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Abstract
This thesis presents research that has addressed various design issues related to multi­

carrier Code Division Multiple Access (CDMA) communication systems. The combination of 

multi-carrier CDMA with higher order Phase Shift Keying (PSK) and Quadrature Amplitude 

Modulation (QAM) mapping has been considered. The investigation has been carried out for 

two different multi-carrier CDMA schemes, namely, Muiti-Carrier CDMA (MC-CDMA) and Muiti- 

Carrier Direct Sequence CDMA (MC-DS-CDMA). Different architectures for combining multi­

carrier CDMA with higher order PSK/QAM mapping have been developed. Their performance 

has been studied in terms of power efficiency, spectral efficiency and implementation 

complexity. As for all multi-carrier arrangements, the Peak-to-Average Power Ratio (PAPR) is of 

special significance and accordingly the implications for PAPR has also been investigated.

Multi-carrier CDMA signals are vulnerable to the non-linear distortion caused by non­

linear elements and system components (such as High Power Amplifier (MPA)). The 

degradation due to non-iinear effects is expected to be even more significant when higher order 

constellations are used. Hence, the degradation caused by HPA non-linearities on higher order 

PSK/QAM multi-carrier CDMA signals has been studied in terms of Bit Error Rate (BER) 

degradation and spectral spreading.

The high PAPR of the multi-carrier CDMA signal results in reduced system efficiency (in 

the presence of non-linearities). Controlling the PAPR of the multi-carrier CDMA signal is one 

way of improving system performance. In this work the variation of the PAPR of multi-carrier 

CDMA (MC-CDMA and MC-DS-CDMA) with allocation of the spreading codes has been 

investigated.

Overall, the theoretical, design and simulation issues addressed in this thesis provide an 

insight into the performance of PSK/QAM multi-carrier CDMA systems in the presence of 

Additive White Gaussian Noise (AWGN) and HPA non-linearities. The results obtained can be 

used by receiver designers, as well as system and network developers of future wireless 

systems.
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Chapter 1 

Introduction
The third generation (3G) of mobile communications systems are currently being 

deployed around the world. The first 3G network was deployed in Japan by NTT DoCoMo 

during May 2001. In Europe, the first 3G network was deployed In the UK by MANX telecom in 

December 2001. Analysts predict that 3G systems deployment will be completed globally by 

2006.

History indicates that mobile communication systems pass through a paradigm shift in 10 

year cycles. The first generation (1G) of mobile communication systems were introduced in the 

early eighties, the second generation (2G) systems were introduced in the early nineties and the 

third generation at the beginning of this millennium. This implies that the fourth generation (4G) 

of mobile communication systems are expected to be introduced around 2010.

At present, there is little in the way of standardisation for 4G systems. A number of 

interest groups and fora are working towards formulating visions on strategic future research 

directions for 4G systems. These include: Wireless World Research Forum (WWRF) [1], 4G 

mobile forum [2] and an EU/IST initiative called cluster on systems beyond 3G [3]. Numerous 

telecoms operators and equipment manufacturers have also commenced research into 4G 

systems [4, 5]. In October 2002, NTT DoCoMo successfully conducted experimental fourth 

generation transmission (with data rates of 100 Mbps in the downlink and 20 Mbps in the uplink) 

in an indoor laboratory environment [6].

At present, there are many competing views on the nature of 4G systems. However, it is 

expected that 4G systems will be capable of providing a large variety of data rates over a wide 

range of propagation environments, mobility conditions, wireless devices and networks.

The data rates proposed for 4G systems vary from 10 Mbps [7] to 100 Mbps [6, 8]. 

However, it is expected that initial systems will provide 10-20 Mbps. The bandwidth requirement 

for such systems will be between 10 MHz and 100 MHz. In order to accommodate such wide
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bandwidths, the systems will operate at frequencies greater than 3 GHz [9]. In [8] it is stated that 

frequencies as high as 40 -  60 GHz may be considered.

From the data rates suggested above, it is evident that 4G will necessitate the use of 

transmission schemes which can accommodate very high data rates over the “hostile” wireless 

channel. Multi-carrier CDMA schemes have been proposed as a strong candidate for such 

systems^ [10, 11] due to the fact that they provide better performance in the presence of 

multipath fading as compared to traditional CDMA schemes.

Since their introduction in the early nineties, much research has been carried out into the 

performance of multi-carrier CDMA systems. This thesis addresses some design issues related 

to multi-carrier CDMA system performance. The details of the thesis structure and the 

contributions of the work are presented in the following sections.

1.1 Thesis structure

Following this introductory chapter, an overview of multi-carrier CDMA is presented in 

Chapter 2. The chapter is divided into 3 sections. The first section introduces the basics of 

CDMA multiple access technique. It provides a review of the pioneering developments of CDMA 

technology, explains the fundamentals of CDMA and describes the different CDMA techniques 

(namely, direct sequence spread spectrum, frequency hopping, time hopping and hybrid CDMA 

systems). The second section looks at Multi-Carrier Modulation (MCM). It gives a brief overview 

of the development of multi-carrier modulation techniques, presents the fundamentals of multi­

carrier Modulation and introduces a special form of MCM technique called Orthogonal 

Frequency Division Multiplexing (OFDM). The final section introduces the concept of combining 

CDMA with MCM (multi-carrier CDMA). It reviews the different multi-carrier CDMA schemes 

proposed to date (namely, MC-CDMA, MC-DS-CDMA and MT-CDMA) and describes the 

system model and spectral characteristics of each scheme. As multi-carrier CDMA schemes will 

operate in a multipath environment, a brief overview of multipath is provided. The concept of 

cellular multi-carrier CDMA systems is also discussed together with the key properties of multi­

carrier CDMA signals.

Chapter 3 and Chapter 4 explore the implications of using higher order PSK/QAM 

mapping on the performance of multi-carrier CDMA systems. Chapter 3 focuses on MC-CDMA 

and Chapter 4 focuses on MC-DS-CDMA.

There are a number of ways in which higher order PSK/QAM mapping can be 

incorporated into MC-CDMA systems. Two particular implementations have been considered in 

Chapter 3. The performance of the two implementations is measured in terms of the power 

efficiency, PAPR, spectral efficiency and implementation complexity. The chapter begins by 

presenting the two implementations considered. The subsequent section discusses the

’ The experimental 4G system developed by NTT DoCoMo also employs a form of multi-carrier CDMA scheme: 
orthogonal frequency code division multiplexing technologies (described in [12]).
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parameters used to assess the performance of the two implementations with different PSK/QAM 

formats. The performance of the two implementations is then presented and a comparison is 

made between the two implementations in order to determine the advantages and drawbacks of 

each in relation to the other.

Chapter 4 is concerned with the performance of MC-DS-CDMA incorporating higher order 

PSK/QAM mapping. As in the case of MC-CDMA, different implementations for combining 

higher order PSK/QAM mapping with MC-DS-CDMA have been considered. The performance 

of the different implementations in terms of power efficiency, PAPR, spectral efficiency and 

implementation complexity is presented and compared for the different implementations in order 

to identify the advantages and drawbacks of each.

Chapter 5 investigates the degradation of multi-carrier CDMA systems (MC-CDMA and 

MC-DS-CDMA) performance with higher order PSK/QAM mapping in the presence of HPA non- 

linearities. The chapter begins by presenting an overview of HPAs. In particular, it describes the 

various classifications of HPAs, the effects of HPA non-linearities on system performance and 

techniques for modelling and simulating HPA non-linearities. The subsequent section discusses 

the performance parameters used to analyse the effects of HPA non-linearities on the input 

signal (namely, BER degradation and spectral spreading). This is followed by a description of 

the system models used for the investigation and a discussion of the results obtained.

Chapter 6 is concerned with an investigation into the performance of multi-carrier CDMA 

systems with different Walsh Hadamard (WH) spreading code allocation strategies in the 

presence of HPA non-linearities. The chapter is divided into four sections. The first section 

details the concept of PAPR. It provides a description of why low PAPR is desired in a system 

with non-linear elements such as the HPA and discusses the analytic and simulation technique 

used in the literature to calculate the PAPR. The second section deals with spreading codes in 

CDMA systems. It provides background on spreading codes and discusses the effects of 

spreading code allocation on the performance of single and multi-carrier CDMA systems in 

terms of PAPR. The third section discusses the use of scrambling codes in CDMA based 

systems and provides some background into the scrambling codes employed in current CDMA 

systems. The final section describes the transmission scheme used for the investigation and the 

techniques used to allocate the WH codes to different users. The PAPR performance of both 

multi-carrier CDMA schemes, for different WH code allocations is investigated and presented 

together with the performance of both schemes in the presence of HPA non-linearities for 

different WH code allocations.

The thesis ends with Chapter 7. The chapter describes the main outcomes of the 

research and presents the concluding remarks. Suggestions for further areas of research are 

also proposed.

The thesis includes four appendices. Appendix A demonstrates why the simple receiver 

architecture proposed for implementation-2 in Chapter 3 can only successfully demodulate data 

for a single user case. Appendix B discusses some MATLAB™ modelling issues. Appendix C
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discusses the BER degradation experience by the proposed MC-CDMA scheme in Chapter 3 in 

the presence of AWGN and Appendix D lists the different WH code aliocations considered in 

Chapter 6 and presents the PAPR performance of each ailocation.

1.2 Contributions to the research field

The research reported in this thesis has provided an assessment of the performance of 

multi-carrier CDMA systems (MC-CDMA and MC-DS-CDMA) in combination with higher order 

PSK/QAM formats using different architectures and in the presence of AWGN and HPA non- 

linearities^. The main contributions of the thesis are summarised below;

• Development of different architectures for incorporating higher order PSK/QAM mapping 

within MC-CDMA and MC-DS-CDMA schemes. In the existing architectures, higher order 

mapping aliows the input data to be combined such that more data can be transmitted over 

a given symbol. In the proposed architectures, higher order mapping allows the input data 

to be combined such that more data can be transmitted over a given subcarrier.

• Investigation of the performance of MC-CDMA and MC-DS-CDMA incorporating higher 

order PSK/QAM mapping using existing and proposed architectures. The existing 

architectures are termed combining in time whereas the proposed architectures are termed 

combining in frequency. The performance matrix consists of power efficiency, PAPR, 

spectral efficiency and implementation complexity. Both muiti-user and single user 

scenarios have been considered. Comparative studies of the performance of the different 

MC-CDMA and MC-DS-CDMA architectures are also carried out in order to identify the 

merits and demerits of each architecture.

• Investigation of the effects of HPA non-linearities on the performance of MC-CDMA and 

MC-DS-CDMA with different number of active users. The performance is analysed in terms 

of BER degradation and spectral spreading. Results show that in the MC-CDMA case, 

contrary to implicit assumptions, increasing the number of active users improves the 

performance of the system in the presence of HPA non-linearities. In the case of MC-DS- 

CDMA, it is concluded that changing the number of active users has no effect on the 

performance of the system in the presence of HPA non-linearities.

• Investigation of the effect of HPA non-linearities on the performance of MC-CDMA and MC- 

DS-CDMA with higher order PSK/QAM mapping formats. In both cases (MC-CDMA and 

MC-DS-CDMA), the existing implementation for incorporating higher order PSK/QAM

 ̂ Only one architecture has been consider for the investigation of the performance of MC-CDMA and MC-DS-CDMA  
systems in the presence of HPA non-linearities.
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formats into multi-carrier CDMA (combining in time) has been used. The performance is 

analysed in terms of BER degradation and spectral spreading.

Exploration of the influence of WH code allocation strategies on the PAPR of MC-CDMA 

and MC-DS-CDMA signal. It has been observed that the PAPR of MC-CDMA is significantly 

dependent on the allocation of WH codes (especially for small number of active users) 

whereas the PAPR of MC-DS-CDMA remains unchanged with the allocation of WH codes.

Based on the observation that the PAPR of MC-CDMA signal is influenced by the allocation 

of the WH code, the performance of MC-CDMA and MC-DS-CDMA system in the presence 

of HPA non-linearities, with different WH code allocations is investigated. The results have 

shown that the performance of MC-CDMA in the presence of HPA non-linearities is 

significantly affected by the allocation of the WH code and hence appropriate allocation of 

the WH codes can improve the performance of MC-CDMA in the presence of HPA non- 

linearities. The performance of MC-DS-CDMA remains unchanged for different allocation of 

the WH codes.

The research work has resulted in nine publications, to date. The current research papers

are listed below in the order in which they were published.

1. Nishita Hathi, “Investigating the effect of coding, interleaving and modulating GPRS 

RLC/MAC data”. Proceedings of the London Communications Symposium 1999, pp. 65-68, 

London, U.K., July 1999.

2. Nishita Hathi, “Simulation of multi-carrier CDMA system for future wireless systems”. 

Proceedings of London Communications Symposium 2000, pp. 45-48, London, U.K., 

September 2000.

3. N. Hathi and J. O’Reilly, “Performance assessment of higher-order MC-CDMA for 4*̂  

generation wireless systems,” Proceedings of the 35'^ Annual Conference on Information 

Sciences and Systems, vol. 1, pp. 220-224 , Baltimore, U.S.A., March 2001.

4. Nishita Hathi and J. O’Reilly, “Peak-to-average power ratio in higher-order MC-CDMA”, 

Proceedings of London Communications Symposium 2001, pp. 199-202, London, U.K., 

September 2001.

5. N. Hathi and J. O’Reilly, ’’Characterisation and performance assessment of MC-CDMA 

exploiting higher-order PSK/QAM formats,” Proceedings of 3̂  ̂ International Conference in 

Information, Communication and Signal Processing, Singapore, October 2001.
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6. N. Hathi, M. Rodrigues, I. Darwazeh and J. O’Reilly, “Performance assessment of MC- 

CDMA and MC-DS-CDMA in the presence of high power amplifier non-linearities,” 

Proceedings of IEEE Vehicular Technology Conference 2002, vol. 3, pp. 1467-1471, 

Birmingham, Alabama, U.S.A., May 2002.

7. N. Hathi and I. Darwazeh, “Performance of PSK/QAM multi-carrier CDMA schemes in the 

presence of HPA non-linearities”. Proceedings of London Communications Symposium 

2002, pp. 37-40, London, U.K., September 2002.

8. N. Hathi, M. Rodrigues, I. Danwazeh and J. O’Reilly, “Analysis of the influence of spreading 

code allocation strategies on the performance of multi-carrier CDMA systems in the 

presence of HPA non-linearities,” Proceedings of IEEE Personal, Indoor Mobile Radio 

Conference 2002, vol. 3, pp. 1305-1309 , Lisbon, Portugal, September 2002.

9. N. Hathi, I. Darwazeh and J. O’Reilly, “Peak-to-average power ratio performance 

comparison of different spreading code allocation strategies for MC-CDMA and MC-DS- 

CDMA,” Electronics Letters, vol. 38, no. 20, pp. 1219-1220, September 2002.



Chapter 2 

Multi-carrier CDMA
The previous chapter provided an introduction to this thesis and indicated that multi­

carrier CDMA is a strong candidate for future generation wireless systems as it is capable of 

facilitating the transmission of very high data rates over the “hostile” wireless channel. This 

chapter introduces the concept of multi-carrier CDMA.

The chapter is divided into 3 sections. Section 2.1 presents the basics of CDMA. It 

provides a review of the pioneering developments of CDMA technology. The fundamentals of 

CDMA technology are explained and the properties of the CDMA signal are briefly discussed. 

This is followed by a description of the different CDMA techniques, namely, direct sequence 

spread spectrum, frequency hopping, time hopping and hybrid CDMA systems.

Section 2.2 looks at multi-carrier modulation. It gives a brief overview of the development 

of multi-carrier modulation techniques and presents the fundamentals of multi-carrier 

modulation. This is followed by an introduction to a special form of MCM technique called 

OFDM.

Section 2.3 describes multi-carrier CDMA. Multi-carrier CDMA is a combination of CDMA 

and MCM. There are 3 ways in which CDMA can be combined with MCM. A review of the three 

schemes is presented together with a description of the system model and spectral 

characteristic of each scheme. As multi-carrier CDMA schemes will operate in a multipath 

environment, a brief overview of multipath is provided, followed by a description of the 

parameterisation of multi-carrier CDMA systems when operating in a multipath environment. 

The concept of cellular multi-carrier CDMA systems is also discussed, followed by a description 

of the key properties of multi-carrier CDMA signals. The chapter concludes with a summary.
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2.1 Code Division Muitipie Access

The basic ideas of CDMA were first introduced by Claude Shannon and Robert Pierce in 

1949 [13]. The cellular application of CDMA was proposed in 1978 by Cooper and Nettieton 

[14]. During the 1980s, QUALCOMM [15] investigated CDMA for ceiiuiar systems, which led to 

the standardisation of CDMA in 1993. The first CDMA system, 18-95 [16] started operation in 

1995 [15]. During recent years, wideband CDMA systems with a bandwidth of 5 MHz or over 

have been studied extensively throughout the world [17] for 3̂*̂  generation mobiie 

communication systems. These include Wideband CDMA (W-CDMA) in Europe/Japan, 

cdma2000 [18] in the United States and TTA-I and TTA-II in Korea.

2.1.1 CDMA fundamentals

In a CDMA multiple access system, each user is assigned a unique code sequence, 

which is used to encode the user data. The receiver, knowing the code sequence of the 

individuai user, decodes the received signal after reception and recovers the original data. This 

is possible because the cross correlation between the code of the desired user and the codes of 

the other users is very smaii [19].

The bandwidth of the code signal is chosen to be much greater then the bandwidth of the 

information bearing signai. Hence, the encoding process is said to enlarge (or spread) the 

spectrum of the signal. The resulting signai is cailed spread spectrum signai and CDMA is 

referred to as spread spectrum multiple access scheme.

A CDMA spread spectrum multiple access system must fulfil two criteria:

1. The transmission bandwidth must be much larger than the information bandwidth; and

2. The bandwidth of the transmitted signai must be independent of the bandwidth of the 

information signai.

One of the most important concepts of spread spectrum CDMA is the processing gain. 

The processing gain, Gp is given as the ratio of the transmitted signal bandwidth, B, to 

information signai bandwidth Bji

(2.1)

There are many different types of spread spectrum CDMA techniques. These can be 

classified in two ways: by concept or by modulation method. The first classification gives two 

protocoi groups: averaging systems and avoidance systems (Tabie 2.1). Averaging systems 

reduce the interference in the system by averaging it over a wide time intervai. Avoidance 

system reduces the interference by avoiding it for a large part of the time. Ciassifying by 

moduiation gives four protocols (Figure 2.1): direct sequence (or pseudo-noise), frequency 

hopping, time hopping and hybrid methods. Direct sequence is an averaging protocoi, whereas
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frequency hopping and time hopping are avoidance protocols. The hybrid methods can be 

averaging or avoidance depending on whether or not they include DS CDMA (Table 2.1). This 

work focuses on classification of CDMA systems by modulation.

Table 2.1 : Classification of CDMA by concept

DS-CDMA FH-CDMA TH-CDMA Hybrid
CDMA

Averaging X X

Avoidance X X X

CDMA
I

Pure CDMA Hybrid CDMA

I
DS-CDMA FH-CDMA TH-CDMA 

FFH-CDMA SFH-CDMA

DS/FH CDMA TDMA/CDMA MC-CDMA 

DS/TH CDMA MC-DS-CDMA

FH/TH CDMA MT-CDMA

Figure 2.1 : Classification of CDMA by modulation method [17]

2.1.2 CDMA systems

As shown in Figure 2.1, CDMA systems can be classified in terms of pure CDMA and 

hybrid CDMA. Following is a description of the different pure and hybrid CDMA systems.

2.1.2.1 Pure CDMA systems

Direct sequence (DS)

In direct sequence CDMA (DS-CDMA), the information bearing signal is directly multiplied 

by a spreading code signal (Figure 2.2). 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 (to satisfy the 1®‘ condition in Section 2.1.1). At the receiver, the individual 

user information is recovered by multiplying the down-converted received signal with a locally 

generated copy of the user specific spreading code signal. To be able to perform despreading, 

the receiver must not only know the code of the individual users but it must also synchronise the 

locally generated copy of the code with that of the received signal and the synchronisation must 

be maintained until the complete signal has been received. The main advantages and 

disadvantages of direct sequence CDMA are discussed in [17].
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Figure 2.2: Block diagram of a DS-CDMA transmitter 

Frequency Hopping (FH)

In frequency hopping CDMA (FH-CDMA), the carrier frequency of the modulated 

information signal is not constant but changes according to the user specific spreading code 

sequence. During a given time interval, Th, the carrier frequency remains the same, but after 

each time interval, the carrier hops to another frequency (or stays at the same frequency). The 

hopping pattern is determined by the user specific spreading code, (The processing gain, Gp in 

this case is equal to the number of hopping frequencies.) Figure 2.3 shows the block diagram 

of an FH-CDMA transmitter. In this case, the data signal is first baseband modulated on to a 

carrier. The carrier is then converted up to transmission frequency using a fast frequency 

synthesizer that is controlled by the spreading code. At the receiver, the inverse process takes 

place to recover the transmitted data^.

Input
data

converter
Baseband
Modulator

Code
Generator

Frequency
Synthesizer

Figure 2.3: Block diagram of an FH-CDMA transmitter [17]

The frequency occupation of FH-CDMA differs considerably from a DS-CDMA system. A 

DS-CDMA system occupies the whole frequency band when it transmits, whereas a FH system 

uses only a small part of the available bandwidth when it transmits, but the location of this part 

differs with time. Figure 2.4 compares the time-frequency occupancy of DS-CDMA and FH- 

CDMA.

A more detailed description of the FH-CDMA transmitter and receiver is given in Chapter 2 of [17].
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Figure 2.4: Time-frequency occupancy of: (a) DS-CDMA; (b) FH-CDMA [17]

As shown in Figure. 2.1, frequency hopping systems can be classified as 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 (Th< Tsymboi), whereas in the 

case of SFH, the carrier frequency does not change for a number of symbols (Th> Tsymboi)-

Time-Hopping (TH)

In time-hopping CDMA (TH-CDMA), the data signal is transmitted in bursts at time 

intervals determined by the user specific spreading code. The time axis is divided into frames 

and each frame is divided into M timeslots. During each frame, the user transmits in one of M 

timeslots (as shown in Figure 2.5). Which of the M timeslots is transmitted depends on the code 

signal assigned to the user. The processing gain is equal to the number of timeslots in each 

frame. The block diagram for TH-CDMA transmitter is shown in Figure 2.6.

Figure 2.5 shows the time-frequency occupancy of TH-CDMA. It is interesting to note that 

in this case, the transmitted signal uses the whole spectrum for short periods of time, instead of 

parts of the spectrum all the time (as in FH-CDMA).

frequency

time

Figure 2.5: Time-frequency occupancy of TH-CDMA [17]
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Figure 2.6: Block diagram of TH-CDMA transmitter [17]

2.1.2.2 Hybrid CDMA systems

Hybrid CDMA systems include all CDMA systems that employ a combination of two or 

more of the above mentioned techniques or a combination of CDMA with some other multiple 

access techniques (such as TDMA). The aim of such hybrid systems is to combine the specific 

advantages of the individual techniques. Combining the techniques listed above gives four 

possible hybrid systems: DS/FH, DS/TH, FH/TH and DS/FH/TH. Combining CDMA with TDMA 

or multi-carrier modulation gives other possible systems, such as CDMA/TDMA and multi-carrier 

CDMA (Figure 2.1).

2.1.3 Spreading codes in CDMA systems

In the CDMA systems described above, the main purpose of the spreading operation is to 

provide user separation and spectral spreading. At the transmitter, the user data is encoded 

(spread) using the user specific spreading code and at the receiver the desired user's data is 

recovered (despread) using a locally generated copy of the same user specific spreading code.

The spreading codes used for user separation should be able to provide good distinction 

between the signal of the desired user and signals of other users. As the separation is made by 

correlating the received signal with the locally generated copy of the spreading code, the cross 

correlation between the codes must be low. The autocorrelation of the codes must be impulsive 

so that the autocorrelation peak can be clearly distinguished from its sidelobes.

Spreading codes can be divided into Pseudo-Noise (PN) codes and orthogonal codes 

[17]. PN codes are generated using feedback shift registers whereas orthogonal codes are 

often generated using iterative methods. Examples of PN codes include: m-sequences. Gold 

codes and Kasami codes [20]. Examples of orthogonal codes include: Walsh Hadamard codes 

[16, 20] and complementary codes [21].

In a synchronous channel (e.g.: the downlink channel of mobile systems), some 

orthogonal codes, such as WH codes, provide better performance over PN codes as they have 

zero cross correlation for zero delay. For non-zero delays, WH codes can have large cross 

correlation values (Hence they are only used in synchronous applications [17]). Orthogonal 

codes can also achieve high spectral efficiency and allow for low complexity receiver structure.
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2.1.4 Properties of spread spectrum CDMA signal

The coding and the resulting enlarged bandwidth give spread spectrum signals a number 

of properties that differ from the properties of narrowband signals. The main properties from a 

wireless communications point of view are presented here [19].

• Multiple access capability

If a number of users transmit a spread spectrum signal at the same time, the receiver will 

still be able to distinguish between the different users provided that each user has a unique 

code which has a low cross correlation with the other codes.

In the case of DS-CDMA, the multiplication of the received signal with a locally generated 

copy of the spreading code will only despread the signal of the desired user while the signals of 

the other users will remain spread over a large bandwidth. Therefore, within the information 

bandwidth, the power of the desired user will be much greater than the power of the other users 

and the desired user data can be extracted. In the FH-CDMA system, the probability of more 

than one user transmitting in a particular frequency band at a given time is very small due to the 

nature of the spreading codes. In TH-CDMA, the probability of more than one user transmitting 

in the same timeslot is made very small by using specific spreading codes.

• Protection against multipath interference

In a radio channel, the signals may be received over several paths due to reflection (and 

refraction). The signals from the different paths are all copies of the original signal but with 

different amplitude, phase, time delay and arrival angle, hence, the signal at the receiver will be 

dispersed in time. Spread spectrum CDMA has capabilities to combat this multipath 

interference, however, the way in which this is achieved depends very much on the CDMA 

technique used.

In DS-CDMA, the properties of the spreading code will treat any copy of the signal 

delayed by more than the chip duration as an interference signal. In the FH case, the effect of 

multipath will be different for each frequency band and at the receiver this effect will be 

averaged out. (FH-CDMA system does not combat multipath interference as well as DS- 

CDMA.) In the TH-CDMA case, there are no advantages in terms of protection against 

multipath.

• Narrowband Interference rejection

All spread spectrum CDMA systems have capabilities to combat narrowband 

interference. In DS-CDMA, multiplying a narrowband interference with a locally generated copy 

of the wideband code signal will spread the narrowband interference and hence reduce the 

power of the interference in the bandwidth of the desired user. In FH-CDMA, if a narrowband 

signal interferes on one of the hopping frequencies, the total percentage of the signal damaged 

is 1/Gp (where Gp is the processing gain of the system). In TH-CDMA, if a narrowband signal 

interference does occur, it will only occur in 1/Gp percent of the time.



Chapter 2: Multi-carrier CDMA 32

2.2 Multi-carrier moduiation
The CDMA schemes described in the previous section were based on serial transmission 

of data using a single carrier. This section introduces the concept of parallel transmission of 

data using multiple subcarriers.

Single carrier systems, such as DS-CDMA and FH-CDMA are limited in terms of the 

maximum data rate that they can support in multipath environment. As mentioned earlier, in a 

multipath channel, signals arrive at the receiver from different paths with different amplitude, 

phase, delay and arrival angle. If the differences in delay are comparable with the symbol 

period, delayed versions of the same signal are seen by the receiver and hence Inter Symbol 

Interference (ISI) occurs. As a high data rate signal has a small symbol duration, such a signal 

may experience severe degradation in the presence of multipath. Equalisation in the receiver 

can help reduce this degradation, however, this is at the cost of additional complexity. Multi­

carrier modulation helps to reduce ISI without increasing the complexity of the receiver. In a 

multi-carrier system, the input data stream is split into a number of low rate streams and 

transmitted in parallel over a number of subcarriers (Figure 2.7). The symbol duration of the low 

rate data streams is much larger than that of the original data stream, hence, the relative delay 

caused by multipath is reduced. In a conventional single carrier system, the symbols are 

transmitted sequentially with the frequency spectrum of each data symbol occupying the entire 

bandwidth (Figure 2.8(a)). In a multi-carrier system, several streams of data are transmitted 

simultaneously, so that at any instance, several data elements are being transmitted. In such a 

system, the spectrum of the individual data elements occupy only a small part of the available 

bandwidth (as shown in Figure. 2.8(b)).

M C M
Signalo o

s/p

Figure 2.7: Basics of multi-carrier modulation

(a) (b)

Figure 2.8: Spectrum of: (a) single carrier system; (b) multi-carrier system
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The concept of using multiple carriers to transmit data in parallel was first proposed by 

Mosier in the 1950s [22]. This method was, however, considered to be inefficient in terms of its 

use of the frequency spectrum, due to the fact that a guard band had to be inserted between 

each subcarrier. In order to overcome this inefficiency, the concept of using orthogonal 

subcarriers was proposed in the mid 1960s by Chang [23] and Salzberg [24]. This technique is 

referred to as OFDM. In 1971 Weinstein and Ebert [25] proposed an OFDM modulation and 

demodulation technique using Discrete Fourier Transform (DFT) to further enhance the 

efficiency of OFDM.

2.2.1 OFDM

The use of OFDM in wireless applications can be traced back to the 1960s, when it was 

used for several high frequency military systems such as KINEPLEX [22], ANDEFT [26] and 

KATHRYN [27]. In the 1980s, OFDM was studied for high-speed modems [28], digital mobile 

communications and high-density recording and in the 1990s, OFDM was investigated for 

wideband data communications over mobile radio channels [29], high bit rate digital subscriber 

lines'* [30, 31 ] and digital broadcasting [32, 33].

OFDM has now been employed in numerous wireless systems such as indoor wireless 

LANS (HIPERLAN/2 [34], IEEE 802.11a [35]), broadband WLLs (IEEE 802.16 [36]) and digital 

audio and video broadcasting (DAB and DVB [32, 33]).

The basic idea of OFDM is to modulate a number of parallel data streams using 

orthogonal subcarriers such that they satisfy the condition given in Equation 2.2.

T

0 forfl5Éf2 (2.2)

where T is the OFDM symbol duration and fi and f2 are two subcarrier frequencies.

The orthogonality condition in Equation 2.2 is satisfied by making the subcarrier spacing 

equal to an integer multiple of the symbol rate, i.e., for an OFDM signal with symbol duration T, 

the spacing between each subcarrier should be equal to Njnt(1/T), where N^t is an integer. In the 

frequency domain this results in the spectrum of each carrier having a null at the centre 

frequency of each of the other subcarriers in the system (Figure 2.9(a))®. Maximum spectral 

efficiency can be achieved by making the spacing between each subcarrier equal to 1/T (as 

shown in Figure 2.9(b)). Note that in this case there is considerable overlapping between the 

spectra of the individual subcarriers, however, the information can be reliably recovered due to 

the fact that the subcarriers are made orthogonal to one another.

*  In this case, OFDM is referred to as Discrete Muiti-Tone (DMT).
® The spectrum of the OFDM signal is said to fuifii the Nyquist criterion for an ISI free pulse shape, where the pulse is 
present in the frequency domain and not the time domain [19].
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(a)

(b)

Figure 2.9: OFDM spectrum (a) Orthogonal subcarriers; (b) Orthogonal subcarriers with maximum
spectral overlap

In the time domain this can be interpreted as having an integer number of cycles during 

the symbol period (as shown in Figure 2.10).

<■

Figure 2.10: OFDM symbol with 4 subcarriers

Unlike the direct sequence spread spectrum or frequency hopping systems described in 

Section 2.1, OFDM does not provide any spectral spreading. The bandwidth of the OFDM signal 

is the same as that of the original signal. The overall system bandwidth is merely divided 

between the different subchannels.

Figure 2.11 shows the transmitter model for OFDM. At the input of the transmitter, the 

data is first Serial-to-Parallel (S/P) converted into a number of low rate data streams. The 

parallel outputs from the S/P converter are then modulated onto a set of orthogonal subcarriers 

and summed together. In order to completely eliminate the effects of ISI caused by multipath, a 

Guard Period (GP) is generally added at the beginning of each OFDM symbol before up- 

conversion and transmission.

Input
data

: OFDM 
: Signal

Re{.}Add
GP

S/P

Figure 2.11: OFDM transmitter
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In most OFDM based systems, the guard period is a cyclic extension of the OFDM 

symbol (Figure 2.12) and is referred to as the Cyclic Prefix (CP). The cyclic prefix not only 

eliminates the ISI but also eliminates Inter Carrier Interference (ICI) in the presence of 

multipath®.

Figure 2.12: Guard perlod/CyclIc prefix

The insertion of the GP to the beginning of each OFDM symbol increases the spacing 

between the individual subcarriers from N m t/T to Njnt / ( T - T q p ) (This is illustrated in Figure 2.13 for 

the maximum overlap case). The spectrum of the transmitted OFDM signal no longer satisfies 

the orthogonality condition discussed above. However, at the receiver, the GP is removed from 

the beginning of each OFDM symbol before demodulation. Hence, the spectrum of the signal at 

the input of the demodulator is similar to that shown in Figure 2.9(b).

1 /(T -T gp)

1/T

Figure 2.13: Spectrum of OFDM signal with the insertion of the guard period

Figure 2.14 shows the receiver model for OFDM. At the input, the signal is first down- 

converted to baseband. The GP is then removed and the signal is demodulated by multiplying it 

with the complex conjugate of the orthogonal subcarriers and integrating over the symbol 

duration.

LPFOFDM
Signal

Recovered
dataRemove

G P _
P/S

Figure 2.14: OFDM receiver

' A more detailed description of the basic operations of the cyclic prefix is presented in Chapter 2 of [37].
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The OFDM transmitter and receiver model presented in Figure 2.11 and Figure 2.14 

require banks of oscillators at the transmitter and receiver. This results in a complex system, 

particularly if the number of subcarriers is large. Weinstein and Ebert [25] have shown that 

OFDM signals can be generated and detected using an IDFT and a DFT, which greatly reduces 

the complexity of the system. The availability of F FT algorithms and cheap F FT chips reduces 

the cost and complexity of OFDM systems even further. The structure of the F FT based OFDM 

transmitter and receiver is shown in Figure 2.15. In this implementation the banks of oscillators 

at the transmitter and receiver are replaced by the IFFT and F FT, respectively. The guard 

period operates in the same manner as before. At the transmitter, the signal has to be 

converted to analogue format before transmission and at the receiver the received symbol has 

to be converted to digital format before demodulation. (Note that in this figure the up-conversion 

and down-conversion blocks have been omitted, however, in a typical system the OFDM signal 

at the output of the transmitter is up-converted before transmission and consequently, the 

received signal is down-converted before the A/D conversion.)

Input
data

S/P IFFT P/S

OFDM OFDM

Add D/A
Signal Signal

A/D Remove
UP GP

S/P FFT P/S

Recovered
data

Figure 2.15: Discrete time representation of OFDM transmitter and receiver

In a practical system, the length of the IFFT/FFT is chosen to be greater than the number 

of subcarriers [37]. Figure 2.16 shows the spectrum of the IFFT output with the length of the 

IFFT set equal to the number of subcarriers. In this case, a filter with realistic passband-to- 

stopband transition cannot be used to recover the OFDM symbol. Hence, the length of the IFFT 

is increased in order to introduce a separation between the symbol spectrum and its copies. 

Figure 2.17 shows the spectrum of the IFFT output with the length of the IFFT set equal to N’ 

(where N’> Nsubcamers)- In this case, a filter with realistic passband-to-stopband characteristics 

can be used to recover the OFDM symbol.

► f
Nsubcamere/T 2Ngijbcarriei» / T

Figure 2.16: OFDM spectrum with IFFT/FFT slze=N subcam ers
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0 NTT

Figure 2.17: OFDM spectrum with iFFT/FFT size=N’(>N*ubcarriers)

The following section introduces the concept of combining OFDM with CDMA (referred to 

as multi-carrier CDMA).

2.3 Multi-carrier CDMA

Due to the fact that OFDM provides good performance in a multipath channel without the 

need for complex equalisation techniques, the combination of OFDM and DS-CDMA has been 

considered for high data rate cellular systems. This combination is referred to as multi-carrier 

CDMA (or OFDM/CDMA).

Multi-carrier CDMA schemes were first introduced in 1993. The schemes proposed to 

date can be divided into 3 categories: Multi-Carrier CDMA (MC-CDMA), Multi-Carrier DS-CDMA 

(MC-DS-CDMA) and Multi-Tone CDMA (MT-CDMA) [38]. These schemes were proposed by 

different researchers, namely, MC-CDMA by N. Yee, J-P Linnartz and G Fettweis [39], K.Fazel 

and L. Papke [40] and A. Chouly, A. Brajal and S. Jourdan [41], MC-DS-CDMA by V. DaSilva 

and E. S. Sousa [42] and MT-CDMA by L. Vandendorpe [43]. A number of authors have also 

proposed variants of these schemes [44, 45, 46, 47].

In a multi-carrier CDMA system, each user data is first spread using a user specific 

spreading code (as in the case of DS-CDMA) and then modulated onto a set of subcarriers 

using OFDM (Figure 2.18).

User-1 
Input dater*"

User-2 
Input d ate r* Multi-carrier 

pDMA Signal

Spreading

Spreading

Spreading

Multi-carrier
modulation

Multi-carrier
modulation

Multi-carrier
modulation

Figure 2.18: Basics of muiti-carrier CDMA

The key difference between the three multi-carrier CDMA schemes (MC-CDMA, MC-DS- 

CDMA and MT-CDMA) is the way in which the data is spread and modulated onto the different 

subcarriers.
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2.3.1 Multi-carrier CDMA schemes

This section describes the three multi-carrier CDMA schemes'. The description 

concentrates on the signal generation at the transmitters. The receiver conceptually reverses 

the transmitter function. Receiver operation is not described in this chapter but is detailed in the 

following chapters.

2.3.1.1 MC-CDMA

In the MC-CDMA scheme, the user data is first spread using a user specific spreading 

code and then each chip of the spread data is used to modulate a different subcarrier. Figure 

2.19 shows the transmitter model for MC-CDMA.

User-1

■NU
Input
data

User-1Add
CP

MC-CDMA
Signal

User-2

Re{.}

User-i

User-N,

Figure 2.19: MC-CDMA transmitter

The input data is first copied into Ncode parallel data streams (where Ncode is the length of 

the spreading code). Each stream is then multiplied by a single chip of the spreading code, Cn" 

(for user u and code chip n) and modulated onto a set of orthogonal subcarriers. The modulated 

output is summed and a cyclic prefix is added to the beginning of each MC-CDMA symbol (as in 

the case of OFDM) before transmission.

As each chip is mapped onto a different subcarrier, the number of subcarriers is equal to 

the length of the spreading code. Figure 2.20 shows the spectrum of the signal at the input and 

the output of the MC-CDMA transmitter®. In this case, the subcarrier separation, Af is equal to 

1/Tb (where Tb is the duration of the input data bit).

 ̂ Literature review of various aspects of multi-carrier CDMA systems relating to tfie work presented in tfiis thesis has 
been included within the individual work chapters and is not included in this introductory section.
® For simplicity, it has been shown that the spectrum of each modulated subcarrier has a null at the centre frequency of 
each of the other modulated subcarriers. However, in a typical system, the insertion of CP will increase the subcarrier 
separation (as discussed in Section 2.2.1).
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 ̂Ncode-1fo 2̂

(a) (b)

Figure 2.20: Spectrum of the signal at: (a) the input; (b) the output of the MC-CDMA transmitter

In the system described above, the duration of the symbol at the output of the transmitter 

is the same as the duration of the symbol at the input. If the duration of the symbol is small 

enough to be degraded by multipath, the input signal is S/P converted before spreading and 

modulation (as shown in Figure 2.21^).

User-1

input
data Add

CP
User-1S/P

MC-CDMA 
~  j Signal

Re{.}

User-2

User-N,

Figure 2.21 : MC-CDMA transmitter with S/P converter at the input

N,„b=( Ns/p-1)*Ncode
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In this case, the total number of subcarriers (Nsubcamers) required is equal to the product of 

the length of the S/P converter (N s /p ) and the length of the spreading codes (Ncode)- The 

spectrum of the signal at the output of the transmitter is as shown in Figure 2.22^°. Note that in 

this case, the bandwidth of each individual subcarriers is narrower than the bandwidth of the 

input data (due to the S/P conversion). The total bandwidth of the signal at the output of the 

transmitter is equal to Nsubcarriers times the bandwidth of the S/P converted symbols.

A f

fofl f2

(a) (b)

Figure 2.22: Spectrum of signal at: (a) the input; (b) the output of the MC-CDMA transmitter (with
S/P converter)

The subcarrier separation, Af (Figure 2.22(b)) is given by:

1

(2.3)

where Tb is the duration of the data bit at the input of the transmitter (Figure 2.21) and Ns/p is 

the length of the S/P converter.

A number of variations to the MC-CDMA scheme have been proposed in the literature. A 

widely used architecture is the one proposed by Kaiser [44] in which the users are grouped into 

blocks and each block of users transmits over a different set of subcarriers (this is explained 

further in Chapter 5).

2.3.1.2 MC-DS-CDMA

In the MC-DS-CDMA scheme, the user data is first S/P converted and then spread using 

a user specific spreading code (of length Ncode) as shown in Figure 2.23. The parallel streams of 

spread data are modulated onto a set of orthogonal subcarriers as in the MC-CDMA case and a 

cyclic prefix is inserted between symbols before transmission.

As in the previous case, for simpiicity, it has been shown that the spectrum of each moduiated subcarrier has a nuii at 
the centre frequency of the other moduiated subcarriers. However, in a typical system, the insertion of CP will increase 
the subcarrier separation.
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User-1

input
data Add

CP
User-1S/P

MC-DS-CDMA 
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Figure 2.23: MC-DS-CDMA transmitter

In this scheme, the number of subcarriers is equal to Ns/p. Ns/p can be equal to, less than 

or greater than Ncode depending on the characteristics of the channel and the maximum number 

of users in the system.

The spectrum of the signal at the input and the output of the MC-DS-CDMA transmitter 

are presented in Figure 2.24^\ In this case, the subcarrier separation, Af” is given by:

à f = —
Ncode

NS / P (2.4)

where Tb is the duration of the data bit at the input of the transmitter in Figure 2.23, Ncode is the 

length of the spreading code and Ns/p is the length of the S/P converter.

Af”

N s/p-1

(a) (b)

Figure 2.24: Spectrum of signal at: (a) the input; (b) the output of the MC-DS-CDMA transmitter

A number of variations to the MC-DS-CDMA system have been proposed in the literature. 

In [45], an MC-DS-CDMA scheme which does not employ an S/P converter is considered. In 

this case the user data is spread using a user specific spreading code and the spread data is 

used to modulate each subcarrier. One of the key advantages of such a system is that it does

Note that in a typical system, the insertion of CP will increase the subcarrier separation (as discussed in Section 
2 .2 .1).
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not require a contiguous frequency band. Hence, the available spectral gaps can be exploited 

efficiently. In [46] an MC-DS-CDMA scheme with larger subcarrier separation is proposed in 

order to yield both frequency diversity improvement and narrowband interference suppression. 

In [47], the performance of a multi-carrier CDMA scheme based on a combination of MC-DS- 

CDMA and MC-CDMA is presented.

2.3.1.3 MT-CDMA

The MT-CDMA scheme is very similar to MC-DS-CDMA, except that in this case the 

length of the spreading code is much greater than the number of subcarriers in the system. The 

main advantage of this scheme is that it can accommodate more users as compared to single 

carrier DS-CDMA scheme.

The transmitter model for MT-CDMA is very similar to the transmitter model for MC-DS- 

CDMA (Figure 2.23). The data at the input of the transmitter is first S/P converted and each 

branch of the parallel substream is spread with a user specific spreading code. However, as 

mentioned above, the length of the spreading code is much greater than the length of the 

spreading codes in MC-DS-CDMA. Thus, the spectrum of each subcarrier satisfies the 

orthogonality condition with minimum frequency separation prior to spreading operation. 

However, after spreading, the spectral null of each subcarrier no longer occurs at the centre 

frequency of each of the other subcarriers (Figure 2.25). Hence, the subcarriers experience ICI 

and require high complexity rake receivers.

A f”

f
fo f l  fz

Figure 2.25: Spectrum of MT-CDMA signal

In this case, the subcarrier separation, Af is given by:

1Af =
(2.5)

It is interesting to note that in the case of MC-DS-CDMA and MT-CDMA, setting the 

length of the S/P converter to 1, results in a DS-CDMA system.

2.3.2 Multi-carrier CDMA systems in the presence of muitipath

As multi-carrier CDMA systems will operate in a multipath environment, this section 

provides an overview of the multipath channel and discusses the parameterisation of the multi­

carrier CDMA schemes when operated in a multipath environment.
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2.3.2.1 Multipath fading

In a realistic mobile radio system, the transmitted signal arrives at the receiver through a 

number of different paths as it gets reflected and scattered by various obstacles. This results in 

the signal at the receiver consisting of a number of copies of the transmitted signal with 

randomly distributed amplitudes, phases, time delays and angles of arrival. The interference 

between these copies gives rise to some deleterious effects which are collectively known as 

multipath.

Effects of multipath on a transmitted signal

The effects of multipath on a signal depend on the characteristics of the multipath 

channel and the characteristics of the transmitted signal. In the case of high data rate signals 

(such as 4G signals), multipath causes dispersion in the time domain and frequency selective 

fading in the frequency domain.

Time dispersion occurs due to interference of various copies with different relative delays. 

Each multipath component arrives at the receiver with a certain delay and a certain attenuation 

(Figure 2.26(a)). The overall effect is a long ‘tail’ in the received symbol (Figure 2.26(b)) which 

interferes with the following symbol (known as ISI).

■ r

,  Multipath 
components

time time

(a) (b)

Figure 2.26: Time dispersion due to multipath

In the frequency domain, multipath causes frequency selective fading (Figure 2.27). 

Frequency selective fading occurs due to the interference of multiple copies with random 

relative phases. Frequency selective fading results in different frequency components of the 

transmitted signal being attenuated differently by the channel (as shown in Figure 2.27).

<  Transmitted 
signal spectrum

frequency

Figure 2.27: Frequency selective fading due to multipath

Multipath channel characterisation

The impulse response of a multipath channel contains all the information necessary to 

characterise a multipath channel and analyse any type of transmission through the channel. It
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gives the attenuations and the deiays of the various multipath components (reiative to the first 

arrived component). The impuise response is generally measured in the field using channel 

sounding techniques (described in [48]). A typicai impuise response is shown in Figure 2.28. 

The difference between the arrivai time of the first component and the iast component for which 

the receiver power faiis beiow some threshoid ievel (e.g., 20 dB) is known as the maximum 

excess delay of the channel (Xmax)- The maximum excess delay is not necessarily the best 

indicator of how any given system wiil perform on the channel because some channels with the 

same vaiue of x̂ ax can have very different impuise responses [50]. A more widely used 

measurement is the root mean squared (rms) value of the delay spread (xnns)̂ ’̂̂ -̂

Relative 
power (dB)

first arrived 
.component

1
time deiay, x

Figure 2.28: Impulse response of a multipath channel

The inverse of Xrms is proportionai to the coherence bandwidth, Bĉ .̂ The coherence 

bandwidth is a statistical measure of the range of frequencies over which the channel can be 

considered ‘fiat’. The coherence bandwidth of the channei determines the effect of the channel 

on the transmitted signai. If the coherence bandwidth is greater than the bandwidth of the 

signal, the signal does not experience significant time dispersion or frequency selective fading. 

However, if the coherence bandwidth is less than the bandwidth of the signal (as the case might 

be for high data rate 4G signais) the transmitted signal will experience time dispersion and 

frequency selective fading, resulting in signai degradation.

2.3.2.2 Parameterisation of muiti-carrier CDMA for muitipath channeis

The key requirement for a system to operate in a muitipath environment is toierance to 

deiay spread. In wireless communication systems, the transmitted bit rate (rb) and the 

bandwidth (W) are generaiiy specified. In multi-user systems, the maximum number of users in 

the system (Nusers) is aiso specified. Hence, the deiay spread tolerance is achieved by adjusting 

the transmitted symboi duration (Tgymb)-

In single carrier systems, the delay spread tolerance is achieved by making the duration 

of the transmitted symboi iarger than Xrms of the channel. Typically, the symbol duration is set to 

be 10 times the x̂ ms of the channei [48, 50].

It has been established In [49] that, for a given system, the BER performance for different multipath channels is 
practically identical if the Xm» is the same, even if the impulse responses of the channels are different.

Note that, in some references Xm« is not taken to be the same as the rms of the maximum deiay spread.
An exact relationship between Xm» and Be does not exist. It is a function of the multipath channel.
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The increased symbol duration of Multi-carrier systems (such as OFDM) mitigate the 

effects of multipath. Further, by setting the guard period/cyclic prefix duration to be greater than 

Trnis of the channel, degradation due to mutipath can be eliminated. Typical values of the guard 

duration are 2-4xrmŝ ® [19].

DS-CDMA systems do not increase the duration of the transmitted symbol to combat 

multipath. These systems employ RAKE receivers [17] which takes advantage of the multiple 

paths to improve system performance. In DS-CDMA systems, the bandwidth of the transmitted 

signal is made to be wider than the coherence bandwidth of the channel in order to increase the 

number of paths arriving at the receiver. In the time domain, the transmitted symbol duration is 

made to be narrower than Xmax of the channel. The maximum number of multipath components 

that can be resolved by the RAKE receiver is given by [51, 52]:

+ (2.6)
chip

Where Tcwp is the duration of the chip of the spreading code.

Typically, the number of resolvable paths arriving at the receiver is set to 4 [51, 52]. 

Hence, the chip duration of the spreading code is Xmax/3.

Parameterisation of MC-CDMA

In order to operate the MC-CDMA system (described in section 2.3.1.1) in a multipath 

channel, the duration of the cyclic prefix should be set equal to 2-4 times the Xrms of the channel. 

Once the cyclic prefix duration is set, the symbol duration can also be determined. It is desirable 

that the loss due to the cyclic prefix should be as small as possible. In order to achieve this, the 

symbol duration should be as large as possible. However, the symbol duration cannot be 

arbitrarily large. A practical choice is to make the symbol duration approximately 5 times the 

guard period in order to make the loss due to cyclic prefix approximately 1 dB[19]. As each chip 

of the spread data is mapped onto a different subcarrier, the number of subcarriers is equal to 

the length of the spreading code. In the case of MC-CDMA, the symbol duration at the output of 

the transmitter is the same as the duration of the data bit at the input of the transmitter (Figure 

2.19). Hence, if the required symbol duration is larger than the bit duration, a S/P converter is 

used at the input (as shown in Figure 2.20). The number of subcarriers is then equal to the 

product of the length of the S/P converter and the length of the spreading code. The total 

bandwidth required is equal to the product of the number of subcarriers and the subcarrier 

separation (which is the inverse of the symbol duration less cyclic prefix duration).

The exact choice depends on the type of coding and modulation. Higher order moduiation is more sensitive to ICI and 
ISI than QPSK while heavier coding reduces the sensitivity to such interference [19].
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Parameterisation of MC-DS-CDMA

In the case of the MC-DS-CDMA system described in section 2.3.1.2, the receiver can be 

implemented in two ways. Hence, the choice of parameters will depend on the type of receiver 

implementation.

The key difference between the two MC-DS-CDMA receiver implementations is the way 

in which the signal processing is performed. In the first implementation, the signal processing is 

done in a similar way to OFDM and MC-CDMA [38, 53, 46]. In this case, a guard period is 

employed to combat the effects of multipath fading. In the second implementation, the MC-DS- 

CDMA system is viewed as a special kind of DS-CDMA system and in this case a RAKE 

receiver is utilised on each subcarrier to mitigate the effects of multipath [52, 54, 55]. In this 

implementation, a guard period is not required.

In order to distinguish between the two implementations, the first implementation is often 

referred to as MC-DS-CDMA with frequency domain processing and the second impiementation 

is referred to as MC-DS-CDMA with time domain processing [56].

The choice of parameter vaiues for MC-DS-CDMA with frequency domain processing are 

similar to MC-CDMA. In order to operate the system in the presence of multipath, the cyciic 

prefix duration is set equal to 2-4Trms- The symbol duration is made equal to 5 times the cyciic 

prefix duration (in order to keep the loss due to cyclic prefix to a minimum). For a given bit rate, 

Tb, the symbol duration will be dependent on the number of subcarriers and the length of the 

spreading code (as shown in 2 . 3 . 1 . 2 ) .  As the bit rate ( 1 /T b )  and the length of the spreading code 

(Ncode) are generally specified, the number of subcarriers is equal to Tsymb.Ncode/Tb (where Tsymb 
is the required symbol duration). Once the number of subcarriers is calcuiated, the total 

bandwidth of the system is determined by multiplying the number of subcarriers by the 

subcarrier separation (which is the inverse of the symbol duration iess cyclic prefix duration).

In order to operate MC-DS-CDMA system with time domain processing in a multipath 

channel, the bandwidth of each subcarrier must be made greater than the coherence bandwidth 

of the channel. In the time domain, the duration of the code chips (Tcwp) must be lower than Xrms 

of the channel. Typically, the duration of the code chips is set to be Xmax/3 (as discussed above). 

In MC-DS-CDMA, Tcwp is equal to Tsymb- Therefore, once the chip duration is set, the number of 

subcarriers can be calculated for a given bit rate and spreading code length (Tsymb.Ncode/Tb). As 

in the previous case, the total bandwidth of the system can be determined by muitiplying the 

number of subcarriers by the subcarrier separation (which is the inverse of the chip duration).

In a multipath channei, the MC-DS-CDMA symbol duration for the time domain 

processing case (Tsymbrro)) will be much narrower than the frequency domain processing case 

(Tsymb(FD)) as Tsymb(TD) < w /3  whereas Tsymb(FO)> 2-4xrms- Therefore the modulated subcarrier 

bandwidth wiii be much wider in the time domain processing case than the frequency domain 

processing case. As the bit rate and transmitted bandwidth, the time domain processing case
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will require a lower number of subcarriers as compared to the frequency domain processing 

case. For systems employing higher order mapping, care must be taken when such systems 

are designed for operation in a mutipath environment since both the symbol time and overall 

bandwidth are functions of the mapping scheme used.

2.3.3 Multi-carrier CDMA systems in a muiti-ceii environment

As one of the key applications envisaged for multi-carrier CDMA is future generation 

cellular systems, this section discusses the operation of multi-carrier CDMA in a multi-cell 

environment.

In cellular systems, the service area is conceptually divided into hexagonal cells [16]. 

Each cell contains a base station which is linked to the mobile stations within the cell via the 

uplink and downlink channel. In CDMA cellular systems, neighbouring cells may share the same 

frequency. Hence, in order to distinguish the base stations from one another, the data 

transmitted from each base station is multiplied by a base station specific scrambling code [57, 

58]. Figure 2.29 shows a simplified block diagram of a DS-CDMA transmitter operating in a 

multi-cell environment [58].

V
Input
data ►QO ►QO ^

Spreading Scrambling fc 
code generator code generator

Figure 2.29: Block diagram of a DS-CDMA transmitter operating In a multi-cell environment

In CDMA based cellular systems (18-95, W-CDMA and CDMA2000), the scrambling is 

achieved by multiplying the spread data by a PN code [16, 17]. In the case of 18-95 and 

CDMA2000, m-sequence PN codes [16] are employed for data scrambling whereas in the case 

of W-CDMA, gold codes are employed [17]. The chip rate of the scrambling codes is the same 

as that of the spreading codes and hence the scrambling operation does not cause further 

spectral spreading.

In the case of 18-95, W-CDMA and CDMA2000, base stations employ the same 

scrambling code. The differentiation between base stations is obtained by the use of a different 

time shift (or time offset) for each base station^®. The length (or the period) of the scrambling 

code is set to 2̂ ® (32768 chips). A minimum delay of 64 chips is specified between any two 

offsets. Hence, the number of offsets is equal to 512. (A detailed description of PN offset 

allocation strategy is provided in [59, 60, 61]. Alternative PN offset allocation strategies are 

discussed in [62]).

In order to operate the MC-CDMA and MC-D8-CDMA systems (described in 8ection 

2.3.1.1 and 2.3.1.2) in a multi-cell environment, the data must be scrambled before

In the case of m-sequence and gold codes, a time shifted version of the code is a new code.
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transmission. Figure 2.30 and Figure 2.31 present the modified transmitter diagram for MC- 

CDMA and MC-DS-CDMA to allow for operation in a multi-cell environment (In Figure 2.30 and 

Figure 2.31, PN denotes the scrambling code and PN^ denotes the n’  ̂ chip of the scrambling 

code).

User-1

input
data

User-1Add
CP

MC-CDMA 
 Signal

User-2

Re{.}

User-i

User-N,

Figure 2.30: Modified MC-CDMA transmitter (with scrambling)

User-1

Input
data Add

CP
User-1S/P

MC-DS-CDMA 
------------ Signal

User-2

Re{.}

User-N,

Figure 2.31 : Modified MC-DS-CDMA transmitter (with scrambling)

A number of different PN codes can be considered for scrambling (base station 

separation) in the multi-carrier CDMA systems. These include, m-sequence codes, gold codes 

and kasami codes^^. As in the existing CDMA systems, the rate of the scrambling code will be

Further description of these codes is provided in Chapter 5 of [17].
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the same as the rate of the spreading code. The scrambling codes must be applied 

synchronously to each user in order to maintain the orthogonality between the different users' 

data. In the case of MC-CDMA, due to the fact that the spreading is performed in the frequency 

domain, the length (or the period) of the scrambling code must be equal to the length of the 

spreading code. In the case of MC-DS-CDMA, each parallel branch can be considered to be 

similar to DS-CDMA and hence the length of the scrambling code can be determined in a similar 

way to DS-CDMA (as described in [59, 60, 61]).

2.3.4 Properties of multi-carrier CDMA signais

Multi-carrier CDMA signals exhibit the following properties:

• Multiple Access Capability

In multi-carrier CDMA, the multiplication of the user data by the code signal provides the 

multiple access capability. Provided that the spreading codes have a sufficiently low cross 

correlation, the different user’s data can be separated successfully at the receiver.

• Protection against multipath

In multi-carrier CDMA, increased symbol duration and cyclic prefix insertion between 

each symbol provides immunity to multipath effects. If the CP duration is longer than the 

maximum delay spread in the system, all the time dispersion will occur within the CP and hence 

there is no ISI.

• Narrowband interference rejection

Any narrowband interference will only affect the information in a single subcarrier which 

can be recovered using Forward Error Correction (FEC).

Multi-carrier CDMA systems described in this section provide a number of advantages 

over single carrier CDMA systems such as DS-CDMA and FH-CDMA. These include, better 

immunity against multipath (due to increased symbol duration and the insertion of the cyclic 

prefix) and more efficient use of the spectrum (due to overlapping subcarrier spectra).

A number of authors have compared the performance of different multi-carrier CDMA 

schemes with DS-CDMA. In [38], the BER performance of MT-CDMA, MC-CDMA, MC-DS- 

CDMA and DS-CDMA is compared for the down link channel and the results show that MC- 

CDMA provides the best performance for different number of active users. In [52] the spectral 

efficiency of MC-DS-CDMA is compared with that of DS-CDMA for the downlink channel and it 

has been concluded that MC-DS-CDMA provides better spectral efficiency as compared to DS- 

CDMA. Kaiser [44] has also investigated the spectral efficiency of multi-carrier CDMA and DS- 

CDMA for different number of active users and has concluded that for small number of active 

users both schemes exhibit similar performance, however, as the number of users increases, 

multi-carrier CDMA outperforms DS-CDMA.
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Even though multi-carrier CDMA schemes seem to be a promising alternative to DS- 

CDMA for future generations of wireless networks, they have two major drawbacks: vulnerability 

to synchronisation errors and vulnerabiiity to non-iinear distortion.

The main source of synchronisation errors in muiti-carrier CDMA systems are carrier 

frequency offsets and symbol timing offsets [63]. Carrier frequency offsets occur due to the 

frequency difference between the oscillators in the transmitter and the receiver. It results in a 

loss of orthogonality between the different subcarriers and causes BER degradation (due to 

ICI). Symbol timing offset occurs due to uncertainty in estabiishing the muiti-carrier CDMA 

symbol boundaries. The symbol timing offset can vary over the cyclic prefix duration without 

causing any ISI or ICI, however, when the timing misalignment extends over the multi-carrier 

CDMA symboi boundaries, ISI and ICI occur. Multi-carrier CDMA is more robust to symbol 

timing offset than carrier frequency offset.

As the multi-carrier CDMA signal generally consists of the sum of a large number of 

subcarriers, the transmitted signal may exhibit large signal excursions when such subcarriers 

add up coherently. Hence the signal is vuinerabie to non-iinear distortion caused by non-linear 

elements such as HPAs. The non-linear distortion manifests itself as in-band distortion and out- 

of-band distortion. In-band distortion causes BER degradation whereas out-of-band distortion 

causes spectral spreading and adjacent channel interference. In recent years, some authors 

[64, 65] have investigated the performance of muiti-carrier CDMA in the presence of MPA 

nonlinearities. Techniques to reduce the PAPR of the multi-carrier CDMA signal have also been 

proposed in [21, 66, 67] in order to improve the performance in the presence of MPA non- 

linearities.

2.4 Summary

Muiti-carrier CDMA is a combination of CDMA and MCM. This chapter provided 

background on CDMA and MCM and introduced the concept of combining the two techniques.

The chapter began with an overview of CDMA technology (Section 2.1). It detailed the 

fundamentals of CDMA spread spectrum technology and stated the criteria for a system to be 

qualified as a spread spectrum system. The key CDMA systems (namely, DS-CDMA, FH- 

CDMA, TH-CDMA and Hybrid CDMA) were then discussed, foliowed by a description of the key 

properties of spread spectrum CDMA.

Section 2.2 described muiti-carrier modulation. It introduced the concept of parailel 

transmission of data over a number of subcarriers. The basic idea of OFDM was expiained both 

in the time domain and in the frequency domain and the OFDM transmitter and receiver 

structures were described.

Section 2.3 presented the concept of combining DS-CDMA with OFDM. It described the 

three schemes proposed in the literature for combining DS-CDMA with OFDM (MC-CDMA, MC- 

DS-CDMA and MT-CDMA) in terms of signal generation at the transmitter and discussed some
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of the advantages and drawbacks of multi-carrier CDIVIA schemes. It also discussed the 

performance of multi-carrier CDMA systems in a multipath channel and in a multi-cell 

environment.

The following chapters present the research work carried out, relevant to multi-carrier 

CDMA.



Chapter 3 

Assessment of MC-CDMA exploiting higher 
order PSK/QAM formats

The previous chapter provided an introduction to multi-carrier CDMA. It described the 

basics of CDMA and MCM, introduced the concept of combining CDMA with MCM (muiti-carrier 

CDMA) and presented the three different muiti-carrier CDMA schemes.

Since their introduction in the early 1990s, much research has been carried out into the 

performance of multi-carrier CDMA systems in various environments, with different channel 

models, channel estimation techniques, equalization schemes and detection schemes [38, 41, 

68]. However, most of the system models employed in these investigations have been restricted 

to the use of BPSK or QPSK mapping [69, 70]. Accordingly, the next two chapters explore the 

implications for multi-carrier CDMA system performance with higher order PSK/QAM mapping^®. 

This chapter focuses on MC-CDMA and Chapter 4 focuses on MC-DS-CDMA.

The performance of single carrier systems incorporating higher order PSK/QAM mapping 

schemes in the presence of AWGN is well documented [71]. Using higher order mapping results 

in greater throughput and hence higher spectral efficiency. However, it also results in reduced 

power efficiency, increased complexity and for the case of QAM, increased envelope 

fluctuations.

The performance of muiti-carrier systems (specifically OFDM) incorporating higher order 

PSK/QAM mapping has also been studied to some extent by Prasad [19] and others [72, 73]. 

Some authors have also investigated the effects of combining higher order PSK/QAM mapping 

with single carrier DS-CDMA [74]. However, to date there has been no significant work on the 

performance of multi-carrier CDMA systems combined with higher order PSK/QAM mapping.

In this work higher order mapping is defined as M-PSK/M-QAM schemes with M>2.

52
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Incorporating higher order mapping into MC-CDMA systems can be done in several 

ways. Two techniques are considered here that lead to the development of two distinct 

architectures for effecting such incorporation. These architectures are termed combining in time 

and combining in frequency. Both architectures have been studied in terms of power efficiency, 

PAPR, spectrai efficiency and implementation complexity. The Cl F architecture is only studied 

for a single user case due to the simplicity of the receiver structure adapted.

The chapter begins by presenting the two different architectures considered for 

incorporating higher order PSK/QAM within MC-CDMA. The subsequent section discusses the 

parameters used to investigate the performance of the two implementations^® with different 

PSK/QAM formats. This is followed by an overview of the AWGN channel. The performance of 

the two implementations is then presented and a comparison is made between the two in order 

to determine the merits and demerits of each implementation. The chapter concludes with a 

summary.

3.1 MC-CDMA incorporating higher order mapping

This section describes the two implementations considered for combining MC-CDMA with 

higher order PSK/QAM mapping. In the first implementation, the PSK/QAM mapping is 

performed at the input of the MC-CDMA transmitter (before spreading and multi-carrier 

modulation) and in the second implementation, the PSK/QAM mapping is performed after signal 

spreading, but before muiti-carrier modulation. The first implementation is referred to as 

combining in time (CIT) as increasing the order of the mapping scheme results in more data bits 

being transmitted over a given timeslot. The second implementation is referred to as combining 

in frequency (CIF) as increasing the order of mapping in this case results in more data chips 

being transmitted over a given subcarrier. The performance of the two implementations is 

investigated using the transmission model given in Figure 3.1. For simplicity, the channel is 

assumed to be a synchronous downlink channel.

MC-CDMA
Transmitter

MC-CDMA
ReceiverAWGN

Figure 3.1: Transmission modei

The MC-CDMA scheme considered here is similar to the MC-CDMA scheme described in 

Section 2.3.1.1 with no S/P converter at the input (Figure 3.2). At the input of the MC-CDMA 

transmitter, the user data is first copied Ncode times. Each copy is then multiplied by the 

individual chips of the spreading code, and modulated onto a set of orthogonal subcarriers,

gn(t). The modulated output is summed and synchronously added to the output of the other 

users. The signal is up-converted before transmission. Note that in this transmitter diagram an

In this work, the term architecture and impiementation are used interchangeabiy to describe the various models 
considered for incorporating higher order mapping into the muiti-carrier CDMA schemes.
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additional block for the CP extension has not been included as the definition of g(t) (Equation 

3.3) accounts for the addition of the cyclic prefix.

Input
data

gi(t-mT)
m

m mc-cdma
Re{.}

iCNcode-l I 9 N c o d e - l ( t - m T )

Figure 3.2: MC-CDMA transmitter

The bandpass signal at the output of the transmitter, Smc-cdma(t) is given by;

Smc-cdma(f) = }

where s^c-cc/maCOis the equivalent baseband representation^® [75] of S^c-cdma(^) (Equation 

3.2) and fc is the frequency of the carrier.

(3.1)

^mc-cdma ( 0  ~   ̂ ( 0
u=̂

oo ĉode~̂
Su(0= X  ^ ^ m C n 9 n i t - f n T )

m = ^  n=0 (3.2)

thIn the above expression, is the input data bit in time slot m, for user u, c% is the n 

chip of the spreading code ( c “ (f) ) for user u and gn(t) is the n’  ̂subcarrier given by:

9nii) =
T -T _

fG[o,r]
fg [0 ,T ] (3.3)

where T is the duration of the MC-CDMA symbol and Tcp is the duration of the cyclic prefix.

In a practical system, the multi-carrier modulation and demodulation is carried out using 

an IFFT and F FT, respectively. This work also employs the IFFT/FFT based implementation as 

it reduces simulation time and complexity. In order to reduce the simulation time further, an 

equivalent baseband representation [75, 76] of the bandpass signal has been used.

' Also referred to as complex envelope in tfiis thesis.
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System features:

Symbol mapping

The two implementations considered in this chapter (Sections 3.1.1 and 3.1.2) use M- 

PSK/M-QAM mapping to map a number of input bits onto a single complex value. The data at 

the input is first grouped into binary words of length k and then mapped onto constellation points 

using Gray coding. The length of the binary word (k) is dependent on the size of the 

constellation, M (where M is a power of 2). For a given constellation size, M, the length of the 

binary word, k is log2(M). In this work higher order refers to M greater than 2.

By way of illustration. Figure 3.3 shows the constellation diagram for 16PSK and 16QAM 

mapping (Note, in this case M=16 and therefore k=log2(16)=4).
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Figure 3.3: Constellation diagrams for: (a) 16PSK; (b) 16QAM

The constellation point, D for a given M-PSK mapping scheme is defined as;

D = Ae M
i=0,1......(M-1)

where A is the amplitude of the transmitted symbol (as shown in Figure 3.3(a)). 

In the case of M-QAM mapping, D is defined as:

D = — { 2 i - K  + )̂ + j  —  { 2 k - K  + )̂
i,k=0,1......(K-1)

(3.4)

(3.5)

where K = VÂ4 and A' is the spacing between constellation points (as shown in Figure 3.3(b)).

At the receiver, the received symbols are often displaced from their original constellation 

points due to the effects of the channel. Hence, upon reception the received symbols are first 

assigned to a particular constellation point based on the decision region within which they fall 

and then demapped onto k bits (Shadowed region in Figure 3.3 illustrate the decision region for 

the constellation point corresponding to 1000). A symbol error occurs if the effects of the
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channel causes the received symbol to lie outside the decision region of the corresponding 

transmitted symbol.

Spreading

The spreading operation provides user separation and spectral spreading, as discussed 

in 2.1.3. In this work, Walsh Hadamard (WH) spreading codes have been employed [16,20, 21]. 

Most of the synchronous MC-CDMA systems proposed in the literature use WH codes because 

of their excellent cross correlation properties [17]. Other spreading codes employed in multi­

carrier CDMA systems include complimentary codes [21], orthogonal gold codes [77] and 

Zaddoff-Chu codes [77].

The length of the WH codes is equal to the maximum number of codes in the system (i.e., 

there are a maximum of 32 codes of length 32). As each user is assigned a unique spreading 

code, the maximum number of codes is equal to the maximum number of users in the system. 

In this work, the maximum number of users is set to 64 therefore, the length of the WH codes 

is equal to 64 chips.

Multi-carrier moduiation

In the MC-CDMA scheme (Figure 3.2), the symbol times each chip of the spreading code 

is mapped onto a different subcarrier, hence the number of subcarriers is equal to the length of 

the spreading code (64). The separation between the subcarriers, Af (Figure 3.4) is made equal 

to the symbol rate (1/T) in order to get maximum spectral overlap. Due to the insertion of the 

cyclic prefix, Af is given by:

Af = ^
T - T

(3.6)

where T is the duration of the transmitted MC-CDMA symbol and Tcp is the duration of the CP.

The bandwidth of the transmitted signal is approximately equal to NcodeAf 22

Figure 3.4: Spectrum of MC-CDMA signal

In line with the IS-95 standard.
“  In Figure 3.4, the spectrum of each modulated subcarrier has a null at the centre frequency of each of the other 
modulated sutxîarriers in the system. However, in a typical system, the insertion of the CP will increase the subcarrier 
separation as discussed in Section 2.2.1.
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Cyclic prefix insertion

The cyclic prefix is inserted at the beginning of each MC-CDMA symbol to prevent the 

occurrence of ISI and ICI (as described in Section 2.2). In order to avoid ISI completely, the 

duration of the cyclic prefix (Tcp) is made greater than the rms delay spread of the system (Xrms)- 

Inserting a CP at the beginning of each symbol introduces a loss in the SNR and an 

increase in the signal bandwidth. The bandwidth expansion factor is given by [37]:

BWexpansion T -T cp (3.7)

and the loss in the SNR is given by:

SNR^^,,{dB) = ^0\og
T -T ,cp (3.8)

In this work, the CP duration has been made equal to 1/5* of the symbol duration in order 

to make SNRioss approximately 1 dB. The value of the MC-CDMA symbol duration is based on 

the values used for OFDM based systems such as HIPERLAN/2 and IEEE 802.11 a [78].

Table 3.1 summarises the main system parameters and lists the values used for the 

different implementations.

3.1.1 Implementation-1 : Combining in time

In this implementation, higher order mapping is effected prior to the MC-CDMA 

modulation. (The higher order mapping and demapping are performed outside the MC-CDMA 

modulation and demodulation^^ (Figure 3.5)). The binary input is first mapped onto an M- 

PSK/M-OAM constellation point. The output is then spread and modulated onto a set of 

orthogonal subcarriers. The modulated signal is transmitted through an AWGN channel. At the 

receiver, the corrupted signal is demodulated and despread to recover the transmitted symbols. 

In a practical multi-carrier system, the input data is coded and interleaved before being mapped 

onto constellation points [19]. However, in this work, no coding or interleaving has been 

considered as the aim is to explore MC-CDMA architectures using higher order PSK/QAM 

mapping.

AWGNSpreading
PSK/QAM
Mapping

Multi-carrier
Modulation

Despreading
PSK/QAM

Demapping
Multi-carrier

Demodulation

MC-CDMA Transmitter MC-CDMA Receiver

Figure 3.5: MC-CDMA implementation-1: Combining in time

Tfiis implementation fias been used by some authors [55, 56] for BPSK or QPSK mapping of the input data before 
multi-carrier modulation.
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Binary
input

m
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CPIFFT P/S D/APSK/QAM

Mapper

Figure 3.6: MC-CDMA implementation-1 (CIT): Transmitter

,(0

Figure 3.6 shows the equivalent baseband representation of the IFFT based 

implementation of the MC-CDMA transmitter with higher order mapping at the input.

The binary input is first combined into groups of k bits and mapped onto a constellation 

point, D by the PSK/QAM mapper. The output of the mapper is spread and mapped onto 

orthogonal subcarriers using the IFFT. The output of the IFFT is Parallel-to-Serial (P/S) 

converted and a cyclic prefix is added to the beginning of each symbol. The signal is converted 

into analogue format by the D/A converter before transmission.

Without any loss of generality, the equivalent baseband continuous time signal at the 

output of the MC-CDMA transmitter in Figure 3.6 is given by:

^mc-cdma (0
u=1 rr7=-oc n=0 (3.9)

where 0%, is the symbol at the output of the PSK/QAM mapper for user u, in timeslot m, is a 

single chip of the spreading code and gn(t) is the n’  ̂subcarrier (as defined in Equation 3.3).

Srec(0
A/D Remove

CP

CNcode-1

1/Ncode

0%,
PSK/QAM
De-mapper

J m (N c o d e - l)

Figure 3.7: MC-CDMA implementation-1 (CIT): Receiver
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The demodulation process at the receiver (Figure 3.7) is symmetrical to the modulation 

process at the transmitter (Figure 3.6). The complex envelope of the received signal, s ^ ( f )  is

first converted into digital format by the A/D converter. The cyclic prefix is then removed from 

the beginning of each symbol and the output is S/P converted and demodulated using the F FT.

The parallel output from the F FT is multiplied by the individual chips of the locally 

generated copy of the spreading code and summed to recover the transmitted symbol.

The recovered symbol, at the output of the receiver is given by:

Ncode
mn^n

code n=0 (3.10)

where 'S the output of the F FT in timeslot m and subchannel n, c% is the n*̂  chip of the 

spreading code for user u and Ncode is the length of the spreading code.

3.1.2 Implementation-2: Combining in frequency

In this implementation, the higher order mapping is effected after the spreading but 

before the multi-carrier modulation (as shown in Figure 3.8).The input data is copied Ncode times, 

spread and then combined to be mapped onto constellation points by the mapper. The complex 

output from the mapper is multi-carrier modulated and transmitted through the AWGN channel. 

The corrupted signal at the receiver is demodulated, demapped and despread to recover the 

transmitted data.

AWGNSpreading PSK/QAM
Mapping

Multi-carrier
Modulation

DespreadingPSK/QAM
Demapping

Multi-carrier
Demodulation

MC-CDMA Transmitter MC-CDMA Receiver

Figure 3.8: MC-CDMA implementation-2: Combining in frequency

Figure 3.9 shows the equivalent baseband transmitter model for implementation-2 (CIF). 

In this implementation, the binary input is first copied Ncode times and spread by the user specific 

WH code. (Note that in this case, the input data is in the form of [0, 1] and therefore the 

spreading operation is performed by modulo 2 addition.) The spread data is then combined (in 

parallel) into groups of k chips and mapped onto constellation points using the PSK/QAM 

mapper. The output from the mapper is multi-carrier modulated using an IFFT. As in 

implementation-1, a cyclic prefix is added to each symbol before transmission.
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Figure 3.9: MC-CDMA implementation-2 (CIF): Transmitter

The complex envelope of the continuous time signal at the output of the transmitter, 

Sm c-cdm a(f) 'S given by:

X -1

u = 1 m = ^ x = 0  ( 3 . 1 1 )

where D^^ is the complex output of the PSK/QAM mapper for user u, in time slot m to be 

transmitted over subchannel x and g%(t) is the x’  ̂orthogonal subcarrier given by:

i2nx(t-T,p)

9xi t )  =
T-T„

t e  [0,7] 
t i [ 0 , T ] (3.12)

Note that in this implementation, the number of subcarriers, X is dependent on k (and 

hence on the size of the constellation). More specifically,

Ncode Ncode

logg M (3.13)

A/D
> 0  =  1 

<0  =  0Remove
CP

PSK/QAM
De-Mapper

PSK/QAM
De-Mapper

S/P FFT

Figure 3.10: MC-CDMA implementation-2 (CIF): Receiver
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Figure 3.10 shows an equivalent baseband representation of a simple receiver for CIF. 

As in the case of CIT, the complex envelope of the received signal is first converted into digital 

format with the A/D converter. The cyclic prefix is then removed from the beginning of each 

symbol and the output is demodulated, demapped and despread as shown in Figure 3.10.

The recovered data at the output of the receiver is given by:

n=0 (3.14)

where is the output of the PSK/QAM demapper.

It is important to point out that the receiver model described above performs hard 

decision demapping (HDD) before despreading and therefore can only successfully demodulate 

data for a single user case (This point is developed further in Appendix-A). It is not suitable for 

detection in a multiuser environment. The following subsection discusses possible modifications 

required to operate MC-CDMA CIF in a multiuser environment.

Table 3.1: System parameters for implementation-1 and implementation-2

Parameter CIT CIF

Number of Users, Nusers 64 64

Length of spreading code, Ncode Nusers (64) Nusers (64)

Number of subcarriers, Nsubcarriers Ncode (64) Ncode/IOg2(M)

Subcarrier spacing, Af 1/(T-Tcp) 1/(T-Tcp)

Symbol duration, T 1 ps 1 ps

Cyclic prefix duration, Tcp 0.2 ps 0.2 ps

Spreading Code WH Code WH Code

Mapping Scheme
2/4/16/64PSK 2/4/16PSK

16/64QAM 16QAM

FFT size, Nfft 10 Nsubcarriers 10 Nsubcarriers

Input sequence m-sequence m-sequence

Data rate (log2(M))/(T-Tcp) 1/(T-Tcp)

Simulation duration 10000 symbols 10000 symbols

Table 3.1 summarises and compares the key parameters used for CIT and CIF. From this 

table it can be observed that the main difference between the parameters of the two 

implementations is the number of subcarriers and the data rate. In the case of CIT, increasing 

the order of the mapping scheme results in an increase in the data rate (but no change in the 

number of subcarriers and transmitter signal bandwidth), whereas in the case of CIF, increasing 

the order of mapping scheme results in a reduction in the number of subcarriers and the 

transmitted signal bandwidth (but no change in the data rate).
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CIF receiver operation in a muitiuser environment

In order to allow for successful multiuser demodulation, the MC-CDMA CIF receiver must 

be modified so that the probability of correct demodulation is maximised. This can be achieved 

by maximising the posterior probabilities, P(Sm|Srec) (where Srec is the received vector and Sm is 

one of M transmitted symbols) [75, 76].

P ( S m | S r e c )  IS Qivon by:̂ '*

P{S^ \S ^ )P {S J  

Pi^rec)
P{SjSrec)=  (3.15)

where p(Srec|Sm) is the conditional PDF of the received vector given Sm was transmitted, P(Sm) 

is the priori probability of the m'  ̂symbol being transmitted and p(Srec) is the PDF of the received 

vector.

The denominator of Equation 3.15 ( p ( S r e c ) )  is independent of the symbol transmitted and 

therefore finding the transmitted symbol that maximises P(Sm|Srec) is equivalent to finding the 

transmitted symbol that maximises p ( S r e c | S m ) .

The conditional PDF, p(Srec|Sm) is usually referred to as the likelihood function. The 

decision criteria based on finding the symbol that maximises p(Srec|Sm) is referred to as the 

maximum iikeiihood criterion and the process of maximising the likelihood function is referred to 

as Maximum Likelihood Sequence Estimation (MLSE).

In AWGN channels, the conditional probability, p(Srec|Sm) is given by Equation 3.16. (Note

that in order to simplify the computational complexity it is defined in terms of its natural

logarithm.)

In(p(^rec|^m)) = ~^^dim Ir i(^o ) ~ ~ ^ ^ (^ re c ,  (3.16)
0 z=̂

where Ndim is the dimension of the signal space.

The maximum of the natural logarithm of p(SreclSm) is obtained by finding the symbol Sm 

which minimises the Euclidean distance (Deuc) between the received symbol and the possible 

transmitted symbols (This is discussed further in [76]).

The Euclidean distance, Deuc is given by:

D £uc=S (® «c.-S m ,)" (3.17)
Z=̂

where Ndim is the dimension of the signal space.

Hence, in order to detect an M-QAM/M-PSK symbol (using MLSE), a set of M Euclidean 

distances are calculated and the symbol corresponding to the smallest distance is selected.

using Bayes rule.
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In a multiuser environment (such as multiuser CDMA), the likelihood function given in 

Equation 3.16 is modified to eliminate the interference caused by other users [76f®. As the 

number of users increases, the number of Euclidean distances calculated also increases [79]. 

For a given M-PSK/M-QAM system, the total number of Euclidean distances calculated is equal 

to [80] (where Nusers is the number of active users).

The demodulation technique described above is often employed in source/channel coded 

systems and multiuser systems [81, 82, 83], and is usually referred to as soft decision 

demodulation, due of the fact that the receiver makes use of additional information to 

demodulate the received signal. In coded systems, this additional information is in the form of all 

possible code words transmitted whereas in multiuser systems, it is in the form of data 

transmitted by other active users.

The main drawback of the MLSE technique is the implementation complexity, which 

increases with the number of active users [79]. In most practical systems, less efficient schemes 

(such as Minimum Mean Square Error (MMSE) and Interference Cancellation (10) [84]) are 

generally employed.

The following section discusses the incorporation of Maximum Likelihood Sequence 

Estimation within the MC-CDMA CIF receiver to allow for successful multiuser demodulation.

Modifications to the MC-CDMA CiF receiver

The MC-CDMA CIF receiver employed in this investigation does not allow for successful 

multiuser demodulation due to the hard decision demapping of M-PSK/M-QAM symbols by the 

PSK/QAM de-mapper. In order to understand this further, consider an MC-CDMA CIF system 

with 2 active users and 4QAM mapping. For a given MC-CDMA symbol, the 4QAM symbol for 

user 1 over subcarrier 0, (refer to Figure 3.9) can be taken to be 1+1] and the 4QAM 

symbol for user 2 over subcarrier 0, (Figure 3.9) can be taken to be 1-1]. The symbol

transmitted over subcarrier 0 will therefore be the sum of these two values, + ̂ mo which is 

equal to 2+0].

At the receiver, the symbol at the input of the first PSK/QAM de-mapper (for subcarrier 0 )  

will be equal to D r e c _ o = 2 + 0 ]  (assuming a perfect channel). The de-mapper will make a decision 

on Drec.o based on whether the real (Re{)) and the imaginary (lm{)) part of Drec.o are greater 

than or less than certain threshold values. In the case of 4QAM, if Re{Drec_o}^0, the real part of

the estimated symbol, is assumed to be a 1 and if R e { D r e c _ o } < 0 ,  the real part of estimated 

symbol, is assumed to be a 0. A similar comparison is used for the imaginary part, if

lm { D r e c _ o } ^ 0 ,  lm{ D ^ q  } is assumed to be a 1 and if l m { D r e c _ o } < 0 ,  lm{ } is assumed to be a

This technique is referred to as Muiti-User Detection (MUD).
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0 .  If D r e c _ o = 2 + O j then Hence, it can be concluded that the hard decision performed

by the PSK/QAM de-mapper resuits in some loss of information which consequently results in 

unsuccessful user separation.

In order to overcome this problem, a receiver model employing soft demodulation (using 

MLSE) is proposed. Figure 3.11 presents the modified receiver structure for MC-CDMA CIF 

with MLSE.

A/D Remove
CP

Spreading codes for 
all active users

FFTS/P MLSE

Figure 3.11 : Modified MC-CDMA CIF receiver

As in the case of the original CIF receiver, the complex envelope of the received signal Is 

first converted into digital format by the A/D converter. The cyclic prefix is then removed from 

the beginning of each symbol and the signal is demodulated by the FFT. The parallel output of 

the FFT is passed onto the MLSE which determines the data transmitted by each active user, 

using the knowledge of the spreading codes allocated to each active user.

In order to understand how the modified receiver model will allow for successful multiuser 

demodulation, consider a simple scenario with 2 active users. For a given received symbol, the 

data transmitted by each user will be a 1 or a 0. As the MLSE has knowledge of the spreading 

code allocated to each user, it can calculate ail the possible symbol values transmitted by each

user on each subcarrier (Dj^o, ....... .........................................^m(x-i) ) (refer to Figure 3.9)

and thus predict the symbol transmitted on each subcarrier 

i {Dlo + D^)XDlr^ + D%^) (Om(x-i) + ^m(x-i)))- Hence, by calculating the Euclidian

distance between the output of the FFT and the predicted symbol values (for each subcarrier) 

and selecting the symbols with the smallest Euclidean distance, the MLSE can estimate the 

transmitted M-PSK/M-QAM symbol^® (over each subcarrier) and the data bits for each user 

{ d l , d ^  (Figure 3.9)).

The key drawback of the modified receiver model presented in Figure 3.11 is a 

substantial increase in the impiementation complexity with number of active users. Hence, soft

This is known as a joint detection scheme.
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decision/demodulation schemes with reduced implementation complexity should be 

investigated. The investigation and impiementation of such demodulation schemes is beyond 

the scope of the research presented in this thesis.

3.2 Performance parameters

The most important parameters by which the effectiveness of modulation schemes can 

be judged are spectral efficiency and power efficiency [71]. The radio spectrum is a scarce 

resource and hence efficient use of the available spectrum is a key factor. The efficient use of 

the power is also important, particularly in mobile communications as the mobile units are 

battery powered. Another important consideration is implementation complexity. In mobile 

communications the cost and size of the mobile handset are crucial to the uptake of the system. 

Hence, this investigation considers the spectral efficiency, power efficiency and impiementation 

complexity of the two implementations for different M-PSK/M-QAM formats.

3,2.1 Power efficiency

The power efficiency is quantified in terms of the achievable BER for a given bit-energy- 

to-noise-density ratio (Eb/Nof ̂  in AWGN.

There are a number of techniques available for the estimation of bit error rate in the 

simulation context [85]. In this work, the Monte Carlo technique has been employed. The Monte 

Carlo technique is commonly used for estimating the BER as it is simple and easy to implement. 

In the Monte Carlo technique, the BER is calculated as the ratio of erroneous bits received to 

the totai number of bits received.

_ Erroneous bits received 
Total number of bits received (3.18)

One of the main drawbacks of the Monte Carlo technique is the fact that in order to 

observe a BER of 10'\ the simulations must be run for 10̂ °"̂  bits. Hence, for very low BER 

values (<10 ®), more advanced techniques of estimation have to be considered.

3.2.2 Peak-to-average-power ratio

in a multi-carrier system, the power efficiency of the system is infiuenced by the envelope 

fluctuations of the transmitted signal, if non-linear elements such as HPAs are present in the 

system (This is discussed in further detail in Chapter 5). The enveiope fiuctuations of the 

transmitted signal are measured in terms of the PAPR of the signal. In general, the higher the 

PAPR, the higher the degradation in power efficiency in the presence of non-linearities.

Appendix-B describes how the Eb/No value is set and adjusted in the simulation.
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The PAPR is defined as:

PAPR = _ E î îL
average (3.19)

where Ppeak is the peak power of the transmitted signal and Paverage is the average power.

The peak power of a bandpass signal, S(t) is given as the average power that would be 

obtained if the envelope of the equivalent baseband signal, |s(f)| was held constant at its peak

value ( max js(f)|J).This is equivalent to evaluating the average power in an unmodulated sine

wave with a peak value of maxjs(f)|j Hence, the peak power of S(t), in terms of its equivalent

baseband representation, s(f) is given by [86]:

peak
(3.20)

The average power of a bandpass signal, S(t) is given by:

P  -  F’^average ~ lim
Sig. n

(3.21)

where Dsig. 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, s(f) is 

given by [76]:

^average ^

From Equations 3.20 and 3.22,

PAPR =

lim
d J -'sig. o,

[nax|s(0|r

lim
D.i„

dt
's,g. n

A detailed description of the PAPR is presented in Chapter 6.

(3.22)

(3.23)

’ The average power of a sine wave with amplitude A is A^/2.
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3.2.3 Spectral efficiency

The spectrum of the modulated signal is usually presented as the plot of Power Spectral 

Density (PSD) vs. frequency (Figure 3.12). The spectral efficiency, r\ is defined as the data rate, 

rb per unit bandwidth occupied [71].

where W is the bandwidth of the signal.

(3.24)

8

Normalised Frequency Normalised Frequency

(a) (b)

Figure 3.12: PSD of transmitted signal In: (a) lmplementatlon-1; (b) lmplementatlon-2, with 4PSK
mapping

3.2.4 Implementation compiexity

A commonly used yardstick for assessing the implementation complexity of modulation 

schemes is Millions of Instructions Per Second {WPS).

The MIPS can be calculated in a number of different ways and the result obtained may 

vary depending on the platform (DSP architecture, manufacturer etc) and scenario (worst case, 

average, etc).

In this work, a standard MATLAB^"  ̂ library function has been used to calculate the 

number of floating point operations (FLOPS) required to process an MC-CDMA symbol using 

different mapping schemes. This value is then used to calculate the number of Operations per 

Second (OPS) for the different schemes.

OPS =
FLOPS required for 1MC - CDMA symbol

(3.25)

where T is the duration of the MC-CDMA symbol.

It is important to point out that the values obtained here may not be comparable to the 

MIPS values obtained using a particular DSP platform. However, this technique has been 

considered sufficient to allow for a comparison between the different mapping schemes.
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3.3 Additive White Gaussian Noise channei

The power efficiency of the two implementations is measured in the presence of AWGN 

channei and hence this section provides an overview of the AWGN channel.

The AWGN channel is the most benign channei in a communication system where the 

transmitted signal is corrupted by additive noise. There are several sources of noise in the 

communication system. The most dominant form of noise that always exists is thermal noise 

and hence the noise in communications channel is generally assumed to have the same 

characteristics as thermal noise. Thermal noise is caused by the thermal motion of charged 

particles (usually electrons) that are responsible for electrical conduction [86].

Thermal noise can be described as a random process with Gaussian distribution of zero 

mean and variance [50]. The power spectral density of thermal noise at normal temperatures 

has a very flat behaviour for most of the frequencies of interest [86]. Therefore, for all practical 

purposes, the power spectral density of thermal noise is considered constant at all frequencies 

and due to this characteristic, it is referred to as white noise. (It should be noted that In reality no 

physical process can have such a characteristic, since it would result in infinite power.) Thermal 

noise is added to the signal and hence it is often referred to as Additive White Gaussian Noise.

3.3.1 Modelling AWGN

As discussed above, AWGN is assumed to have Gaussian distribution with zero mean 

and variance o .̂ The PSD of the AWGN is given by Equation 3.26 and illustrated in Figure 

3.13(a).

where Nq/2 is the double-sided PSD of the noise signal.

n̂n(f)
i L

No/2

------------------------------ ►

(3.26)

$zz(f)

^  ® ►

i L

No/2 ^  ® ►

-------1------- ------- 1------- — M

(a)
ik

(b)

(c)
Figure 3.13: Power spectral density of: (a) AWGN; (b) band-limited AWGN; (c) complex envelope of

band-limited AWGN
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In a wireless communications system, the receiver usually employs filtering to remove 

out-of-band interference in the received signal [86]. Hence, the noise after filtering has a 

bandpass spectrum (Figure 3.13(b)).

The PSD of filtered AWGN is given by: 

^zz(f) = 2 c 2 ' ' "  2
elsewhere (3.27)

In this work, the complex envelope representation of signals has been adapted and 

hence the complex envelope of n(t), h{t) has been used (Figure 3.13c). It has been given in

[76] that h{t) can be modelled with PSD given by:

Wo

B--
2 (3.28)

3.4 Performance of MC-CDMA incorporating higher 
order PSK/QAM mapping

This section presents the performance of MC-CDMA systems (CIT and CIF) in terms of 

the parameters described in Section 3.2.

From Table 3.1, it can be observed that for both implementations, the symbol duration 

has been kept the same for all mapping schemes, hence, increasing the order of mapping in 

CIT results in higher data rate whereas increasing the order of mapping in CIF results in 

reduced number of subcarriers. The following sections present the performance of CIT and CIF 

for 2/4/16/64PSK and 16/64QAM.

3.4,1 Performance of implementation-1 (CiT)

Figure 3.14 shows the BER performance of CIT in AWGN. The figure presents BER 

results for various mapping schemes with the number of active users set to 1. The theoretical 

performance^® of different schemes in AWGN for single user, single carrier modulation has also 

been included (The performance of different mapping schemes in multiuser, multi-carrier system 

is considered to be similar to that of a single user, single carrier system as there is no multiuser 

interference (because of WH codes) and no inter-subcarrier interference (because of orthogonal 

subcarriers)).

“  Burr [71] details the derivation of expressions used to calculate the theoretical BER performance of PSK/QAM 
schemes in AWGN.
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From the graph, it can be observed that the results for various mapping schemes agree 

well with the theoretical values. The higher the value of M, the higher the degradation in power 

efficiency (due to increased number of signal states within the constellation). For a given value 

of M, QAM schemes give better performance as compared to PSK schemes. This is because of 

the fact that the distance between the constellation points in an M-QAM constellation is larger 

than the distance between constellation points in an M-PSK constellation, for a given 

transmitted power (as illustrated in Figure 3.3).

Closer observation of the results show that the simulation results for 64PSK do not agree 

very well with the theoretical results in the high noise regime. This is due to the fact that the 

theoretical results are not accurate in such a case.

-B - BPSK-Theo.
-B - BPSK

QPSK
- e - 16PSK-Theo.
-e - 16PSK

64PSK-Theo.
64PSK
16QAM-Theo.

-Ar 160 AM
—H 64QAM-Theo.

64QAM

7 8
Eb/NO (dB)

Figure 3.14: BER performance of MC-CDMA CIT In AWGN with 1 active user

The PAPR of the MC-CDMA signal at the output of the transmitted with different mapping 

schemes is shown in Figure 3.15. From this figure, it can be observed that as the number of 

active users increases the PAPR decreases (for all mapping schemes). The cause of this trend 

has been explained in Chapter 6. For large number of active users, the PAPR for different 

values of M is approximately the same for both PSK and QAM mapping schemes (with BPSK 

having a lower PAPR). For small number of active users, the PAPR for QAM schemes is higher 

than that for PSK schemes. Hence, in this implementation, using larger M-QAM constellations 

for greater throughput will result in an increase in the PAPR (for small number of active users), 

whereas using larger M-PSK constellations for greater throughput will not affect the PAPR of the 

transmitted signal.
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- e -  16PSK 
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Figure 3.15: PAPR performance of MC-CDMA CIT

The implementation complexity of the MC-CDMA transceiver with different mapping 

schemes is presented in Figure 3.16 in terms of Millions of Operation Per Second (MOPS)^°.
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- e -  16PSK 

64PSK 
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- A -  64QAM

1

0
600 10 20 30 40 50

Number of active users

Figure 3.16: MOPS requirements for MC-CDMA CIT

“  The MOPS value presented is the sum of the MOPS required for a transmitter with different number of active users 
and MOPS required for the receiver with 1 user.
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Observation of Figure 3.16 shows that increasing the number of active users results in a 

linear increase in the MOPS requirements, as expected. The results show that the MOPS 

requirement for different mapping schemes is the same and hence there is no advantage in 

terms of implementation complexity of using one mapping scheme or another.

In this implementation, the spectrum of the transmitted signal is similar to that shown in 

Figure 3.4. The bandwidth of the transmitted signal (W) for the different mapping schemes is the 

same (as the MC-CDMA symbol duration and the number of subcarriers is kept constant), 

hence.

^  = Ncode^f =
^code

(3.29)

The data rate rb is given by:

1

r„ = -  =

Therefore,

 ̂ k logg M

1 _ logg M 
T (3.30)

From, 3.26 and 3.27, the spectral efficiency of CIT, q is:

logg/W {T-Tcp)  logg M

W T
1 -

Ncode
1 - cp

(3.31)

As Ncode. T and Tcp are kept constant, the spectral efficiency of CIT increases with the 

size of the constellation.

3.4.2 Performance of implementation-2 (CIF)

Figure 3.18 shows the BER performance of CIF in AWGN with different mapping 

schemes, for one active user. The BER performance of CIF with different mapping schemes is 

observed to be much worse than the theoretical performance of the different schemes in AWGN 

(for single user, single carrier case). The degradation in performance can be attributed to the 

fact that the receiver performs hard decision demapping before despreading^^ Appendix C 

verifies this by considering two different receiver models (with and without hard decision

It has been stated In Chapter 6 of [87] that soft decision demapping can Improve the BER performance of single 
carrier BPSK by 2 dB In an AWGN channel.
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demapping) for BPSK and showing that the model with HDD generates increased errors 

compared to the model without HDD.

It is interesting to observe that for the mapping schemes considered (2PSK, 4PSK, 

16PSK and 16QAM), the constellation of the signal at the input to the IFFT only consists of one 

of two possible points (i.e., the constellation of the signal transmitted over a given subcarrier 

consists of one of two points). This can be explained by considering a system with QPSK

mapping. In this case, the input to the mapper will consist of 2 code chips ( e . g . , a n d  c^)

multiplied by the input data bit. The input data bit can have one of two possible values [1 or 0]. 

Hence, the input to the QPSK mapper can be 1 © and 1 © Cg or 0 © and 0 © C2 . By way 

of illustration, the constellation of the signal transmitted over a subcarrier for input of 0 and 1 is 

shown in Figure 3.17(a) and 3.17(b).

(a) (b)

Figure 3.17: Constellation of MC-CDMA/QPSK with: (a) lnput=0; (b) lnput=1

Comparing the PAPR of various mapping schemes for different number of active users 

shows that the PAPR is approximately the same for all cases (Figure 3.19). Hence, contrary to 

implicit assumptions, reducing the number of subcarriers by increasing the constellation size 

does not have a significant effect on the PAPR of the transmitted signal.

Figure 3.20 presents the MOPS requirement of CIF for different mapping schemes^^. 

Observation of this figure shows that the MOPS requirement decreases with an increase in the 

constellation size. This is attributed to the fact that as the number of subcarriers decrease the 

number of multiplications within the IFFT/FFT also decreases. For a given M, the MOPS 

requirement for both PSK and 0AM is the same and hence the MOPS requirement of an MC- 

CDMA CIF system can be decreased by using higher order M-PSK or M-OAM mapping.

As in the CIT case, the MOPS value presented is the sum of the MOPS required for a transmitter with different 
number of active users and MOPS required for the receiver with one active user.
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Figure 3.18: BER performance of MC-CDMA CIF in AWGN with 1 active user
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Figure 3.19: PAPR performance of MC-CDMA CIF
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Figure 3.20: MOPS requirements for MC-CDMA CIF
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Figure 3.21 : Spectrum of MC-CDMA signal for CIF

The spectrum of the signal at the output of the CIF transmitter is shown in Figure 3.21.

In this case the bandwidth of the transmitted signal (W) varies with k (log2 M).

^co d e^ ^  _  ^ c o d e ____

■ ^  ' (3.32)
W =

The data rate is equal to the symbol rate and is independent of the constellation size:

1 1

(3.33)
=

^  in Figure 3.20, the spectrum of each modulated subcarrier has a null at the centre frequency of each of the other 
modulated subcarriers in the system. However, in a typical system, the insertion of the CP will increase the subcarrier 
separation as discussed in Section 2.2.1.
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Hence, the spectral efficiency of the system, ri is: 

1 ~'^cp) logg M
Ncode Ncode

1-
T,cp

T Ncode
1-

T,cp
T

(3.34)

As in the CIT case, the spectral efficiency of CIF varies on the size of the constellation.

3.4.3 Discussion of MC-CDMA CIT and CIF systems 

performance

Section 3.4.1 and 3.4.2 presented the performance of CIT and CIF for different mapping 

schemes. In both cases, increasing the order of the mapping results in an increase in the overall 

bandwidth efficiency^ of the system. In the case of CIT, this increase in bandwidth efficiency is 

achieved by increasing the number of bits transmitted over a given timeslot, whilst keeping the 

bandwidth constant (Figure 3.22(a) and 3.22(b)). In the case of CIF, increase in bandwidth 

efficiency is achieved by reducing the number of subcarriers, whilst keeping the number of bits 

transmitted over a given timeslot constant (Figure 3.22(c) and 3.22(d)).

Data rate: 1 / T b

to f i  h

(a)

T
(N—-1

Data rate: 4/Tb

Data rate: 1/Tb

to fl f2

(C)

T

Data rate: 1 / T b

fo ft fz
T
fNcod.-1 fo ft fz fN

(b) (d)

Figure 3.22: Spectrum of the transmitted MC-CDMA signal: (a) CIT with BPSK mapping; (b) CIT with 
16PSK mapping; (c) CIF with BPSK mapping; (d) CIF with 16PSK mapping

In this work, the investigations have been carried out by making the MC-CDMA symbol 

duration constant for all mapping schemes. An alternative approach is to make the input data 

rate constant for all mapping schemes. In the case of CIT, making the input data rate constant 

would result in a reduction in the transmitted signal bandwidth with the order of mapping 

scheme. In the case of CIF, the input data rate is independent of the mapping schemes and 

hence making the input data rate constant for all mapping schemes will have no effect on the 

bandwidth of the transmitted signal. Comparing the two schemes for the same input data rate 

would result in the same bandwidth at the output of the transmitter, for a given mapping scheme 

(Figure 3.22). The number of subcarriers in both cases would however be different (i.e., the

Bandwidth efficiency and spectral efficiency are used interchangeably in this thesis.
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number of subcarriers in CIT would be equal to Ncode whereas the number of subcarriers in GIF 

would be equal to Ncode/k)-
Data rate: 1/Tb Data rate: 1/Tb

i ^ X X X X A X X > ^ \ y  ■
fo f l  fz ftvlc»--) fo f l  fz flM™»-!

(a) (c)

Data rate: 1/Tb Data rate: 1/Tb

fo f l  fz fN

(b) (d)

Figure 3.23: Spectrum of the transmitted MC-CDMA signal (with constant input data rate): (a) CIT 
with BPSK mapping; (b) CIT with 16PSK mapping; (c) CIF with BPSK mapping; (d) CIF with 16PSK

mapping

Comparing the BER performance of the two implementations in the presence of AWGN, 

for different mapping schemes (Figure 3.24) shows that the BER performance of CIT is better 

than that of CIF. Further work is required on the receiver structure for CIF in order to carry out a 

comparison for the multiple user case. It is interesting to observe that in the case of CIT (as in 

the case of single user systems), QAM schemes perform better than PSK schemes, whereas in 

the case of CIF, PSK schemes seem to perform better than QAM schemes.

Figure 3.25 presents the PAPR variations of the two implementations for different 

mapping schemes. Comparison of the results reveals that the PAPR of CIF is lower than that of 

the CIT for all mapping schemes. However, the difference is not significant for large number of 

active users. In both cases, the PAPR decreases with the number of active users (This trend 

has been investigated in Chapter 6). It was anticipated that a reduction in the number of 

subcarriers would provide CIF with an advantage over CIT in terms of the PAPR, however, 

results show that this is not always the case.

Comparing the MQPS requirements for the two schemes (Figure 3.26) shows that for a 

given mapping scheme, the MQPS requirement for CIF is lower than that for CIT. As the order 

of mapping increases the difference between the MQPS requirements of the two 

implementations (for a given mapping scheme) increases. This is a consequence of the fact that 

in the case of CIF, increasing the order of mapping results in a reduction in the number of 

subcarriers and hence a reduction in the size of the FFT/IFFT.

For a given PSK/QAM scheme, the spectral efficiency of both implementations is the 

same. Figure 3.22 shows that as the order of mapping increases, the number of bits transmitted 

over the bandwidth, W increases in the case of CIT. The number of bits transmitter for different 

mapping schemes stays constant for CIF. However, in this case, increasing the order of 

mapping results in a reduction in the transmitted bandwidth (W).
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The results presented in this section reveal that for a given mapping scheme each of the 

MC-CDMA systems has its own advantages and disadvantages and therefore the choice of 

combination of a system and mapping scheme should be based on the system requirements.
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Figure 3.24: Comparison of BER performance of MC-CDMA CIT and CIF In AWGN with 1 active user
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Figure 3.25: Comparison of the PAPR performance of MC-CDMA CIT and CIF
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Figure 3.26: Comparison of the MOPS requirements for MC-CDMA CIT and CIF

3.5 Summary

This chapter investigated the combination of CDMA, MOM and higher order mapping. 

More specifically, it has investigated the combination of MC-CDMA with higher order PSK/QAM 
mapping. Two different implementations for incorporating higher order PSK/QAM mapping into 

MC-CDMA scheme were considered. In the first implementation, the mapping was performed at 

the input of the MC-CDMA transmitter (before signal spreading and multi-carrier modulation) 

and in the second implementation the mapping was performed after signal spreading, but 

before multi-carrier modulation. The first implementation was termed combining in time as 

increasing the order of the mapping scheme results in more data bits being transmitted over a 

given timeslot and the second implementation was termed combining in frequency.

The chapter was divided into five sections. Section 3.1 presented the two different 

implementations considered. The system models for both implementations were described 

together with system features and key parameters. Section 3.2 detailed the performance 

parameters used to judge the effectiveness of the two implementations (namely, power 

efficiency, PAPR, spectral efficiency and implementation complexity). As the power efficiency is 

measured in the presence of AWGN, an overview of AWGN was provided in Section 3.3. 

Section 3.4 presented the performance of CIT and GIF for different mapping schemes (2PSK, 

4PSK, 16PSK and 16QAM) in terms of the performance parameters described in Section 3.2. 

The section also included a discussion on the relative merits and demerits of the two 

implementations with different mapping schemes.
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Investigation of the performance of CIT with different mapping schemes showed that 

increasing the order of mapping scheme from BPSK to 4PSK/16PSK/16QAM resulted in an 

improvement in the spectral efficiency. However, it also resulted in a degradation in BER 

performance of the system (in AWGN) and some degradation in the PAPR (However, this is 

only significant for a small number of active users). The implementation complexity remained 

unchanged for all mapping schemes.

Investigation of the performance of GIF with different mapping schemes revealed that 

increasing the order of mapping from BPSK to 4PSK/16PSK/16QAM resulted in an 

improvement in spectral efficiency and implementation complexity. However, it also resulted in 

significant degradation of the BER performance. The PAPR remained unchanged for all 

mapping schemes.

Overall, for a given mapping scheme, GIT has shown to provide better BER performance 

as compared to GIF but GIF provided a significant reduction in implementation complexity 

(especially when the constellation size is large) and some reduction in the PAPR. The spectral 

efficiency of both schemes was the same. Further investigation is required to develop a receiver 

structure for GIF to allow for successful multiuser reception.

The next chapter investigates the performance of MG-DS-GDMA incorporating higher 

order PSK/QAM formats.



Chapter 4 

MG-DS-GDMA exploiting higher order 
PSK/QAM formats

Chapter 3 investigated the performance of MC-CDMA incorporating different higher order 

PSK/QAM mapping schemes. Two different techniques for combining MC-CDMA with 

PSK/QAM mapping were considered (namely, CIT and CIF) and their performance was 

analysed in terms of power efficiency, PAPR, spectral efficiency and implementation complexity.

This chapter investigates the performance of the second multi-carrier CDMA scheme, 

MC-DS-CDMA, incorporating higher order PSK/QAM mapping. As in the case of MC-CDMA, 

different implementations for combining higher order PSK/QAM mapping with MC-DS-CDMA 

have been considered and their performance is analysed in terms of power efficiency, PAPR, 

spectral efficiency and implementation complexity.

The chapter starts by presenting the MC-DS-CDMA transmitter model and the different 

architectures considered for combining PSK/QAM mapping with MC-DS-CDMA. The following 

section describes the performance of the architectures for different PSK/QAM schemes and 

discusses the results for the different cases. The chapter concludes with a summary.

4.1 MC-DS-CDMA incorporating higher order 
mapping

This section describes the architectures considered for combining MC-DS-CDMA with 

higher order PSK/QAM mapping. As in the MC-CDMA case, the implementations have been 

categorised in terms of combining in time (CIT) and combining in frequency (CIF). In this case, 

two different implementations have been considered for CIT. The first CIT implementation is 

similar to the CIT implementation proposed for MC-CDMA, where the input is combined serially

81
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before being spread and multi-carrier modulated. The second CIT implementation is a variant of 

the first in which the input data is combined in parallel before being spread and multi-carrier 

modulated. In order to distinguish between the two CIT implementations, the first 

implementation is referred to as CIT-serial combination (CIT-SC) and the second 

implementation is referred to as CIT- parallel combination (CIT-PC). The channel is once again 

assumed to be a synchronous downlink channel.

The MC-DS-CDMA scheme considered here is similar to the scheme described in 

Section 2.3.1.2 (Figure 4.1).

d",
Input
data

S/P

mc-ds-cdma
^m c-ds-cdm a

X g K  ► ( g ) -

m(Ns/p-1)

Re{.}

Figure 4.1 : MC-DS-CDMA transmitter

At the input of the MC-DS-CDMA transmitter (Figure 4.1), the user data is first converted 

into parallel format using the S/P converter. The output of the S/P converter is spread by 

multiplying each stream by the same copy of the user specific spreading code, c^(t). The parallel 

streams of spread data are then modulated onto a set of orthogonal subcarriers, gn(t) and 

summed together. The output of the individual users is added synchronously and the signal is 

up-converted before transmission. Note that a separate block for cyclic prefix insertion has not 

been included in the diagram as this is accounted for in the definition of gn(t) (Equation 4.3).

As each parallel stream of spread data is modulated onto a different subcarrier, the 

number of subcarriers is equal to the length of the S/P converter (N s /p ) .  The length of the S/P 

converter can be set to be equal to, less than or greater that the length of the spreading code 

(Ncode)- In this work, Ns/r has been set to be equal to Ncode (as in the MC-CDMA case).

The MC-DS-CDMA signal at the output of the transmitter, Smc-ds-cdma(t) is given by:

m c-ds-cdm a ( 4 . 1 )
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Where smc-ds-cdma(0 is the equivalent baseband representation of S .̂c-ds-cdmaî ) (Given by

Equation 4.2) and fc is the frequency of the first subcarrier.

^m c-ds-cdm ai^) ~  /  v ^ u (0  
u=1

m=-o n=0 (4 .2 )

In the above definition, c/mn is the data for user u to be transmitted in timeslot m and

subchannel n and gn(t) is the n**’ subcarrier given by:

9n{t) = e te  [0.7]
0 fg [0 ,7 ] (4.3)

where T is the duration of the MC-DS-CDMA symbol, n is the subcarrier number and Tcp is the 

duration of the cyclic prefix.

As discussed in Chapter 3, in this work the multi-carrier modulation and demodulation is 

performed using an IFFT in order to reduce simulation time and complexity.

System features:

Symbol mapping

In the MC-DS-CDMA implementations described in the following subsections (4.1.1.1, 

4.1.1.2 and 4.1.2), the data is combined in time (or frequency) and mapped onto higher order M- 

PSK/M-QAM constellation points^®. The data is first grouped into binary words of length k and 

then mapped onto an M-PSK/M-QAM constellation point as described in Section 3.1.

Spreading

The WH codes have been used for user separation and spreading. WH codes are 

commonly used in MC-DS-CDMA systems. As described in Section 3.1, the length of the WH 

codes is equal to the maximum number of codes in the system. As each user requires a unique 

code, the maximum number of codes required is equal to the maximum number of users in the 

system. In this investigation, the maximum number of users (and hence the length of the code) 

is set to 64 in order to facilitate future comparison with the MC-CDMA system described in 

Chapter 3.

Multi-carrier modulation

In the MC-DS-CDMA case, the number of subcarriers is equal to the length of the S/P 

converter (Ns/p). The bandwidth of each modulated subcarrier is dependent on Ncode, Ns/p and

Higher order mapping is defined as M-PSK/M-QAM schemes with M>2.
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Tb (as shown in Section 2.3.1.2). In this investigation, Ns/p is set to be equal to Ncode and 

therefore the bandwidth of the individual modulated subcarriers is equal to the bandwidth of the 

signal at the input of the MC-DS-CDMA transmitter.

The spectrum of the MC-DS-CDMA signal at the output of the transmitter is shown in 

Figure 4.2

0 A f^ A F S A f^  (Ns/P-1)y

Figure 4.2: Spectrum of MC-DS-CDMA signal

As in the MC-CDMA case, the subcarrier separation, Af is set equal to 1 / ( T - T c p )  in order 

to obtain maximum spectral overlap.

The bandwidth of the MC-DS-CDMA signal at the output of the transmitter is 

approximately equal to Ns/pAf.

Cyclic prefix insertion

The cyclic prefix insertion is performed in the same way as in the MC-CDMA case. The 

duration of the cyclic prefix is set equal to a 1/5*̂  of the symbol duration.

Table 4.1 lists the main parameters of the MC-DS-CDMA system together with the values 

used for the different implementations.

The following subsections describe the different implementations considered for 

incorporating PSK/QAM mapping in the MC-DS-CDMA scheme.

4.1.1 Implementation-1 : Combining in time

In the MC-DS-CDMA system, there are two ways in which the input data can be 

combined and mapped onto PSK/QAM symbols before being spread and multi-carrier 

modulated. The first scheme is similar to the MC-CDMA CIT implementation in which the input 

data is combined into groups of k bits (in serial format) and mapped onto a PSK/QAM symbol 

before being spread and multi-carrier modulated. The second scheme is a variant of the first in 

which the input data is converted into parallel format (by an S/P converter) before being 

grouped into k bits and mapped onto a PSK/QAM symbol. As stated above, the first 

implementation is referred to as CIT-SC and the second implementation referred to as CIT-PC.

^  As mentioned in the previous chapter, in Figure 4.2, the spectrum of each modulated subcarrier has a null at the 
centre frequency of each of the other modulated subcarriers in the system. However, in a typical system, the insertion of 
the CP will increase the subcarrier separation as discussed in Section 2.2.1.



Chapter 4: MC-DS-CDMA exploiting higher order PSK/QAM formats 85

For a given input data rate, the required transmission bandwidth is the same in both 

cases. However, in the case of CIT-SC, increasing the order of PSK/QAM mapping results in an 

increase in the number of data bits transmitted over a given symbol duration whereas in the 

case of CIT-PC, increasing the order of mapping results in an increase in the number of data 

bits transmitted over a given subcarrier^^.

4.1.1.1 Implementation la: Combining in time - serial combination

In this implementation, higher order mapping and demapping is effected outside the MC- 

DS-CDMA modulation and demodulation.

Figure 4.3 shows the equivalent baseband, IFFT based transmitter for MC-DS-CDMA 

CIT-SC. At the input of the transmitter, the user data is first mapped onto a constellation point 

by the PSK/QAM mapper. The output of the mapper is S/P converted and each parallel stream 

is multiplied by the same copy of the user specific spreading code. The spread data is multi­

carrier modulated using the IFFT. The output of the IFFT is P/S converted and the cyclic prefix 

is added to each symbol. The signal is converted into analogue format before transmission.

With no loss of generality, the transmitted signal at the output of CIT-SC transmitter is 

given by:

’ mc-ds-cdma (0
u=1 m=-o= n=0 (4.4)

where is the transmitted symbol for user u, in timeslot m and subchannel n, and gn(t) is the 

n’  ̂subcarrier as described in Equation 4.3.
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data PSK/QAMI

Mapper S/P

c“ (()-;}, QU
- * < g >

mO

c“ ( 0 ^  0 “ 
— w g ----

V
 M g ) -

IFFT • P/S
•
•

Add -► D/A
CP

nu
^m{Ns,p- )̂

si(0

mc-ds-cdma (0

Figure 4.3: MC-DS-CDMA implementation-1 a (CIT-SC): Transmitter

It is important to point out that the CIF architecture also combines the data so that increasing the order of mapping 
results in an increase in the amount of information transmitted over a given subcarrier. However, in the case of GIF, the 
combination and mapping is done at chip level whereas in the case of CIT-PC, the combination is done at bit level.
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Figure 4.4: MC-DS-CDMA implementation-1 a (CIT-SC): Receiver

The equivalent baseband receiver model for CIT-SC is presented in Figure 4.4. The 

receiver performs the inverse processes of the transmitter to demodulate the received signal. At 

the input of the receiver, the equivalent baseband representation of the received signal is first 

converted into digital format by the A/D converter. The cyclic prefix is then removed from each 

symbol and the signal is demodulated by an FFT. The parallel output of the FFT is despread by 

multiplying each stream by a locally generated copy of the spreading code (c^(t)) and averaging 

over the length of the code. The despread data is P/S converted and demapped by the 

PSK/QAM demapper.

4.1.1.2 Implementation-1 b; Combining in time -  parallel combination

In this implementation, the higher order mapping is effected after the S/P conversion 

(Figure 4.5). One of the advantages of this implementation over the CIT-SC implementation is 

that in this case different mapping schemes can be employed for different subcarriers. Another 

advantage is that the higher order mapping is performed at a lower data rate.

Figure 4.5 shows the transmitter diagram for CIT-PC. In this implementation, increasing 

the order of mapping results in an increase in the number of parallel bits transmitted over a 

particular subcarrier. As the size of the S/P converter is kept constant, increasing the order of 

the mapping scheme results in a reduction in the number of subcarriers. The user data at the 

input of the transmitter is first S/P converted. The output of the S/P converter is then combined 

(in parallel) into groups of k bits and mapped onto constellation points using the PSK/QAM 

mapper. The output of the mapper is spread (by c"(t)) and modulated onto a set of orthogonal 

subcarriers.

The continuous time signal at the output of the transmitter is:

X -1

*mc-ds-cdma
u=^ m = -c o  x=0 (4.5)
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where, is the transmitted symbol for user u, in time slot m to be transmitted over 

subcarrier x and gx(t) is the orthogonal subcarrier given by:

j2 7 tx { t-T ^ )

9At) =
T - 7 %

t e  [0,7] 
fg [0 ,7 ] (4.6)

In this implementation, the value of X (the maximum number of subcarriers) is dependent 

on the order of the PSK/QAM mapping scheme (size of the constellation, M). More specifically:

X  = ^S/P NS/ P

logg M
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mc-ds-cdma

Figure 4.5: MC-DS-CDMA implementation-1 b (CIT-PC): Transmitter

At the receiver (Figure 4.6), the A/D converted signal is first demodulated using the FFT. 

The output of the FFT is then despread and demapped to recover the transmitted data.
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PSK/QAM
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[ M y PSK/QAM
De-MapperNcode 1 ^Ncnde

f 1 1 y PSK/QAM
De-Mapper
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P/S

Figure 4.6: MC-DS-CDMA implementation-1 b (CIT-PC): Receiver
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4.1.2 Implementation-2: Combining in frequency

This Implementation is similar to MC-CDMA CIF implementation (described in Section 

3.1.2) in which the higher order mapping is effected after spreading. This scheme is referred to 

as combining in frequency as increasing the order of the mapping scheme results in an increase 

in the number of parallel chips transmitted over a given subcarrier^®. As the size of the S/P 

converter at the input of the transmitter (Figure 4.7) is kept constant, increasing the order of the 

mapping scheme results in a reduction in the number of subcarriers. In this implementation, the 

data rate and the symbol rate are independent of the mapping scheme.

Input
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  ►

c"(f)
PSK/
QAM

Mapper
--- ►
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c"(f)

^X-1
PSK/
QAM
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IFFT P/S Add -► D/A
CP

3̂1 (f)

mc-ds~cdma

Figure 4.7: MC-DS-CDMA Implementation-2 (CIF): Transmitter

Figure 4.7 shows the transmitter diagram for MC-DS-CDMA CIF. The input data is first 

S/P converted and spread by c''(t) (the user specific spreading code). The spread data is then 

combined (in parallel) into groups of k chips (where k=log2M) and mapped onto a constellation 

point by the PSK/QAM mapper. The output from the mapper is multi-carrier modulated using the 

IFFT and the cyclic prefix is added to each symbol before transmission.

Note that in this implementation, the spreading operation is performed by modulo 2 

addition and not multiplication as the input data is in the form of [0 1] and not [-1 1].

The signal at the output of the transmitter for MC-DS-CDMA CIF is given by:

Nj o° X-1
^ m c - d s - c d m a ~  ^ m x 9 x i ^  ~

u=  ̂ m=-oo x=0
( 4 . 8 )

^  Note that the CIT-PS scheme described in section 4.1.1.2 also results in an increase in the parallel data transmitted 
over a given subcarrier. However, as it is a variant of the CIT implementation (i.e., combining data at bit level rather than 
chip level) it is referred to as a CIT implementation rather than a CIF implementation.
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where 's the transmitted symbol and gx(t) is the orthogonal subcarrier as defined in 

Equation 4.6.
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Figure 4.8: MC-DS-CDMA implementation-2 (CIF): Receiver

At the receiver (Figure 4.8), the received signal is first converted into digital format, as in 

the CIT implementations. The cyclic prefix is then removed from the beginning of each symbol. 

The data is converted into parallel format and demodulated using the FFT. The data at the 

output of the FFT is demapped, despread and converted back to serial format by the P/S 

converter.

As in the case of MC-CDMA CIF (Section 3.1.2), the simple receiver model shown in 

Figure 4.8 performs hard decision demapping before despreading and hence can only 
successfully demodulate data for the single user case. (This has been discussed for MC-CDMA 

in Appendix A. As the arguments for MC-DS-CDMA are similar, analysis for MC-DS-CDMA CIF 

has not been included in this thesis.) It is not suitable for detection in a multiuser environment 

and soft decision demodulation schemes should be employed to allow for successful multiuser 
demodulation.

The key parameters used for the three implementations are summarised in Table. 4.1. 

Note that in this work, the MC-DS-CDMA receiver with frequency domain processing has been 

employed. The choice of parameters will differ if the MC-DS-CDMA receiver with time domain 

processing is employed (as discussed in section 2.3.2.2).

As in the case of MC-CDMA, the investigations are carried out for the same symbol 

duration/symbol rate. From the table, it can be observed that the key difference between the 

parameters of CIT-SC, CIT-PC and CIF are the number of subcarriers and the data rate.
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Table 4.1: System parameters

Parameter CIT-SC CIT-PC CIF

Number of Users, N users 6 4 6 4 6 4

Length of spreading code, Ncode N  users ( 6 4 ) N  users (6 4 ) N users (6 4 )

Length of the S/P Converter, 
N s/p

Ncode ( 6 4 ) Ncode ( 6 4 ) Ncode (6 4 )

Number of subcarriers,
Nsubcarriers

N s/p  ( 6 4 ) Ns/p/log2(M) Ns/p/log2(M)

Subcarrier spacing, Af 1 /(T -T c p ) 1 /(T -T c p ) 1 /(T -T c p )

Symbol duration, T 1 ps 1 ps 1 ps

Cyclic prefix duration, Tcp 0.2 ps 0.2 ps 0.2 ps

Spreading Code WH Code WH Code WH Code

Mapping Scheme
2 / 4 / 1 6PSK 

160 A M

2 / 4 / 1 6 P S K  

1 6 Q A M

2 / 4 / 1 6 P S K  

1 6 Q A M

F F T  size, N f f t 1 0  Nsubcarriers 1 0  Nsubcarriers 10 Nsubcarriers

Input sequence m-sequence m-sequence m-sequence

Data rate ( lo g 2(M )) / (T -T c p ) 1 /(T -T c p ) IZ (T -T c p )

Simulation duration 10000 symbols 10000 symbols 10000 symbols

4.2 System performance

This section presents the performance of CIT-SC, CIT-PC and CIF with 2/4/16PSK and 

16QAM mapping. The performance of the different mapping schemes is compared in terms of 

BER degradation, PAPR variation, spectral efficiency and MOPS requirements (A description of 

these parameters is presented in Section 3.2 and hence is not repeated here).

4.2.1 Performance of implementation-1 a (CIT-SC)

The duration of the MC-DS-CDMA symbol at the output of the transmitter is set to be 

constant for all mapping schemes. The length of the S/P converter (N s /p )  is also constant for all 

mapping schemes. As the number of subcarriers is equal to the length of the S/P converter, the 

bandwidth of the transmitted signal is constant for all mapping schemes. Hence, in this 

implementation increasing the order of the mapping scheme results in an increase in the 

number of data bits transmitted over a given MC-DS-CDMA symbol. Figure 4.9 shows the BER 

performance of MC-DS-CDMA CIT-SC with various PSK/QAM mapping schemes in the 

presence of AWGN (for one active user). The figure also includes the theoretical BER 

performance of the different mapping schemes for a single carrier, single user system in AWGN. 

The BER performance of an MC-DS-CDMA signal is equal to the BER performance of a single 

carrier, single user system due to the fact that there is no multiuser interference (orthogonal WH
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codes) and no inter-carrier interference (orthogonal subcarriers). Observation of Figure 4.9 

shows that the simulation results agree well with the theoretical results. Increasing the 

constellation size results in degradation in the BER performance. Hence, in this implementation, 

increasing the order of mapping will increasing the throughput of the system but it will also result 

in an increase in the BER degradation.

The variation in the PAPR of CIT-SC with different mapping schemes is shown in Figure 

4.10. The PAPR was calculated using the expression given in Equation 3.20 and is plotted as a 

function of the number of active users. Observation of the figure shows that increasing the order 

of mapping scheme has no significant effect on the PAPR for the different users. Hence in this 

implementation, increasing the throughput by increasing the size of the constellation has no 

significant implications for the PAPR of the transmitted signal.

Figure 4.11 shows the MOPS requirements for CIT-SC with different PSK/QAM 

schemes^®. From the figure, it can be observed that increasing the number of active users 

results in a linear increase in the MOPS requirements, as expected. Changing the mapping 

scheme has no effect on the MOPS requirement of the system.

BPSK-Theo 
BPSK 
QPSK 
16PSK-Th0o 
16PSK 
64PSK-Theo 
64PSK 
16QAM-Theo 
160 AM 
640AM-Theo 
640AM

Eb/NO (dB)

Figure 4.9: BER performance of MC-DS-CDMA CIT-SC in AWGN with 1 active user

^  The MOPS value presented are the sum of the MOPS required for a transmitter with different number of active users 
and MOPS required for the receiver with 1 user.
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Figure 4.10: PAPR performance of MC-DS-CDMA CIT-SC
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Figure 4.11: MOPS requirements for MC-DS-CDMA CIT-SC
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The spectral efficiency, ri is defined as:

n = ^
W (4.9)

where rb is the input bit rate and W is the bandwidth of the transmitted signal.

In CIT-SC, the spectrum of the transmitted signal is similar to that shown in Figure 4.2.

The bandwidth of the transmitted signal, W is approximately equal to Ns/pAf (where Af =1/(T- 

Tcp)). The data rate (rb) is k times the symbol rate (rsymb)- Hence the spectral efficiency q is:

_ /p _ ŝymb̂
V -  777 ~W Ns/pAf 

1

Therefore,

'symb

k { T - I ’cp)
V =

T  N g / p  N s / p
(4.10)

From Equation 4.10, it can be noted that the spectral efficiency of MC-DS-CDMA CIT-SC 

is dependent on the length of the S/P converter, the symbol duration, the CP duration and the 

constellation size of the mapping scheme. As the length of the S/P converter, the symbol 

duration and the CP duration are made constant for all mapping schemes, the spectral 

efficiency of CIT-SC increases with the size of the constellation (as expected).

4.2.2 Performance of implementation-1 b (CiT-PC)

In this implementation, the input data rate and the transmitted MC-DS-CDMA symbol rate 

are independent of the mapping scheme. The symbol duration of the MC-DS-CDMA symbol at 

the output of the transmitter and the length of the S/P converter are made constant for all 

mapping schemes. Hence, increasing the order of the mapping results in a reduction in the 

bandwidth of the transmitted signal (due to reduction in the number of subcarriers).

The BER performance of CIT-PC with different PSK/QAM schemes (Figure 4.12) is 

comparable to the theoretical performance of the different mapping schemes for a single user, 

single carrier case (in AWGN). From Figure 4.12 it can be observed that QAM schemes perform 

better than PSK schemes, hence, reducing the number of subcarriers using QAM will result in 

lower BER degradation.
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Figure 4.12: BER performance of MC-DS-CDMA CIT-PC In AWGN with 1 active user

Figure 4.13 shows the PAPR variation of CIT-PC. The variation in the PAPR of the 
different mapping schemes is not very significant. Hence, reducing the number of subcarriers by 

increasing the order of the mapping scheme has no major advantage in terms of PAPR 
reduction.
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-B -  16QAM

10

40
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Figure 4.13: PAPR performance of MC-DS-CDMA CIT-PC
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The MOPS requirements for CIT-PC reduce with the size of the constellation (Figure 

4.14). Hence, in this implementation the processing requirement of the system can be reduced 

by increasing the size of the PSK/QAM constellation (Obviously, the reduction is more 

significant when the number of active users is large).

8
^ BPSK 
- QPSK 

- e -  16PSK 
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Figure 4.14: MOPS requirements for MC-DS-CDMA CIT-PC
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Figure 4.15: Spectrum of MC-DS-CDMA CIT-PC/CIF signal

The spectrum of the transmitted MC-DS-CDMA signal for CIT-PC is shown in Figure

4.15̂ *°. The total bandwidth of the transmitted signal is given by:

k (T-T,cp. (4.1 r

In Figure 4.15, the spectrum of each modulated subcarrier has a null at the centre frequency of each of the other 
modulated subcarriers in the system. However, in a typical system, the insertion of the CP will increase the sub>carrier 
separation as discussed in Section 2.2.1.
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The data rate is equal to the symbol rate, hence

1 1

From Equation 4.11 and 4.12, the spectral efficiency, q of CIT-PC is:

(4.12)

_ _ 1 k{T-T,p)_  k /  T "
^  7 Ng/p Ns/p (4.13)

The spectral efficiency of CIT-PC is the same as that of CIT-SC and increases with the 

size of the PSK/QAM consteiiation.

4.2.3 Performance of implementation-2 (CiF)

As in the case of CIT-PC, the input data rate and the rate of the MC-DS-CDMA symboi at 

the output of the CIF transmitter are independent of the mapping scheme. Increasing the order 

of the mapping scheme resuits in a decrease in the number of subcarriers as the iength of the 

S/P converter is made constant for aii mapping schemes. The duration of the MC-DS-CDMA 

symbol is aiso set to be constant for ali mapping schemes, hence, increasing the order of the 

mapping reduces the bandwidth of the transmitted signai (due to a reduction in the number of 

subcarriers).

The BER performance of CIF for different PSK/QAM schemes is shown in Figure 4.16 

together with the theoretical performance for a single user, single carrier case. From the figure it 

can be observed that the BER performance of this impiementation is much worse than 

theoreticai. This is due to the simple receiver modei adapted for this investigation. As in the 

case of MC-CDMA CiF, the receiver performs HDD before despreading, which resuits in 

demodulation errors. This has been verified for MC-CDMA in Appendix-C by considering two 

simple cases (one with HDD in the receiver and one without HDD in the receiver). The use of 

soft demodulation wiii aiiow for improved BER performance.

Figure 4.17 shows the PAPR variation of CIF for different number of active users with 

different mapping schemes. Observation of the figure shows that the PAPR for large number of 

active users is approximately 1 dB higher than that for small number of active users. Overall, 

there is not a significant difference between the PAPR of the different mapping schemes and 

hence it can be conciuded that, contrary to expectation, reducing the number of subcarriers by 

increasing the size of the consteiiation has no benefits in terms of PAPR.

The MOPS requirements of CIF for different mapping schemes is shown in Figure 4.18. 

The figure shows that reducing the number of subcarriers by increasing the size of the 

consteiiation resuits in a reduction in the MOPS requirements. This is due to the fact that 

reducing the number of subcarriers results in a reduction in the size of the IFFT and FFT.
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Figure 4.16: BER performance of MC-DS-CDMA CIF In AWGN with 1 active user
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Figure 4.17: PAPR performance of MC-DS-CDMA CIF
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Figure 4.18: MOPS requirements for MC-DS-CDMA CIF

The spectrum of the MC-DS-CDMA signal at the output of the transmitter in Figure 4.7 is 

similar to that of CIT-PC (shown in Figure 4.15). The bandwidth of the signal, W is 

approximately Ns/pAf/k. The data rate is the same as the symbol rate (1/T). Therefore, the 

spectral efficiency, r\ is given by:

'symb 1 {T-T,p)k
W (Ns,pAf)/k T Nsip NS /P

1- 'CP

T
(4.14)

Equation 4.14 shows that as in the case of CIT-SC and CIT-PC, the spectral efficiency of 

CIF increases with k.

4.2.4 Discussion of MC-DS-CDMA CIT and CIF systems 

performance

The previous subsections presented the performance of the three MC-DS-CDMA 

implementations with different PSK/QAM mapping schemes. In all three cases, increasing the 

order of the mapping results in an increase in the bandwidth efficiency of the system. In the 

case of CIT-SC, this increase is achieved by increasing the amount of data transmitted over a 

given symbol. In the case of CIT-PC and CIF, this increase in bandwidth efficiency is achieved 

by reducing the number of subcarriers with M (whilst keeping the data transmitted over a given 

MC-DS-CDMA symbol constant). This is illustrated in Figure 4.19.
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Figure 4.19: Spectrum of the transmitted MC-DS-CDMA signal: (a) CIT-SC with BPSK mapping; (b) 
CIT-SC with 16PSK mapping; (c) CIT-PC/CIF with BPSK mapping; (d) CIT-PC/CIF with 16PSK

mapping

In this investigation, the length of the S/P converter at the input of the transmitter is made 

constant for all mapping schemes (equal to the length of the spreading code), however, it can 

be altered in step with the order of mapping schemes. For example, in the case of CIT-SC, the 

length of the S/P converter can be made equal to N s /p /k  so that for all mapping schemes, the 

symbol rate and the data rate are the same. Increasing the order of mapping will then result in a 

decrease in the number of subcarriers and hence a decrease in the bandwidth of the 

transmitted signal. In the case of CIT-PC and CIF, the length of the S/P converter can be made 

equal to KN s/p s o  that the number of subcarrier for all mapping schemes stays the same. In this 

case, increasing the order of mapping scheme will result in an increase in the data bits 

transmitted over a given symbol duration.

In this investigation, the comparison between the different mapping schemes has been 

carried out by making the MC-DS-CDMA symbol duration constant for all mapping schemes. An 

alternate approach is to make the input data rate constant. In the case of CIT-SC, making the 

input data rate constant would result in a reduction in the transmitted signal bandwidth with the 

order of mapping (due to the fact that the MC-DS-CDMA symbol duration will increase with the 

order of mapping). In the case of CIT-PC and CIF, the input data rate and the transmitted 

symbol rate are independent of the mapping scheme and hence in these cases, a performance 

comparison in terms constant data rate will be identical to the performance comparison with 

constant symbol rate. Comparing the three implementations for the same input data rate would 

result in the same transmitted signal bandwidth (and hence the same bandwidth efficiency) for 

all three cases. This is illustrated in Figure 4.20. As the order of mapping increases, the 

bandwidth of the transmitted signal decreases in all three cases. In the case of CIT-SC, this 

decrease is due to an increase in the MC-DS-CDMA symbol duration (Figure 4.20(a) and 

4.20(b)) whereas in the case of CIT-PC and CIF, this decrease is due to a decrease in the 

number of subcarriers (Figure 4.20(c) and 4.20(d)).
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Figure 4.20: Spectrum of the transmitted MC-DS-CDMA signal (with constant Input data rate): 
(a) CIT-SC with BPSK mapping; (b) CIT-SC with 16PSK mapping; (c) CIT-PC/CIF with BPSK 

mapping; (d) CIT-PC/CIF with 16PSK mapping

Comparing the BER performance of GIT schemes and GIF (Figure 4.21) shows that GIT- 

SG and GIT-PG give better BER performance when compared to GIF, for a given mapping 

scheme (in a single user scenario). Further work is required on the receiver structure of GIF in 

order to carry out a comparison for the multiuser scenario.

The PARR of all implementations with different mapping schemes is approximately the 

same (Figure 4.22). Hence, in terms of the PAPR, there is not a great advantage in using one 

implementation or another.

Comparing the MOPS requirements of the different schemes (Figure 4.23) shows that for 

M>2 (where M is the size of the constellation), GIT-SG has higher MOPS requirements 

compared to GIT-PG and GIF (for a given constellation size). This is due to the fact that in the 

case of GIT-PG and GIF schemes, increasing the order of mapping results in a reduction in the 

number of subcarriers and hence a reduction in the size of the IFFT/FFT.

Overall, the results obtained show that for a given mapping scheme, the spectral 

efficiency and PAPR of all three implementations are approximately the same. The BER 

performance for a given PSK/QAM scheme for GIT-SG and GIT-PG is better than GIF, whereas 

the MOPS requirements for GIT-PG and GIF are better than that of GIT-SG. For a particular 

mapping scheme, GIT-SG and GIT-PG give the same spectral efficiency and power efficiency 

(quantified in terms of BER degradation), however, GIT-SG can accommodate more data bits 

over an MG-DS-GDMA symbol duration whereas GIT-PG can provide reduced implementation 

complexity.
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Figure 4.21: Comparison of BER performance of MC-DS-CDMA CIT-SC, CIT-PC and CIF in AWGN
with 1 active user
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Figure 4.22: Comparison of PAPR performance of MC-DS-CDMA CIT-SC, CIT-PC and CIF
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Figure 4.23: Comparison of MOPS requirements of MC-DS-CDMA CIT-SC, CIT-PC and CIF

4.3 Summary

The combination of MC-DS-CDMA with higher order PSK/QAM mapping schemes was 

studied in this chapter. Two different architectures for combining MC-DS-CDMA with higher 
order PSK/QAM mapping were investigated (namely, combining in time and combining in 

frequency). In the case of CIT, two implementations were proposed. The first implementation 

(termed CIT-SC) was similar to the CIT implementation proposed for MC-CDMA where the 

mapping is performed outside the MC-DS-CDMA modulation and demodulation. The second 

CIT implementation (termed CIT-PC) was a variant of the CIT-SC where the data is mapped 

after the S/P conversion instead of before (i.e., the mapping is performed at a lower rate).

The chapter was divided into 3 sections. The first section (Section 4.1) detailed the CIT 

and CIF implementations considered. It described the transmitter and receiver model for each 

implementation and listed the system features and key parameters. The second section 

presented and discussed the performance of the different implementations in terms of BER 

degradation, PAPR variation, spectral efficiency and implementation complexity, for different 

PSK/QAM mapping schemes. The section also included a discussion on the relative merits and 

demerits of the three implementations (CIT-SC, CIT-PC and CIF) with different mapping 

schemes.

Investigation of the performance of MC-DS-CDMA CIT-SC with different mapping 

schemes showed that increasing the order of the mapping scheme from BPSK to 

4PSK/16PSK/16QAM resulted in an improvement in spectral efficiency at the cost of
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degradation in the BER performance. The PAPR and the implementation complexity remain 

unchanged.

The performance of CIT-PC showed that increasing the order of mapping scheme caused 

a reduction in implementation complexity and improvement in spectral efficiency. The BER 

degradation increased with the order of mapping, however, the degradation was not as severe 

as in the case of CIF.

Investigation of the performance of CIF with different mapping schemes revealed that 

increasing the order of mapping resulted in improvement in spectral efficiency and reduction in 

implementation complexity. However, it also caused a significant degradation in BER 

performance. The PAPR for the different mapping schemes did not change significantly.

Comparison of the results obtained for the different implementations showed that for a 

given mapping scheme, the spectral efficiency and PAPR of ail three implementations was the 

same. The BER performance for a given PSK/QAM scheme for CIT-SC and CIT-PC was better 

than CIF, whereas the MOPS requirement for CIF and CIT-PC was lower than that of CIT-SC. 

For a particular mapping scheme, CIT-SC and CIT-PC give the same spectral efficiency, power 

efficiency (quantified in terms of BER degradation) and PAPR, however, CIT-PC can provide 

reduced implementation complexity as compared to CIT-SC.

The next chapter investigates the performance of MC-CDMA CIT (discussed in Chapter 

3) and MC-DS-CDMA CIT-SC with different PSK/QAM mapping schemes in the presence of 

MPA non-linearities.



Chapter 5 

Performance of MC-CDMA and MC-DS- 
CDMA with higher order PSK/QAM mapping 

In the presence of HPA non-llnearltles
In mobile communications, one of the key goals is to maximise the coverage area of the 

transmitter, hence an RF amplifier (HPA) is employed in the transmitter to amplify the output 

signal. The HPA is generally operated close to or even in its non-linear region of operation in 

order to minimise the overall power consumption. In this region of operation, there are many 

negative effects that may result, especially if the input has varying signal amplitude. Large 

signal amplitudes can occasionally reach the amplifier saturation region and cause signal 

distortion. This distortion manifests itself as in-band distortion and out-of band distortion. In- 

band distortion causes BER degradation whereas out-of-band distortion results in spectral 

spreading and adjacent channel interference.

The effects of HPA non-linearities on the performance of OFDM systems and DS-CDMA 

systems have been investigated extensively [72, 73, 88, 89, 90]. However, only few researchers 

have investigated the effects of HPA non-linearities on the performance of multi-carrier CDMA 

systems [64, 65].

In [64], it has been shown that when considering the performance of MC-CDMA systems 

in the presence of HPA and multipath, HPA is the dominant factor in performance degradation. 

It is expected that the degradation due to HPA is even more notable when higher order 

constellations are used. (This has been shown in [72, 73] for OFDM systems.)

This chapter investigates the degradation due to HPA non-linearities of multi-carrier 

CDMA systems exploiting higher order PSK/QAM mapping formats. The performance is 

measured in terms of BER degradation and spectral spreading. The investigation is carried out

104
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by considering only an AWGN channel in order to focus on the effects of HPA non-linearities. 

No coding or interleaving has been employed as the aim is to investigate the effects of higher 

order PSK/QAM schemes.

The chapter begins by presenting an overview of HPAs. In particular, it describes the 

various classifications of HPAs, the effects of HPA non-linearity on system performance and 

techniques for modelling and simulating HPA non-linearities. The subsequent section discusses 

the performance parameters used for investigating the effects of HPA on the input signal. This is 

followed by a description of the system models used for the investigation and discussion of the 

results obtained. The chapter is concluded with a summary.

5.1 High power amplifier
The high power amplifier is generally employed as the final active element in the 

transmitter chain and is used to increase the power of the transmitted signal. As mentioned 

above, the amplifier is generally operated in or near its non-linear region in order to gain 

maximum power transfer efficiency. However, in this region of operation an input signal with 

highly fluctuating amplitude (such as the multi-carrier CDMA signal) may occasionally reach the 

saturation region and result in distortion (This has been illustrated graphically in Figure 5.1).

Output
Amplitude

Input
Amplitude

(a)

Time (s)

(b)

Time (s)

(C)

Figure 5.1 : Effects of the HPA non-linearity on an input with varying amplitude: (a) graphical 
representation of the input-output relationship; (b) MC-CDMA signal at the input of an HPA; (c) 

signal at the output of the HPA (obtained through simulation)
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This section describes the effects of the distortion caused by HPA non-linearities on 

system performance and discusses techniques for modelling and simulating HPA non- 

linearities.

5.1.1 HPA basics

The two most common types of HPAs in communication systems are: Travelling Wave 

Tube Amplifiers (TWTA) and Solid State Power Amplifiers (SSPA). TWTAs are mostly 

employed in high power satellite transponders whereas SSPAs (because of their size) are 

generally used in mobile communications.

Output

Class D E 

Goeratina Reaion
Input

Output

Saturation

Class A Input

Figure 5.2: Transfer characteristics and operating points or regions of different HPA configurations
[71]

The classification of HPAs is done according to the proportion of the cycle for which the 

amplifier conducts, which determines both the power efficiency and linearity [71, 91]. The most 

linear and least efficient are class A amplifiers in which the device conducts throughout the 
cycle. In class B, conduction is for nominally half the cycle. Class AB amplifiers usually have two 

devices in a push-pull configuration (each of which conducts for slightly more than half a cycle). 

Class C denotes conduction for less than half a cycle whereas class D and E use the output 

device only as a switch and hence may approach 100% efficiency. Figure 5.2 shows the 

transfer characteristics and operating points of the different HPA classifications. Mobile 

terminals generally employ class C amplifiers.

Amplifier operating point

The amplifier operating point dictates the non-linear distortion induced by the HPA. The 

operating point is usually identified by two parameters: Input Back-Off (IBO) and Output Back- 

Off (OBO).

The IBO is the level of power reduction required at the input so that the amplifier is not 

driven into saturation. It is defined as:

/8 O  =  1 0 lo g
y^sal,. /

(5 .1 )



Chapter 5: Performance of MC-CDMA and MC-DS-CDMA with higher order PSK/QAM mapping in the presence of HPA
non-linearities 107

where Pm is the average power of the signal at the input of the amplifier and is the

saturation power of the amplifier referred to the input (Figure 5.3).

Similarly, the OBO is the level of power reduction required at the output (with respect to 

the saturation power) in order to ensure that the amplifier is not driven into saturation. It is 

defined as:

OBO = 10 log
saL

out (5.2)

where Pgat  ̂ is the saturation power of the amplifier referred to the output and Pout is the 

average power of the signal at the output of the amplifier. In this work the operating point is

defined in terms of the OBO41

Output
Power

i i
sat,

OBO

out

sat. Input
Power

Figure 5.3: HPA operating points

The power efficiency of an HPA is very small for large back-off s. On the other hand, small 

back-offs give good power efficiency, but at a cost of high signal degradation (due to signal 

reaching the saturation region). This leads to a trade-off between maximum output power and 

high signal distortion.

5.1.2 Effects of HPA non-linearity on system performance

Operating in the non-linear region of the HPA produces Harmonic Distortion (HD) and 

Intermodulation Distortion (IMD) in the transmitted signal. The overall effect is degradation in 

BER performance (due to in-band distortion) and spectral spreading (due to out-of-band 

distortion).

The effects of the HPA on a given input signal can be explained by first considering its 

effect on a pure sine wave. When a pure sine wave (of frequency fo) is amplified by the HPA, 

the output consists of the original wave plus some signals at other frequencies (2fo, 3fo, 4 fo ....). 

The other frequencies are integer multiples of the original signal frequency and are known as

The OBO of the amplifier is set by adjusting the gain of the input signal to obtain a certain Poui. This is explained 
further in Appendix B.
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harmonics. The higher harmonic frequencies usually have amplitudes which are much lower 

than the fundamental [92].

If two closely spaced sine waves are now considered as the input to the HPA (with 

frequencies fi and f2), the output will consist of the original frequency components (fi and f2) 

plus signals at a number of other frequencies. These can be divided into harmonic components 

and intermodulation components. The harmonic components consist of signal at integer

multiples of the original frequency (2fi, 3 fi 2 f2, 3 f2 ...... ). Intermodulation components consist

of signals at frequencies which are the sum and difference of original frequencies ((fi+f2), (fa-fi)

 ) and signals at sum and difference of the original frequency and harmonics of the original

frequencies ((fi-»-3 f2), (f2-2 fi), (2 f2-3 f i ) .......).

Analytically, this can be expressed as follows:

If the input to the HPA is given by:

2 (5.3)

where s(f) is the complex envelope of S(t) and fc is the carrier frequency, then, the output of the 

HPA, Z(t) is given by:

Z(t) = aS{t) + ̂ SH t) + y&^(l)  + ................ (5 4)

Substituting Equation 5.3 into Equation 5.4:

Z(f) = ̂  + s* (f)e“̂’2̂^̂ ]

+ + 2s { t )s \t )  + s*^{t)

+ 3 s ^ { t ) s * + 3 s { t ) s * ^ { t ) e

........................ (5.5)

Of these terms, the first-order term (in a) is undistorted. The second-order term (in P) has 

a term at twice the carrier frequency and another at baseband. The third-order term has a 

component at 3 times the carrier frequency and a component at the carrier frequency.

In general, the even order terms do not generate a component at carrier frequency whilst 

the odd order terms do and it is these terms which produce distortion.

If two closely spaced sine waves are input to the HPA:

S{t) = Re (̂f)e '̂2^<^  ̂+ S2(0e ’̂̂ '^"'}= Re^(f)e^’̂ ^=^}+ Re^2(0e^^"^"i

= -  + s^{t)e-^^^<^^]+ -  ̂ 2 (0 6 ^̂ "̂ "̂  + S2\t)e-^^^<^*]
2 2 (5.6)
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then the output of the HPA is given by:

Z{t) = aS{t) + ^S^{t) + ySHt) + .................

Z ( 0  =

(5.7)

where (as in the case of the pure sine wave), the first-order term (in a) gives the undistorted 

signai. The second-order term (in P) has a component at baseband, a component at the two 

original carrier frequencies, a component at twice the original carrier frequencies (harmonic 

distortion) and various components at the sum and difference of the two original carrier 

frequencies (intermodulation distortion). Normally, the bandpass characteristics of the HPA will 

remove the higher order harmonic distortion component and the out-of-band IMD component.

5.1.3 Modelling HPA non-linearity

Non-linear elements such as HPAs are generally modelled in the time domain. HPAs can 

be modelled as memoryless amplifiers or amplifiers with memory. In the memoryless model, the 

output at a particular time is dependent on the input at that particular time (or is a function of the 

input with a fixed delay). In the case of models with memory, the output at time t, depends on a 

segment (finite or infinite) of the input signal prior to time t. Models with memory are generally 

difficult to obtain and are more computationally demanding than memoryless models. Hence, 

this investigation employs a memoryless model. The memoryless non-linearity can be modelled 

in two ways, using:

• Analytical based model or

• Empirical based model

An analytic model can be given in terms of the power series, quadratic function or a 

polynomial [50]. The choice of model depends on the parameters required to use the model in a 

simulation context. These parameters are obtained in practice by measurements which may or 

may not be simple to make.

Another way of modelling amplifier characteristics is by measuring them. It is an 

experimental observation that an input of:

S( 0  = r(Oe'><') (5 .8 )

into a memoryless amplifier produces an output of the form given in Equation 5.9 [50].

z{t) = ( 8 8 )
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where R{t) = f{r{t)) represents a non-linear function relating the amplitude variations of the 

input signal to the amplitude variation of the output signal, (|)(t) represents the phase of the input 

signal and 0 (f) = w{r{t)) represents another non-linear function relating the amplitude variations 

of the input signal to the phase variations of the output signal. R{t) = f(r{t)) is referred to as the 

AM/AM conversion and 0(f) = w{r{t)) is referred to as the AM/PM conversion. If the input

amplitude is constant, the AM/AM and AM/PM conversions do not occur [71].

The AM/AM and AM/PM characteristics of the amplifier can be measured in a number of 

different ways. Some of these techniques have been given in [50]. Figure 5.4 presents the 

simulation block diagram showing what must be done to implement the empirically based model 

in code.

5 ( f )

5 ( f )

Figure 5.4: Simulation block diagram of AM/AM and AM/PM based model

As stated before, the two most common types of HPAs in communications are TWTAs 

and SSPAs [93, 94]. The AM/AM and AM/PM conversion functions of a typical TWTA and SSPA 

are shown in Figure 5.5 and Figure 5.6, respectively (Note that in the case of SSPA, the AM/PM 

conversion is very small and hence is neglected).

I
s

I9
  AM/AM Conversion
—  AMfPM Conversion

Input Amplitude (AU)

Figure 5.5: AM/AM and AM/PM conversion of TWTA



Chapter 5: Performance of MC-CDMA and MC-DS-CDMA with higher order PSK/QAM mapping in the presence of HPA
non-linearities 111

I
!

Input Amplitude (AtJ)

Figure 5.6: AM/AM conversion of an SSPA

Observation of Figure 5.5 and Figure 5.6 shows that the AM/AM characteristics of the 
TWTA are more non-linear than the SSPA.

The analytical expressions generally used to approximate the AM/AM and AM/PM 

conversion of TWTA are [95]:

R{t) =

0 ( 0  =

a ^ r ( 0

(5.10)

(5.1 T

where the values of the parameters and are chosen to meet some pre-specified

normalisation characteristics [94]. For the AM/AM conversion of the SSPA, the following 

approximation is generally employed [94]:

m  =
vr{t)

1 + vr{t)

^at

2 p

(5.12)

where o is the small signal gain of the amplifier, Asat is the saturation amplitude of the amplifier 

referred to the output and p is an integer value which controls the smoothness of the transition 

from the linear region to the limiting region as shown in Figure 5.6 [94]. For large values of p, 

the model is perfectly linear until it reaches its maximum output level.

5.1.4 Simulation of HPA non-iinearity

The most important implication of simulating a non-linear amplifier is the increase in the 

sampling rate. Due to the spreading of the spectrum, the sampling frequency has to be at least 

Nspread times the Nyquist rate (where Nspread is the order of the non-linearity being measured).



Chapter 5: Performance of MC-CDMA and MC-DS-CDMA with higher order PSK/QAM mapping in the presence of HPA
__________ non-linearities____________________________________________________________________________________112

In this work a memoryless model of an SSPA has been used. The amplifier is modelled 

using the approximation given in Equation 5.12, where o and Asat, are set to be equal to 1 and p 

is set equal to 5 (Equation 5.13).

R{t)  =

(l + (^ (O r)ô  (5.13)

5.2 Performance parameters

This section describes the parameters used to measure the distortion caused by HPA 

non-linearities.

5.2.1 Total degradation

Total degradation is used extensively as a performance measure to quantify the in-band 

distortion caused by the HPA [96, 97, 98]. (It is also used to provide an indication of the 

optimum operating point of the amplifier.)

The total degradation, Td is defined in terms of the Eb/No value required to obtain the 

target BER in the presence of H P A  &  A W G N  (Et>/No(HPA)), the E b /N o  value required to obtain the 

target BER in the presence of A W G N  (Eb/No(AWGN)) and the amplifier OBO (Equation 5.14).

T g = ^  +OBO
^ 0  (HPA) % (AW G /V) (5.14)

In the above expression, the value of Eb/No(AWGN) is fixed for a given target B E R . The 

value of Eb/No(HPA) depends on the O B O  of the amplifier. The higher the O B O ,  the lower the 

distortion caused by the HPA. Hence, the higher the O B O ,  the lower the E b/N o  value required to 

obtain the target B E R  (given as Eb/No(HPA)).

In this investigation, the total degradation is calculated graphically from the BER vs. Eb/No 

plots for different OBO values. Figure 5.7 shows an illustrative BER vs. Eb/No plot for MC-CDMA 

with OBO set equal to 2 dB. The figure also includes the theoretical BER performance of the 

system in the presence of AWGN"* .̂ The value of Eb/No(HPA) and Eb/No(AWGN) are obtained by 

noting the Eb/No values for which the BER is equal to the target BER (10* )̂.

Figure 5.8 shows an illustrative graph of total degradation plotted as a function of the 

amplifier OBO. From this graph it can be observed that the total degradation is high for low 

OBOs and high for high OBO with a minimum value at intermediate OBOs. For low OBOs, the 

amplifier is power efficient but it operates in its non-linear region. In this case, the major 

degradation is the amplifier non-linearity. For high OBO values, the amplifier is power inefficient, 

but it operates in its linear region. In this case, the major degradation factor is the AWGN. This

The values of these parameters are typical values and are used by workers in the field [51 19 78].
^  The derivation of the expression used to calculate the theoretical BER performance of PSK/QAM In AWGN Is detailed 
in [71].
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trade-off results in the optimum OBO value (OBOopt) where the total degradation is minimum

( T . J -

—  Theoretical 
OBO = 2 dB

Eb/NO (HPA) 
-EbffW (AWGN)

 EWNO (HPA)Eb/NO((jB)Eb/NO (AWGN)

Figure 5.7: Calculating Td using graphical techniques

TDmin

OBO (dB)OBOopI

Figure 5.8: Total degradation as a function of amplifier OBO

5.2.2 Spectral spreading

Spectral spreading gives a measure of the out-of-band distortion caused by the amplifier 

non-linearities. The spectral spreading is calculated from an estimate of PSD of the non-linearly 

distorted multi-carrier CDMA signal. By way of illustration, Figure 5.9(a) and Figure 5.9(b) show 

the PSD of MC-CDMA and MC-DS-CDMA at the input of the amplifier (grey) and the output of 

the amplifier (black) for 0B0=2 dB.



Chapter 5: Performance of MC-CDMA and MC-DS-CDMA with higher order PSK/QAM mapping in the presence of HPA
non-linearities 114

-08 -0.6 -04 -02 0 0.2 04 06 06 1

Normalised Frequency
) 0.2 04 0.8 08

Normalised Frequency

(a) (b)

Figure 5.9: PSD of: (a) MC-CDMA; (b) MC-DS-CDMA

The power spectral density of a random process, S(t) is given by:

^ss(0 = lim E

(5.15)

where E[.] denotes the expectation operator and SL(f) is the spectrum of the truncated version of 

SL(t) with duration L. Hence, the natural estimation to the power density spectrum of S(t) is:

|s ,( 0 |
(5.16)

The precision of this estimator can be improved by observing the process over a larger 

duration L and by averaging the PSD with respect to a large number of realisations of the 

process.
In this work the multi-carrier CDMA signals have been observed over 100 symbols and 

the estimation has been averaged over 100 realisations of the signal. The spectrum of the 

signals is obtained using F FT techniques.

The spectral spreading of multi-carrier CDMA signal for different PSK/QAM formats is 

compared by calculating the total power in the side bands of the PSD.

5.3 System performance

The performance of MC-CDMA and MC-DS-CDMA systems using different PSK/QAM 

mapping schemes in the presence of HPA non-linearities is detailed in this section. Figure 5.10 

shows the transmitter model used for this investigation. The multi-carrier modulated signal at the 

output of the transmitter is first non-linearly amplified and then corrupted by AWGN. In order to 

focus on the influence of the HPA non-linearity on multi-carrier CDMA signals, only an AWGN 

channel has been considered.
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s(f)
HPA AWGN

Channel

Multi-carrier CDMA 
Transmitter

Multi-carrier CDMA 
Receiver

Figure 5.10: Transmission model

As mentioned in Sections 5.1.3 and 5.1.4, the HPA is modelled using a memoryless 

model of an SSPA. The AWGN channel is modelled in the same way as described in section 

3.3. The MC-CDMA and MC-DS-CDMA systems are similar to the implementations described in 

Section 3.1.1 and Section 4.1.1, respectively.

The performance of both systems (MC-CDMA and MC-DS-CDMA) has been analysed for 

different number of active users with different PSK/QAM mapping formats.

5.3.1 MC-CDMA

The equivalent baseband representation of MC-CDMA transmitter and receiver are 

shown in Figure 5.11 and Figure 5.12, respectively.

Binary
input Add

CP
D/AP/SIFFTPSK/QAM

Mapper

Figure 5.11 : MC-CDMA transmitter

, (t)

Srec( 0

A/D Remove
CP

0

S/P 0 FFT

0

PSK/QAM
Demapper

CNcode-1

Jm(Ncode-l)

Figure 5 12: MC-CDMA receiver
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As the MC-CDMA transmitter and receiver models used in this investigation are similar to 

those used for implementation-1 (CIT) in Chapter 3, they have not been described in detail in 

this chapter.

The continuous time signal at the output of the MC-CDMA transmitter, s^c-cdmalO is given

by:

u=̂  m=— n=0 (5.17)

where 0%, is the PSK/QAM symbol to be transmitted in timeslot m for user u, c% is the n̂  ̂chip 

of the spreading code for user u and gn(t-mT) is the n*̂  subcarrier given by:

j27m(t-T,p)

9n( t )  = e
0

fE [o.r]
fg [0 ,T ] (5.18)

where T is the duration of the MC-CDMA symbol, n is the subcarrier number and Tcp is the 

duration of the cyclic prefix.
The system parameters used in this investigation are similar to the parameters used in 

Chapter 3 and Chapter 4 and have been summarised in Table 5.1.

Table 5.1: MC-CDMA and MC-DS-CDMA system parameter

Parameter Value Parameter Value

Number of Users, Nosers 64 Mapping Scheme
2 / 4 / 1 6 PSK 

1 6  QAM

Length of spreading code,
Ncode

Nusers (64) F F T  size, N f f t Nspread 1 0  Nsubcarriers

Number of subcarriers,
N  subcarriers

Ncode (64) Input sequence m-sequence

Subcarrier spacing, Af 1 / (T -T c p ) Data rate ( lo g z ( M ) ) / ( T - T c p )

Symbol duration, T 1 | IS Simulation duration 1 0 0 0 0  symbols

Cyclic prefix duration, Tcp 0 . 2  ps Spreading Code WH Code

Oversampling Factor, Nspread 7

The performance of MC-CDMA in the presence of SSPA non-linearity has been analysed

for 1,16 and 32 active users and for BPSK, QPSK"^, 16PSK and 16QAM mapping schemes.

OPSK and 4PSK are used interchangeably throughout the thesis
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Performance of MC-CDMA with different number of active users

Figure 5.13 presents the total degradation, To of MC-CDMA with BPSK mapping for 

different number of active users. The total degradation is calculated using the technique 

described in Section 5.2.1. Observation of the figure reveals that increasing the number of 

active users results in a decrease in the total degradation of the system, i.e., the total 

degradation for 1 user is much higher than the total degradation for 16 or 32 users and the total 

degradation of 16 users is higher than that of 32 users. This observation can be justified by 

studying the Complimentary Cumulative Distribution Function (CCDF) of the MC-CDMA signal 

amplitudes at the input of the HPA. Figure 5.13 plots the CCDF of the signal amplitudes at the 

input of the HPA, as a function of the normalised amplitude ((|s(0|/o), where a is the standard

deviation of the amplitudes). From this figure, it can be seen that the signal amplitudes for a 

single user case are much higher than those for 16 or 32 users and hence the probability of the 

signal reaching the saturation region of the amplifier is also higher for the single user case. 

Overall, as the number of active users increases the signal amplitude decreases.
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Figure 5.13: Total degradation of MC-CDMA In the presence of SSPA non-llnearltles with different
number of active users
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Figure 5.14: CCDF of the normalised amplitudes of MC-CDMA/BPSK signal at the output of the 
transmitter, with different number of active users

Similar investigation has been undertaken by Faze! and Kaiser in [65]. It is interesting to

note that the results presented in [65] indicate that the total degradation of multi-carrier CDMA in

the presence of SSPA non-linearities increases with the number of active users. This is the

inverse of the trend observed above (In this investigation, for 1 user and 32 users is 9 dB

and 4.5 dB, respectively whereas in [65], 7̂ .̂̂  for 1 user and 32 users is IdB and 3dB,

respectively). A comparison between the system models for the two cases reveals that in the 

scheme proposed by Fazel and Kaiser (described in [44]), all active users do not transmit on the 

same set of subcarriers (Figure 5.15). In this implementation, the total number of subcarriers, N 

are grouped into B blocks. The data from each block is transmitted in parallel over N 

subcarriers. Each block has a maximum user capacity of N/B users. A simplified transmitter 

model of this implementation is presented in Figure 5.15.

user-1

user-2~^

user-N/B

Multi-carrier 
CDMA Signal

user-N —>

WHcode 
length, N/B

ggreaiJi.nfl 
WH code 

length, N/B

;n  subcarriers)

Figure 5.15: Simplified transmitter diagram for MC-CDMA scheme investigated in [65]
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The first N/B users (user 1 to user N/B) are transmitted over N/B subcarriers. If the 

number of active users exceeds N/B, the second block is employed and the number of 

subcarriers increases to 2N/B. When the number of users exceeds 2N/B, the third block is 

employed. Hence, the number of subcarriers (and therefore the variation in signal amplitude) 

increase with the number of active users.

The power in the adjacent sidebands of the non-linearly amplified MC-CDMA signal is 

shown in Figure 5.16 for different amplifier OBO values (with number of active users set equal 

to 16 and 32). Observation of the figure shows that increasing the OBO results in lower spectral 

spreading as the effects of amplifier non-linearities decrease under these circumstances. 

Increasing the number of active users also results in a decrease in the spectral spreading. This 

is due to the dependence of MC-CDMA signal amplitudes on the number of active users (Figure 

5.14). It is also interesting to note that the spectral spreading of the output signal for different 

number of active users at the optimum operating point is approximately the same in both cases.

-10
- e -  16 Users-BPSK 

32 Users-BPSK
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Figure 5.16: Power In the adjacent sidebands of the non-linearly amplified MC-CDMA signal for 
different OBOs, with different number of active users

Table 5.2 lists the optimum OBO for the different MC-CDMA and MC-DS-CDMA system 

together with the minimum total degradation at each point.

Performance of MC-CDMA with different mapping schemes

Figure 5.17 shows the total degradation of MC-CDMA with different PSK/QAM schemes. 

Observation of this figure reveals that changing the modulation format from BPSK to OPSK
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does not have a significant effect on the total degradation of the system. The optimum operating 

point of the HPA remains unaltered, however, the value of Tq̂ ,̂  increases by approximately 1

dB (Table 5.2). Changing the modulation format from BPSK to 16PSK and 16QAM increases 

by 4dB and moves OBOopt from 5dB to 10dB. This is due to the fact that for a given OBO,

the average power of the signal at the input of the HPA is the same for all mapping schemes. 

Hence, the distance between the constellation points, in the case of larger constellations (such 

as 16PSK and 16QAM) is smaller than the distance between constellation points in the case of 

smaller constellations (such as BPSK). Therefore, the BER is greater in the case of the larger 

constellations.

It is also interesting to observe that in the presence of non-linearities, the performance of 

16PSK is better than 16QAM whereas in the presence of AWGN, 16QAM performs better than 

16PSK (as shown in Chapter 3).

Ï
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Figure 5.17: Total degradation of MC-CDMA system In the presence of SSPA non-llnearltles for 
different mapping schemes, with 16 active users

Figure 5.18 shows the power in the adjacent sidebands for MC-CDMA with different 

PSK/QAM mapping schemes. As expected, the spectral spreading reduces as the OBO 

increases. For a given OBO, the power in the adjacent sidebands for all mapping schemes is 

about the same, with BPSK being approximately 1 dB lower. This trend can be explained by the 

fact that the CCDF of the MC-CDMA signal amplitudes is about the same for all mapping 

schemes (Figure 5.19) and hence the probability of the signal reaching the non-linear region of 

the SSPA and causing out-of-band distortion is the same for all schemes.
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Figure 5.18: Power In the adjacent sidebands of the non-linearly amplified MC-CDMA signal for 
different OBOs, with different mapping schemes
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Figure 5.19: CCDF of the normalised amplitudes of MC-CDMA signal at the output of the transmitter 
for different PSK/QAM schemes, with 16 active users
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5.3.2 MC-DS-CDMA

The equivalent baseband representation of the transmitter and receiver model of MC-DS- 

CDMA used in this analysis is presented in Figure 5.20 and Figure 5.21, respectively. The 

transmitter and receiver models employed in this work are similar to implementation-1 a (CIT- 

SC) in Chapter 4.

Input
data PSK/QAM

Mapper

------Hg)-------- ► --- ►

s/p •
• IFFT

•
• P/S

•
c"(n

•

— ►(g)--------► --- ►

Add - > D/A
CP

n "

mc-ds-cdma

Figure 5.20: MC-DS-CDMA transmitter

A/D Remove
CP

PSK/QAM
DemapperFFTS/P P/S

Figure 5.21 : MC-DS-CDMA receiver

The signal at the output of the MC-DS-CDMA transmitter, s^c-ds-cdmaCO is given by:

Smc-ds-c<6na ( 0  =  ^  X
u=1 m=—=  n=0 (5.19)

where is the transmitted symbol for user u, in time slot m and subcarrier n, c"(t) is the WH

code for user u and gn(t) is the n' subcarrier (as defined in Equation (5.18)).
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As in the MC-CDMA case, the performance of the MC-DS-CDMA system in the presence 

of SSPA non-linearity has been investigated for 1, 16 and 32 active users and for BPSK, QPSK, 

16PSK and 16QAM mapping.

Performance of MC-DS-CDMA with different number of active users

Figure 5.22 shows the total degradation. To of the MC-DS-CDMA signal in the presence 

of SSPA non-linearities for different number of active users (with BPSK mapping). Observation 

of the figure shows that increasing the number of active users does not result in a significant 

change in the total degradation of the system, i.e., the total degradation for 1 user is 

approximately the same as the total degradation for 16 or 32 users. This result can be explained 

by the fact that increasing the number of users in the MC-DS-CDMA case does not result in a 

significant change in the CCDF of the MC-DS-CDMA signal amplitudes at the input of the HPA 

(Figure 5.23). Hence, the probability of the signal reaching the non-linear region of the SSPA is 

same for different number of active users.
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Figure 5.22: Total degradation of MC-DS-CDMA/BPSK in the presence of SSPA non-linearity with
different number of active users
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Figure 5.23: CCDF of the normalised amplitudes of MC-DS-CDMA/BPSK signal at the output of the 
transmitter, with different number of active users
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Figure 5.24: Power in the adjacent sidebands of the non-linearly amplified MC-DS-CDMA signal for 
different OBOs, with different number of active users

The spectral spreading of the non-linearly amplified MC-DS-CDMA signal (in terms of the 

power in the adjacent sidebands) for 16 and 32 active users is given in Figure 5.24. For a given
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OBO value, the power in the adjacent sidebands is the same for 16 and 32 users. Again, this 

result is due to the fact that the CCDF of the MC-DS-CDMA signal amplitudes does not vary 

with number of active users (Figure 5.23).

Performance of MC-DS-CDMA with different mapping schemes

Figure 5.25 presents the total degradation of MC-DS-CDMA with 16 active users for 

different mapping schemes. Observation of the figure reveals that changing the mapping 

scheme from BPSK to QPSK does not alter the optimum operating point of the HPA nor does it 

increase (Table 5.2). However, changing the mapping from BPSK to 16PSK and 16QAM

increases and moves OBOopt by 3dB and 2dB, respectively. As explained in the case of

MC-CDMA, in order to compare the performance of different mapping schemes for the same 

OBO, the power of the MC-DS-CDMA signal, at the input of the HPA has to be the same for all 

schemes. For higher order constellations, this results in a reduction in the distance between 

constellation points and hence produces an increase in the BER.

The out-of-band distortion of MC-DS-CDMA signal remains unchanged for all mapping 

schemes (Figure 5.26). This is due to the fact that the CCDF of the MC-DS-CDMA signal 

amplitude (Figure 5.27) at the input of the HPA is the same for all mapping schemes and hence 
the probability of the signal reaching the non-linear region and causing out-of-band distortion is 

the same for all mapping schemes.
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Figure 5.25: Total degradation of MC-DS-CDMA In the presence of SSPA non-llnearlty for different
mapping schemes, with 16 active users
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Figure 5.26: Power In the adjacent sidebands of the non-llnearly amplified MC-DS-CDMA signal,
with different mapping schemes
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Figure 5.27: CCDF of the normalised amplitudes of MC-DS-CDMA signal at the output of the 
transmitter, for different PSK/QAM schemes with 16 active users
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Table 5.2: Minimum total degradation, T q for MC-CDMA and MC-DS-CDMA

Number 
of active 

users
Modulation OBOopt

(dB) (dB)

MC-CDMA 16 BPSK 5 6.49

16 QPSK 5 7.41

16 16PSK 1 0 10.25

16 16QAM 1 0 10.58

32 BPSK 3 4.45

MC-DS-CDMA 1 BPSK 3 3.88

16 BPSK 3 4.26

16 QPSK 3 4.15

16 16PSK 6 6 . 8 8

16 16QAM 5 6.41

32 BPSK 3 4.71

5.3.3 Discussion of MC-CDMA and MC-DS-CDMA in the 

presence of HPA non-linearities

Section 5.3.1 and 5.3.2 presented the performance of MC-CDMA and MC-DS-CDMA in 

the presence of SSPA non-linearities. The key difference between the two multi-carrier CDMA 

schemes is the way in which the user data is spread and modulated onto the subcarriers. 

Comparison of the performance of the two multi-carrier CDMA schemes for 16 and 32 active 

users is shown in Figure 5.28 and Figure 5.29. From these figures it can be observed that for 16 

users, MC-DS-CDMA experiences lower total degradation and spectral spreading as compared 

to MC-CDMA, whereas for 32 users, the difference between the performance of the two 

schemes is not very significant. Plotting the CCDF of the signal amplitudes at the input of the 

HPA (Figure 5.30) shows that as the number of active users increase, the CCDF of the signal 

amplitude of both schemes become similar. Hence it can be concluded that for small number of 

active users, MC-DS-CDMA experiences lower in-band and out-of-band distortion compared to 

MC-CDMA, however, for large number of active users, the performance of both multi-carrier 

CDMA schemes is the same.

Figure 5.31 and 5.32 present the total degradation and spectral spreading of MC-CDMA 

and MC-DS-CDMA for different PSK/QAM mapping schemes. Observation of the figures 

reveals that for all mapping schemes, the total degradation and spectral spreading for MC-DS- 

CDMA is lower than that for MC-CDMA. Comparing the CCDF of the signal amplitudes at the 

input of the HPA (Figure 5.33) reveals that the amplitudes of MC-DS-CDMA signal are lower 

than the amplitudes of MC-CDMA signal for all mapping schemes. It is important to point out
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that the comparisons have been done for 16 active users. As seen above, the variation in the 

performance of the two schemes decreases with an increase in the number of active users, 

hence, for larger number of active users, this difference may not be as significant.
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Figure 5.28: Comparison of the total degradation of MC-CDMA/BPSK and MC-DS-CDMA/BPSK for
different number of active users
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Figure 5.29: Power in the adjacent sidebands of the MC-CDMA and MC-DS-CDMA signal for 
different OBOs, with different number of active users
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Figure 5.30: Comparison of the CCDF of the normalised amplitudes of MC-CDMA/BPSK and MC- 
DS-CDMA/BPSK signal for different number of active users
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Figure 5.31 : Comparison of the total degradation of MC-CDMA and MC-DS-CDMA for different
mapping schemes



Chapter 5: Performance of MC-CDMA and MC-DS-CDMA with higher order PSK/QAM mapping in the presence of HPA
non-linearities 130

-10

-15

-20

MC-CDMA-BPSK  
MC-CDMA-QPSK  
MC-CDMA-16PSK  
MC-CDMA-16QAM  

- e -  MC-DS-CDMA-BPSK  
-B - MC-DS-CDMA-QPSK  

M C -D S-C D M A -16PSK 
M C -D S-C D M A -16QAM

-2 5 -

-3 0 -

OBO

Figure 5.32: Power in the adjacent sidebands of the MC-CDMA and MC-DS-CDMA signal for 
different OBOs, with different mapping schemes
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Figure 5.33: Comparison of the CCDF of the normalised amplitudes of MC-CDMA and MC-DS- 
CDMA signal with different mapping schemes
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The trends observed in this research for multi-carrier CDMA with higher order mapping 

are similar to those observed in [72] and [73] for OFDM with higher order M-QAM mapping. In 

[72], the performance of M-QAM/OFDM systems is evaluated using a semi-analytical technique. 

The results show that as the value of M increases, the minimum total degradation, Tq̂  also

increases. Increasing the mapping from 4-PSK to 16-QAM results in an increase in of 2

dB. Increasing the mapping from 4-PSK to 16-QAM in MC-DS-CDMA also results in an increase 

in of 2 dB. In the case of MC-CDMA, changing the mapping from 4-PSK to 16-QAM

resulted in a greater increase in the Tq̂  (3dB).

In [73], the BER performance of M-QAM/QFDM schemes has been investigated in the 

presence of HPA non-linearities and phase noise. The results show that increasing the order of 

mapping results in an increase in the signal-to-noise ratio required for a given BER. This is 

similar to the observations made for MC-CDMA and MC-DS-CDMA in this work.

To the best of the author’s knowledge, limited research has been carried out into the 

performance of MC-CDMA and MC-DS-CDMA systems in the presence of HPA non-linearities 

[64, 65] and hence a comprehensive comparison with the work of other researchers in the field 

cannot be carried out.

5.4 Summary

The performance of multi-carrier CDMA systems in the presence of HPA non-linearities 

was presented in this chapter. The effects of HPA non-linearities on an input signal with varying 

amplitude can be classified in terms of in-band distortion (resulting in BER degradation) and out- 

of-band distortion (resulting in spectral spreading). The level of in-band distortion and out-of- 

band distortion caused by the HPA non-linearities when MC-CDMA and MC-DS-CDMA signals 

are used as inputs was investigated in terms of total degradation and spectral spreading (power 

in the adjacent sidebands).

The performance of both multi-carrier CDMA systems was investigated for different 

number of active users and different mapping schemes. The MC-CDMA and MC-DS-CDMA 

models used for the investigation are similar to the CIT implementations in Section 3.1 and 

Section 4.1, respectively.

The chapter began with background on HPA non-linearities (Section 5.1). It described the 

effects of HPA non-linearities on system performance and discussed techniques for modelling 

HPA non-linearities. Section 5.2 described the parameters used to measure the distortion 

caused by HPA non-linearities (namely total degradation (To) and spectral spreading). The 

performance of the MC-CDMA and MC-DS-CDMA system in the presence of HPA was 

presented in Section 5.3.

In the case of MC-CDMA, increasing the number of active users resulted in a reduction in 

the in-band and out-of-band distortion caused by the SSPA non-linearities. Changing the
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mapping scheme from BPSK to QPSK/16PSK and 16QAM showed that the in-band distortion of 

higher order mapping schemes (16PSK, 16QAM) was much worse than BPSK and QPSK. This 

trend was explained by the fact that in order to compare the different schemes at the same 

OBO, the power of the MC-CDMA signal at the input of the HPA has to be the same in aii 

cases. Under these circumstances, the distance between the consteiiation points for the higher 

order schemes is smailer than that for lower order schemes. The out-of-band distortion of MC- 

CDMA with different mapping schemes was observed to be the same.

In the case of MC-DS-CDMA, increasing the number of active users had no significant 

effect on the performance of the system, i.e., the in-band distortion and out-of-band distortion for 

different number of active users was observed to be the same. Changing the mapping schemes 

from BPSK to QPSK/16PSK and 16QAM showed that, as in the case of MC-CDMA, the in-band 

distortion for higher order mapping schemes was much worse than BPSK and QPSK, due to the 

fact that the comparison between the different schemes had been performed for the same OBO 

and hence the same transmitted power. The out-of-band distortion of MC-DS-CDMA for aii 

mapping schemes was observed to be the same.

Comparing the performance of the two muiti-carrier CDMA schemes revealed that for 

small number of active users, MC-DS-CDMA experienced lower distortion (both in-band and 

out-of-band) than MC-CDMA however, for iarge number of active users, the distortion 

experienced by both schemes was approximately the same.

The next chapter investigates the performance of MC-CDMA and MC-DS-CDMA in the 

presence of HPA non-iinearities using different WH code ailocation techniques. Three different 

aliocations of WH codes have been considered in order to determine whether the aliocation of 

the WH codes to different users has an effect on the ampiitudes of the transmitted signai (and 

hence the performance of the system in the presence of HPA non-iinearities).



Chapter 6 

Effects of WH code allocation on the 

systems performance in the presence of 
HPA non-linearities

In the previous chapter, it was observed that the performance of multi-carrier CDMA 

systems in the presence of HPA non-linearities was dependent on the CCDF of the signal 

ampiitudes at the input of the HPA. For example, in the MC-CDMA case, the CCDF of the signal 

amplitudes decreased with the increase in number of active users and consequently, the 

performance of the system improved with the number of active users. In the MC-DS-CDMA 

case, the CCDF of the signal amplitudes remained unchanged for different number of active 

users and hence the performance of the system in the presence of HPA also remained 

unchanged.

More specifically, the effect of the HPA non-linearities on the input signal is dependent on 

the PAPR of the input signal, i.e., the lower the PAPR, the lower the distortion caused by the 

HPA non-linearity (for a given operating point). The amplifier operating point (IBO, OBO) is set 

according to the average power of the signal"*® and hence extreme deviations from the average 

power may result in the signal reaching the saturation region and causing distortion. As 

mentioned in the previous chapter, this distortion is classified in terms of in-band distortion and 

out-of-band distortion.

Multi-carrier CDMA systems have a high PAPR. Hence the amplifier operating point has 

to be “backed off” (as described in 5.1.1) in order to avoid signal distortion. This results in 

inefficient power conversion within the amplifier. In mobile communications this also results in a

Pin and Foul in Equation 5.1 and 5 .2 .

133
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reduction of the coverage area of the transmitter. Accordingly, in applications such as mobile 

handsets, the benefits of using multi-carrier schemes are often outweighed by the high PAPR of 

the transmitted signal. Controlling the PAPR of the multi-carrier signal is an important issue.

Much research has been done on controlling the PAPR in OFDM systems and numerous 

techniques have been proposed for reducing the PAPR [99, 100, 101, 102, 103]. This chapter 

investigates the variation in PAPR of multi-carrier CDMA signals with different WH code 

aliocation strategies. It has been observed that for the MC-CDMA case, the PAPR variation of 

the signal is indeed dependent on the WH code aliocation scheme whereas for the MC-DS- 

CDMA case, the PAPR is independent of the WH code ailocation.

The variation in PAPR with WH code allocation suggests that the performance of the 

multi-carrier CDMA system in the presence of HPA non-linearities will also be dependent on the 

WH code allocation. This is investigated by studying the performance of the two muiti-carrier 

CDMA schemes with different WH code allocation strategies in the presence of SSPA non- 

linearities.

The chapter begins with an introduction to PAPR (Section 6.1). The section discusses 

why a low PAPR is desired in a system with non-iinear elements such as HPAs. The analytical 

expression used to calculate the PAPR is presented and the measurement of PAPR using 

simulation techniques described. The next section discusses the influence of spreading codes 

on the PAPR of CDMA based systems, it provides some background on spreading codes and 

then goes on to describe the Walsh-Hadamard codes. The effects of spreading codes on the 

PAPR performance of the transmitted signal in single and multi-carrier CDMA systems is then 

discussed. The following section discusses the influence of scrambling codes on the PAPR. it 

provides some background into the scrambling codes used in current CDMA based systems 

and then describes the effects of scrambling on the PAPR of MC-CDMA signal. This is followed 

by a description of the transmission scheme used for the investigation and the techniques used 

to allocate WH codes to different users. The PAPR performance of the two muiti-carrier CDMA 

systems, for different WH code aliocations is then presented together with the performance of 

both schemes in the presence of HPA non-iinearities (in terms of total degradation and spectral 

spreading). The chapter concludes with a summary.

6.1 Peak-to-average power ratio

The peak-to average power ratio gives the extent of extreme fluctuations in signal power 

over time. Aii signals (single or muiti-carrier, modulated or unmodulated) have a peak-to- 

average power ratio. The PAPR of some common wireless standards is given in Table 6.1 

[104].
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Table 6.1: PAPR for common wireless standards

Modulation PAPR(dB)
Analogue FM 0

GSM OMSK 1.5
W-CDMA QPSK/DSSS 8-9

IEEE 802.11a''® OFDM 18
dab /dvb "̂ OFDM 30

In a multi-carrier scheme, high PAPR occurs when the signals in several subchannels 

add in phase. Figure 6.1 shows the amplitude fluctuation of an MC-CDMA signal for one symbol 

duration. As can be seen from this figure, the amplitude fluctuations vary significantly, even 

within one symbol duration.

I

!

Time (s)

Figure 6.1: Amplitude variation of an MC-CDMA/16QAM symbol with 16 active users

High PAPR results in signal distortion at the transmitter, due to the non-linearity of the 

amplifier (which is caused by the fact that the amplifier is designed to accommodate the 

average signal power and not the extreme values). To avoid this distortion, the power of the 

signal at the input of the amplifier is reduced. This power reduction (or ‘back-off’) results in 

inefficient operation of the amplifier.

As described in Section 3.2.2, the PAPR of a bandpass signal, S(t) is given by:

PAPR = _EîîlL.
average (6 .1)

where Ppeak is the peak power of S(t) and Paverage is the average power of S(t).

The peak power of a bandpass signal S(t) is, by definition, the average power that would 

be obtained if the envelope of the equivalent baseband signal (|s(f)|) was held constant at its

peak value, max[|s(f)|]. This is equivalent to evaluating the average power in an unmodulated

worse case PAPR with 64 subcarriers, 
worse case PAPR with 1024 subcarriers
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sine wave that has a peak value of max[|s(f)|l [19, 8 6 f®. Hence, the peak power of S(t) is given 

as:

Ppeak = - ^ h a x | s
(6.2)

The average power of a bandpass signal S(t) is given in terms of its equivalent baseband 

representation, s(f) as:

p -  FI'^average lim dt
sig. n

(6.3)

where E[.] is the expectation operator and Dsig. is the duration of the signal. 

From Equation 6.2 and Equation 6.3, the PAPR is given by:

PAPR =
fnax|s(0 | f

lim dt
'sig. n

sig.

(6.4)

An alternative measure of the variation in envelope fluctuation of a signal is the Crest 

Factor (OF), which is defined as the maximum signal value divided by the rms signal value. For 

an unmodulated carrier, the crest factor is 3 dB whereas the PAPR is 0 dB. The 3 dB difference 

between PAPR and crest factor also applies to other signals, provided that the centre frequency 

is large in comparison with the signal bandwidth [19,105].

The crest factor of the signal can be obtained by using the following expression:

OF =

OF = -y/PAPR

max[[s(OD

lim
D.i„ — ^

(6 .5 )

6.1.1 Calculating PAPR using simuiation

The peak of a bandpass signal S(t) is given by the maximum of its envelope. In a 

simulation environment, it is difficult to obtain the real maximum of the envelope as the 

simulation has to be run for a very long period of time (over all symbol space) in order to capture 

the real peak. Hence, numerous authors present the CCDF of the PAPR instead of the actual 

PAPR values [67, 106,107].

‘The average power of a sine wave with ampiitude A is A^/2.
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In this work, the PAPR is calculated over a duration of 10000 multi-carrier CDMA 

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, 1 0 0 0 0  symbols is assumed to be 

a sufficient duration for the simulation.

In order to confirm the trends observed for the PAPR, the CCDF of the signal amplitudes 

at the output of the transmitter (input of the HPA) is also presented.

6.1.2 PAPR reduction techniques

The literature on PAPR reduction for multi-carrier transmission is fairly recent. These 

techniques were first proposed in the mid 1990s. It is difficult to classify all the proposed 

schemes into simple categories. The most accepted classification is to divide the schemes 

proposed into PAPR reduction with distortion and PAPR reduction without distortion. In the first 

case, the transmitter is not designed for the maximum PAPR range and the transmitted symbols 

are distorted. In the second case, the PAPR is reduced before the HPA and the transmitted 

symbols are not distorted.

PAPR reduction with distortion

The simplest way to reduce PAPR is to clip the signal at the transmitter to the desired 

level. However, this approach degrades the BER and increases the out-of-band radiation (as 

shown in [101]). The out-of-band radiation can be reduced by filtering the signal after clipping 

but in this case the signal peaks are partially reintroduced [108].

An alternative approach is peak windowing [100] where large signal peaks are multiplied 

by a certain window [100, 101]. In [100] a Gaussian shaped window has been employed, but in 

fact any window can be used (Cosine, Hamming, Kaiser) provided it has good spectral 

properties. Results presented in [100] and [101] show that peak windowing can reduce the 

PAPR without significantly increasing the out-of-band radiation. The effect of peak windowing on 

BER degradation is minor (It is slightly worse than clipping for small values of PAPR [101]).

Distortionless PAPR reduction

These techniques employ some form of coding to reduce the PAPR prior to the non-linear 

device. The main advantage of these techniques is that they do not cause an increase in the 

BER degradation or spectral spreading [99, 109]. However, these techniques cause a reduction 

in throughput. Numerous coding schemes have been proposed to date to reduce the PAPR of 

the transmitted multi-carrier signal. These include the use of block coding [99, 110], Golay 

complimentary code sequences [1 1 1 ] and the use of codes with error correcting capabilities 

[112].

Recently, much research has been done into the use of Partial Transmit Sequence (PTS) 

[102] and Selective Mapping (SLM) [103] for distortionless PAPR reduction. In PTS, the
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transmitter constructs it’s transmit signal with low PAPR by coordinated addition of appropriately 

phased rotated signal parts. In SLM, the transmitter selects one transmitter signal from a set of 

sufficiently different signal which represent the same signal. In both cases, the PAPR is 

reduced without distorting the transmitted signal. The main advantage of these schemes over 

schemes based on coding is the fact that they introduce little redundancy. However, this is at a 

cost of increased complexity.

6.2 Influence of spreading codes on PAPR

Spreading refers to the operation of multiplying a data sequence by a code sequence. At 

the transmitter, the user data is spread using the user specific spreading code and at the 

receiver the data is despread using a replica of the same spreading code. The basic properties 

of the spreading codes have been presented in Section 2.1.3.

In this work, WH spreading codes have been used as they provide excellent performance 

in synchronous channels.

WH codes can be constructed using the iterative procedure given by [20]:

Hi = [0 ], Hg =
0 0
0 1

,H a =

0 0 0 0
0 1 0 1
0 0 1 1
0 1 1 0 (6 .6)

^2N -
H/v
i~In (6.7)

where N is a power of 2 and the over score denotes the binary complement of the bits in the 

matrix.

Each row of the matrix in (6 .6 ) represents a user specific WH code sequence. For 

example, in the case of H4 there are 4 user specific spreading codes. The WH code for user 1 

(WH(1)) is [0 0 0 0], WH code for user 2 (WH(2)) is [0 1 0 1] and so on.

A number of authors have studied the influence of spreading codes on the PAPR of the 

transmitted signal in CDMA based systems. In [113] it has been shown that the PAPR of a 

CDMA 2000 signal is dependent on the runlength^® of the WH codes and the PAPR can be 

reduced by appropriate allocation of the WH code to the next active user. Lau [114] deals with 

the PAPR variation of IS-95 and CDMA2000 signals for different assignments of the WH codes 

and concludes that the PAPR of IS-95 and CDMA2000 can be reduced by selectively combining 

and assigning WH codes (from a set of codes) to different users. Popovic [77] has studied and 

compared the crest factor and the dynamic range of a number of different classes of spreading 

code sequences (including Gold codes. Orthogonal Gold codes and Zadoff-Chu codes) for MC- 

CDMA. Finally, Ochiai and Imai [21] have investigated the PAPR variation of MC-CDMA using

The runlength of the binary W H sequence is given as the number of continuous Os or continuous Is  in the sequence.
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different orthogonal codes (WH codes and Complementary codes) and have shown that for a 

small number of active users WH codes have a significantly higher PAPR than Complementary 

codes whereas for a fully loaded system Complementary codes have a marginally higher PAPR 

than WH codes. The authors also propose a PAPR reduction technique based on the adaptive 

use of the two orthogonal codes.

This work investigates the PAPR variation of multi-carrier CDMA systems (MC-CDMA 

and MC-DS-CDMA) with the order of WH code allocation. Section 6.4 presents the PAPR 

performance of MC-CDMA for different allocations of WH codes and investigates its 

performance in the presence of HPA non-linearities using the different allocations whereas 

Section 6.5 presents the PAPR variation of MC-DS-CDMA for different allocations of WH codes 

and investigates its performance in the presence of HPA (for the different allocations).

In this work (as in the case of the work presented in [21, 113, 114]), multi-cell operation 

has not been considered (i.e., the data is not multiplied by scrambling code before 

transmission). However, the following section provides some background on scrambling codes 

and their effects on the PAPR of the transmitted signal in a CDMA based system.

6.3 Influence of scrambling codes on PAPR

In a multi-cell environment, the user data is multiplied by a base station specific 

scrambling code as well as a user specific spreading code. The basic concept of scrambling 

was introduced in Section 2.3.3. Data scrambling is achieved by multiplying the data to be 

transmitted by a PN code. M-sequence codes and Gold codes are commonly used as 

scrambling codes in CDMA based systems.

M-sequence codes are generated using linear shift registers with feedback taps (as 

illustrated in Figure 6.2). For a shift register of size m, the period of the m-sequence code is 

equal to 2" -̂1. The number of possible codes is dependent on the number of feedback 

connections that produce an m-sequence. A list of the feedback connections for different shift 

register size is provided in numerous references [75, 76]. Unlike the WH codes described in the 

previous section, m-sequence codes are not orthogonal. However, they do have a number of 

useful properties. One of the properties which is exploited in CDMA systems is that for each m- 

sequence code, a time shifted version of the code is distinct. Hence, the number of codes is 

equal to the length of the shift register.

output

Figure 6.2: M-sequence generator of length 3
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Gold codes are generated by combining the output of two m-sequence generators (of the 

same length) using modulo-2 addition (as shown in Figure 6.3). The number of gold codes is 

also approximately equal to the period of the codes (2 "’+1 ).

output

Figure 6.3: Gold code generator of length 3

The influence of scrambling codes on the PAPR of the transmitted MC-CDMA signal has 

been recently studied at Yeungnam University, Korea. The results show that for a single user 

case, the PAPR variation is significantly effected by the scrambling code and the WH code 

allocated to the user. Each WH code has its own optimum scrambling code sequence®®. For 

larger number of active users, the PAPR variation is dependent on the scrambling code and the 

WH code combinations used. Again, each WH code combination has its own optimum 

scrambling code. Comparison of the peak power of MC-CDMA signal with and without 

scrambling showed that the peak power of the MC-CDMA signal without scrambling was higher 

than the peak power of the MC-CDMA signal with scrambling®^

6.4 MC-CDMA system performance with different WH 

code aliocations

The performance of MC-CDMA with different WH code allocations has been investigated 

using the transmitter model given in Figure 6.4. (Note that in this work, only BPSK mapping has 

been considered.) The data at the input of the transmitter is spread and modulated in the same 

way as the MC-CDMA CIT system described in Chapter 3. However, in this case, the order in 

which the WH codes are assigned to different users is varied.

“  Optimum scrambling code refers to the code which provides the lowest PAPR 
The material referred to here is based on unpublished work by K. Choi et. ai. at Yeungnam University, Korea. The 

work is expected to be published before the end of 2003.
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Figure 6.4: Transmitter diagram for the MC-CDMA system

At the receiver, the despreader, knowing the correct allocation of the codes can 

successfully recover the individual user’s data. The receiver used in this work is similar to the 

receiver model used for MC-CDMA CIT in Section 3.1.1. Hence, it has not been detailed here. 

The main system parameters for this investigation are listed in Table 6.2.

Table 6.2: MC-CDMA and MC-DS-CDMA system parameter

Parameter Value Parameter Value

Number of Users, Nusers 64 Mapping Scheme BPSK

Spreading code length, Ncode Nusers (64) FFT size, Nfft Nspread 1 0  Ngubcarriers
Number of subcarriers,

N subcarriers Ncode (64) Input sequence m-sequence

Subcarrier spacing, Af 1 /(T-Tep) Data rate (logz(M))/(T-Tcp)

Symbol duration, T 1 ps Simulation duration 1 0 0 0 0  symbols

Cyclic prefix duration, Tcp 0 . 2  ps Spreading Code WH Code

Oversampling Factor, Nspread 7

WH code allocation schemes

Three different techniques for the allocations of WH codes have been considered.

WH code allocation scheme-1

This scheme is similar to the allocation scheme used in most CDMA based systems 

(such as IS-95) where the first WH code, WH(1) is allocated to the first user (user-1), the 

second WH code, WH(2) is allocated to the second user (user-2) and so on.

WH code allocation scheme-2

This scheme is the inverse of allocation scheme-1. In this case, the last WH code 

(WH(64))®  ̂ is allocated to user-1, WH(63) is allocated to the user-2 and WH(1) is allocated to 

user-64.

Tfie maximum number of users and hence the maximum number of codes in the system is 64.
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WH code allocation scheme-3

In this scheme, a specific allocation of WH codes has been used. The code allocation 

was obtained by generating several permutations of the WH code indices (1 to 64) and studying 

the PAPR of the signal at the output of the transmitter for each permutation. The different 

permutations considered and the PAPR for each permutation is given in Appendix D. The 

allocation which produced a low PAPR for small number of active users was chosen for this 

work.

The WH code indices for each of the three allocation schemes is given in Table 6.3.

Table 6.3: WH code indices for different allocation schemes

User 1 2 3 4 5 6 7 8 9 10 11 12 61 62 63 64
Scheme 1 1 2 3 4 5 6 7 8 9 10 11 12 61 62 63 64
Scheme 2 64 63 62 61 60 59 58 57 56 55 54 53 4 3 2 1
Scheme 3̂ ^ 21 54 3 17 39 50 15 22 45 33 16 62 13 28 55 26

6.4.1 PAPR of MC-CDMA with different WH code allocations

The PAPR of the MC-CDMA signal, s,^.cdmai^) at the output of the transmitter is 

presented in Figure 6.5 for the three WH code allocation schemes described above.

F  12

Allocation Scheme- 
- e -  Allocation Scheme-! 

Allocation Scheme-:

50
Numtjer of Active Users

Figure 6.5: PAPR of MC-CDMA signal with different aliocations of the WH codes

The complete list for allocation scheme-3:
21 54 3 17 39 50 15 22 45 33 16 62 58 4 20 37 56 43 41 31 57 1 63 51 29 8 34 53 11 12 23 5 
40 49 47 18 36 60 7 48 64 42 59 35 14 38 10 30 2 27 46 44 32 9 19 52 25 61 6 24 13 28 55 26
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Observation of Figure 6.5 shows that the PAPR performance of the MC-CDMA system is 

influenced significantly by the WH code sequence allocation, for example, the PAPR of 

allocation scheme-1 is much higher than that of allocation scheme-3. Obviously this is only the 

case for a small number of active users. For a large number of active users, any code allocation 

yields approximately the same PAPR.

As described in Section 6 .1 .1 , in a simulation environment, it is difficult to obtain the real 

peak (and hence the real PAPR of the signal) as the simulation has to be run for a very long 

time, over all symbol space. Hence, in order to confirm the trends observed for the PAPR 

variation, the CCDF of the signal amplitudes at the output of the transmitter have been plotted in 

Figure 6 . 6  for different number of active users. The CCDF graphs confirm the trends observed 

for the PAPR variation in Figure 6.5 (i.e., for a single user case, allocation scheme-2 has the 

lowest signal amplitudes and hence the lowest PAPR at the output of the transmitter, whereas 

allocation scheme-1 has the highest signal amplitudes and the highest PAPR at the output of 

the transmitter. For the 32 user case, allocation scheme-3 has the lowest signal amplitudes and 

the lowest PAPR at output of the transmitter, whereas allocation scheme-2 has the highest 

signal amplitudes and hence the highest PAPR).

1 User

—  Allocation Scheme-1
—  Allocation Scheme-: 

Allocation Scheme-:

Normalised Amplitude

\ y . 16 Users

—  Allocation Scheme-1)
—  Allocation Scheme-a 

Allocation Scheme-:)

Normalised Amplitude

32 Users

—  Allocation Scheme-1 
Allocation Scheme-: 
Allocation Scheme-:

4 « I
Normalised Amplitude

Figure 6.6: CCDF of the MC-CDMA signal amplitudes at the output of the transmitter with different
WH code allocations

The variation in the PAPR performance with the allocation of the WH codes can be 

explained as follows. In an MC-CDMA system (Figure 6.4), the amplitude of the signal at the 

output of the transmitter is determined by the data transmitted over the individual subcarriers.
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More specifically, the amplitude of the signal at the output of the transmitter is determined by 

(Figure 6.4). For a given MC-CDMA symbol, the value of is the same over all 

subcarriers. Hence, the amplitude of the signal at the output of the transmitter is dependent on 

, the individual chips of the user specific WH code.

It has been stated in [21, 110] that binary sequences with the same odd and even bit 

values generate the highest PAPR. In the case of a 64x64®'̂  WH code matrix (given in [16]), 

WH(1) consists of all Os and WH(2) consists of alternate Is  and Os. Hence, WH(1) and WH(2) 

generate the highest PAPR.

From Table 6.3, it can be observed that in the case of allocation scheme-1, the “bad’̂  ̂

WH code sequences appear at the beginning, i.e., they are assigned to user-1 and user-2 

(shaded region in Table 6.3). Hence, in this case, the PAPR for the first few active users is very 

high. In allocation scheme 2, the “bad” sequences are allocated to the users at the end. In this 

case, the transmitted signal consists of the superposition of all the users data and therefore the 

overall PAPR is much lower than that of allocation scheme-1. In allocation scheme-3, the “bad” 

sequences are allocated to users in the middle (user-22 and user-49). In this case, the 

transmitted signal consists of the superposition of a number of active user’s data and therefore 

the overall PAPR at the output of the transmitter is lower than that of allocation scheme-1.

Observation of Figure 6.5 also reveals that as the number of users increases, the 

difference between the PAPR obtained with different allocations reduces. (This trend is also 

observed for DS-CDMA in [114].) For a fully loaded system, the PAPR of all 3 allocations is 

approximately the same. This is because of the fact that in a fully loaded system, all three 

allocation schemes will utilise all 64 codes.

The results presented on Figure 6.5 and Figure 6 . 6  suggests that in the presence of HPA 

non-linearities some MC-CDMA signals may perform better than others, depending on the WH 

code allocation strategy. To be precise, MC-CDMA signals whose code allocation yields a lower 

PAPR (allocation scheme-3) would perform better than MC-CDMA signals whose code 

allocation yields a higher PAPR (allocation scheme-1). This has been investigated in the next 

section.

6.4.2 Performance of MC-CDMA in the presence of non- 
linearities with different WH code allocations

The performance of MC-CDMA system is investigated in the presence of SSPA non- 

linearities described in Section 5.1.3 and Section 5.1.4, in terms of total degradation and power 

in the adjacent sidebands (Section 5.2) for the three WH code allocation schemes described 

above.

^  A 4x4 W H matrix is given in (6.6).
’ W H codes sequences consisting of the same odd and even bit values are referred to as “bad” sequences in this work.
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The in-band distortion caused by the SSPA non-linearities is given in Figure 6.7, Figure 

6 . 8  and Figure 6.9 in terms of the total degradation, for 1,16 and 32 active users. Observation 

of the figure reveals that the performance of MC-CDMA in the presence of SSPA non-linearities 

is indeed dependent on the WH code allocation technique. The variation in performance is 

particularly significant for a small number of active users, where the PAPR (and the CCDF of 

the transmitted signal amplitudes) has been found to vary greatly as a function of the WH code 

allocation. The variation in performance is not so significant for a larger number of active users 

(Figure 6.9), where it has been found that any code allocation yields approximately the same 

PAPR.

Studying the out-of-band distortion of the system in terms of power in the adjacent 

sidebands (Figure 6.10) reveals that as the number of active users increases, the difference 

between the power in the adjacent sidebands for different allocations reduces. Hence, as the 

difference between the PAPR variation for the three allocations reduces, the difference in the 

out-of-band distortion for the three allocations also reduces.

For a given number of active users, the dependence of spectral spreading on PAPR 

variation is more evident for small OBO values (<5dB) than large OBO values. For example, for 

all three allocation schemes, the spectral spreading of the different allocations is in step with the 

PAPR variation for 0B0=3 dB and 0B0=4 dB. For OBO values greater than 4dB, this is no 

longer the case.
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Figure 6.7: Total degradation of MC-CDMA with different allocations of WH codes for 1 active user
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Figure 6.8: Total degradation of MC-CDMA with different allocations of WH codes for 16 active
users
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Figure 6.9: Total degradation of MC-CDMA with different allocations of WH codes for 32 active
users
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Figure 6.10: Power In the adjacent sidebands of non-llnearly amplified MC-CDMA signal with
different allocations of the WH code

6.5 MC-DS-CDMA system performance with different 

WH code aiiocations

This section describes the performance of MC-DS-CDMA with different allocations of the 

WH codes. The MC-DS-CDMA scheme employed in this investigation is similar to the MC-DS- 

CDMA CIT scheme described in Chapter-4. The transmitter model is shown in the figure below.

Input
data BPSK

Mapper S/P

* 0 -

xg>-

 M g i -

IFFT • P/S
•
•

Add - > D/A
CP

mc-ds-cdma

Figure 6.11 : MC-DS-CDMA transmitter
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The order in which the WH codes are allocated to different users is the same as the 

allocation schemes described in Section 6.4 for the MC-CDMA case (summarised in Table 6.3).

6.5.1 PAPR of MC-DS-CDMA with different WH code 

allocations

The PAPR of the MC-DS-CDMA signal at the output of the transmitter, for the three 

different WH code allocations is presented is Figure 6.12. Observation of the figure reveals that 

using different allocations of the WH codes does not have a significant effect on the PAPR of 

the transmitted signal. The CCDF of the MC-DS-CDMA signal amplitudes (Figure 6.13) also 

shows that the signal amplitudes at the output of the transmitter are independent of the WH 

code allocation, i.e., for a given number of active users, the CCDF of the signal amplitudes at 

the output is the same for all three allocations.
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Number of Active Users

Figure 6.12: PAPR of MC-DS-CDMA signal with different allocations of the WH codes

The trend observed in Figure 6.12 for the PAPR variation with different allocations of the 

WH codes can be explained as follows. The amplitude of the MC-DS-CDMA signal at the output 

of the transmitter in Figure 6.11 is determined by the data transmitted over the individual 

subcarriers, (Figure 6.11). is the product of the parallel output of the S/P converter 

and the user specific WH code. In the case of MC-DS-CDMA, each parallel stream is multiplied 

by the same copy of the spreading code and therefore, for a given MC-DS-CDMA symbol, the 

value of c%; is the same over all subcarriers. Hence, the amplitude variation of the signal at the
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output of the transmitter is dependent on the parallel output of the S/P converter. The user data 

at the input of the S/P converter is random in nature and therefore the possibility of getting an 

input sequence with the same odd and even bit values for the length Ns/p is very small.

1 User

Allocation Scheme-1 
Allocation Scheme-: 
Allocation Scheme-!

Normalised Amplitude

16 Users

Allocation Scheme-1 
Ailocation Scheme-: 

—  Allocation Scheme-!

32 Users

Allocation Scheme- 
Allocation Scheme-: 
Allocation Scheme-

Normalised Amplitude Normalised Amplitude

Figure 6.13: CCDF of the MC-DS-CDMA signal amplitudes at the output of the transmitter with
different WH code allocations

The nearly constant PAPR for the different allocation schemes suggests that the 

performance of MC-DS-CDMA signal in the presence of HPA non-linearities is independent of 

the WH code allocation scheme. This is investigated in the next section.

6.5.2 Performance of MC-DS-CDMA in the presence of non- 
linearities with different WH code aiiocations

As in the MC-CDMA case, the performance of MC-DS-CDMA in the presence of SSPA 

non-linearities is studied for 1, 16 and 32 users in terms of total degradation and spectral 

spreading. Figure 6.14, Figure 6.15 and Figure 6.16 show the total degradation of the MC-DS- 

CDMA system for 1, 16 and 32 users, respectively. Observation of these figures reveals that the 

in-band distortion of MC-DS-CDMA (in terms of To) is indeed nearly independent of the WH 

code allocation scheme.

The spectral spreading of the MC-DS-CDMA system in terms of the power in the adjacent 

sidebands is given in Figure 6.17. The results presented in this figure show that the out-of-band 

distortion of MC-DS-CDMA system is also independent of the WH code allocation, i.e., for a
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given number of active users, the power in the adjacent sidebands is the same for all three 

allocation schemes.
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Figure 6.14: Total degradation of MC-DS-CDMA with different allocations of WH codes for 1 user
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Figure 6.15: Total degradation of MC-OS-CDMA with different allocations of WH codes for 16 users
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Figure 6.16: Total degradation of MC-DS-CDMA with different allocations of WH codes for 32 users
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Figure 6.17: Power in the adjacent sidebands of non-linearly amplified MC-DS-CDMA signal with
different allocations of WH code

It is important to point out that the results presented in this chapter have been obtained 

for a system which does not include scrambling codes. As stated in Section 6.3, the PAPR of
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the multi-carrier CDMA signai is infiuence by the scrambling process as weii as the spreading 

process. Hence, the PAPR variation and the performance of the system in the presence of non- 

linearities wiii differ when a multi-cell scenario is considered. Further work is required to anaiyse 

the effects of the spreading code allocation strategies in a multi-carrier CDMA system with 

scrambiing.

6.6 Summary

The performance of multi-carrier CDMA systems with different WH code aiiocation 

schemes was investigated in this chapter. Three different schemes for the aiiocation of WH 

codes to different users were considered and their effects on the PAPR of the transmitted signai 

investigated. It was observed that in the case of MC-CDMA, the PAPR of the transmitted signai 

was significantly influenced by the WH code allocation scheme, particularly when the number of 

active users was smaii. For iarge number of active users, aii aiiocation schemes produce the 

same PAPR. In the case of MC-DS-CDMA, changing the aiiocation of the WH codes had no 

significant effect on the PAPR of the transmitted MC-DS-CDMA signai.

As the performance of a signal in the presence of HPA non-linearities is dependent on 

the PAPR of the signai at the input, the performance of the two muiti-carrier CDMA schemes 

with different WH code aiiocations was investigated in the presence of HPA non-linearities. The 

resuits showed that for the MC-CDMA case, the in-band and out-of-band distortion of the 

system was effected by the aiiocation of the WH code, especiaiiy when the number of active 

users was smaii. In the MC-DS-CDMA case, changing the allocation of the WH code made iittie 

difference to the in-band and out-of-band distortion of the system.

The work presented in this chapter introduces a technique for reducing the PAPR of the 

MC-CDMA system (and hence improvement in the performance of the system in the presence 

of HPA non-iinearities) by appropriate aiiocation of the WH codes to different users in the 

system. Uniike most of the PAPR reduction schemes, this technique does not result in reduction 

in throughput or increased complexity. Further work is now required to anaiyse the effects of the 

spreading code aiiocation strategies in a multi-carrier CDMA system with scrambiing.

The next chapter presents conciuding remarks and summarises the main outcomes of the 

research work, together with suggestions for further work.



Chapter 7 

Concluding remarks
Design issues related to multi-carrier CDMA systems have been addressed in this thesis. 

The combination of multi-carrier CDMA with higher order PSK/QAM mapping schemes has 

been investigated by the modelling and simulation of various architectures in the presence of 

AWGN and HPA non-linearities.

The concept of multi-carrier CDMA was introduced in Chapter 2. The chapter outlined the 

fundamentals of CDMA and MCM and detailed the three main multi-carrier CDMA schemes 

proposed in the literature (namely, MC-CDMA, MC-DS-CDMA and MT-CDMA).

The combination of multi-carrier CDMA with higher order PSK/QAM mapping schemes 

was investigated through the study of a generic architecture and the proposals of new 

implementation strategies in Chapter 3 and Chapter 4.

Two different architectures for combining MC-CDMA with PSK/QAM mapping were 

presented in Chapter 3. The first architecture combined the input data in serial format and was 

termed combining in time (CIT) whereas the second architecture combined the data in parallel 

format and was termed combining in frequency (CIF). Increasing the order of the PSK/QAM 

scheme in the first case results in an increase in the number of data bits transmitted over a 

given timeslot whereas increasing the order of the mapping in the second case resulted in a 

reduction in the number of subcarriers (and hence a reduction in the transmitted signal 

bandwidth).

Investigation of the performance of the two implementations (in terms of power efficiency, 

PAPR, spectral efficiency and implementation complexity) showed that increasing the order of 

PSK/QAM scheme in MC-CDMA CIT resulted in a degradation in the power efficiency and an 

increase in the spectral efficiency. The PAPR also increased for higher order mapping schemes 

however, this was only significant for small number of active users. The implementation 

complexity for different mapping schemes remained unchanged. Hence, increasing the order of

153
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the mapping scheme in the MC-CDMA CIT case resulted in better spectral efficiency, at a cost 

of reduced power efficiency.

Increasing the order of the PSK/QAM mapping scheme in MC-CDMA CIF case resulted 

in severe degradation in the BER performance and an improvement in the spectral efficiency 

and implementation complexity. The PAPR showed slight variation the different mapping 

schemes. Hence, in the case of MC-CDMA CIF, increasing the order of mapping results in 

better spectral efficiency and reduced implementation complexity, at a cost of reduced power 

efficiency.

Comparison of the performance of the two MC-CDMA implementations (CIT and CIF), for 

a given PSK/QAM mapping scheme showed that CIT provided better BER performance 

compared to CIF, however, CIF provided considerable reduction in terms of the implementation 

complexity (given throughout this thesis in terms of MOPS) and a small advantage in terms of 

the PAPR.

The BER comparison for the two implementations was carried out for a single user case 

as the simple receiver structure proposed for CIF could only successfully operate for a single 

user case. Multiuser structures were not studied here and should be the subject of future 

research.

The performance of MC-DS-CDMA incorporating higher order PSK/QAM mapping was 

the subject of Chapter 4. In the case of MC-DS-CDMA, three different implementations for 

incorporating PSK/QAM mapping into the MC-DS-CDMA scheme were considered. The first 

implementation was similar to the MC-CDMA CIT implementation in which the input data was 

combined in serial format before being spread and multi-carrier modulated and was referred to 

as CIT-SC. The second implementation was a modification of the first in which the input data 

was combined in parallel before being spread and multi-carrier modulated. This implementation 

was referred to as CIT-PC. The final implementation was similar to the CIF implementation of 

MC-CDMA in which the data was combined in parallel after being spread but before being multi­

carrier modulated.

Investigating the performance of the three MC-DS-CDMA implementations for different 

PSK/QAM schemes showed that in the case of CIT-SC, increasing the order of mapping 

resulted in increased spectral efficiency. However, it also resulted in greater BER degradation. 

The PAPR variation and MOPS requirements remained unchanged for the different mapping 

schemes.

Increasing the order of the mapping scheme in CIT-PC resulted in improved spectral 

efficiency and reduced implementation complexity at the cost of increased BER degradation.

In the case of MC-DS-CDMA CIF, increasing the order of the mapping scheme reduced 

the number of subcarriers. It also resulted in improved spectral efficiency and reduced 

implementation complexity. However, it also caused degradation in the BER performance.

Comparing the performance of the three MC-DS-CDMA implementations showed that for 

a given mapping scheme, CIT-SC and CIT-PC provided the same spectral efficiency and power
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efficiency, however, CIT-SC could accommodate higher number of data bits over a given 

symbol duration whereas CIT-PC could provide reduced implementation complexity. An 

advantage of using CIT-PC instead of CIT-SC is that it performs the mapping at a lower rate.

The effects of HPA non-linearities on the performance of multi-carrier CDMA systems 

incorporating higher order PSK/QAM mapping was the subject of Chapter 5. The effects of an 

HPA on an input signal with varying signal amplitude are classified in terms of in-band distortion 

(resulting in BER degradation) and out-of-band distortion (resulting in spectral spreading). The 

level of in-band and out-of-band distortion caused by the HPA (when MC-CDMA and MC-DS- 

CDMA signals were used as inputs) was investigated in terms of total degradation (To) and 

power in the adjacent sidebands.

The performance of the two multi-carrier CDMA schemes was analysed for 1, 16 and 32 

active users in order to study the effect of changing the number of active users on the 

performance of the system. In the MC-CDMA case, it was observed that the in-band distortion 

of the system improved with an increase in the number of active users. This trend was 

explained through the study of the CCDF of the signal amplitudes, at the input of the HPA. The 

study showed that as the number of active users increased, the range of amplitudes present in 

the transmitted MC-CDMA signal decreased and hence the probability of the signal reaching the 

saturation region also decreased.

In the MC-DS-CDMA case, it was observed that changing the number of active users did 

not have an effect on the in-band distortion of the system. This was observed to be due to the 

fact that the range of amplitudes present in the transmitted MC-DS-CDMA signal were 

independent of the number of active users.

Comparison of the performance of the two multi-carrier CDMA systems for different 

number of active users showed that MC-DS-CDMA experienced lower in-band distortion as 

compared to MC-CDMA systems, for small number of active users. For large number of active 

users, the difference in performance of the two systems was not significant.

The out-of-band distortion of MC-CDMA was observed to improve with the number of 

active users (due to the fact that as the number of active users increased, the amplitudes of the 

transmitted signal reduced). The out-of-band distortion of MC-DS-CDMA was observed to be 

independent of the number of active users. Overall, the out-of-band distortion of MC-DS-CDMA 

was lower than MC-CDMA. Hence, if adjacent channel interference is a critical issue in the 

system, MC-DS-CDMA should be preferred over MC-CDMA.

Investigating the performance of the two multi-carrier CDMA systems in the presence of 

HPA non-linearities with different PSK/QAM mapping schemes showed that in both systems 

(MC-CDMA and MC-DS-CDMA), increasing the order of mapping increased the total 

degradation. To, of the system. Overall, the total degradation for MC-DS-CDMA was much 

lower than that for MC-CDMA. Increasing the order of the mapping scheme did not have a 

significant effect on the out-of-band distortion of either scheme. This was attributed to the fact 

that the amplitudes of the transmitted signal for different PSK/QAM mapping remained
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unchanged (for a given multi-carrier CDMA scheme). It was concluded that increasing the data 

rate of the system by using higher order mapping did not affect the adjacent channel 

interference of the system and only caused an increase in the BER degradation.

The variation of multi-carrier CDMA system performance with the allocation of WH codes 

was studied in Chapter 6 . The investigation concluded that in the MC-CDMA case, changing the 

allocation of the WH code sequence affected the BER performance and spectral spreading of 

the system in the presence of HPA non-linearities (particularly for a small number of active 

users). In the MC-DS-CDMA case, changing the allocation of the WH codes did not cause a 

significant change in the BER performance of the system nor did it affect the spectral spreading 

of the transmitted signal. The results showed that the performance of an MC-CDMA system in 

the presence of HPA non-linearities can be improved by simply changing the allocation of the 

WH codes to different users. Judicious choice of the WH codes is expected to result in 

improvement in the performance without reduction in throughput or increase complexity.

7.1 Recommendations for future work

Based on the knowledge and experience acquired during this work, several areas for 

future research can be suggested. These are:

• Development of a receiver architecture (based on soft demodulation) to facilitate the 

successful demodulation of multiuser signal for implementation-2 (CIF) in Chapter 3 and 

Chapter 4.

• Extension of the work presented in Chapter 5 to consider the effects of a multipath fading 

channel. The performance of MC-CDMA and MC-DS-CDMA incorporating different 

mapping schemes, in the presence of AWGN and AWGN-HPA has been studied in this 

work, assuming a non-fading channel. However, consideration of the performance of these 

PSK/QAM schemes in the presence of AWGN, HPA and multipath is an important area of 

research for wireless system.

• The multi-carrier CDMA systems used in this research have been assumed to be 

synchronous. In order to acquire further insight into the performance of multi-carrier CDMA 

systems with higher order mapping, the effects of frequency offset and timing offset should 

also be considered.

• The investigation presented in Chapter 6  showed that the performance of the MC-CDMA 

system in the presence of HPA non-linearities was significantly influenced by the allocation 

of the WH codes to different users. Hence, the degradation caused by the HPA can be
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reduced by appropriate allocation of the WH codes. Further work is required to develop a 

scheme for code allocation.

This work has employed the WH codes for user separation. Research can be extended to 

investigate the variation of PAPR (and the performance of the MC-CDMA system in the 

presence of HPA no-linearities) using other orthogonal code sets such as complementary 

codes.



Appendix A 

MC-CDMA CIF receiver
The simple receiver model proposed for MC-CDMA Implementation-2 (CIF) In Chapter 3 

can only successfully demodulate data for a single user case due to the fact that HDD Is 

performed before user separation (despreading). This appendix demonstrated how HDD before 

user separation can result In demodulation errors. A simple set-up Is considered with two 

receiver models (one with HDD and one without HDD) and It Is shown that the receiver without 

HDD can successfully demodulate data for a multiple user case whereas the one with HDD 

produces errors.

Figure A.1 shows the simplified transmitter model for MC-CDMA Implementation 2 (CIF).
|[1 01

(1 - 1]

[1 01

(1 - 1]

BPSK

BPSK

BPSK

Multi-Carrier
Modulation

Figure A.1 : MC-CDMA CIF transmitter- model A

If the data at the input of the transmitter Is of the form [1 -1] and the code chips are of the 

form [-1 1] (as shown In Figure A.2), then the product of the two will be the same as the data at 

the output of the BPSK mapper In Figure A.1, provided the following mapping rule Is used.

Model A Model B
Data bit 0 -1

1 1
Code chip 0 1

1 -1

158
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In order to distinguish between the two cases, the transmitter model presented in Figure 

A.1 is referred to as model A and the transmitter model presented in Figure A.2 is referred to as 

model B.

[1 - 1]

[1 -1]

Mulli-Carrier

Modulation

[1 - 1]

Figure A.2: MC-CDMA CIF transmitter-model B

For the two transmitter models shown above, the corresponding receiver models are 

presented in Figure A.3 and Figure A.4.

[1 0 ]

[1 - 1][1 0 ]

[1 - 1 ]

[1 0 ]

Bin—►int-

Bin—H n t

BPSK
Demod.

BPSK
Demod.

BPSK
Demod.Multi-Carrier

Demodulation

Figure A.3: MC-CDMA CIF receiver-model A

Multi-Carrier

Demodulation

Figure A.4: MC-CDMA CIF receiver-model B

As the transmitted data is the same in both cases, it can be demodulated by either one of 

the receivers shown in Figure A.3 and A.4.
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Consider a system with two active users and a perfect channel, with the following 

parameters:

Maximum number of users 4

Length of WH code 4

Number of subcarriers 4

Input

Model A 0 or 1

Model B (-1) or 1

WH code for user-1

Model A 0 0 0  0

Model B 1 1 1 1

WH code for user 2

Model A 10  10

Model B - 1 1 - 11

For a system with 2 active users, there are 4 possible input scenarios (Table A.1).

Table A.1: Input scenarios for two active users

Scenario-1 Scenario-2 Scenario-3 Scenario-4
User M odel-A(M odel-B) M odel-A(Model-B) M od0 l-A(M odel-B) M odel-A(M odel-B)

1 0 (-1 ) 1 (1 ) 1 (1 ) 0 (-1 )
2 1 (1 ) 1 (1 ) 0 (-1 ) 0 (-1 )

The following sections present the data at various points in the transmitter and receiver 

for the 4 possible input scenarios, for model A and model B.

A.1 Model A

Scenario-1

Transmitter

Input W H  Code Input©  Code BPSK Mod.
User-1 0 0000 0000 -1 -1 -1 -1
User-2 1 1010 0101 - 1 1 - 1 1

Transm itted data -2 0 -2  0

Receiver

Received
Data

BPSK
Splice

Demod.
Dem ap

W H
Code

Decoded
output

Bin-to-int I >0=1
50=0

User-1 -2 0 -2  0 - 1 1 - 1 1 0 1 0  1 0000 0101 - 1 1 - 1 1 0 0
User-2 -2 0 - 2  0 - 1 1 - 1 1 0 1 0  1 1010 1111 1111 4 1

In this case, the user data is successfully recovered at the receiver.
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Scenario-2

Transmitter

Input WH Code Input© Code BPSK Mod.
User-1 1 0000 1111 1111
User-2 1 1010 0101 - 1 1 - 1 1

Transmitted data 0 2  0 2

Receiver

Received
Data

BPSK
Splice

Demod.
Demap

WH
Code

Decoded
output Bin-to-int I >0=1 

V 50=0
User-1 0 2  0 2 1111 1111 0000 1111 1111 4 1
User-2 0 2 0 2 1111 1111 1010 0101 - 1 1 - 1 1 0 0

In this case, the recovered data at the output of the receiver (for user-2) is not the same 

as the transmitted data and hence an error has occurred.

Scenario-3

Transmitter

User-1
User-2

Input WH Code
0000
1010

Input© Code
1111
1010

Transmitted data

BPSK Mod.
1111

1 -1 1 - 1

2 0 2 0

Receiver

Received
Data

BPSK
Splice

Demod.
Demap

WH
Code

Decoded
output Bin-to-int I >0=1

50=0
User-1 2 0 2 0 1111 1111 0000 1111 1111 4 1
User-2 2 0 2 0 1111 1111 1010 0101 - 1 1 - 1 1 0 0

Scenario-4

Transmitter

Input WH Code Input© Code BPSK Mod.
User-1 0 0000 0000 -1 -1 -1 -1
User-2 0 1010 1010 1- 11 - 1

Transmitted data 0 -2  0 -2

Receiver

Received
Data

BPSK
Splice

Demod.
Demap

WH
Code

Decoded
output Bin-to-int I >0=1

50=0
User-1 0 -2  0 -2 1 - 11 - 1 1010 0000 1010 1 - 1 1 - 1 0 0
User-2 0 -2  0 -2 1 - 11 - 1 1010 1010 0000 -1-1-1-1 -4 O'

From the tables above, it can be seen that in the case of scenario-1, 3 and 4 the 

transmitted user data is recovered correctly at the receiver. However, in the case of scenario 2, 

the second user’s data is not recovered correctly and hence an error has occurred.

In order to confirm that the error in demodulation occurs due to the hard decision 

demapping, model B employs a receiver which does not require hard decision demapping 

before user separation.
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The next section considers the 4 input scenarios for model B. The mapping of the input 

data and the WH codes is done such that the data transmitted on each subcarrier is the same 

for model A and model B.

A.2 Model B

Scenario-1

Scenario-2

Scenario-3

Scenario-4

Transmitter

Input WH Code Input X Code
User-1 -1 1111 -1 -1 -1 -1
User-2 1 - 1 1 - 1 1 - 1 1 - 1 1

Transmitted data -2 0 -2  0

Receiver

Received
Data

WH
Code

Decoded
data I >0=1

S0=0
User-1 -2 0 -2  0 1111 -2 0 -2  0 -4 -1
User-2 -2 0 -2  0 - 1 1 - 1 1 2 0 2 0 4 1

Transmitter

Input WH Code Input X Code
User-1 1 1111 1111
User-2 1 - 1 1 - 1 1 - 1 1 - 1 1

Transmitted data -0 2 0 2

Receiver

Received
Data

WH
Code

Decoded
data I >0=1

50=0
User-1 0 2 0 2 1111 0 2 0 2 4 1
User-2 0 2 02 - 1 1 - 1 1 0 2 0 2 4 1

Transmitter

Input WH Code Input X Code
User-1 1 1111 1111
User-2 -1 - 1 1 - 1 1 1- 11 - 1

Transmitted data 2 0 2 0

Receiver

Received
Data

WH
Code

Decoded
data I >0=1

50=0
User-1 2 0 2 0 1111 2 0 2 0 4 1
User-2 2 0 2 0 - 1 1 - 1 1 -2 0 - 2  0 -4 -1

Transmitter

Input WH Code Input X Code
User-1 -1 1111 -1 -1 -1 -1
User-2 -1 - 1 1 - 1 1 1 - 11 - 1

Transmitted data 0 -2  0 -2
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Receiver

Received
Data

WH
Code

Decoded
data I >0=1

^0=0
User-1 0 -2  0 -2 1111 0 -2  0 -2 -4 -1
User-2 0 -2  0 -2 - 1 1 - 1 1 0- 2  0- 2 -4 -1

From the tables in this section it can be observed that in the case of model B the 

recovered data is the same as the transmitted data for all input scenarios.

As the data at the input of the receiver is the same in both cases (model A and model B), 

it can be concluded that the error in demodulation in model A occurs due to the hard decision 

demapping before despreading.



Appendix B 

Modelling Issues

B.1 Setting Eb/No
The Eb/No value is calculated by first measuring the energy per bit, Eb for the multi-carrier 

CDMA signal and then calculating the No for a given E b /N o (d B ).

J
= 10 log

dB (B.1)

The Energy per symbol is defined as:

^symb ^ dt (B .2 )

The integration is done over Tcp to T in order to avoid energy loss due to the CP.

In the case of CIT, each symbol transmits k (where k=log2M) input bits per symbol and 

hence the energy per bit, Eb is defined as:

Eh = ■symb

N a c t k

dt
(B.3)

N a c t k

where E[.] denotes the expectation operator and Nact is the number of active users in the 

system.
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In the case of CIF, each symbol carriers a single input bit, hence Eb is given as:

8.2 Setting 0 8 0

The OBO is defined as:

Eh = ■symb

N act

Nact

(B.4)

OBO = 10 log
/  p \

p
V ^out J

'sat

lim ^  Hy(0|Pdt
sig. Q

(B.5)

where Asat is the saturation amplitude of the amplifier related to the output, y(t) is the 

signal at the output of the amplifier and Dgig. is the duration of y(t).

G.x(t)
HPA

Y(t)

Figure B.1: HPA Input/output

The input to the HPA is multiplied by a gain variable, G (Fig. B.1). By altering the value of 

G, the output power can also be altered and hence the OBO can be set to some predefined 

value.
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BER performance of MC-CDMA CIF
In this appendix, the BER performance of MC-CDMA implementation 2 (CIF) with BPSK 

mapping is considered for two different receiver models in order to show that the degradation in 

the BER is due to the fact that the HDD is performed before despreading in the receiver. The 

first receiver model employs a HDD technique whereas the second model does not employ a 

HDD technique. The transmitter model and the two receiver models are shown in Figure C.1, 

C.2 and C.3 respectively.

|[1 0]
(1 - 1]

[1 - 1]

[1 - 1 ]

BPSK

BPSK

BPSK

Mulli-Carrier

Modulation

Figure 0.1 : MC-CDMA CIF transmitter

[1 0]
[1 - 1][1 0 ]

[1 0 ]

[1 - 1][1 0 ]

[1 - 1 ][1 0 ]

Bln—►inh

Bin—►int

>0=1S0=0
BPSK

Demod.

BPSK
Demod.

BPSK
Demod.

Demodulation

Multi-Carrier

Figure C.2: MC-CDMA CIF receiver-model A
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Bin-to-lnMulti-Carrier

Demodulation

Figure C.3: MC-CDMA CIF receiver-model B

To confirm that the two receivers are similar, a simple set-up with the following 

parameters is considered:

No AWGN 

Number of users: 1 

Maximum number of users: 4 

WH code length: 4 

Input: 0 or 1

WH code allocation for the active user: 1010 

Mapping rule

Model A Model B
Data bit 0 -1

1 1
Code chip 0 1

1 -1

As there is only 1 active user, there are just two possible input scenarios: 1 and 0. The 

following tables present the data at various points in the transmitter and receivers for the 2 input 

scenarios.

Transmitter

Input WH Code Input© Code BPSK Mod.
0 1010 1010 1 - 11 - 1 1 - 11 - 1
1 1010 0101 - 1 1 - 1 1 - 1 1 - 1 1

Receiver -  Model A

Received
Data

BPSK
Splice

Demod.
Demap

WH
Code

Decoded
output Bin-to-int I >0=1

S0=0
1 - 1 1 - 1 1 - 11 - 1 1010 1010 0000 -1 -1 -1 -1 -4 0
- 1 1 - 1 1 - 1 1 - 1 1 0101 1010 1111 1111 4 1

Receiver -  Model B

Received
Data

WH
Code

Decoded
data I >0=1

<0=0 Bin-to-int

1 - 11 - 1 - 1 1 - 1 1 -1 -1 -1 -1 -4 -1 0
- 1 1 - 1 1 - 1 1 - 1 1 1 1 1 1 +4 +1 1
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Hence in the absence of AWGN, both receivers demodulate the user data correctly.

Investigating the performance of these two schemes in the presence of AWGN (Figure 

0.4) shows that in the case of model B, the performance of the system is the same as 

theoretical performance of BPSK (in a single carrier, single user case) whereas in the case of 

model A, there is a significant degradation in performance. Hence, from these results it can be 

concluded that the degradation in BER performance of model A is due to HDD before 

despreading in the receiver.

10’

□C
5

—  BPSK-Theo. 
n Model A 
• Model B

Eb/NO (dB)

Figure C.4: BER performance of model A and model B in AWGN
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Spreading code allocations
Allocation 1

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32
33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48
49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64

Allocation 2

26 63 53 41 60 43 22 12 49 56 28 23 37 47 21 35
2 13 50 57 24 30 29 54 11 39 14 20 38 15 32 44
40 33 59 10 46 48 58 51 18 5 9 34 45 3 62 54
75 31 55 1 52 5 61 4 25 7 8 17 19 42 35 27

Allocation 3

21 54 3 17 39 50 15 22 45 33 16 62 58 4 20 37
56 43 41 31 57 1 63 51 29 8 34 53 11 12 23 5
40 49 47 18 36 60 7 48 64 42 59 35 14 38 10 30
2 27 45 44 32 9 19 52 25 61 5 24 13 28 55 25

Allocation 4

26 39 54 44 31 47 34 19 36 24 20 40 41 53 22 35
61 60 62 49 14 43 48 59 10 56 25 35 7 18 50 72
2 13 16 23 28 64 63 6 52 8 3 42 4 45 37 32

20 21 27 55 17 15 45 57 51 1 5 11 0 58 30 33

Allocation 5

19 49 44 51 27 13 57 33 47 14 40 4 59 10 38 12
11 56 6 28 3 58 9 50 62 45 54 26 52 7 53 30
46 36 34 42 39 25 15 21 20 37 8 43 48 1 16 22
50 77 47 23 54 53 37 57 24 35 32 55 5 75 2 20
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Allocation 6

18 21 38 28 22 47 1 50 16 52 7 25 41 54 3 9
63 64 40 2 17 59 35 48 4 36 14 45 44 10 27 43
8 20 55 58 33 37 60 61 24 42 15 31 51 34 11 46
32 53 49 6 19 12 13 57 56 5 29 62 26 23 30 39

Allocation 7

31 28 23 29 5 60 57 41 22 4 37 51 34 8 13 59
54 21 63 55 33 27 50 43 19 49 56 15 42 36 52 17
18 25 1 11 10 14 24 46 62 47 3 39 44 6 53 7
26 64 9 32 40 16 30 48 38 2 61 20 12 45 58 35

Allocation 8

27 63 24 59 40 46 20 36 39 1 52 18 38 35 51 14
5 41 30 49 64 53 33 8 6 61 56 31 48 43 2 62

45 44 28 10 11 34 55 7 4 22 29 17 12 9 23 54
3 42 25 58 60 16 26 19 50 57 13 21 47 32 37 15

Allocation 9

54 4 60 7 36 61 27 43 42 64 44 14 57 28 56 52
5 26 48 24 1 10 39 40 34 17 6 62 35 47 2 9

25 22 18 33 37 13 30 19 49 59 51 23 20 12 31 3
21 46 63 53 55 41 16 11 32 8 15 29 45 38 58 50

Allocation 10

37 22 1 35 33 57 8 26 59 31 53 63 23 47 27 3
41 11 40 29 15 39 4 30 34 13 43 45 24 64 42 12
46 14 19 32 36 9 48 51 58 21 49 25 38 16 50 56
7 10 5 61 52 44 54 2 18 6 17 62 60 20 28 55

Allocation 11

27 3 55 25 54 29 5 31 59 6 42 52 16 33 11 32
22 58 60 26 48 40 2 23 46 21 1 47 12 4 7 10
17 14 20 56 35 38 43 44 8 57 63 36 50 53 51 41
34 9 45 62 37 15 64 61 24 30 18 49 39 13 19 28

Allocation 12

54 12 29 32 62 21 47 59 48 36 13 41 18 10 9 6
57 63 56 7 49 60 30 44 40 16 38 23 43 15 37 24
53 34 14 4 11 50 46 33 25 35 61 31 8 19 45 51
26 55 5 42 58 17 22 3 39 20 28 2 64 1 52 27

Allocation 13

47 37 28 13 59 52 9 64 2 21 51 55 38 31 4 49
34 50 11 54 43 3 29 36 5 57 48 30 20 17 53 15
19 56 24 35 26 12 44 39 25 8 33 14 1 46 42 7
32 16 6 45 63 10 58 18 40 41 23 61 60 22 62 27
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Allocation 14

61 27 9 19 15 64 3 39 41 43 21 60 25 13 16 51
55 46 57 1 34 53 31 30 49 47 54 11 52 59 7 42
38 63 20 5 37 17 23 48 32 40 12 10 56 44 2 33
38 62 24 26 22 8 36 35 14 45 50 4 18 29 58 6

Allocation 15

1 14 63 33 40 22 5 42 55 56 8 57 48 2 27 38
60 35 25 23 16 34 61 28 13 47 15 18 36 46 64 7
43 32 49 6 44 39 37 62 53 9 21 19 31 51 52 58
12 45 17 3 24 26 54 4 11 50 41 59 29 20 30 10

Allocation 16

40 3 44 17 5 54 6 12 47 33 7 32 34 61 10 21
41 45 46 64 20 22 49 31 14 8 25 56 35 39 37 2
26 27 57 15 11 62 51 60 23 43 63 28 1 16 13 38
9 29 30 58 36 48 50 42 24 18 59 52 19 55 4 53

Aiiocation 17

14 12 15 29 41 46 30 43 42 36 55 59 23 20 37 4
48 6 1 60 54 38 50 8 32 13 26 31 16 58 61 52
11 51 17 57 34 10 24 47 53 56 21 28 9 44 39 64
63 62 22 19 27 5 7 45 25 3 35 18 2 49 40 33

Aiiocation 18

10 45 32 30 23 41 21 51 52 12 3 48 53 34 50 31
25 36 46 38 1 17 24 37 61 56 22 55 20 28 42 2
59 40 57 64 7 4 47 5 58 44 29 14 15 19 26 27
54 62 49 35 75 5 33 9 63 60 11 43 39 18 13 8

Allocation 19

10 9 35 30 7 56 21 12 34 2 28 26 16 15 61 57
54 39 53 18 4 45 22 41 32 5 47 29 19 3 6 64
49 31 11 40 37 8 38 36 52 60 48 13 62 59 24 14
27 25 58 23 1 20 43 63 33 51 55 46 42 17 50 44

Allocation 20

6 52 63 41 37 36 14 17 39 42 58 19 27 51 34 7
18 23 30 20 26 11 43 59 12 16 45 48 47 15 29 61
56 5 62 13 21 1 8 4 44 35 46 64 53 38 32 10
49 28 25 33 40 55 54 9 22 57 3 50 24 2 31 60

Aiiocation 21

62 22 17 30 27 42 60 56 25 41 12 13 26 21 45 61
20 4 29 14 19 57 8 34 52 43 63 47 9 48 33 38
6 64 28 36 51 23 11 55 24 15 16 31 1 3 58 37
54 10 49 53 2 44 59 40 7 39 50 46 32 35 5 18
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Allocation 22

40 11 12 18 41 22 19 63 30 14 2 36 5 17 43 32
51 7 29 31 35 9 1 53 52 20 21 39 6 3 46 48
8 27 64 38 56 33 34 10 62 61 26 57 13 16 28 55
15 24 37 54 45 42 23 25 58 59 44 60 4 50 47 49

Allocation 23

42 38 24 45 36 20 22 15 30 44 41 26 54 50 11 27
25 6 49 16 43 5 56 29 13 33 28 2 39 35 32 57
7 52 51 61 34 59 31 62 60 27 1 10 19 63 58 72
48 23 40 55 9 78 3 4 46 74 77 47 53 64 37 8

Allocation 24

38 31 20 22 45 21 60 4 14 50 56 46 19 54 32 58
41 34 57 61 13 16 27 15 17 6 62 39 64 52 24 29
26 12 55 35 3 18 28 11 25 49 51 23 33 40 10 42
30 9 37 59 7 43 48 44 5 2 36 7 53 8 47 83

Allocation 25

52 8 31 25 40 46 29 21 60 59 16 47 62 12 42 39
9 3 55 28 41 2 56 64 33 13 51 15 27 44 48 24
50 19 34 17 14 54 23 43 61 37 53 5 45 6 58 78
32 30 38 22 20 38 49 83 77 28 57 78 4 7 35 7

Allocation 26

44 36 55 23 57 58 59 10 6 52 41 30 45 16 14 39
11 34 48 19 50 3 29 61 43 28 15 63 51 38 26 88
62 27 40 56 18 9 37 5 13 47 4 22 12 7 25 48
27 8 33 37 84 42 35 28 53 54 49 7 24 32 2 77

Aiiocation 27

13 7 12 36 52 25 62 14 57 8 15 20 11 30 28 47
46 19 5 54 40 56 45 37 1 55 44 3 34 9 6 42
60 17 21 58 32 31 51 50 24 63 29 49 53 4 64 38
22 27 87 48 33 78 78 39 2 23 78 43 47 28 35 59

Aiiocation 28

19 3 20 25 22 33 30 40 63 5 50 11 51 8 1 18
36 55 7 59 48 12 60 13 28 41 37 9 29 35 24 49
31 42 58 47 54 64 16 10 34 2 21 27 53 62 6 57
75 39 44 43 77 28 38 4 32 74 87 48 52 45 23 58

Allocation 29

32 4 56 61 41 3 30 22 17 15 14 54 40 8 50 47
26 60 13 39 59 23 43 48 18 62 55 12 5 28 10 51
21 44 7 27 63 33 24 25 20 6 46 31 11 9 64 37
58 38 57 45 78 2 53 29 38 49 7 52 79 35 42 34
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Allocation 30

64 63 62 61 60 59 58 57 56 55 54 53 52 51 50 49
48 47 46 45 44 43 42 41 40 39 38 37 36 35 34 33
32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 17
16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1

PAPR variations of the different random code allocations

Alloc. 1

oc 13

30 40
Number of active users

Figure D.1 : PAPR of the signal at the output of the MC-CDMA transmitter with different WH code
allocations - Allocation-1 to Allocation-6
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Figure D.2: PAPR of the signal at the output of the MC-CDMA transmitter with different WH code
allocations - Allocatlon-7 to Allocatlon-11

ia
- e -  Alloc 
— Alloc 
-w - Alloc 
-V -  Alloc 

• Alloc

17

16

15

14

13

12

11

10

9

a
600 10 20 30 40 50

Number of active users

Figure D.3: PAPR of the signal at the output of the MC-CDMA transmitter with different WH code
allocations - Allocatlon-12 to Allocation-16
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Figure D.4: PAPR of the signal at the output of the MC-CDMA transmitter with different WH code
allocations - Allocation-17 to Allocation-21
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Figure D.5: PAPR of the signal at the output of the MC-CDMA transmitter with different WH code
allocations - Allocation-22 to Allocation-26
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Figure D.6: PAPR of the signal at the output of the MC-CDMA transmitter with different WH code
allocations - Allocatlon-27 to Allocatlon-30
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