 

model is also shown in the Appendix A .I.
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Figure 2.53. Frequency spectrum of ACI simulation

CH2
CH1

20% Channel
overlapping

Figure 2.54. 4-carrier OFDM ACI spectrum

The performance of the systems in noise and ACI is shown in Figure 2.55 

w ith  the input Eb/N0 at 5 dB. The x-axis represents the ACI signal power 

normalised to the transm itting signal power. In other words, the ACI is 

defined as:
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ACI =  101og10^ -  (2-30)

The results show that OFDM performs better than Fast-OFDM as the 

interfering signal power increases. It also may be observed that for small 

ACI distortion condition (ACI < 0.7dB) the performance of Fast-OFDM is 

comparable to OFDM.
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Figure 2.55. OFDM and Fast-OFDM BER Performance in noise and ACI;

Eb/No = 5dB; 20% channel overlapping

In order to examine the performance of the system under ACI-limited 

conditions, the spectrum overlapping between the transm itting channel and 

the interference channel is adjusted to 45%. Figure 2.56 shows the 

performance comparison o f the two systems in ACI-only condition. Similar 

results are obtained as compared to the system performance in noise and 

ACI.
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Figure 2.56. OFDM and Fast-OFDM BER Performance in ACI-only w ith  45%

channel overlapping

2.7.5. Discussion of OFDM and Fast-OFDM systems performance

Section 2.7 has presented the performance of OFDM and Fast-OFDM 

for d ifferent mapping schemes. In both cases, the in itia l data rate was made 

constant. Comparing the two schemes for the same input data rate shows 

that as the number of subcarriers increases, the spectral efficiency o f the 

Fast-OFDM approaches nearly twice of the OFDM system.

Comparing the BER performance of the two systems in the presence of 

AWGN for d ifferent mapping schemes (Figure 2.57) shows that the BER 

performance of Fast-OFDM is comparable to OFDM in the case of BPSK and 

deteriorates severely when complex modulation schemes (QPSK and 16- 

QAM) are applied. It is also interesting to note that further decreasing the 

subcarrier spacing (as compared to Fast-OFDM) results in exponential BER 

performance degradation due to ICI (Figure 2.44).
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Figure 2.57. BER plots for OFDM and Fast-OFDM for BPSK, QPSK and 16- 

QAM modulations. The number of testing bits is 104, N = 4.

Figure 2.45 presents the PAPR variations of the two implementations 

for different mapping schemes. Comparison of the results reveals that the 

PAPR of Fast-OFDM is comparable to that of OFDM for both BPSK and QPSK 

mapping schemes. In both cases, the PAPR increases with the number of 

subcarriers. It is also interesting to note that OFDM systems outperforms 

Fast-OFDM in the presences of nonlinear distortions, though Fast-OFDM has 

better CCDF due to the fact that less peaks happen in Fast-OFDM compared 

to OFDM.

Comparing the performances of the two systems with BPSK mapping 

scheme in ACI-limited and ACI plus noise scenarios shows that OFDM 

performs better than Fast-OFDM. This is a consequence of the fact that in the 

case of Fast-OFDM, reducing the subcarrier spacing in half generates larger 

ICI between subcarriers and ACI from adjacent Fast-OFDM channels as 

compared to OFDM.
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2.8 Summary

This chapter investigated the OFDM and Fast-OFDM combined with  

single dimensional (BPSK) and complex (QPSK and 16-QAM) mapping 

schemes. For both systems, models were implemented and tested on ADS 

platform. Several performance parameters were evaluated under different 

conditions.

The chapter was divided into six sections. Section 2.3 and 2.4 provided 

background on OFDM. Basic principles of OFDM, such as the oscillator based 

and the FFT based OFDM implementation, the guard interval, cyclic prefix, 

coding, interleaving and pilot symbols for channel estimation were 

described in section 2.3. Drawbacks of OFDM in terms of high sensitivity to 

nonlinear distortion and synchronization errors were discussed in section 

2.4. Section 2.5 introduced the Fast-OFDM and also included a discussion on 

the relative merits and demerits of the scheme compared to conventional 

OFDM. Section 2.6 presented the two implementations in ADS. The system 

models for both implementations were described together with system 

features and key parameters. Finally, the system performance parameters of 

the two schemes are investigated in section 2.7 in terms of BER, bandwidth 

efficiency, PAPR, nonlinear performance and ACI analysis.

The performance comparison of the two systems showed that Fast- 

OFDM had an advantage in bandwidth efficiency over conventional OFDM 

for large number of subcarriers. Yet Fast-OFDM suffered the limitation of 

supporting only single dimensional modulation schemes. Furthermore, it 

exhibits worse nonlinear performance and resistance to ACI as compared to 

OFDM. Therefore, finding the possibilities of combining Fast-OFDM with 

complex modulation schemes to take full advantage of the bandwidth 

efficiency benefits becomes vitally important. This is the subject of the 

Chapter 4, whilst, the following chapter explores the similarities and 

differences between Fast-OFDM and other newly emerging multi-carrier 

systems.
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3.1 Introduction

Over the past few years, the combination of OFDM and CDMA schemes 

has generated great interest in the field of wireless communications, 

providing high data rate and robustness to multipath effects. This 

combination is referred to multi-carrier CDMA or OFDM/CDMA [22;58-63]. 

Among different classes of multi-carrier CDMA schemes, multi-carrier direct 

sequence CDMA (MC-DS-CDMA) systems have the advantage of higher 

frequency diversity and improved overall system performance when 

compared to other multi-carrier schemes. Multi-tone CDMA (MT-CDMA) is 

appealing due to the usage of longer spreading code sequences and strong 

spectral overlapping, as this allows improved user accommodation when 

compared to DS schemes and as it provides higher bandwidth efficiency. On 

the other hand, The concept of overlapping multi-carrier CDMA systems was 

introduced by Hanzo [6], in which the overlapping was modelled by varying 

the frequency spacing between subcarriers for MC-DS-CDMA and MT-CDMA 

systems. Extensive research has been carried out on the performance 

analysis among different multi-carrier CDMA schemes [4;5;64;65] and 

between multi-carrier CDMA and OFDM [6;8]. However, there are no studies 

of system performance comparison between overlapping multi-carrier 

CDMA systems and variable subcarrier spacing FDM systems (including 

OFDM and Fast-OFDM). Such studies are the subject of this chapter.

In this chapter the basic concepts of CDMA and multi-carrier CDMA are 

discussed. The first section starts with a general introduction to CDMA. The 

section 3.3 will then concentrate on the three main classes of multi-carrier 

CDMA systems and the various variations of these systems. The principles of
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overlapping multi-carrier CDMA system are presented in the section 3.4. 

Finally, the system implementation and performance assessment of the 

overlapping multi-carrier CDMA and its comparison to OFDM and Fast- 

OFDM are discussed in section 3.5 and section 3.6, respectively.

3.2 CDMA

Traditionally, TDMA and FDMA techniques have been employed for 

multiple access. In TDMA, the time-domain transition frame is periodically 

divided into time slots, while in FDMA the allocated spectrum is divided into 

frequency slots. Users are separated either in time domain or in frequency 

domain by accessing different time/frequency slots.

CDMA is a multiple access technique which allows multiple users to 

transmit independent information within the same bandwidth 

simultaneously. It is a strong candidate for future generation wireless 

systems as it provides the transmission of high data rates over “hostile" 

wireless channel. The basic idea of CDMA is to transmit independent 

information within the same frequency band at the same time, where users' 

separation is done by assigning a pseudo-random code to each user. It was 

first introduced by Claude Shannon and Robert Pierce in 1949 [66]. In 1978, 

CDMA was then proposed for cellular applications by Cooper and Nettleton

[67]. During the 1980s, CDMA was investigated for cellular system, which 

led to the standardization of CDMA in 1993. The first CDMA system, IS-95

[68] started operation in 1995. In the late 20th century and at the beginning 

of 21st century, wideband CDMA systems [69] with a bandwidth of 5 MHz or 

over have been studied for 3rd generation mobile communication systems. 

Such systems include Wideband CDMA (W-CDMA) in Europe/Japan, 

cdma2000 [70] in the US, TTA-I and TTA-II in Korea and TDS-CDMA in China 

[14]. During recent years, multi-carrier CDMA systems which combine the 

multi-carrier techniques and CDMA schemes have attracted more attention 

and become the key candidate in 4G mobile network physical layer (PHY) 

implementations [19].
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3.2.1. CDMA fundamentals

In a CDMA multiple access system, users are separated by pseudo­

random code sequences, which are then "modulated” with the user data. The 

receiver, knowing the code sequence of the individual user, decodes the 

received signal after reception and recovers the original data. This then 

allows the sharing of the same spectrum by multiple users without causing 

excessive multiple access interference. The bandwidth of the code signal is 

much greater than the bandwidth of the information bearing signal. Hence, 

the spectrum is enlarged (or spread) during the encoding process. The 

resulting signal is called spread spectrum signal and CDMA is referred as 

spreading spectrum multiple access scheme. The codes are known as 

spreading codes.

One of the most important concepts of CDMA is the processing gain, 

which is defined as the ratio of the information signal period, Ts, to the 

transmitted signal period, Tc, i.e. Ne = Ts/T c. One criteria that must be fulfilled 

is that the processing gain must be greater than one, in other words, Ts > Tc. 

For WCDMA, the bandwidth of the transmitted signal must be independent 

of the bandwidth of the information signal.

CDMA systems can be mainly divided into two groups, averaging 

systems and avoidance systems (Figure 3.1). Averaging systems reduce the 

interference in the system by averaging it over a wide time interval, such as 

direct sequence CDMA (DS-CDMA) schemes. Avoidance system reduces the 

interference by avoiding it for a large part of time, for example, frequency 

hopping CDMA (FH-CDMA) and time hopping CDMA (TH-CDMA) schemes. 

There is also a combined CDMA system, hybrid CDMA, which applies for 

both.
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Figure 3.1. CDMA Classification by modulation method [69]

3.2.2. Various CDMA systems

3.2.2.1 DS-CDMA

In a DS-CDMA system (Figure 3.2), the information bearing signal is 

first multiplied by a spreading code signal that has good orthogonal 

properties. The spreading code signal consists of a number of code bits 

called “chips”. The rate of the spreading code signal is much higher than the 

rate of the input data signal (Figure 3.3). The spread data is then modulated 

onto a carrier for transmission. Mathematically, the complex envelope of the 

transmitted signal for kth user is given by:

s k ( t ) = A . h fc( t ) * c k ( t ) * e ^  ( 3 . 1 )

Where A is the amplitude of the carrier signal, f c is the carrier frequency, bk(t) 

is the information signal and c*(£) is the spreading code.

At the receiver, the received data is despread by multiplying the down- 

converted received signal with a locally generated copy of the user specific 

spreading code signal, which needs to be synchronized with the received 

signal.

Transmitter Receiver
D ata  In D S -C D M A  D ata  O u t
U s e r *   lc=lb/Ncode s i  |   U s e r *

» «  ►  j £  - q
Spreading code t  t  J .

length AU* j2  -n fc t - j2  n f c t
Ckyt) e  e

S p read in g  D espread in g
c ode  code

Figure 3.2. Single user DS-CDMA System
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fc =  1/Te

Figure 3.3. Power spectrum of the DS-CDMA signal 

3.2.2.2 FH-CDMA

In FH-CDMA, the available frequency band and time axis are divided 

into multiple slots. The carrier frequency of the modulated information 

signal changes according to the user specific spreading code sequence. The 

carrier frequency remains the same during a given time interval, it then 

hops to another frequency [or stays the same if it hops on the same 

frequency). The hopping pattern is determined by the user specific 

spreading code. The processing gain is equal to the number of hopping 

frequencies. Unlike the DS-CDMA that occupies the whole frequency band, a 

FH system uses only a small frequency slot during transmission. The 

location of the frequency slots differs with time. Figure 3.4 compares the 

time-frequency occupancy of DS-CDMA and FH-CDMA.

Figure 3.4. Time-frequency occupancy of a) DS-CDMA; b) FH-CDMA [69]

There are two types of FH system, namely, fast frequency hopping 

(FFH) and slow frequency hopping (SFH). In the case of FFH, the carrier 

frequency changes a number of times during the transmission of one symbol,
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in other words, the symbol duration T, is greater than the hopping time Thop. 
However, in the case of SFH, the carrier frequency does not change for a 

number of symbols (T < Thop).

3.2.2.3 TH-CDMA

In TH-CDMA systems, the time axis is divided into frames and each 

frame is divided into N timeslots. The user transmits in one of N timeslots 

during each frame. Which of the N timeslots is transmitted depends on the 

code signal assigned to the user. The processing gain in this case is same as 

the number of timeslots in each frame. Figure 3.5 shows the time-frequency 

occupancy of TH-CDMA.

Figure 3.5. Time-frequency occupancy of TH-CDMA [69]

3.2.2A Hybrid CDMA systems

Hybrid CDMA systems is a combination of the above CDMA schemes 

with some other multiple access techniques (such as TDMA). Mixing two or 

more CDMA systems combines the advantages of the individual techniques. 

Combining with multi-carrier modulation schemes produces multi-carrier 

CDMA systems that provide higher data rate transmission.
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3.3 Multi-carrier CDMA

Instead of using a single carrier for serial data transmission, the CDMA 

schemes can be applied to use multiple subcarriers with parallel data 

transmission. Due to the fact that OFDM has the advantages of high data rate, 

low complexity of the system and good performance in a multipath channel, 

the combination of OFDM and CDMA schemes has generated great interests 

in the field of wireless communications. The main attractions are the high 

data rate in wireless transmissions and low complexity of the receiver with  

FFT-OFDM implementations. This combination is referred as multi-carrier 

CDMA or OFDM/CDMA.

Multi-carrier CDMA schemes were first introduced in 1993 [59;61;62]. 

Depending on different activation of the subcarriers, the schemes can be 

classified as the non-frequency hopping multi-carrier CDMA and the 

frequency-hopping assisted multi-carrier CDMA [6]. The non-frequency 

hopping multi-carrier CDMA schemes can be further divided into four 

classes: Frequency-domain spreading multi-carrier CDMA (or MC-CDMA) 

proposed by N. Yee, J-P Linnartz and G Fettweis [63], K. Fazel and L. Papke 

[59], and A. Chouly, A. Brajal and S. Jourdan [62]; Subchannel band-limited 

multi-carrier direct-sequence proposed by S. Kondo and L. Milstein [63]; 

Orthogonal multi-carrier DS-CDMA (or MC-DS-CDMA) proposed by V. 

DaSilva and E. S. Sousa [58]; Multi-tone DS-CDMA (MT-CDMA) by L. 

Vandendorpe [60]. There are also several frequency-hopping assisted multi­

carrier CDMA schemes proposed in [71-73].

The basic principle of a multi-carrier CDMA system is that each user 

data is spread using a user specific spreading code and then modulated onto 

a set of subcarriers using OFDM. The main difference between these types of 

multi-carrier CDMA schemes is the way in which the data is spread and 

modulated on to different subcarriers. One major advantage of this system is 

that by transmitting a data stream in parallel, it lowers the symbol rate in 

each subcarrier, in other words, it extends the symbol duration and makes it 

easier to quasi-synchronize the transmission.
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3.3.1. MC-CDMA

In the MC-CDMA scheme, the data stream is spread over Nsc 

subcarriers using a given spreading code of {cn[0], cn[l],...,cn [N sc -1 ]} with 

processing gain Gmc (assuming Gmc = N sc)  in the frequency domain. The basic 

structure of MC-CDMA scheme is similar to an OFDM scheme except for that 

MC-CDMA scheme transmits the same symbol in parallel through a set of 

orthogonal subcarriers whereas the OFDM scheme transmits different 

symbols. Figure 3.6 shows the diagram of a single user MC-CDMA system. 

The input user data stream is first copied into Nsc parallel data streams. Each 

stream is then multiplied by a single chip of the given spreading code. As the 

serial data stream is not serial-to-parallel converted, there is no spreading 

modulation on each subcarrier. The data rate on each of the branch is the 

same as the input data rate. After multiplication with the spreading code, the 

data branches are modulated onto a set of orthogonal subcarriers separated 

by A/m c, where the frequency spacing A /m c  is set to the inverse of the bit 

duration Tb. Therefore, the frequency spectrum is 50% overlapped (Figure 

3.7) and the bandwidth required by the MC-CDMA system is (Nsc+1)/Tb . The 

spectrum gain SPGm c, which is defined as the ratio between the bandwidth 

required with no overlapping and the actual bandwidth of a specific scheme, 

is given by:

Nsc(2/Tb) 2 Nsc

MC (Nsc +  i ) ( i / r „ )  n sc + 1 c •

The spectrum gain approaches two when Nsc is a large number. With 

the reference to Figure 3.6 the kth MC-CDMA user's complex envelope of the 

transmitted signal can be expressed as [6]:

=

M

-Nsc- 1
2Pc V—1
^  2 ,  bk ( t )  ■ Ck [n] ■ (3.3)

'SC
71=0

where Ps is the transmitted power of the MC-CDMA signal, bk[t) represents 

the binary data sequence, Nsc is the number of subcarriers as well as the 

spreading gain, {c/c[0], Ck[ 1], ••• Ck[Nsc- 1]} is the spreading code, {fn, n = 0,



Chapter 3 -  Multi-carrier CDMA 100

1, ..., Nsc -  1} are the subcarrier frequencies, taking the values fo + n /T b  for n 

= 0 ,1 ,..., Nsc -  1 and fo is the zeroth carrier frequency.
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Figure 3.6. Single user MC-CDMA System
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Figure 3.7. Spectrum of the MC-CDMA signal

The MC-CDMA scheme in Figure 3.6 assumes that the number of 

subcarriers is same as the code length (processing gain). In other words, the 

duration of the symbol at the output of the transmitter is same as the 

duration of the symbol at the input. However, in order to have flat frequency 

fading over each subcarrier in multi-carrier transmission, the original
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symbol rate needs to be lowered by serial-to-parallel (S/P) conversion of 

the input signals. The total number of subcarriers does not have to be the 

same as the processing gain. In [74] an adaptive MC-CDMA scheme with a 

S/P converter replacing the copier in the transmitter is studied. The diagram 

of the transmitter in such a scheme is shown in Figure 3.8. The input 

information sequence is first S/P converted into Ns/p parallel data sequences, 

where Ns/p is the length of the S/P converter. Each branch of data stream is 

then multiplied with the spreading code with length Gm c . The total number 

of subcarriers Nsc is given by Nsc = Gm c • Ns/p. In this case the bandwidth of 

each individual subcarrier is narrower than the bandwidth of the input data 

(Figure 3.9). The total bandwidth of the signal required equals Nsc times the 

bandwidth of the S/P converted symbols. The subcarrier separation, A /m c-s/ p, 

is given by:

A /m c - s/ p —
N s/p  * l b

(3.4)

This modified MC-CDMA scheme ensures frequency non-selective fading. 

Additionally, by properly choosing the number of subcarriers and the guard 

interval between adjacent symbols, an optimal value, in terms of BER 

performance, maybe obtained [74].

o) j 2 l l 0  A / mcs/ p  t
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W

c* (G m c - 1 )  ] 2 n  {Gmc- 1 ) A /* « „  t
e

Nsc =  N s/p  • G m c

Figure 3.8. Modified single-user S/P MC-CDMA system - transmitter
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0 1 O O P Gmc m 1

A/mĉ p = 1 l(Ns,p-Tb) f

Figure 3.9. Power spectrum of the modified MC-CDMA signal

3.3.2. MC-DS-CDMA

Instead of spreading the data stream in frequency domain, the multi­

carrier CDMA transmitter can spread a set of S/P converted data streams 

using a given spreading code and then modulates a different subcarrier with 

each of the data stream, in other words, the spreading operation is done in 

time domain. This category of multi-carrier CDMA schemes is referred as 

MC-DS-CDMA [5]. Figure 3.10 and Figure 3.11 show the single-user MC-DS- 

CDMA system and its output power spectrum, respectively. The transmitter 

first converts the original data stream into Nsc parallel substreams, which 

are then multiplied with a spreading code of processing gain, Gmd. The 

spread substreams are then modulated with Nsc subcarriers frequency 

spaced by A /md = 1 /T C = GMD/NscTb, where Tc is the spreading code chip 

duration. Finally the MC-DS-CDMA signal is generated by adding up all the 

modulated substreams. There are some other multi-carrier DS-CDMA 

schemes which are related to this scheme and will be introduced later.
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Figure 3.11. Power spectrum of MC-DS-CDMA signal

One type of MC-DS-CDMA scheme proposed by S. Kondo and L. 

Milstein [63] is similar to MC-CDMA in a way that a data copier is used 

instead of a S/P converter in the transmitter. However, the difference is that 

in MC-DS-CDMA scheme, each subcarrier signal is direct sequence spread 

using a common spreading sequence C k (t) , instead of a single chip in the case 

of MC-CDMA. Figure 3.12 shows the structure of this type of MC-DS-CDMA 

system. This scheme does not include S/P data conversion. Therefore, the 

symbol duration of the multi-carrier DS-CDMA signal is the same as that of



Chapter 3 -  M ulti-carrier CDMA 104

the input data bit duration. The complex envelope of the transmitted signal 

of the kth user can be formulated as [6]:

NSc 1
2 R

Nsc  „71=0

^  * Ck(t) • ej2nfnt (3.5)

The spectrum of this MC-DS-CDMA scheme is shown in Figure 3.13. To 

achieve orthogonality between subcarriers in the copier MC-DS-CDMA, the 

minimum spacing A / m d -co between adjacent subcarriers should also be the 

inverse of the chip duration, i.e. A / m d -co = 1 /T C. The spectral gain SPGmd-co is 

thus given by

^sc(2/Tc) 2 Nsc

5PGmd- C 0= = a ^ t t  ^

The spectrum gain approaches two when Nsc is a large number with 50%  

overlap of the main lobes of the adjacent subcarrier spectra. At the receiver 

the frequency diversity is achieved by combining all the Nsc correlator's 

outputs associated with the Nsc subcarriers. There are number of advantages 

of this multi-carrier DS-CDMA system compared with single carrier DS- 

CDMA scheme. Firstly, it provides good performance in multipath fading 

channels due to the frequency diversity achieved over the subcarriers. 

Secondly, it also suppresses the effects of narrowband interference in the 

system due to the DS spreading. Thirdly, the multi-carrier DS-CDMA system 

provides a lower speed, parallel-type of signal processing, instead of a fast 

serial-type of signal processing in a signal carrier system [6]. By having a 

lower chip rate of the spreading code, it has the advantages of reduced- 

complexity parallel implementation in the system.
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A/md-co = NscITt,

Figure 3.13. Spectrum of the Copier Orthogonal MC-DS-CDMA System

As an extension of the copier MC-DS-CDMA scheme, there is another 

MC-DS-CDMA system which applies a serial-to-parallel converter instead of 

the copier of the first type. This orthogonal MC-DS-CDMA scheme spreads 

the S/P converted data streams using a given spreading code in the time 

domain so that the resulting spectrum of each subcarrier can satisfy the
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orthogonality condition with the minimum frequency separation [58;75]. 

The system structure of the S/P MC-DS-CDMA is shown in Figure 3.14. The 

initial data stream having a bit duration of Tb is first S/P converted into q 

lower-rate streams. The symbol duration on each substream is Ts= qTb. Each 

of these streams is spread by the spreading code Ck[t), and then modulated 

with p subcarriers having the same rate. The spectrum of the S/P multi­

carrier DS-CDMA signals is shown in Figure 3.15. To ensure the 

orthogonality between subcarriers, the spacing between adjacent 

subcarriers is chosen to be A/md-s/p = 1 /T c, where Tc -  qTb/p. If  {fu , f i 2 , ..., 

fN s c = p q ,}  are the subcarrier frequencies, assuming p and q take values starting 

from 1, hence, they can be written in the form of a matrix as [6]:

Then each branch of data stream bki at the kA user, i th branch, feeds p 

parallel streams and modulates p subcarriers from the same column of the 

matrix given above. By doing so, these subcarrier frequencies modulated by 

the same data bit have maximum frequency separation, which ensures the 

independence of the fading endured by the subcarriers modulated by the 

same data bit. The transmitted signal's envelope form for kth user is given by

where bki(t) represents the binary data sequence of kth user at ith branch of 

data stream, q is number of S/P data streams, p is the number of subcarriers 

for each substreams. The spectral gain S P G m d - s /p  is thus given by

f u  f u  A q

r r i  _  / 2 1  f l 2  ■■■ f2 q
\JiS (3.7)

- f p l  f p 2 fp q .

[6]:

(3.8)

S /P  ~

pq(2/Tc) 2 Nsc
(3.9)

(;pq + 1)(1/TC) Nsc + 1
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which approaches two as the total number of subcarriers Nsc = pq increases. 

Similarly to the copier MC-DS-CDMA scheme, this scheme mitigates the 

effect of multipath interference due to DS spreading and frequency/time 

diversity. Adding an S/P converter extends the chip duration, which may 

lead to more relaxed synchronization schemes. However, the drawback is 

the high complexity in system implementation due to the further 

employment of RAKE combiners for suppression of frequency selective 

fading effects at the receiver.
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Figure 3.14. Single-user S/P Orthogonal MC-DS-CDMA System
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Figure 3.15. Spectrum of the S/P Orthogonal MC-DS-CDMA System

3.3.3. MT-CDMA

Another variation of the multi-carrier CDMA systems is MT-CDMA. 

This scheme was originally proposed as a combination of multi-tone 

transmission and direct sequence spread spectrum systems, which 

combines the benefits of the two schemes. The higher spectrum efficiency 

(strong overlap among subcarriers) and more user accommodation allow 

MT-CDMA systems to be more appealing than other multi-carrier CDMA 

schemes when such benefits are considered. MT-CDMA was proposed by 

Vandendorpe [60] in 1993. The performance of MT-CDMA systems was 

initially studied for an indoor environment. It was analyzed the system in 

the presence of AWGN on a multipath Rician fading channel with the 

considerations of inter-symbol, multi-carrier and multi-user interference 

and correspondingly diversity reception at the receiver. Due to the difficulty 

in the achieving coherent detection, non-coherent MT-CDMA schemes were 

suggested by Rahman [76-78]. The system performance was evaluated for a 

multipath fading (Rician and Rayleigh) channel with DBPSK and DQPSK 

modulation schemes. It was shown that the use of post-detection diversity 

for non-coherent MT-CDMA provided improvement in BER performance as 

compared to its non-diversity counterpart. In addition, a higher number of 

tones and a higher diversity order could reduce the system BER, whereas 

these two parameters are limited by the transmission rate and permissible 

channel resources.
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On the other hand, being an OFDM based multi-carrier system, MT- 

CDMA experiences similar impairments as discussed in section 2.4, namely 

nonlinear effects and vulnerability to synchronization errors. In [79], a 

system performance comparison for conventional single-carrier (SC) DS, 

MC-CDMA and MT-CDMA systems in the presence of imperfect phase 

synchronization was provided. The results showed that, for a fixed data rate 

and fixed bandwidth with conventional correlator based receivers, the MT 

systems were not as robust as the SC and MC systems with frequency errors 

and phase noise due to the larger spectral overlap. In [64], a system 

performance comparison for MC-CDMA and MC-DS-CDMA systems in the 

presence of nonlinear effects was given by Hathi. Therefore, a gap must be 

filled by providing a study of MT-CDMA systems. Moreover, a further study 

on overlapping MT-CDMA system which is based on varying the frequency 

spacing between subcarriers can also be considered in a nonlinear 

transmission environment, due to its attractive effective bandwidth usage. 

The principles of the overlapping MT-CDMA systems will be discussed in 

more details in the section 3.4.

The basic principle of MT-CDMA system is similar to MC-DS-CDMA. A 

MT-CDMA transmitter, applying an S/P converter, spreads the S/P 

converted data streams using a given spreading code in time domain. The 

spreading is processed after the combination of all the substreams 

modulated with a set of orthogonal subcarriers separated at the symbol rate. 

Therefore, strong spectral overlap among the different subcarriers after 

data spreading exists in the MT-CDMA scheme. The scheme structure and 

signal output spectrum are shown in Figure 3.16 and Figure 3.17, 

respectively. The original data stream is first S/P converted into Nsc 

substreams. The extended symbol duration is Ts = NscTb. The r\th substream 

modulates the subcarrier frequency f n, n  E {1,2, ...,NSC} n e {1,2,..., N sc} ,

where the frequency separation among subcarriers is A / m t =  1/Ts= 1/{NscTb)- 

The modulated substreams are then added and multiplied with a spreading 

code to obtain the MT-CDMA signals. The complex envelope of the 

transmitted signal of the kth user can be written as [6]:
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N s c - 1

j2 n fnt (3.10)
n=0

where b/rn(t) represents the binary data sequence of the kth user at the 11th 

branch of data stream. Therefore, the spectral gain [SPGmt] of the multi-tone 

DS-CDMA system is given by:

SPGm t —
Nsc(2 /rc) 2 NeNsc

(2/Tc) + (Nsc -  1 )/Ts 2Ne + NSC-  1

Where Ne is defined as the spreading gain of the subcarrier signal (i.e. 

Ne=Ts/Tc). The spectrum gain for MT-CDMA scheme approaches Nsc, when Ne 
is a large number, which is the highest spectrum gain compared with other 

multicarrier schemes, whose spectrum gain *  2.

j2TrOA/Mrt
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Figure 3.16. Single-user MT-CDMA System
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Figure 3.17. Spectrum of the MT-CDMA System

At the receiver, Nsc rake combiners are used for MT-CDMA signal 

recovery. Each rake combiner contains multiple correlators, each 

synchronized to a different resolvable path in the received composite signal 

[5]. A block diagram of the receiver at subcarrier frequency of f m, for 

l<m <NSc, is shown in Figure 3.18. Here (pmi for 1=1,2,...L, are the phase 

rotation introduced in the multipath transmission and L is the number of 

channel paths. gmi for 1=1,2,...L, are the coefficients that indicate which 

combining scheme is used, such as maximum ratio combining (MRC), 

selection diversity (SD) or equal gain combining (EGC) [22].

Figure 3.18. The receiver block diagram of the MT-CDMA system [6]

Although this type of multi-carrier CDMA scheme exhibits high 

spectrum gain, it suffers from inter-subcarrier interference, due to the short 

frequency spacing between subcarriers and high complexity in the rake- 

based receiver implementation. However, when using longer spreading 

codes, it can reduce the effect of self-interference and multiple access 

interference, as compared to single-carrier DS-CDMA scheme.
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In [80], an alternative MT-CDMA scheme is proposed, namely replica 

MT-CDMA, which is constructed using a copier instead of S/P converter at 

the transm itter. The block diagram o f the transm itter of the model is shown 

in Figure 3.19. This replica MT-CDMA is different from the MC-CDMA in a 

way that a spreading code is m ultip lied w ith  data instead of single chip in 

the MC-CDMA. It is different to the copier MC-DS-CDMA in that the spacing 

between subcarriers is 1/Tb rather than 1/TC in the MC-DS-CDMA. It is also 

shown in [80] that w ith  the same bandwidth, the replica MT-CDMA system 

outperforms the conventional MT-CDMA system in Rayleigh distributed 

multipath fading channel. However, using a copier at the transm itter does 

not extend the symbol period and thus renders the system vulnerable to 

tim ing errors and sensitive to large delay spreads.

j2lt0 hfMTCot

Data
copier

t
j 2 71 (Nsc- 1 )&fMT-Cot

e

Figure 3.19. Single-user Replica MT-CDMA System - Transmitter

3.3.4. Comparison of m ulti-carrier CDMA schemes and DS-CDMA

As a summary, a comparison among the schemes (DS-CDMA, the firs t 

type of MC-CDMA, MC-DS-CDMA and MT-CDMA) described previously is 

outlined in Table 3.1. It can be observed that when a Nyquist filte r w ith ro ll­

o ff factor = 0 is used, the required bandwidths of MC-CDMA and MC-DS- 

CDMA are almost half as wide as that of DS-CDMA scheme, while the MT- 

CDMA scheme has the same bandwidth as the DS-CDMA scheme. However,
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when a small roll-off factor is used in the Nyquist filter in the DS-CDMA 

scheme, the required bandwidths of MC-CDMA and MC-DS-CDMA schemes 

become comparable with that of DS-CDMA scheme [65].

Table 3.1. System features comparison

DS-CDMA MC-CDMA MC-DS-CDMA MT-CDMA

Original bit 
duration Tb Tb Tb Tb

Use S/P
converter or - Copier S/P converter S/P converter
copier in Tx

Number of 
subcarriers

1 Nsc = Gmc Nsc Nsc

Symbol
duration at Ts= Tb Ts= Tb Ts = NscTb Ts = NscTb
subcarrier

Processing
gain Gds Gmc ~ Gds Gmd = Gds Gmt = NscGDS

Chip
duration Tc = Tb/Gds - Tc = NscTb /  Gmd Tc = NscTb/Gmt

Subcarrier
separation - 1 /Tb Gmd /{NscTb) 1 / {NscTb)

(Nsc -  1) +  2 Gmt

Required Gds (Nsc +  1) * Gmc (Nsc +  1) • Gmd Nsc-T b
bandwidth Tb NSc -T b Nsc'T b Nsc-  1 2  

Nsc'Tb Tc

Spectrum 
gain (SPG)

2 Nsc 2 Nsc
2 NeNsc

«  N
2 Ne + N SC-  1

1 Nsc +  1 ~  

when Nsc is large

Nsc +  1 ~

when Nsc is large
When spreading gain of 
each carrier Ne = Ts/T c
= NscTb /T c is large

For the MC-DS-CDMA and MT-CDMA schemes introduced in sections 

3.2.2 and 3.2.3, respectively. The different systems' features may be 

compared by reference to the summary Table 3.2. In order to quantify the 

processing gain of each subcarrier signal, Ne, (the ratio of subcarrier 

bandwidth, 1 /TC, to the bandwidth of the symbol at the subcarrier, 1/7Y) for
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a multi-carrier CDMA system, an equivalent single-carrier DS-CDMA system 

having identical data rate and identical system bandwidth is considered 

(Figure 3.20). The G d s  in the following table is the processing gain of the 

single-carrier DS-CDMA system, which is defined as the ratio of the original 

bit duration, Tb, to the chip duration of the spreading code in the single­

carrier DS-CDMA system, Tcu Ts is the symbol duration of the signals before 

data spreading and modulating to subcarriers. It can be seen from Table 3.2 

that the MT-CDMA schemes have the advantage of the highest overall 

system processing gain among the multi-carrier schemes considered.

<DTD3-M
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E<

DS-CDMA

2/TC1mm f

Multicarrier
DS-CDMA

| f| H 3̂ U fs 

f" 2/Tc 1 Nsc = 5

1-1
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(Nsc+1)
(Nsc+1)

To = — 7— Tc1

Figure 3.20. Spectrum comparison of an equivalent DS-CDMA system 

spectrum to a 5-carrier multi-carrier DS-CDMA system
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Table 3.2. MC-DS-CDMA and MT-CDMA system features comparison

MC-DS-CDMA
Copier

MC-DS-CDMA

S/P

MC-DS-CDMA
■ n H n

MT-CDMA

Original bit 
duration Tb Tb Tb Tb

Use S/P 
converter or 
copier in Tx

S/P converter Copier S/P converter S/P converter

Number of 
subcarriers Nsc Nsc NSc = pq Nsc

Symbol 
duration at 
subcarrier

T, =  NscTb Ts = Tb Ts = qTb Ts = NscTb

Chip duration II T  = A  
c

II II
5= 8.

Chip duration 
compared to 

DS-CDMA with 
5 0 %

Nsc + 1 r  N“  + 1 r r  p<? + 1 r  2NscGds
c *“ 2 c ~  2 c ~  2 c 2NscGDS- N sc +  l  C1

overlapping

Nt  = Ts/Tc Ne = rs/Tc Ne =Ts/Tc N .= T s/Tc

Spreading gain 1 to <: i* 2 r* 2 q Tb NscTb 2NscGDS — Nsc + 1
at each 

subcarrier, N e
Nsc+ 1 TC1 

2 NscGDS

N jC + 1 TC1 

2 Gds

pq +  1 Tcl 

2qGDS

Tci 2 NscGDs 

Nsc — 1
N,c +  1 Nsc +  1 Nsc +  1 “  Nsc” DS ^

Overall 
spreading gain

G „ o = N e ' N sc

2 N}cGds „— ----------  % /
Nsc +  1

When Nsc is large

Gm d -  =  Nc • Nsc
CO

2NscGDS= ---------- « 2
Njc +1

When Nsc is large

Gm d -  =  Ne ■ p
s / p

2pqCDS= --------- as 2
pq + 1

When pq is 
large

Nsc(2 /T c )
MT C2/Tc) + (Nsc -  1)/T, 

2NeNsc 
2Ne + N sc- l ~  sc

When Ne is large, since 
different data bits 

transmitted on different 
subcarriers



Chapter 3 -  M ulti-carrier CDMA 116

3.4 Overlapping CDMA systems

In the previous section, the comparison among the multi-carrier CDMA 

schemes reveals that a high spectrum overlapping is achieved in MT-CDMA 

systems and thus improved bandwidth efficiency is gained. This makes the 

scheme more appealing than other multi-carrier systems. Additionally, 

longer spreading code sequences are used due to the short carrier spacing 

used between subcarriers in MT-CDMA based systems. Therefore, it 

provides the benefits of better correlation properties for CDMA applications 

and thus can accommodate more users than other multi-carrier CDMA 

schemes. On the other hand, MC-DS-CDMA systems have the advantage of 

higher frequency diversity and improved overall system performance 

compared to other multi-carrier schemes. Therefore, both systems are 

worthy of further studies for use in overlapping multi-carrier CDMA 

systems. In this section, two types of overlapping CDMA systems are 

introduced, namely, single-carrier overlapping DS-CDMA systems and multi­

carrier overlapping CDMA schemes based on MT-CDMA or MC-DS-CDMA.

3.4.1. Overlapping DS-CDMA schemes

Spectrum overlapping CDMA system was originally proposed by 

Schilling and Pickholtz in 1992 [81], in which a wideband CDMA system was 

partitioned into several narrow band systems. It was shown as one of the 

possible schemes that could improve the bandwidth efficiency and increase 

the channel capacity, i.e. the max number of users for a certain average bit 

error rate requirement. When multiple DS-CDMA systems are overlapped in 

frequency with a fixed overall bandwidth [82], as shown in Figure 3.21, an 

increase in the bandwidth of each channel is achieved, along with an 

increase in the adjacent channel interference due to the reduced spacing 

between carriers. However, the increased processing gain leads to a 

decrease in interference, hence, an increase in capacity. The total number of 

narrowband CDMA systems is assumed to be N and an overlapping 

coefficient is defined as:
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A-DS —
BWfop

BW,
(3.12)

ds

where BW op is the overlapped bandwidth between channels and BWds is the 

bandwidth of each channel, the overall bandwidth BWwtde is fixed, then the 

following equation is obtained:

BW wide =  BW ds • N  +  BW0P • (N  -  1 ) (3.13)

Substituting BWwide = 2/Tci, where Tci is the chip duration of the spreading 

code in the signal-carrier DS-CDMA system, BWds = 2 /T c, and BWop = X ds BWds 

into equation (3.13), the spreading gain of each narrow band, Gnarrow, is then 

derived as [83],

Giuiwide

narrow XDS +  N  — XDS ■ N  

where GwUe is the spreading gain of the wideband system, i.e. Ts/T ci.

Overall bandwidth

(3.14)

f  (MHz)<■ *
BWd.  •  2/Tc

Null-to-null bandwidth of

<-
Ads = BWo/BWtsOverlapped bandwidth

each DS/CDMA system

Figure 3.21. Spectrum of multiple overlapping DS-CDMA systems [84]

The coefficient Xds  is varied from 0 (non-overlapping) to 1 (full overlapping). 

Hence, the configuration of an overlay system is determined by the two 

parameters, N  and Ads. For a fixed overall bandwidth, if N  increases the 

processing gain of each channel, Gnarrow, decreases with fixed Ads. On the 

other hand, when N  is fixed, Gnarrow increases as Ads increases. It has been 

shown in [82] that an optimum portion of overlapping exists in order to 

achieve the maximum capacity of channels for ideal rectangular-shaped 

time domain pulses. When Ads equals 0.75 (corresponding to 25%  

overlapping), a 16% increase in channel capacity is achievable. It is also



Chapter 3 -  M ulti-carrier CDMA 118

suggested in [83] that when both the overlapping coefficient, X ds, and the 

number of narrow band channels, N, are considered, 5% and 20% of 

capacity improvement is achieved with optimised Ads=0.5 (corresponding to 

50% overlapping) and N = 2 in both non-fading and multipath Rayleigh 

fading channels. The optimal X ds  that maximises the capacity also increases 

with the number of overlapped systems N  [84]. A maximum of 50% of 

increase in capacity is feasible with increased N, when X ds  = 0.5 for non­

fading channels. For a multipath Rayleigh fading channel, an optimised value 

of N can be chosen according to the signal to noise ratio and the required bit 

error rate of the system. It is also found in [83] that N  decreases as the 

required bit error rate is reduced, this is because the multipath immunity 

characteristic becomes more important as the required BER decreases. 

Furthermore, multiple direct-sequence CDMA systems using different 

modulation schemes such as binary frequency shift keying (BFSK) and M- 

ary frequency shift keying (MFSK) are considered in [85]. It has been shown 

that in both cases, there exists an optimum overlapping portion of 

subcarrier spacing which provides improved BER performance when 

compared to the non-overlapping systems. It is also suggested by the author 

that the results obtained can also be extended to the analysis of multi­

carrier CDMA systems when overlapping subcarrier frequency bands are 

used.

3.4.2. Overlapping multi-carrier CDMA

In sections 3.3.2 and 3.3.3, MC-DS-CDMA and MT-CDMA systems were 

introduced, respectively. The differences between these two systems are the 

place where data spreading is applied at the transmitter and the frequency 

spacing introduced between adjacent subcarriers. In MC-DS-CDMA systems, 

adjacent subcarriers are separated by 1 /T C, whereas in the MT-CDMA 

systems, subcarriers are spaced at 1 /T S. A comparison of transmitter block 

diagram and power spectrum of the output signals is shown in Table 3.3. 

The initial bit duration, the number of subcarriers and the spreading gain
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are assumed to be Tb = lps, Nsc = 4 and G d s  = 8, respectively. The symbol 

duration after S/P transmission, Ts, is 4ps. The chip duration, Tc, in both 

systems is given by:

(3.15)

Substituting the values given above, the equation gives Tc = 0.5 ps which 

yields a frequency spacing between the subcarriers of 2 MHz and 0.25 MHz 

for MC-DS-CDMA system and MT-CDMA system, respectively.

Table 3.3. Overlapping CDMA system

Transmitter
model

Power
Spectrum

MC-DS-CDMA [5]

T^TJQ*, <W 
Afa-tfT. ----®—►

NkT„

MT-CDMA [60]

j2  *Lfm  t 0

Data
In cm J2*zr~tt'i

T.=N„Tb
cj.T=irrt

Data
In

J2*Mm,tNtc-1

j2  *Zfm  t 1 
9 :

—  ►

j2  *A f.r  t -1

—-

T b 1 ps 1 PS

Ts 4 ps 4 ps

Nsc 4 4

G d s 8 8

T c Tc = T s /G d s  = 0.5 ps Tc = T s/ G d s  = 0.5 ps

A f A/md = 1 / 7V = 2  MHz A/mt = 1 / T s  =0.25  MHz

4-carrier MC - DS - CDMA

8 f  (MHz)

4-carrier MT- CDMA

4 f  (MHz)

£Lfm  = 0.25 M Hz
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It is shown in [6] that, if Gds = Ts/ T c, where Gds is the spreading gain of 

the DS spread subcarrier signal, each subcarrier signal has the same null-to- 

null bandwidth of 2 /T c, the MT-CDMA scheme remains the orthogonality 

between subcarriers when the frequency spacing varies from 1 /T S to 1 / T c. 

To verify this, two subcarriers at frequencies f  and f  are chosen to be 

orthogonal in MT-CDMA system which should satisfy the following condition:

The frequency spacing is 1 /T S, and the subcarrier frequencies take the 

values fo+i/Ts  for i= 0,1,..., Nsc-1. Similarly, in MC-DS-CDMA systems, the 

subcarriers are chosen to be orthogonal with minimum frequency 

separation after the DS spreading, which can be written as:

The frequency separation is 1 /T C, and the subcarrier frequencies take the 

values fo+i/Tc  for i=0,l,..., Nsc- 1. As Gds = Ts/ T c and also each subcarrier signal 

has the same null-to-null bandwidth of 2 /T c, the subcarrier frequency f  of 

the MC-DS-CDMA signal is written as:

J  co s (2 n fit) co s (2 n fjt) d t  =  0, (i =£ / ) (3.16)

o

j  co s (2 n fit)  cos(27tf j t )  d t  =  0, ( i =£ j ) (3.17)

o

f i = f j  +  l / T c = f i +  GDS/T s (3.18)

Substituting equations (3.18) into (3.16), yields:

J  cos(27r(/j +  f j ) t )  d t  =  0, (i =£ j ) (3.19)

o

j  cos(27r(/j — f j ) t )  d t =  0, (i =£ ;') (3.20)

o

Focusing on equation (3.20), it gives:
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J  cos(2n (fj +  1/TC -  f j ) i ) d t  =  0, (i =£ j )  (3.21)
o

Finally,

Ts

j  cos d t =  0 (3.22)
o

Replacing Ts with Tc ■ Gds, equation (3.22) can be further written as

CV 1 (T C a  n t \  (3-23)
l  J cos(ir)dt=0
1=0 nr

It can be observed from the equation (3.23) that each term of the sum is 

zero and hence it gives:

Tc

j  cos d t =  0 (3.24)
o c

which reflects the orthogonality between subcarrier frequencies having 

minimum frequency separation after spreading in equation (3.17). In other 

words, the orthogonality property of the multi-tone system is not altered by 

direct sequence spectrum spreading.

Therefore, an overlapping multi-carrier CDMA system can be 

constructed based on the multi-tone CDMA scheme, denoted as overlapping 

MT-CDMA, in which the overlapping frequency spacing between subcarriers 

is Am t / T s (Amt = 1, 2,..., G ds) ,  where here Am t  is an overlapping coefficient that 

is different from the one in single-carrier overlapping DS-CDMA schemes in 

section 3.4.1. It is the overlapped bandwidth normalised to symbol rate 

V / T s l  i.e.



Chapter 3 -  M ulti-carrier CDMA 122

.  _  B W a m t  ( 3 . 2 5 1
AM T — D 1 A r V j

BWmt

where B W a m t  is the MT-CDMA channel separation and B W m t  is the 

bandwidth of each MT-CDMA channel before spreading. When X m t  = 1, the 

system belongs to the class of MT-CDMA, while Am t  =  G ds  is the case of MC- 

DS-CDMA. Furthermore, when X m t  =  2 G ds, the frequency spacing is 2 / T c ,  and 

there exists no overlap between the mainlobes of the modulated subcarrier 

signals after DS spreading. Varying the overlapping coefficient, X m t , results in 

different type of multi-carrier CDMA systems and different effects in terms 

of multi-user and multi-carrier interference. For example, if X m t  is low, there 

is a strong overlapping between subcarriers. If  the total bandwidth is given, 

then a low value of X m t  leads to a high spreading gain, hence, reduction of 

multi-user interference. Conversely, if X m t  is high -  for example X m t  =  2 G ds -  

for a given total bandwidth, there is no overlap between subcarriers. 

Therefore, there is reduced multi-carrier interference, but with an increase 

in multi-user interference due to the reduced processing gain on each 

subcarrier signal. Hence, a trade-off exists between the overlapping 

bandwidth and the processing gain and there exists an optimum value of X m t  

that provides good performance in the system in terms of minimal multi­

user and multi-carrier interference, improved bandwidth efficiency and BER 

performance. It has been shown in [6] that normalised value of X m t  

(normalised to G ds)  approximately equal to 0.8 provides better BER 

performance compared to MT-CDMA and MC-DS-CDMA schemes. The 

system is considered to experience frequency selective fading and the 

receiver is assumed to have the ability of combining a limited number of the 

resolvable paths. In [86;87], a further reduced frequency spacing 

overlapping MT-CDMA scheme combined with BPSK modulation scheme is 

investigated, i.e. the overlapping coefficient, X m t , is less than 1. For example, 

X m t  = 0.5 is the case of fast MT-CDMA that provides further improvement in 

bandwidth efficiency. However, training symbols and multi-stage inter­

carrier interference cancellation need to be considered at the receiver in 

order to obtain satisfactory system performance. As a result, the data rate is
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reduced due to the transmission of dummy training sequences and the 

system complexity increases because of the insertion of ICI cancellation 

mechanisms.

On the other hand, if the same idea of Fast-OFDM is applied in MC-DS- 

CDMA, then the overlapping multi-carrier CDMA system can be generated 

based on a MC-DS-CDMA scheme (Figure 3.10) with the frequency 

separation between sub-carriers set to Am c / T c, where T c is the code duration 

and X m c  is the overlapping coefficient of the MC-DS-CDMA system. In this 

thesis this scheme is called overlapping MC-DS-CDMA. X m c  is defined as the 

ratio of overlapping bandwidth between subcarriers to the bandwidth of 

each channel after spreading:

BW ,A M D

BW ,
(3.26)

M D

where B W a m d  is the MC-DS-CDMA channel separation and B W m d  is the 

bandwidth of each MC-DS-CDMA channel after spreading. X m c  varies from 0 

to 2 corresponding to an overlapping percentage of 100% to 0%. X m c  =  1 

corresponds to 50% overlapping which is the case similar to OFDM. X m c  -  

0.5 corresponds to 75% overlapping is the case similar to Fast-OFDM. It 

should be noted that the X m c  is related to X m t  as the ratio of T s /T c , i.e. X m t  =  

X m c 'T s/ T c =  X m c 'G ds. The power spectrum of the overlapping MC-DS-CDMA 

system is shown in Figure 3.22.

Amc=0-5 
Fast MC-DS-CDMA

Amc=2 
Similar to 

FDM

Amc=1
MC-DS-CDMA

MT-CDMA

Figure 3.22. Power spectrum of the overlapping MC-DS-CDMA systems
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As a summary, the overlapping multi-carrier CDMA systems can be 

illustrated as in Figure 3.23. Different types of overlapping systems are 

obtained with variable value of A (Table 3.4).

Table 3.4. Overlapping multi-carrier CDMA with various A

A Systems

0< A <1 Further overlapping MT- 
CDMA

0.5 Fast MT-CDMA

1 MT-CDMA

1 <  A < G ds Overlapping MT-CDMA

G ds/  2 Fast MC-DS-CDMA

G ds MC-DS-CDMA

G ds < A < 2 G ds Overlapping MC-DS-CDMA
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Ts = 2us  
Af ofd m  = 0.5 MHz

OFDM

Chip period 
Tc = Tg/Gos = 0.5 us

Spreading Gain 
Gds = 4

Further overlapping MT- CDMA
0 <A f f o m t < 0.5 MHz

MT- CDMA A fm = 0.5 MHz

0.5 < Af o m t  < 2 MHzOverlapping MT- CDMA

A f  OMT

A f  MD = 2 MHzMC - DS - CDMA

Af md

Overlapping MC - DS - CDMA 2 M H z < A f o M D < 4 M H z

A f OMD

Figure 3.23. Overlapping multicarrier CDMA systems
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3.4.3. Multi-user multi-carrier CDMA

A block diagram of the system model of the overlapping MT-CDMA 

scheme using rake combiners receiver is shown in Figure 3.24.

Receiver

Transmitter Channel —  Other Carriers 
- j ln / j+ fn  g„ c(t-Tkt)9 n

-j2nfO+9ii gi2 cft-Tti)
NoiseUser k 

Data in
- 1 2 ( 1 /0 + 9 * ,  gm ,C(t-Tkj

- j2 n f o + 9 s xL gmL C(t-Xu)]2n f N„t
Other
Users

Other Users

-  i  k2

rkl

xkL

r -  rkl
rkl

t*2

rkv

Figure 3.24. Block diagram of overlapping MT-CDMA system 

Hence, the transmitted signal of the kth user can be written as:

Ns

S*(t) = W s Y J • c* W  • e;(2’t/nt+<h‘") (3-27)
n =  l

where A *, n = 1,2,...Nsc, are the modulation phases, {f n, n = 1, 2, ...Nsc} are the 

subcarrier frequencies expressed as:

fn  = fo  +  /W ( ” ~ 1 ).n =  1.2 Nsc (3.28)
* S

X m t  =  1, 2,...,2Gds, corresponding to A f  -  1 / T S, 2 / T s, . . . ,2 G d s /T s, when the 

maximum spacing between two adjacent subcarriers is assumed to be 2Gds.

Assuming the signals are fed to a frequency selective fading channel, 

where the total number of independent path is L, the complex envelope of 

the channel impulse response of kth user is given by [22]:

L

hfcn(0 = ^  an l S(t -  TkDeiCVni ) (3.29)
1 = 1

where / is the index of the channel impulse response (CIR) bin, <5(.) is the 

Dirac function, anî k\  and rw are the amplitude, phase and delay
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introduced at Ith path, assumed mutually independent. The delay rw is 

assumed to be:

In other words, the delays are assumed equally spaced in the spreading code 

duration, Tc in [0, 7V). The amplitudes aniM for /=1,2,...,L are Rayleigh 

distributed independent random variables, which satisfy the probability 

density function (PDF) that is given by [22]:

E[(aniM)2]  is the average amplitude of each path, while it is assumed that the 

sum of the amplitude of each path is unit, leading to E [(a ,# ))2]= l/L . The 

phases xjjnfk\  1=1,2,...,L are uniformly distributed random variables in [0, 2tt).

Figure 3.24 shows the receiver structure for signal recovery of the mth 

branch of data. Combining equations (3.27) and (3.29), the received signal 

r(t) without noise, is given by:

r(t)  = y/2~PS an?bkn(t -  xkl) • ck( t - x kl) • eJ(2llfnt+<p* i)  (3.32)

where <p̂ i = <t>kn +  ~ 2nfnxki is contributed by the channel. The

decision threshold Zm at the receiver can be written as:

(3.30)

(3.31)

k=1n=l 1=1

L

(3.33)
V = 1

j(2nfmt+<pmv) (3.34)
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where gmv is the coefficient that decides which combining schemes is used. 

In the case of MRC, gmv= amv. If  r v is assumed to be 0, substituting equations

(3.32) into (3.34), Zmv can be further written as:

K Nsc i  Ts

Zm v  =  M  ̂  ^  ^  ' f  &nl bknO ' ~  ^ k l)  * ck 0 ’~ ^ k l )
k=1 n = l  1=1 o (3.35)

. ej( 2n(fn-fm)t+<Pni-<Pml) . fe

It can be further derived as:

f  l n sc i  K L

Zmv ~ yĴ Ps m
■i

7^1 n = l  7=1 k=2 7=1
l * v  n * m  i ± v i * v

Nsc K L \

+ y  y y / f

(3.36]

I I I
n = 1 k—2 1=1 
n * m  utv

where t]mv represents the AWGN noise component with zero mean and 

variance g^mv No/2Eb, where Eb=PTs is the bit energy. Dmv represents the 

desired signal which is given by setting k= 1, l=v and n-m  in equation (3.35) 

as:

Dmv = °^mv^m\^\9mv (3.37)

The last four terms in equation (3.36) are the different types of interference: 

7iW denotes the interference generated from different paths to the same 

subcarrier. It can be evaluated by setting k - 1, l* v  and n=m in the equation

(3.35) as

l [ s) =  y[2Ps • aml • gmv • ^  J  bm(t -  d t t3'
o

38)

The term is the interference from different paths of other subcarriers 

and is determined by letting k= 1, I t v  and n tm  in equation (3.35) as:
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/2 — -^2/5 • anl • gmv

r C3-39). eK<Pnl <Pmv) I bn( t — T i)c(t—Ti)c(t)e j27Z(Sn dt 
0

Similarly, / # )  is the interference from different paths of different users at 

the same subcarrier and is determined by letting k t  1, l* v  and n=m in 

equation (3.35) as:

Ts

l [ k) = y[2Ps • ami • gmv • J  bm(t  -  Tz)c(t-T,)c(t) dt (3.40)
0

Finally, h W is the interference from different paths of different users at 

other subcarriers and is determined by letting k t  1, I t v  and n*m  in equation

(3.35) as:

I™  =  J2PS • a™  • gmv • e^n i-vm *)

Tf  (3-41)
• J K k t t  -  T/cz) • c (t-T kI) • c(t) • ê '27r(/n-/m)t

One thing to be noted is that if the multipath and multiuser effects are not 

considered, i.e. K= 1 and L=1, then there will still be intercarrier interference 

which however can be eliminated by making the subcarriers orthogonal, i.e. 

fn-fm is an integer.

3.5 System modeling

3.5.1. System implementation of overlapping multi-carrier systems

3.5.1.1 Overlapping MC-DS-CDMA

Figure 3.25 illustrates the transmitter model of an overlapping MC-DS- 

CDMA system for a single user scenario. The practical ADS block diagram is 

also shown in the Appendix A.2.
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Figure 3.25. Single-user overlapping MC-DS-CDMA transmitter

The original data bits are first BPSK mapped into data symbols, and 

then S/P converted into Nsc parallel data streams. The symbol duration of 

each sub-data stream extends to NSCTS. Ts is equivalent to the bit duration Tb, 

and 2Tb, for BPSK and QPSK signal mapping schemes, respectively. 

Subsequently, the S/P converted data streams are spread using a given 

spreading code with variable coding length (processing gain), Gmd. The 

spread substreams are then modulated with Nsc subcarriers with 

overlapping subcarrier spacing of A /omd that can be expressed as:

. - ^ m c  AMC * Gmd

= - t - k t  C 3 -4 2 )

The overlapping coefficient Xm c can vary between 0 to 2, which results in 

overlapping percentage of 100% to 0%. For the case similar to OFDM, Amc = 

1 (corresponds to 50% overlapping) while Xmc = 0.5 (corresponds to 75% 

overlapping) is the case similar to Fast-OFDM. Finally the MC-DS-CDMA 

signal is generated by adding up all the modulated substreams and passes 

through the IQ modulator to shift the signals to passband.
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At the receiver (Figure 3.26), the received signals, corrupted by AWGN, 

are demodulated by correlation over the signaling interval Tc. After signal 

detection and P/S conversion, the signals are then despread using the same 

spreading code used in the transmitter and, finally, demapped into the 

original data.

Received
MC-DS-CDMA

Signals

Data Despreading

Figure 3.26. Single-user overlapping MC-DS-CDMA receiver system model

3.5.1.2 Overlapping MT-CDMA

Figure 3.27 and Figure 3.28 illustrate the transmitter and receiver 

model of the overlapping MT-CDMA system, respectively. The practical ADS 

block diagram is also shown in the Appendix A.3. The description of the 

system is discussed in section 3.4.2. This system differs from the 

overlapping MC-DS-CDMA system in that the data spreading is performed 

after the modulation of each subcarrier. The overlapping frequency spacing 

(A/owr) is X m t / T s ( X m t  = 1, 2,..., G d s ), where G d s  is the spreading gain and X m t  is 

the overlapping coefficient, whereby taking integer values of X m t  maintains 

the orthogonality among subcarriers. The special case of X m t  = 1 belongs to 

the class of MT-CDMA system, while X m t =  G d s  is the case similar to MC-DS- 

CDMA scheme.
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Splitter

M ultiplier

S u b carrie r M o du lato r

WH code 4 0  
*1 -1 -1 1"

D ata  spread ing MT-CDM A
Signals

M o du lato r

Figure 3.27. Single-user overlapping MT-CDMA transmitter system model

At the receiver, multiple correlators are used for signal recovery 

instead of multiple rake combiners (Figure 3.18). This is due to the fact that 

multi-path and multi-user effects are not considered here. The system can 

be implemented with rake combiners when multi-path fading effects and 

multi-user interference are considered.

Received
MT-CDMA

Signals

C<m 2nU

Demodulator Data Despreading

Correlator & Detector

Figure 3.28. Single-user overlapping MT-CDMA receiver system model
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3.5.2. System implementations in ADS

The overlapping MC-DS-CDMA system discussed in the previous 

section is implemented in ADS. Figure 3.29 shows the variable 

configurations defined for the BPSK overlapping MC-DS-CDMA system. The 

simulation time step (i.e. "TStep”) is set to 1% of the bit period. The variable 

"CodeLength" defines the length of the spreading code. The frequency 

spacing (i.e. "DeltaF") is the inverse of spreading code chipping duration, 

which is also controlled by an overlapping coefficient.

V A R  
V A R 18 
ratio=100 
BitTime=1 usee 
TStep=BitTime/ratio 
NoOfCarrier=4 
CodeLength=8 
Lambda 1=1
Tc=NoOfCarrier*BitTime/CodeLength 
DeltaF=Lambda1/Tc 
Fstart=1 MHz

Figure 3.29. BPSK overlapping MC-DS-CDMA system configurations

The implementation of an overlapping MC-DS-CDMA system is similar 

to OFDM except for the insertion of code spreading during parallel data 

stream modulation on each subcarrier. Taking the BPSK system as an 

example, the initial bit generation, mapping and S/P conversion are same as 

the OFDM implementation described in section 2.6.2.1. The output of the 

S/P converter is then spread by multiplying each stream with the same copy 

of the user specific spreading code generated by the "WaveForm" 

component before modulating with each subcarrier (Figure 3.30). Similarly 

at the receiver, the recovered data are despread by multiplying the same 

spreading code as in the transmitter.
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WaveForm
W47
Value="1 -1 -1 1 1  -1 -1 r

ComplexExp 
C254
RadiansPerSample=2*pi*DeltaF*TStep‘4

Mpy2 MpyCx2
M147 M 148

Figure 3.30. MC-DS-CDMA data spreading

Figure 3.31 shows the frequency spectrum of the modulated MC-DS- 

CDMA subcarriers. The frequency spacing between the subcarriers is 2 MHz 

(1/7V). The total frequency span is 10 MHz, which agrees with the 

theoretical calculation ((Akc+1)/7Y).

SCO CM T- 
-Q -Q JO

3  3  3  3
C/5 CO CO CO

CO CO CO CO

Figure 3.31. Frequency spectrum of MC-DS-CDMA (4 subcarriers)

Overlapping MT-CDMA system differs from MC-DS-CDMA in the 

insertion of data spreading and frequency spacing between subcarriers 

(Figure 3.32). In the case of MT-CDMA, the data spreading is performed after 

the OFDM signal is generated and the frequency spacing between MT-CDMA 

subcarriers is the inverse of the OFDM symbol duration. Figure 3.33 shows 

the spectrum of the MT-CDMA subcarriers. It is observed that the frequency 

spacing is shortened to 1 /T s. Strong overlapping exists between subcarriers. 

Figure 3.34 and Figure 3.35 reveal the frequency spectrum of the first 

subcarrier modulated data stream before and after code spreading, 

respectively. It can be noticed from the figures that the frequency span of
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the signal is enlarged Ncode times after multiplying with the spreading code, 

with Ncode being the code length.

r u ]
ComplexExp
C294

Repeal
R91

MpyCx2
M177

ComplexExp
C295

Repeat
R93

MpyCx2

&

M179

ComplexExp 1 
C297 1

AddCx2
A25

WaveForm Repeat
W6S R92
Value=“1 - 1 -1 1 1  -1 -1 1*

B . p . o t ►
Repeat MpyCx2
R95 M181

ComplexExp 
C296

Xa p i Qt

AddCx2 MpyCx2
A27 M178

Repeat
R94

MpyCx2
M180

AddCx2
A26

Figure 3.32. MT-CDMA data spreading
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Figure 3.33. Frequency spectrum of MT-CDMA (4 subcarriers)
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Figure 3.34. MT-CDMA before data spreading (single subcarrier)
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Figure 3.35. MT-CDMA after data spreading (single subcarrier)
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3.6 System performance of the overlapping multi­

carrier CDMA

3.6.1. BER performance

3.6.1.1 Overlapping MC-DS-CDMA

Figure 3.36 shows the BER performance of the BPSK overlapping MC- 

DS-CDMA systems with code length set to 4, 8 and 16 at Eb/N0 = 4dB. The 

overlapping coefficient Xmc, is varied from 0 to 2. The spreading code used is 

taken from the Walsh Hadamard (WH) set of codes with a pattern base of 

(1,-1,-1, 1). It can be observed from the figure that different code lengths 

produce similar BER performance. This indicates that the BER performance 

is not affected by the code length. Furthermore, the BER performance at Xmc 

= 0.5, 1, 1.5 and 2, where the orthogonality between the subcarriers is 

maintained, is close to the ideal BPSK BER result. On the contrary, when Xmc 

takes other values, the orthogonality is lost between the subcarriers and the 

BER performance is affected by ICI. For Xmc less than 0.5, high ICI results in 

severe degradation of the BER. In the case Xmc is 0, the subcarriers are fully 

overlapped and the modulated substreams suffer the worst case of ICI.

Figure 3.37 shows the BER performance of the system with QPSK 

modulation. Similar results are gained except that at the points of Xmc = 0.5 

and Xmc = 1.5, where the BER results are away from the theoretical BPSK 

value due to the loss of orthogonality among subcarriers.
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BPSK Theoretical result 
MC-CodeLength=4 
MC-CodeLength=8 
MC-CodeLength= 16

0.2 0.4 0.6 0.8 1.2 1.6 1.8
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Figure 3.36. BPSK BER plot with varied X m c  at Eb/N0=4dB

QPSK Theoretical result 
MC-CodeLength=4 
MC-CodeLength=8 
MC-CodeLength= 16

0.2 0.4 0.6 0.8 1.2 1.4 1.6
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Figure 3.37. QPSK BER plot w ith  varied X m c  at Eb/N0=4dB
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Figure 3.38 and Figure 3.39 show a comparison of the overlapping MC- 

DS-CDMA system with code length of 8 and the variable frequency spacing 

FDM system in BPSK and QPSK scheme, respectively. Both of the results 

indicate that the BER performance of overlapping MC-DS-CDMA schemes is 

comparable to the variable subcarrier spacing FDM systems.

BPSK Theoretical result
MC-CodeLength=8
Variable spacing BPSK-QFDM

Cd
LU
CD

0.2 0.4 0.6 0.8 1.4 1.8
MC

Figure 3.38. BPSK overlapping MC-DS-CDMA and variable spaced OFDM

with Eb/N 0=4dB
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QPSK Theoretical result
MC-CodeLength=8
Variable spacing QPSK-OFDM

...4 .

tr
LUCO

0.2 0.4 0.6 0.8 1.2 1.4 1.6 1.8
MC

Figure 3.39. QPSK overlapping MC-DS-CDMA and variable spaced OFDM

with Eb/N0=4dB

Figure 3.40 and Figure 3.41 present the BER performance of the Fast- 

OFDM system and the overlapping MC-DS-CDMA systems when X m c  is 0.25 

(87.5% overlapping -  the case similar to Vi of frequency spacing in Fast- 

OFDM), 0.5 (75% overlapping -  the case similar to Fast-OFDM), 1 (50%  

overlapping -  the case similar to OFDM] and 2 (0% overlapping -  the case 

similar to FDM) in BPSK and QPSK system, respectively. In the BPSK system, 

the orthogonality among subcarriers is lost when X m c  = 0.25, leading to 

degraded BER performance when compared to the theoretical BPSK BER 

result. For X mc  = 0.5, X m c  = 1 and X mc  = 2, the orthogonality is maintained. The 

BER performances are close to the ideal result. As expected for the QPSK 

system, the overlapping MC-DS-CDMA system (X mc  = 0.5) exhibits similar 

properties when compared to the Fast-OFDM system that shows BER 

degradation due to the loss of orthogonality.
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 BPSK Theo BER resuft
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o X ^ m .5  (75% overlapping - Fast-MC-DS-COMA)
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Figure 3.40. BPSK overlapping MC-DS-CDMA BER performance
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Figure 3.41. QPSK overlapping MC-DS-CDMA BER performance
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In summary, the overlapping MC-DS-CDMA system is shown to exhibit 

similar properties when compared to variable frequency spacing FDM 

systems. In the case that X m c  = 0.5, the BER performance of an overlapping 

MC-DS-CDMA system is comparable to the Fast-OFDM system when an 

AWGN and non-fading channel is considered.

3.6.1.2 Overlapping MT-CDMA system

Figure 3.42 and Figure 3.43 give the BER performance of the BPSK and 

QPSK overlapping MT-CDMA with code length set to 4, 8 and 16 at Eb/N0 = 
4dB, respectively. The overlapping coefficient, X m t , is varied from 0 to 16. 

The spreading code used is WH codes with a base pattern of (1,-1,-1,1). 

Similar to overlapping MC-DS-CDMA system, different code lengths do not 

affect the BER performance. Furthermore, the BER performance is close to 

the theoretical BPSK and QPSK systems in AWGN when X m t  equals 0.5/ (z = 

1,2,...) and / (/ = 1,2,...), respectively. This further explains the fact that the 

orthogonality among subcarriers continues in overlapping MT-CDMA 

system as the frequency spacing is varied from 1/TS to 1/TC for integer 

values of X m t . It is shown from the results that there is no optimum value of 

X m t; when X m t  is varied from 1 to G ds, which achieves lowest BER as 

discussed in [6]. The reason for that is due to the fact that the system is 

investigated in the AWGN non-fading channel. The BER performance is 

evaluated without the consideration of multi-path and multi-user 

interference. Therefore, the bit error rate is only function of the ICI among 

subcarriers.
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BPSK Theoretical result 
MT-CodeLength=4 
MT -CodeLength=8 
MT-CodeLength=16
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Figure 3.42. BPSK overlapping MT-CDMA BER performance at Eb/N0 = 4dB

QPSK Theoretical result 
MT -CodeLength=4 
MT-CodeLength=8 
MT-CodeLength=16
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Figure 3.43. QPSK overlapping MT-CDMA BER performance at Eb/N0 = 4dB
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Figure 3.44 and Figure 3.45 compare the overlapping MT-CDMA 

system of code length of 4 with the variable subcarrier spacing FDM systems 

in BPSK and QPSK mappings, respectively. Both of the results indicate that 

the BER performance of overlapping MT-CDMA scheme is also comparable 

to the variable subcarrier spacing FDM systems.

BPSK Theoretical result 
MT -CodeLength=4 
Variable spacing BPSK-OFDM

a:
LU
CD

0.2 0.4 0.6 0.8 1.4 1.6 1.8

MT

Figure 3.44. BPSK overlapping MT-CDMA and variable spacing FDM with

Eb/No = 4dB
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QPSK Theoretical result
MT-CodeLength=4
Variable spacing QPSK-OFDM

CD

0.2 0.4 0.6 0.8 1.4 1.6
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Figure 3.45. QPSK overlapping MT-CDMA and variable spacing FDM w ith

Et/No = 4dB

Figure 3.46 and Figure 3.47 present the BER performance of the Fast- 

OFDM system and the overlapping MT-CDMA systems when Xm t is 0.5 (AfoMT 

= 1 /(2  Ts) -  the case sim ilar to Fast-OFDM), 1 (A/o m t = 1/TS -  the case o f MT- 

CDMA), 2 (AfoMT = 2/7V), 2.5 and 4 (AfoMT = G d s  /Ts = 1/Tc- the case sim ilar to 

MC-DS-CDMA) w ith  BPSK and QPSK modulations, respectively. In the BPSK 

system, as the orthogonality remains for Am t=  0.5/ (i=l,2,3,...,2Gz>s), the BER 

performance of the overlapping MT-CDMA system is close to the ideal BPSK 

system. While, as expected for QPSK system, the overlapping MT-CDMA 

exhibits sim ilar properties as compared to the Fast-OFDM system when Xm t 

= 0.5, which leads to a degradation in BER performance due to the loss of 

orthogonality among subcarriers.
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Figure 3.46. BPSK BER plot w ith varied overlapping coefficients

 QPSK theoretical BER resut
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Figure 3.47. QPSK BER plot w ith varied overlapping coefficients
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3.6.2. Peak to average power ratio (PAPR)

As discussed earlier, the PAPR is the ratio of the peak power of the 

transm itted signal over the average power (equation (2.27)). The PAPR 

values o f the overlapping m ulti-carrier CDMA schemes (MC-DS-CDMA, MT- 

CDMA, Fast MC-DS-CDMA and Fast MT-CDMA) compared to OFDM and Fast- 

OFDM systems are obtained as shown in Figure 3.48.

It can be observed from the figure that s im ilarly to OFDM and Fast- 

OFDM, the PAPR of the overlapping m ulti-carrier CDMA signals increases 

w ith  the number of subcarriers. For example, the PAPR at 16 subcarriers is 

not 3dB more than the value at 8 subcarrier. This is due to the fact that as 

the number o f subcarriers increases, the probability of having the highest 

peak value occurring w ith in  the test b it pattern is reduced. It is also 

noticeable that the PAPR values of the fast systems (Fast-OFDM, Fast MC-DS- 

CDMA and Fast MT-CDMA) are comparable to the conventional schemes. 

This may be attributed to the fact that reducing the subcarrier spacing 

(extend the signal envelope) does not alter the value of the peak signal 

amplitude.

- © -  F«st-Of DU/BPSK

-^MC-DS-COMA/QPSK  
- + -  Fast MC-DS-CDMA/QPSK 
- B -  HT-COMA/QPSK 

Fast MT-CPMA/QPSK

8

2

Figure 3.48. PAPR of overlapping m ulti-carrier CDMAs
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3.6.3. Spectral efficiency

In order to compare the spectral efficiency between MC-DS-CDMA and 

MT-CDMA, a normalized spectral efficiency is defined as the ratio of the MT- 

CDMA data rate, Rmt-cdma, over the MC-DS-CDMA data rate, Rmc-ds-cdma, in this 

analysis. The transmission bandwidth has been fixed and is described as:

The ratio of the two data rates depends on the number of subcarriers and 

the code length. The spectral efficiency for different values of N is shown in 

Figure 3.49. It can be observed that as the number of subcarriers increases, 

the spectral efficiency of the MT-CDMA approaches nearly NCOde times (in 

this case, Ncode = 8) o f the MC-DS-CDMA system, where in this case the code 

length is 8.

B = (Af -  1) Rm t - cdma

Ncode
+ 2R m t-cdm a — (N + ^)R m c-ds-cdm a (3.43)

The spectral efficiency is obtained as

R m t - c d m a  ( N  + 1)
MC-DS-CDMA (3.44)

600

Figure 3.49. Spectral efficiency of MT-CDMA compared to MC-DS-CDMA
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Alternatively, in order to compare the two systems, the data rate is 

kept constant in both cases to compare the occupied bandwidth. The 

occupied bandwidth comparison plot (Figure 3.50) in this case is an 

inverted plot of Figure 3.49. This is because, for a constant data rate, the MT- 

CDMA will occupy nearly one NCOde*  (i.e. 1 /8 ) bandwidth of MC-DS-CDMA 

for large subcarriers.

0 6

0.4

o :

700100 200 300 400 500 600 900 1000

Figure 3.50. Occupied bandwidth comparison of MC-DS-CDMA & MT-CDMA

3.6.4. Adjacent channel interference performance

In order to further compare the performance of the overlapping multi­

carrier CDMA and the variable subcarrier spacing FDM systems, ACI analysis 

was investigated under ACI-only and ACI plus AWGN environments. Similar 

to ACI analysis for OFDM and Fast-OFDM (described in the section 2.7.4), in 

the case of noise and ACI, a 20% spectrum overlapping was introduced 

between the transmitting channel and the adjacent channel. The input E b /N 0 

was fixed at 5dB. The normalised ACI is defined as (equation (2.30)) the 

ratio of signal power of the adjacent channel over the transmitting channel 

in dB. Different spreading codes were used for the transmitting and adjacent 

multi-carrier CDMA channels. The performance of the systems in noise and 

ACI is shown in Figure 3.51. The Fast-OFDM, Fast MC-DS-CDMA and Fast
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MT-CDMA are the systems with the subcarrier spacing reduced by half as 

compared to the conventional ones. It can be observed from the results that 

generally the conventional systems perform better than the fast ones, 

whereas, for small ACI distortion conditions the performance of the fast 

schemes are comparable to the conventional systems.

0.12

0.1

0 0 8

0 0 6

0.04

0.4 0.6 08 1.2 1.4
ACI<dB)

Figure 3.51. BER Performance in noise and ACI

Similarly to the ACI-limited performance assessment for OFDM and 

Fast-OFDM in section 2.7.4, the spectrum overlapping between the 

transmitting channel and the adjacent channel was set to 45%. The 

overlapping percentage was chosen according to the results obtained in 

Figure 3.52. This is a plot of BER performance at input Eb/N0 of 5dB versus 

channel overlapping in the case where the signal power of the wanted 

channel is same as the adjacent channel. It is observed from the result that 

in the high overlapping regions (>40%), especially when complete sub­

channel superposition occurs, the OFDM performance degrades severely.

Figure 3.53 presents the BER performance of the systems under ACI- 

only condition. The results show that the MT-CDMA and MC-DS-CDMA 

perform better than OFDM. This is a consequence of the fact that the 

insertion of the spreading code in the multi-carrier CDMA schemes provides 

better resistance to ACI. This trend can also be recognized in the comparison
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of Fast-OFDM and fast multi-carrier CDMA schemes for small ACI distortions. 

As ACI keeps increasing and becomes larger than the wanted signal, Fast- 

OFDM performs better. It is also noticeable that when the ACI is greater than 

1, the performance of the fast systems degrade severely due to the higher ICI 

and increased ACI as compared to conventional schemes.

0 35

0 .2 -

0.1

-B-B-
Channel overlapping (%)

Figure 3.52. BER Performance for variable channel separations
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Figure 3.53. BER Performance in ACI-only



Chapter 3 -  Multi-carrier CDMA 152

3.6.5. Results discussion

Section 3.6 presented the performance of multi-carrier CDMA (MC-DS- 

CDMA and MT-CDMA) as compared to OFDM and Fast-OFDM for different 

mapping schemes. In all the cases, the initial data rate has been made 

constant.

Comparing the MC-DS-CDMA and MT-CDMA schemes for the same 

input data rate shows that as the number of subcarriers increases, the 

spectral efficiency of the MT-CDMA approaches nearly N c o d e  times of the MC- 

DS-CDMA system, where N COde  is the length of the spreading code.

Comparing the BER performance of the overlapping multi-carrier 

CDMA and variable subcarrier spacing FDM systems in the presence of 

AWGN for different mapping schemes (Figure 3.54 and Figure 3.55) shows 

that the BER performance of the two systems is comparable. The fast multi­

carrier CDMA schemes show similar performance compared to Fast-OFDM. 

The performance of multi-carrier CDMAs is not affected by the length of the 

spreading code for single user scenario. In the case of BPSK, all the systems 

are close to the ideal BPSK BER results. Yet, as expected, when QPSK 

mapping is applied, the BER performance of the fast systems deteriorates 

severely.

Comparing the PAPR variations of the overlapping multi-carrier CDMA 

and variable subcarrier spacing FDM schemes for BPSK and QPSK mapping 

schemes reveals that the PAPR of multi-carrier CDMAs are comparable to 

OFDM and the fast systems are comparable to conventional systems for both 

mapping schemes. In both cases, the PAPR increases with the number of 

subcarriers.

Comparing the performances of the systems with BPSK mapping 

scheme in ACI-limited and ACI plus noise scenarios shows that the 

conventional systems perform better than the fast ones. This is a 

consequence of the fact that in the case of fast schemes halving the 

subcarrier spacing generates larger ICI between subcarriers and ACI from 

adjacent channels. Moreover, multi-carrier CDMA provides better resistance
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to ACI when compared to OFDM due to the insertion of the spreading code 

for user separation.

UJ 10’

BPSK

Figure 3.54. BER for BPSK overlapping multi-carrier CDMAs, OFDM and

Fast-OFDM
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Figure 3.55. BER for QPSK overlapping m ulti-carrier CDMAs, OFDM and

Fast-OFDM
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3.7 Summary

In this chapter, the overlapping multi-carrier CDMA and OFDM and 

Fast-OFDM combined with different mapping schemes was investigated. All 

the systems were implemented and tested on the ADS platform. Several 

performance parameters were evaluated under different environments.

The chapter has been divided into five sections. The first three sections 

provided the general background on CDMA, multi-carrier CDMA and 

overlapping multi-carrier CDMA. The basic principles of CDMA and the 

different classes of multi-carrier CDMA with overlapping abilities were 

discussed. Section 3.5 presented the system simulation in ADS. The system 

models were described together with system features and key parameters. 

Finally, the system performance parameters were investigated in section 3.6 

in terms of BER, bandwidth efficiency, PAPR and ACI analysis.

The performance comparison of the overlapping multi-carrier CDMA 

and variable subcarrier spacing FDM systems, showed that both systems are 

comparable under different modulation scenarios. Similar to Fast-OFDM, the 

fast multi-carrier CDMAs have bandwidth efficiency advantages, but suffer 

from high BER with complex modulations and worse ACI performance when 

compared to conventional schemes. However, the similarity between the 

single-user overlapping multi-carrier CDMA and the variable subcarrier 

spacing FDM schemes opens the possibilities of applying advanced multi­

carrier CDMA detection techniques in Fast-OFDM system combined with 

complex modulations for non-orthogonal subcarrier recovery. In the next 

chapter, further details on the detection of higher order PSK mapped Fast- 

OFDM signals are discussed.



Chapter 4 Linear detection techniques 

for Fast-OFDM systems

4.1 Introduction

Linear multi-user detection is originally designed for multi-user and multi­

carrier transmission, such as DS-CDMA and multi-carrier CDMA, where detectors 

apply a linear mapping to the output of the conventional detector to reduce the 

multiple access interference (MAI). A linear detector has computational 

complexity significantly lower than that of the maximum likelihood sequence 

detector which increases its complexity exponentially with the number of users 

[36]. As discussed in the previous chapter, the overlapping multi-carrier CDMA is 

comparable to the variable subcarrier spacing FDM systems in a single user 

scenario. It is therefore reasonable to apply linear detection techniques in Fast- 

OFDM when complex modulation schemes are employed. In [86;87], the authors 

investigated linear detectors applied in MT-CDMA with BPSK. However, the 

method is limited to a small number of subcarriers and has not yet been tested 

with complex mapping schemes. Therefore, the study can be extended for the 

implementation of Fast-OFDM with higher order PSK modulations and a large 

number of subcarrier.

This chapter begins with a general overview of the common multi-user 

detection techniques. It then investigates the application of zero-forcing (ZF) and 

minimum mean square error (MMSE) detectors in Fast-OFDM with various 

signal mapping schemes. The performance of the two detectors is then presented 

and a critical comparison is made between the two in order to determine the 

merits and demerits of each implementation.
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4.2 Common detection techniques overview

In order to recover the received signals in a multi-user and multi-carrier 

system, the correlation within the user itself (autocorrelation) and with all the 

other users (cross-correlation) need to be considered at the receiver. The 

conventional detector is the matched filter (correlator) detector, which samples 

the soft correlator outputs at the bit times and makes hard detection decisions to 

regenerate the data. There are many other detection techniques proposed for 

improving multi-user and multi-carrier system performance. Most of the 

proposed detectors can be classified in one of the two categories: linear multi­

user and subtractive interference cancellation detectors [88]. In this section, 

some common linear detection techniques which are applied in the work are 

discussed.

4.2.1. Maximum likelihood (ML) detection

The detector which yields the most likely transmitted sequence, d, chooses 

d to maximize the probability that d was transmitted given that r(£) was received, 

where r(t) extends over the whole message. Under the assumption that all 

possible transmitted sequences are equally probable, this detector is known as 

the ML detector [36].

The problem of ML approach is that it needs to compare the outputs with 

all the possible inputs, which leads to an exhaustive search for large message 

sizes and number of users. The complexity of a ML system increases 

exponentially with the number of users and the modulation cardinality, making 

the implementation impractical. In many practical systems, suboptimal detector 

may be considered due to the fact that they are simpler to implement.

4.2.2. Zero-forcing (ZF) detectors

An important group of multi-user detectors are linear detectors. These 

detectors apply a linear mapping to the soft output of the conventional detector
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to reduce the MAI seen by each user. Assuming the received signal, y, is 

represented using matrix expression, then it can be written as:

y = R-A-a + ni (4.1)

where R, A, a and nj are the correlation matrix, received amplitude, transmitted 

data bits and noise component, respectively. ZF detector applies the inverse of 

the correlation matrix, R 1, to the conventional detector output in order to 

decode the data. ZF detector has computational complexity significantly lower 

than that of the ML detector. One disadvantage of this method is that it causes 

noise enhancement by multiplying R*1 with the noise component. (The topic is 

further discussed in section 4.3).

4.2.3. Minimum mean square error (MMSE) detectors

Unlike ZF, the MMSE detector [89] is a linear detector which takes into 

account the background noise and utilizes knowledge of the received signal 

power. It implements the linear mapping that can minimise the mean-squared 

error between the received data and the output of the conventional detector. As 

it takes the background noise into account, the MMSE detector generally 

provides better probability of error performance than the ZF detector. An 

important disadvantage of this detector is that it requires estimation of the 

received amplitudes. Further, the performance of the MMSE detector depends on 

the power of the interfering users. (MMSE detection is further discussed in 

section 0)

4.3 Fast-OFDM system with ZF detectors

4.3.1. Principles of ZF detection

ZF is one of the most popular interference cancellation based linear 

detection techniques. The ZF detector (also referred as decorrelating detector) 

applies the inverse of the correlation matrix to the conventional detector output 

in order to decouple the data. The complex envelope of an OFDM signal is 

expressed as:



Chapter 4 -  Linear detection techniques for Fast-OFDM systems 158

N cr-1
1 r i  j l T t n t

s(t) = —  2 ^  an • e T* , 0 < t < Ts (4.2)
v n  n=0

where an is the data at subcarrier; N is the total number of subcarriers, Ts is 

the symbol duration. At the receiver, the transmitted signal is added AWGN 

noise, n(t), with zero mean and spectrum density of N0/2  W /Hz. The received 

waveform r(t) can be expressed as

r (t)  = s(t) + n(t) (4.3)

With conventional optimal detection, the recovered signal,y n‘, is given by:

1 r T s - j l r n i ' t

y-n' ~ ~J= I r (t)e Ts d t (4.4)
V's J0

where the mark (') indicates the signal at the receiver side. The above equation 

can be extended to:

\  (  \  j 2 i m t  r T s - j 2 n n ’ t  \

yn> = - = [ - = ]  /  an -e T* e T* d t + n (t)  • e T* dt (4.5)
y/Ts \ J T s J o "  Jo )

The above equation can be reduced to:

1 r Ts } 2 n { n - n ' ) t  ^  r T s - j 2 i m ' t

y"' = Ts 1 1 a " ' e  T s  dt+7r\ n ( t ) ' e  dt (4.6)

This can further be expressed as:

j 2 n (n -n ' )T s
1 ^  e Ts -  1 I f 7* - j 2 n n ' t

yn/ = — > an  7=—p--------jt— + —=  I n(t) • e Ts dtTs L j ]2n(n  -  n ') I f  ) 0j2n (n  -  n ') I f
71=0 t  V s

*s
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The recovered signal can be represented as a matrix y, whose dimensions 

are N jc x & with /c being different time intervals. This can be given by:

- j l n n ’ t

y = R-A-a + iii (4.8)

Taken the example of 0th bit of all the subcarriers, with R, A, a and nj being the 

correlation matrix, received amplitude, transmitting data bits and noise

component, respectively. Therefore,

a = [ao.o ai.o 0 2 ,0  ... Qn -i ,o\  7 (4.9)

The term an,o is the 0th bit of the nth subcarrier; superscript T denotes transpose.

ni = [no,o ni,o m.o ... nN-i,o] 7 (4.10)

The term nn,o is the noise component of the 0th bit.

A = diag{Ao A i A2 ... An-i} (4.11)

where An = 1 is the received amplitude of the nth subcarrier bits, and the R

matrix is given by:

R =

Po,o Po,\ Po,2 Po,Ns c - 1

P\,o P i  1 P\,2 PlN „ - 1

P2$ Pl,\ P2,2 P2,N,C~]

P nk-  1.0 P nsc-  i , i P nsc-  1,2 P nk - in „ -  1

(4.12)
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Where pnn> = sinc(n — n') • e ^ n

From equations (4.8) and (4.12), it can be deduced that the BER performance of 

the receiver depends on the noise variance and the non-diagonal elements of the 

R matrix, which correspond to AWGN and inter-carrier interference (ICI). The 

non-diagonal elements of the R matrix account for the ICI influence on the 

individual correlator outputs. According to equation (4.7), the ICI can be derived 

as:

In the case of orthogonal subcarrier recovery, the R matrix is an identity matrix, 

i.e. the non-diagonal elements of the R matrix are zero, which indicates zero ICI. 

The noise component is:

where n (t) is zero mean and the variance of m is a2 when an integer number of 

symbol rate is selected.

For example, assuming the number of subcarrier N  = 3 and the subcarrier 

spacing (Af)  is 1 /T S. The transmitting subcarrier frequencies are described as

Nsc- 1
l n> = ^  an • sinc(n — n ') • e;7r̂ n-n ^ (4.13)

n = 0 
n * n '

(4.14)

[fc +  l / T s  fc +  2 / r s f c +  3 /Ts\ (4.15)

and likewise at the receiver,

[fc +  1 /T S f c +  2 /T s f c +  3 /T s] (4.16)

where f c is the carrier frequency. From equation (4.12), the R matrix can be 

expressed as
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In the case of a reduced subcarrier spacing, e.g. A /=  0.5/T s or 0.25/T s, the R 

matrics are calculated as follows:

[fc + 0.5/rs f c 4- 1/TS f c 4- 1.5/7S]

Rq.5 “
1 0 + 0.6366j  0

0 4- 0.6366j  1 0 4- 0.6366j
0 0 + 0.6366j  1

[fc 4- 0.25/Ts f c 4- 0.5/Ts f c + 0.75/Ts]

Rq.5 —
1 0.6366 + 0.6366j  0 -I- 0.6366

0.6366 4- 0.6366j  1 0.6366 4- 0.6366j
0 4-0.6366 0.6366 4-0.6366; 1

(4.18)

(4.19)

(4.20)

(4.21)

The BER performance with subcarrier spacing of 0.25/T s is worse than 0.5/T s, 

due to the non-diagonal elements of the R matrix.

This detection technique is based on ZF receiver. It is very similar to the 

zero-forcing equalizer used for mitigation of intersymbol interference [36]. Using 

ZF receiver aims at reducing the loss in performance due to ICI. Since the R 

matrix is known at the transmitter, then pre-computation of the inverse R matrix 

can be applied at the receiver to cancel ICI.

yn’,k' = R 1 {R-A-a + n j  

yn\k’ = A a  + R*1 iii
(4.22)

Figure 4.1 shows the block diagram of the ZF receiver for the case of 3 

subcarriers. The ZF detector has several advantages as listed in [88]. One 

disadvantage of this method is that it causes noise enhancement. The soft- 

decision is free of ICI, but the noise-part is coloured and potentially amplified. 

Therefore, the use of this detector acts as a trade-off between lowering the ICI 

and increasing Gaussian noise.
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Figure 4.1. ZF receiver for reduced subcarrier spacing FDM signals

4.3.2. System im plem entation of Fast-OFDM with ZF detector

In order to study the Fast-OFDM system and evaluate its performance 

under different modulation conditions with a ZF detector, a Fast-OFDM model 

was developed. The model simulations were performed in MATLAB due to the 

involvement of matrix manipulation. The simulation parameters and block 

diagram of the system were similar to the Fast-OFDM model developed in 

Chapter 3, except that at the receiver, the outputs of the integrator were 

multiplied with the inverse of the correlation matrix, R 1. The results were then 

fed to a detector with predefined threshold decisions for data recovery.

4.3.3. Simulation results and discussion of Fast-OFDM with ZF detector

In order to view the BER performance of variable subcarrier spacing FDM, 

different overlapping coefficients are considered in the simulation. Figure 4.2, 

Figure 4.3 and Figure 4.4 show the BER performance of varying subcarrier 

spacing FDM schemes with ZF detector under BPSK, QPSK and 8-PSK modulation 

conditions, respectively. The number of subcarriers of the systems considered
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for this scenario is 4 .3 The overlapping coefficient is represented in percentage in 

the figures. For example, the variable 'BPSK ZF050' indicates an overlapping 

coefficient value of 0.5, i.e. Fast-OFDM. The figures also include the theoretical 

BER performance of the different mapping schemes and the performance 

without applying ZF, for example 'BPSK NZF050' in Figure 4.2. Observation of the 

figures shows that decreasing the subcarrier spacing (overlapping coefficient) 

results in degradation in the BER performance due to the increased ICI. In the 

case of BPSK, insertion of ZF detector deteriorates BER performance. This is 

consequence of the fact that noise enhancement creates greater effects on the 

BER than ICI distortions. Whereas in the case of QPSK and 8-PSK, the 

improvement of BER performance is noticeable as compared to conventional 

Fast-OFDM, as the ICI distortion becomes the main impairment

w 10

EbMo(dB)

Figure 4.2. BPSK variable spacing FDM with ZF detector with 4 subcarriers

3 A small number of subcarriers was used throughout the simulations. This is to have reasonable 
simulation time and to allow the assessment of the concepts proposed by careful study of the 
signal parameters.
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Eb/No (dB)

Figure 4.3. QPSK variable spacing FDM with ZF detector with 4 subcarriers

8-PSK ZF045 
- 0 -  8-PSK ZF050 

8-PSK ZF055 
- B -  8-PSK ZF075 

8-PSK NZF050 
8-PSK Theoretical BER

Eb/No (dB)

Figure 4.4. 8-PSK variable spacing FDM w ith  ZF detector w ith  4 subcarriers
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Figure 4.5, Figure 4.6 and Figure 4.7 show the BER performance of the Fast- 

OFDM system with various number of subcarrier in BPSK, QPSK and 8-PSK 

modulations, respectively. Observation of the figures reveals that increasing the 

number of subcarriers results in a degradation in BER performance of the system. 

This is due to the fact that increasing of the number of subcarriers leads to noise 

enhancement, as predicted by equation (4.22), as the coloured noise component 

is calculated as m R 1, where R is the correlation matrix.

5 10

-V -B P S K  ZF 2 carriers 
-e -B P S K  ZF 4 carriers 

BPSK ZF 8 earners 
“ ♦ “ BPSK ZF 16 carriers 
“ 0 “  BPSK ZF 32 carriers

Figure 4.5. Fast-OFDM/BPSK with ZF detector for various subcarriers
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-B -Q P S K  ZF 2 carriers 
-© -Q P S K Z F  4 carriers 
- A -  QPSK ZF 8 carriers 
-♦ -Q P S K Z F  16 carrier 

QPSK ZF 32 carrier

Eb/No (dB)

Figure 4.6. Fast-OFDM/QPSK with ZF detector for various subcarriers

ac
LU
tO

-V -8 -P S K  ZF 2 carriers 
- 0 - 8-PSK ZF 4 carriers 
- A - 8-PSK ZF 8 carriers 
-♦ -8 -P S K  ZF 16 carriers 
- 0 - 8-PSK ZF 32 carriers

Figure 4.7. Fast-0FDM/8-PSK w ith  ZF detector for various subcarriers
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4.4 Fast-OFDM system with MMSE detector

4.4.1. Principles of MMSE detection

The other popular linear detection technique is the MMSE technique. This 

method takes into account the background noise and utilizes knowledge of the 

received signal power. The detector implements the linear mapping that can 

minimise the mean-squared error between the actual data and the output of the 

conventional detector. As a result, the linear mapping matrix is modified to:

L m m se  = [R + a2A-2]-i (4.23)

where A is the received amplitudes and a2 is the noise variance of the AWGN. As 

can be seen that L m mse  is directly proportional to noise; the higher the noise level, 

the less complete an inversion of R can be done without noise enhancement, 

thereby causing performance degradation. Therefore, MMSE balances ICI 

elimination against noise enhancement

A key drawback of this detector is that, unlike ZF detector, it requires 

estimation of the received amplitudes. Also, the performance depends on the 

power of the interfering users. Therefore, there is some loss of resistance to the 

near-far problem as compared to the ZF detector.

4.4.2. System implementation of Fast-OFDM with MMSE detector

Similar to ZF, a Fast-OFDM model was developed with MMSE detector. The 

simulation was performed in MATLAB. The simulation parameters and block 

diagram of the system were similar to the ZF model in section 4.3.2. The 

difference is that at the receiver, the outputs of the correlator were multiplied 

with the modified inverse of the correlation matrix (equation (4.23)), instead of 

R 1 as in the case of ZF.
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4.4.3. Simulation results and discussion of Fast-OFDM with MMSE detector

The BER performance of the variable subcarrier spacing FDMs with MMSE 

detector in BPSK, QPSK and 8-PSK modulations are shown in Figure 4.8, Figure 

4.9 and Figure 4.10, respectively. Observing all three figures reveals that the BER 

performance is close to the theoretical for large overlapping coefficients. In other 

words, the BER performance degrades with decreasing subcarrier spacing. This 

is due to the fact that the ICI increases as the subcarriers are placed closer. In all 

modulation schemes, the trend of the BER performance is similar to the case of 

ZF detector, except that the performance is improved due to the consideration in 

noise enhancement reduction in MMSE.

- 0 -  BPSK MMSE045 
BPSK MMSE050 

- e -  BPSK MMSE055 
- B -  BPSK MMSE075 
 BPSK Theoretical BER

o'
UJ
CO

Eb/No (dB)

Figure 4.8. BPSK variable spacing FDM with MMSE detector with 4 subcarriers
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-B -Q P S K  MMSE045 
QPSK MMSE050 

-e -Q P S K  MMSE055 
-S -Q P S K  MMSE075 
 QPSK Theoretical BER

Eb/No (dB)

4.9. QPSK variable spacing FDM with MMSE detector with 4 subcarriers

- B -  8-PSK MMSE045 
- 0 - 8-PSK MMSEOSO 
-© -8 -P S K  MMSE055 
- B - 8-PSK MMSE075 
 8-PSK Theoretical BER

Figure 4.10. 8-PSK variable spacing FDM w ith  MMSE detector w ith  4 subcarriers
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Figure 4.11, Figure 4.12 and Figure 4.13 present the BER results for Fast- 

OFDM in different subcarrier scenarios. In all three types of modulations, similar 

results are observed compared to the Fast-OFDM with ZF detector. System 

performance degrades severely with the number of subcarriers. This is due to 

the fact that MMSE can only reduce the total power of the noise and ICI but can 

not eliminate them completely, which becomes more noticeable for large number 

of subcarriers.

-V -B P S K  MMSE 2 carriers 
-e -B P S K  MMSE 4 carriers 
- A -  BPSK MMSE 8 carriers 
- * -B P S K  MMSE 16 carriers 

BPSK MMSE 32 carriers

0 » f
■A , 1  A ------■a*

DCUJ00

Figure 4.11. Fast-OFDM/BPSK with MMSE detector for various subcarriers
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- e -  QPSK MMSE 4 earners 
- A -  QPSK MMSE B carriers 
-♦ -Q P S K  MMSE 16 carriers 
- 4 -  QPSK MMSE 32 carriers

Figure 4.12. Fast-OFDM/QPSK with MMSE detector for various subcarriers

a 10

- V  8-PSK MMSE 2 carriers 
- © -  8-PSK MMSE 4 carriers 
- A -  8-PSK MMSE 8 carriers 
-♦ -8 -P S K  MMSE 16 carriers 
- 9 -  8-PSK MMSE 32 carriers

Eb/No (dB)

Figure 4.13. Fast-OFDM/8-PSK w ith  MMSE detector for various subcarriers
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4.5 Results discussion

The previous two subsections presented the BER performance of the Fast- 

OFDM model with ZF and MMSE detection in BPSK, QPSK and 8-PSK modulations.

Comparing the ZF and MMSE detectors in different overlapping coefficient 

scenario shows that the bit error rate increases with a reducing overlapping 

coefficient. In all cases of modulations, improvement in the performance can be 

noticed as compared to the conventional Fast-OFDM for both detectors.

Comparing the two detectors in different number of subcarrier scenario 

shows that the BER of the systems increases with the number of subcarrier in 

both cases. In the case of ZF, increasing the number of subcarriers means an 

increase in the size of the correlation matrix. This eventually results in enlarged 

noise enhancement at the receiver. Similarly for MMSE detector, BER 

performance deteriorates severely for a large number of subcarriers due to the 

fact that the total power of the noise cannot be eliminated completely in MMSE, 

though the noise enhancement is taken into consideration.

Observing the result comparison in Figure 4.14 reveals that MMSE gives 

better BER performance when compared to ZF. For example, at bit rate of 10*2, 

2dB difference of MMSE over ZF is achievable in QPSK modulation. This is due to 

the fact that the MMSE detector balances the desire to completely eliminate the 

ICI with the desire not to enhance the background noise. It is also noticeable that 

at large values of Eb/N0, the performance of the MMSE detector is close to ZF. 

This is because that increasing the Eb/N0, (i.e. reducing the noise) in turn reduces 

the noise enhancement comparatively. In the extreme case that the background 

noise goes to zero, the MMSE detector performs similar to the ZF detector. 

However, these systems are suboptimum in terms of BER as compared to the 

ideal cases. Further work is required in combining these detectors with other 

techniques for performance improvement.
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2dBac

Eb/No (dB)

Figure 4.14. Fast-OFDM with MMSE detector for BPSK, QPSK and 8-PSK

In summary, both the ZF and MMSE detectors allow sub-optimum 

operation of higher order modulation schemes with Fast-OFDM and other FDM 

schemes. For BPSK, schemes show performance degradation when compared to 

the simple correlation detector of section 2.7.5 (Figure 2.57). The complexity of 

the MMSE makes its use impractical for a large number of carriers, whilst the ZF 

is more practical. The degraded operations of both schemes, however, makes 

their use limited and either other detection schemes may be investigated for a 

large number of carriers or the use of forward error correcting code [90] should 

be considered. Alternative detection schemes are now the subject of further 

research at UCL [91].
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4.6 Summary

In this chapter, the Fast-OFDM combined with ZF and MMSE detectors in 

different mapping scenarios was investigated. All the systems were implemented 

and tested in MATLAB due to its advantages in matrix manipulation.

The chapter has been divided into two sections (ZF and MMSE) that follow 

the same structure. Each section began with an introduction on the background 

and then a description of the system implementation in MATLAB. Finally the 

system performance was evaluated in terms of BER for both detectors

The performance comparison of ZF and MMSE detector based Fast-OFDM 

systems with different mapping schemes showed that the BER performance of 

MMSE system was better than ZF due to the consideration in noise enhancement 

Yet, both of the two schemes were suboptimum and need to be improved further.



Chapter 5 Conclusions and future 

work

This chapter summarises the research work carried out in the thesis, 

and reviews the main research findings. It is concluded by suggestions for 

future work.

5.1 Concluding remarks on the thesis

Performance issues related to the Fast-OFDM system have been 

addressed in this thesis. Comparative studies of the system relative to 

conventional OFDM and overlapping multi-carrier CDMA systems combined 

with different mapping schemes have been carried out by modelling and 

simulation of various architectures in the presence of AWGN. Applying 

linear detection techniques in Fast-OFDM with complex modulation 

schemes has also been studied. Throughout the thesis, a small number of 

carriers was employed (up to 32) so that the behaviour of these systems can 

be carefully observed.

In Chapter 2, an overview of the wireless communications and multi­

carrier modulations was presented and OFDM and Fast-OFDM were 

introduced. The chapter outlined the principal concepts of OFDM, whereby 

the two structures of OFDM models (namely oscillator-based and FFT-based 

OFDM) were discussed. The fundamental elements of OFDM such as guard 

interval, cyclic prefix, coding, interleaving, channel estimation, pilot 

symbols, nonlinearity effects and synchronisation issues were discussed.
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The principal idea and the limitations of Fast-OFDM were also addressed. 

The performance of the two systems was studied in terms of BER 

performance, spectral efficiency, peak-to-average-power ratio (PAPR), 

nonlinear performance and adjacent channel interference (ACI) analysis.

Investigation of the performance of the two systems showed that Fast- 

OFDM has the clear advantage in bandwidth efficiency over conventional 

OFDM for a large number of subcarriers. The BER performance of Fast- 

OFDM was comparable to OFDM in the case of BPSK and deteriorated 

severely when complex modulation schemes (QPSK and 16-QAM) were 

applied. Investigation of the effects of ICI on the BER performance of the 

frequency spacing varying OFDM systems indicated that the orthogonality 

among subcarriers remained at the points where frequency spacing were 

0 .5 i/T s (/= 1,2,...) and i /T s (7=1,2...) for BPSK and QPSK, respectively. Further 

decreasing the subcarrier spacing (as compared to Fast-OFDM) resulted in 

exponential BER performance degradation due to ICI. Analyzing the ACI 

effects of the two systems revealed that OFDM has higher ACI resistance as 

compared to Fast-OFDM. However, the difference is not significant for a 

large number of subcarriers and small ACI distortions. It is also interesting 

to note that OFDM systems outperforms Fast-OFDM in the presences of 

nonlinear distortions, though Fast-OFDM has better CCDF due to the fact 

that less peaks happen in Fast-OFDM compared to OFDM.

In Chapter 3, the conceptual issues of multi-carrier CDMA systems and 

the overlapping multi-carrier systems were investigated. The fundamentals 

of CDMA were presented. A summary of the multi-carrier CDMA schemes 

proposed in literature with various adaptations of each scheme were 

detailed. Finally, the idea of overlapping multi-carrier CDMA systems was 

addressed. The performance of the systems compared to OFDM and Fast- 

OFDM has been studied in terms of BER performance, spectral efficiency, 

PAPR and ACI analysis.

Investigation in the effects of ICI on the BER performance of the 

overlapping multi-carrier CDMA systems revealed that increasing the code
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length did not affect the BER performance. Both of the systems were 

comparable to frequency spacing varying FDM systems. In the special cases 

of overlapping -  MT-CDMA, MC-DS-CDMA, OFDM and Fast-OFDM -  system 

performance are close to theoretical results when BPSK mapping scheme 

was applied in the presence of AWGN and ICI. In the case of QPSK, as 

expected, the bit error rate of fast systems (Fast-OFDM, Fast MC-DS-CDMA 

and Fast MT-CDMA) increased significantly whereas others were still close 

to the theoretical QPSK BER results. Studying the performance of the 

systems in terms of PAPR and ACI showed that the fast multi-carrier CDMA 

systems is advantageous in bandwidth efficiency but exhibits high BER with 

complex modulations and worse ACI performance compared to 

conventional schemes.

Applying two different linear detection techniques, namely ZF and 

MMSE, in Fast-OFDM combined with single dimensional and complex 

modulation schemes was studied in Chapter 4. The background knowledge 

of each type of detection was outlined. The performance in terms of BER 

was also discussed.

Comparing the two detectors in the scenarios of different overlapping 

coefficient and different number of subcarriers showed that decreasing the 

subcarrier spacing and increasing the number of subcarriers degraded the 

BER performance. In terms of BER results, MMSE, although computationally 

complex, provided slightly better performance than ZF due to the 

consideration in noise enhancement reduction. The conclusion of these 

studies is that Fast-OFDM (and other non-orthogonal FDM schemes) can be 

used in communication systems and detectors may be designed for them. 

However, optimal detection is not possible and computational complexity 

may be prohibitive when the number of carriers becomes large. Unless these 

detection issues are resolved, the use of Fast-OFDM remains limited.
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5.2 Future work

Based on the experience and knowledge acquired during the research, 

areas of research that are worthy of future investigations can be suggested. 

These are:

• Performance assessment of Fast-OFDM and OFDM in multipath 

fading channels. This study would further help understand the 

properties of Fast-OFDM and its suitability for wireless systems.

• Performance comparison of multi-tone CDMA and Fast-OFDMA in 

fading channels. Multi-tone CDMA is different from MC-DS-CDMA in 

the closer subcarrier spacing for improved bandwidth efficiency 

[5;65], similarly for Fast-OFDMA compared to OFDMA. Substantial 

research, e.g. [75;92;93], has been done to evaluate the performance 

of multicarrier schemes in the presence of multipath fading. In [94], 

the performance of OFDMA and MC-DS-CDMA systems in severely 

fading channel is also investigated. The results show that when 

multiuser and high data rates are required, OFDMA is appealing. If 

though narrowband interference suppression is required, employing 

the MC-DS modulation would give better performance. Therefore, 

this study can be further extended to both multi-tone CDMA and fast- 

OFDMA in fading channels.

•  Performance evaluation of M-QAM modulated Fast-OFDM with other 

advanced detection techniques, such as MMSE-ML [91] and Lattice 

reduction aided ZF detection [95]. Such studies, although in their 

early stages, are expected to lead to practical systems with a large 

number of carriers and reasonable computational complexity.

It is hoped that the work presented in this thesis and the future work 

proposed may act as one of the small building bricks in this vast and ever 

expanding structure of wireless systems.
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Figure A.9. QPSK overlapping MC-DS-CDMA receiver model
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