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ABSTRACT OF DISSERTATION

HIGH PERFORMANCE MULTI-CARRIER TECHNOLOGIES WITH 
EXPANDED APPLICABILITY TO CDMA SYSTEMS 

(DS-CDMA AND MC-CDMA)

Code division multiple access (CDMA) has been an important component in 

wireless communication systems since the early 1980’s. Now the frontrunner in the 3G 

cellular standard, CDMA techniques have come a long way since their inception. 

However, these systems are not without their limitations -  both in terms of performance 

and network capacity.

In this work, we significantly enhance the performance of existing CDMA 

systems via the introduction of novel multi-carrier architectures. Specifically, we 

demonstrate a doubling in the network capacity of existing DS-CDMA and MC-CDMA 

systems without loss in performance, or we provide significant performance gains over 

existing networks at their current system load. The novel CDMA techniques introduced 

in this thesis will help significantly enhance the impact of CDMA in the years to come.

Zhiqiang Wu
Electrical and Computer Engineering Department 
Colorado State University 
Fort Collins, CO 80523 
Spring 2002

iii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



To my dearest sister Zhijin Wu

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TABLE OF CONTENTS

Part I Introduction 1

1 Introduction 2
LI DS-CDMA.............................................................................................. 3
1.2 MC-CDMA...........................................................................................5
L.3 Statement of Work.................................................................................. 7

Part II DS-CDMA 10

2 Introduction to DS-CDMA 11
2.1 Introduction.............................................................................................12
2.2 DS-CDMA Transmit and Receive Signal...............................................14
2.3 Conclusions.............................................................................................20

3 DS-CDMA with Cl Chip Shaping 21
3.1 Novel Multi-Carrier Chip Shapes

and Novel Transmitters for DS-CDMA................................................. 22
3.2 Novel Receiver Design for CI/DS-CDMA............................................. 27
3.3 Advanced Receiver Design for CI/DS-CDMA....................................... 32
3.4 Channel Model for Simulation................................................................43
3.5 Simulation Results: Performance Improvement.......................................47
3.6 High-Capacity DS-CDMA via Cl Chip Shaping.................................... 54
3.7 Simulation Results for High-Capacity CI/DS-CDMA............................ 63
3.8 Conclusions.............................................................................................65

4 DS-CDMA with Cl Spreading Codes 67
4.1 Introduction.............................................................................................68
4.2 Carrier Interferometry Spreading Codes.................................................69
4.3 SIR Investigation at the RAKE Receiver................................................72
4.4 Simulation Results for DS-CDMA with Cl Codes..................................78
4.5 High-Capacity DS-CDMA with Two Sets of Cl Codes..........................80
4.6 Conclusions.............................................................................................91

5 Ultra Wideband DS-CDMA via C l Chip Shaping 93
5.1 Introduction to Ultra Wideband Communication....................................94
5.2 Transmitter for CI/DS-CDMA

Over Non-Adjacent Frequency Bands.................................................... 96
5.3 Receiver for CI/DS-CDMA

Over Non-Adjacent Frequency Bands.................................................... 100
5.4 Channel Model and Simulation Results..................................................103
5.5 Conclusions.............................................................................................105

1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6 Short-term DS-CDMA Receiver Improvements 107
6.1 Introduction..............................................................................................108
6.2 Maximum Likelihood Combining Scheme

for DS-CDMA RAKE Receiver............................................................. 109
6.3 Channel Model and Simulation Results..................................................112
6.4 Conclusions.............................................................................................114

7 Applications of the Technology:
The IEEE 802.11b WLAN Standard 116

7.1 Introduction.............................................................................................117
7.2 IEEE 802.11 DSSS Physical Layer Specifications................................. 118
7.3 CI-DSSS:

Application o f  C l Chip Shape to 802.11 DSSS................................ 119
7.4 CI-DSSS WLAN Transmitter and Receiver Models..............................122
7.5 Channel Model and Simulation Results..................................................128
7.6 PO-CI-DSSS:

High-Performance IEEE 802.11 DSSS WLAN
via Cl Chip Shaping with Quadruple Throughput.................................. 131

7.7 Conclusions.............................................................................................141

Part in  MC-CDMA 142

8 Introduction to MC-CDMA and CI/MC-CDMA 143
8.1 Introduction to MC-CDMA.....................................................................144
8.2 Introduction to CI/MC-CDMA................................................................ 151
8.3 High-Capacity CI/MC-CDMA................................................................ 158
8.4 Conclusions..............................................................................................162

9 Maximum Likelihood Combining Receiver
for MC-CDMA and CI/MC-CDMA 163

9.1 MLC Receiver for MC-CDMA................................................................ 163
9.2 MLC for CI/MC-CDMA..........................................................................169
9.3 Conclusions..............................................................................................173

10 FD-MC-CDMA:
A Frequency-based Multiple Access Architecture
for High Performance Wireless Communication 175

10.1 FD-MC-CDMA........................................................................................176
10.2 FD-MC-CDMA with Multi User Detection.............................................185
10.3 Conclusions..............................................................................................191

11 Ultra Wideband MC-CDMA and CI/MC-CDMA 192
11.1 Overview of Ultra Wideband MC-CDMA and CI/MC-CDMA.............. 193
11.2 Transmitter and Receiver Structure

for Ultra Wideband MC-CDMA............................................................... 196

2

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



11.3 Simulation Results.....................................................................................199
11.4 Conclusions............................................................................................... 201

Part IV Conclusions and Future Work 203

12 Conclusions 204

13 Future Work 209
13.1 Zero-bandwidth Expansion Channel Coding

via Pseudo-orthogonal Cl Codes............................................................. 209
13.2 Zero-bandwidth Expansion Channel Coding

via Pseudo-orthogonal Cl Chips.............................................................. 210
13.3 FD-CI-MC-CDMA..................................................................................212

Reference 214

3

I
!

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Part I

Introduction

I

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 1 Introduction

The rapid development of low-cost, high-speed signal processing coupled with 

advances in communication engineering are bridging the gap between wireless systems 

and fundamental information theory limits. However, there still exists a need for even 

more efficient use of the channel bandwidth and even better system performance in 

wireless communication systems.

One important area in the ongoing development wireless systems is multiple 

access techniques. Multiple access techniques, i.e., the sharing of the communication 

channel between multiple users, dates back to 1920’s. Frequency-Division Multiple 

Access (FDMA) was proposed first [l][2]: here, each user is assigned a unique transmit 

carrier, and band-pass filtering (or heterodyning) at the receiver enables separation of 

users. Time-Division Multiple Access (TDMA) was the next multiple access scheme to 

emerge [1][2]: here, time is partitioned into slots and each user is assigned a unique 

slot(s). Receivers detect the desired user’s signal by simply “switching” to the received 

signal at the appropriate time epoch. In FDMA and TDMA, the various users operating 

in non-overlapping channels.

2
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1.1 DS-CDMA

Recently, CDMA [3-23] has emerged an important multiple access technology 

in mobile radio communications. CDMA provides higher network capacity when 

compared to conventional multiple access techniques (namely FDMA and TDMA), and 

it is able to effectively combat hostile frequency selective fading channels.

In Code-Division Multiple Access (CDMA) systems, the information bearing 

signal for user k is multiplied by a signal called the codeword or spreading code. The 

spreading code is a pseudo-noise code sequence. All users in a CDMA system transmit 

at the same frequency and time, but each user has its own spreading code which is 

orthogonal to all the other users’ spreading codes. At the receiver, a correlation 

operation allows the receiver to detect the desired user’s signal.

The features of CDMA system including the following [3][4][6]:

• Users of a CDMA system share the same frequency band and time interval.

• Users of a CDMA system can be asynchronous, that is, their transmit times need 

not be aligned, and yet “quasi-orthogonality” can be maintained by adequate 

design of spreading signals.

3
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• CDMA systems have a soft capacity limit That is, increasing the number of 

users in a CDMA system only raises the noise floor observed at the receiver, 

thus, there is no absolute limit on the number of users supported by CDMA.

• In CDMA systems, sharing of channel resources in inherently dynamic: 

reliability depends on the number of active users, rather than on the total number 

of potential users.

•  Multipath fading, (observed because the spreading code spreads the transmitter 

output over a large bandwidth), is used to improve performance at the receiver. 

This is achieved by application of a RAKE receiver.

CDMA systems, however, are not without their drawbacks. They suffer from 

performance degradation when spreading codes of different users are not perfectly 

orthogonal (e.g., due to multipath fading). Multi-user detection (MUD) techniques may 

be used to mitigate the non-orthogonal properties of the spreading codes [19][24] but 

these come at a large cost in terms o f receiver complexity.

Another problem characteristic of CDMA is the near-far problem 

[3] [4] [6] [21] [23 ]. This arises whenever an undesired user has a high power relative to 

the desired user. Because this problem is so severe, tight power control is maintained in 

most CDMA systems to assure that each mobile provides the same received signal 

power to the base station receiver [2l][23].

4
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1.2 MC-CDMA

The mulitcarrier multiple access scheme known as MC-CDMA [25-38] has 

received a great deal of attention in the field of wireless communications, and has 

emerged a strong alternative to DS-CDMA for next generation wireless communication 

systems.

MC-CDMA was first introduced in 1993 as a combining CDMA and OFDM 

(orthogonal frequency division multiplex) techniques. In MC-CDMA systems, each 

user sends its data on A orthogonal carriers. That is, all users send information over the 

same A carriers simultaneously. To allow users to be separable from one another, each 

user is allocated a unique spreading sequence. These spreading sequences are carefully 

selected to ensure orthogonality (or pseudo-orthogonality) between users. At the MC- 

CDMA receiver, the received signal is decomposed into its A carriers, despread, and 

finally optimally recombined in the frequency domain. In this way, the receiver exploits 

the received signal energy scattered in the frequency domain.

MC-CDMA systems offer frequency diversity benefits instead of the path 

diversity benefits achieved in DS-CDMA systems. It has been shown that MC-CDMA 

outperforms DS-CDMA in multipath fading channels [31]. There are two reasons for 

this:

5
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(1) MC-CDMA systems are capable of better exploiting the energy spread 

introduced by the multipath fading channels. Considering a DS-CDMA RAKE 

receiver, this receiver typically attempts to detect and separate the 3 or 4 

highest-energy paths introduced in the channel. However, the energy is spread 

out over far more paths than these 3 or 4, and hence the energy spread onto the 

other paths is completely lost at the DS-CDMA RAKE receiver. On the other 

hand, carefully designed MC-CDMA receivers make full use of the received 

signal energy in the frequency domain.

(2) More importantly, when the MC-CDMA receiver separates carriers, one 

observes little to no inter-carrier interference. That is, the SIR (signal to 

interference ratio) on each carrier branch is very large. In DS-CDMA, where a 

time domain processing is applied, one has no control over where the paths 

arrive. As a result, it is not possible to effectively separate paths. Here, the SIR 

on each branch of the RAKE receiver is low (relative to that in MC-CDMA 

carrier branches). Specifically, consider the DS-CDMA RAKE receiver, which 

attempts to separate paths, and assume for a moment that there are four 

dominant paths the RAKE receiver is attempting to separate. When writing the 

output equation for each branch of the RAKE receiver, one finds that there 

exists a large number o f interfering terms. Most significant of all is the term 

representing interference from all M users present on the three other paths. This 

path-interference term demonstrates a large power, and causes the branch terms 

output from the RAKE receiver to demonstrate a low SIR (i.e., large 

interference). By contrast, consider MC-CDMA. Here, rather than attempting to

6
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separate paths in the time domain to exploit path diversity, there is an attempt to 

separate narrow-band carriers in the frequency domain to achieve frequency 

diversity. At the transmitter side, these carriers were selected with a frequency 

spacing that ensured orthogonality, and it is easily shown that carriers still 

remain almost perfectly separable at the receiver side. Hence, each carrier 

branch experiences a high SIR (low interference), and as such the MC-CDMA 

receiver can significantly outperform its DS-CDMA counterpart.

1.3 Statement of Work

In this dissertation, (1) we bring the benefits of multi-carrier systems (e.g., MC- 

CDMA) to DS-CDMA to improve DS-CDMA performance and network capacity and

(2) we improve the performance o f current MC-CDMA systems.

Regarding DS-CDMA systems:

• By introducing novel Carrier Interferometry chip shapes into DS-CDMA, we 

create an innovative multi-carrier implementation of DS-CDMA [39-41]. The 

resulting CI/DS-CDMA systems exploits frequency diversity instead of path 

diversity at the receiver, and as a result, significantly outperform traditional DS- 

CDMA systems in terms o f bit error rate in multipath fading channels.

7
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• By introducing pseudo-orthogonai Carrier Interferometry chip shapes into DS- 

CDMA, we create CI/DS-CDMA systems which double network capacity in 

traditional DS-CDMA systems without extra bandwidth or performance 

degradation [39][42].

• By introducing Carrier Interferometry chip shapes into DS-CDMA, we create 

CI/DS-CDMA systems capable of operating over non-ad]acent frequency bands 

[43]. In this way, a DS-CDMA system is derived that is capable of supporting 

next generation ultra wideband communication.

• By introducing novel orthogonal complex Carrier Interferometry spreading 

codes into traditional DS-CDMA systems, we improve performance of 

traditional DS-CDMA systems in terms of bit error rate in multipath fading 

channels [44].

• By introducing pseudo-orthogonal complex Carrier Interferometry spreading 

codes into traditional DS-CDMA systems, we again double the network capacity 

of traditional DS-CDMA systems without extra bandwidth or performance 

degradation [45].

• By applying our CI/DS-CDMA to IEEE 802.11 wireless LAN, we show how the 

above benefits can be applied to a modem day system [46][47]. Specifically, the 

resulting system supports four times the throughput of the traditional IEEE 

802.11 system while simultaneously achieving a 2dB performance gain at a 

probability of error of 10'3.
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With regarding MC-CDMA systems:

• We derive the maximum likelihood combining (MLC) scheme for MC-CDMA 

receiver, a theoretically optimal combining method [48][49].

• We create MC-CDMA systems capable of operating over non-adjacent 

frequency bands, a requirement for next generation ultra wideband 

communication [50].

•  By combining FDMA and MC-CDMA, we create a novel multiple access 

technique capable of outperforming its predecessors [51].

• By developing a MUD (multi user detector) for the proposed MC-CDMA and 

FDMA merger, we further improve the performance o f the new hybrid multiple 

access technique [52].

Wireless communication has come a long way in the past two decades. Over that 

time period, two powerful techniques emerged as front runners in the wireless world: 

first came DS-CDMA in the late I980’s and early 1990’s; this was followed by the 

emergence of multicarrier technologies (e.g., MC-CDMA) in the mid 1990’s. This 

thesis, understanding the important roles these technologies will play in the years to 

come, introduced powerful innovations sure to make both DS-CDMA and MC-CDMA 

system far better in terms of performance, network capacity, and overall 

implementation.

9
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Part II

DS-CDMA
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Chapter 2 Introduction to DS-CDMA

DS-CDMA (direct sequence code division multiple access) has emerged as a 

dominant player in the world o f wireless telecommunications [3-23]. Among DS- 

CDMA’s successes is its adoption as the standard of choice in 3G wireless (see, e.g., 

[53][54]). However, DS-CDMA is not without its drawbacks, including limits to the 

probability of error performance and network capacity.

With regard to performance, DS-CDMA systems use RAKE receivers [3] [4] in 

an attempt to exploit path diversity and improve probability of error performance. 

However, it is difficult for the DS-CDMA RAKE receiver to fully benefit from the path 

diversity and make efficient use o f the received signal energy scattered in the time 

domain because (1) the multi-path effect that induces path diversity also causes a loss of 

user orthogonality (this leads to large inter-path interference and hence lowered SIR 

(signal to interference ratio)), and (2) only a limited number of taps are available to the 

RAKE receiver.

In this chapter, we briefly review the DS-CDMA concept, its transmitter design, 

receiver design, and its performance.

11
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2.1 Introduction

DS-CDMA systems come with a wide range of far-reaching benefits: these 

include enhanced privacy, inherent resistance to fading, and spectral efficiency in a 

cellular system. The block diagram representation of today’s DS-CDMA transmitter is 

shown in Figure 2.1. As is evident from the figure, the DS-CDMA transmitter for user k 

spreads the original data stream via a spreading code applied in the time domain 

(ct (/)). Each user is allocated a unique spreading code (typically orthogonal in the 

downlink and pseudo-orthogonal in the uplink). The ability to suppress multi-user 

interference is determined by the cross-correlation characteristics of the spreading 

codes.

Time

Data

Stream

Figure 2.1 Conceptual Transmitter for DS-CDMA
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After transmission over a frequency selective fading channel (typical of 

wideband DS-CDMA), the received signal is the superposition of several multipath 

signals each arriving with different delays (in the time domain). Here, the cross- 

correlation of different users’ signals on different paths is no longer the cross­

correlation of the time-aligned spreading codes.

In today’s DS-CDMA receiver (Figure 2.2), a tapped delay line RAKE receiver

[3][4] improves performance in the presence o f multipath propagation. That is, 

assuming L separable multi-paths, the RAKE receiver attempts to provide L^-order 

diversity via path separation (of the L paths) and a weighted coherent recombining 

(typically MRC (maximum ratio combining)). However, the multipath effect causes a 

loss of orthogonality between different user’s signals (even in the synchronous case) 

thereby degrading the SIR (signal to interference ratio) on each branch of the RAKE 

(due to large inter-path interference). As a result, it is difficult for the DS-CDMA 

receivers employing path diversity to make full use of the received signal energy 

scattered in the time domain.

13
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c-t m
r(n

Figure 2.2 RAKE Receiver for DS-CDMA

2.2 DS-CDMA Transmit and Receive Signal

As seen in Figure 2.1, user k's data bit is spread (in the time domain) by a 

multiplication with the spreading code Ck(t). This code a f t)  is composed of A  chips per 

bit, each modulated by either +1 or -1. Mathematically, this corresponds to

c,(r) = 2>,'%('-<T;) (2-1)
i= 0

14
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where fijk) e  {—1,-t-l} is the f k element of user Ic’s spreading code P{k) »

and PT (t) is the chip shaping filter. In current DS-CDMA systems, the most commonly

used spreading codes are the Hadamard-Walsh codes (as this maintains the 

orthogonality between different users’ time aligned signals); the chip shaping is either 

the usual sine function or raised cosine function. Including code creation in the DS- 

CDMA transmitter side, we can redraw Figure 2.1 in a more detailed manner, as shown 

in Figure 2.3:

b. g(t)  cos( 2Kf t)

ct U)

Pr U)

Figure 2.3 Transmitter for DS-CDMA

Thus, in DS-CDMA, the k?h user’s transmitted signal (for one bit) corresponds to 

(at baseband):

s lk\ t )  = Abkck{t) (2.2)

s u '(l) = A b ^ P f ’Pr'U -iT') (2.3)
(=0

15
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where A is constant ensuring a bit energy of unity. (Also, BPSK has been assumed for 

ease in presentation, i.e.,bk e  {-1,+!}). The total transmit signal considering all K  users’ 

signals (and assuming downlink or synchronous uplink communications) is:

sit) = A ^ b k‘̂ ^ k)Pn i t- iT c) (2.4)
*=0 i=0

Transmitted over a multipath fading channel at carrier frequency f c, the signal 

arriving at the receiver side corresponds to

L-1
r(/) = A£  a,s(t -  v,) cos(27tfct +0,)+q(t) (2.5)

7=0

where L is the total number of paths; a , is the fading parameter of the Ith path; r, is the 

time delay of the Ith path; 6t is the phase offset o f the Ith path; and 77(f) is the additive 

white Gaussian noise.

In current DS-CDMA systems, tapped delay line RAKE receivers (Figure 2.2) 

are commonly employed to achieve path diversity gains. In a frequency-selective 

multipath channel with L separable paths, the RAKE receiver attempts to provide up to 

Lth-order diversity. Specifically, in RAKE receivers, each “finger” extracts one of the 

multi-paths, and the fingers’ outputs are then combined to exploit path diversity and 

overcome multi-path effects.

That is, for the RAKE receiver of Figure 2.2 and the r(t) o f equation (2.5), the 

m,k finger’s output for user k  corresponds to

16
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m-I

C =£<* cos® -e,)E*Aff -<*•„ -r,)>+2>rxfcxi +«„*. +^2>a(0)
/=0 « It

+ 2 > cos«  - r J + I P M l  - fe  -^.))]+7.
/=mtl n n

(2.6)

where 6*_I) is user fc’s previous data bit, blt+l) is user k’s next data bit, rjm is additive 

Gaussian noise, and Rk̂ ,{T) represents the partial cross-correlation of user k  and n at 

time delay T=qTc:

**AT) = J*(4>(* ■- 7 > w (f)rff (2.7)
0

Also in equation (2.6), we have assumed path indexed path such that

r0 < r i < r 2 < - " < r L-f

Specifically, when there is no time delay and when orthogonal spreading codes 

(e.g., Hadamard-Walsh codes) are employed

R t „(0) = 0 k * n  (2.8)

Assuming orthogonal codes, we rewrite equation (2.6) as

C  =«A  +S>, cosp, -9 .)£ 6 ,/^ (r , -(r . -r,))+ X *r«cfc -<V) 1
1=0 n n

f> ,cose, -r.)+JbAu<T, - f t  -r.))hn ,
L -i

+
/=m*l

(2.9)
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[n RAKE receivers, the decision variables = are combined,

i.e., the decision variables are combined across paths to exploit the path diversity gain. 

The final decision statistic for user £ corresponds to

m—0

Maximum Ratio Combining (MRC) is usually applied, i.e,

As seen in equation (2.9), the received DS-CDMA signal on each branch of the 

RAKE receiver suffers from large inter-path interference. (This inter-path interference 

is detailed by the second and third terms of equation (2.9).) As a result, each diversity 

component {r£\m  =0,1,---,1-1}demonstrates a significantly reduced SIR, which

limits the performance of the RAKE receiver. Figure 2.4 shows a typical DS-CDMA 

BER performance versus signal to noise ratio (SNR) curve in the hilly terrain (HT) 

channel and Figure 2.5 shows the results in typical urban (TU) channel. The HT and TU 

channel models will be discussed in section 3.4. The processing gain is N=32 and the 

system is fully loaded: the high error floor due to the multipath interference is clearly 

evident.

Wm = a mm tit (2.H)

and a hard decision device follows:

else
(2.12)

18
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DS-CDMAPerformancftTn:HTxftahnel;[^32rM y-roaded

1tt

-AWGN

SNR

Figure 2.4 BER Performance of DS-CDMA in HT Channel

DS-CDMA Performance in TU channel. N=32t M y  loaded

DS-CDMA

AWGN

10

Figure 2.5 BER Performance of DS-CDMA in TU Channel
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23  Conclusions

In this chapter, we have briefly reviewed DS-CDMA, explaining the transmitter 

structure, receiver structure, and characterizing the performance limit to performance, 

namely error floor, are evident in DS-CDMA performance curves. In the chapters 

follow, we provide innovative ways to improve upon DS-CDMA systems.

20
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Chapter 3 DS-CDMA with C l Chip Shaping

One system that has emerged recently, capable of outperforming DS-CDMA, is 

MC-CDMA (multi-carrier code division multiple access) [25-38]. As will be detailed in 

Chapter 8, MC-CDMA employs receivers which offer frequency diversity benefits instead 

of path diversity benefits to enhance performance in a multipath channel. Here, carefully 

designed MC-CDMA receivers make efficient use of the received signal energy in the 

frequency domain, demonstrating significant performance improvements over DS-CDMA 

with RAKE receivers (e.g., [31]).

In this chapter, we demonstrate the power of multi-carrier chip shaping in DS- 

CDMA: by replacing the usual sine and raised cosine chip shapes with the Cl (carrier 

interferometry) chip shapes, we bring the performance benefits of MC-CDMA to DS- 

CDMA, bridging the gap between DS-CDMA and MC-CDMA performances. 

Specifically, by employing Cl chip shaping in DS-CDMA, we introduce a exploitable 

frequency diversity at the DS-CDMA receiver and enable DS-CDMA receivers to make 

full use of the received signal energy [39-42][55].

21
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3.1 Novel Multi-Carrier Chip Shapes and Novel Transmitters for DS-CDMA

We propose a novel chip shape for DS-CDMA: the chip shape corresponds to the 

superpositioning of Af carriers equally spaced in frequency by Af=l/Ts (where N  

corresponds to the processing gain in DS-CDMA and Ts is the symbol duration). This

chip shape (implemented using an IFFT), represented in complex baseband notation, 

corresponds to [39-42]

where A refers to the constant that ensures a chip energy o f I/N  over one period (symbol 

duration Ts). Figure 3.1 shows the creation of the new chip shape.

i lKQ-Att

(3.1)

l l l Z  l  - A / l

0

e i l i t i  S  -  I i A / r

Figure 3.1 Creation o f  Cl Chip Shape
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When the Cl signal is modulated to carrier frequency Fc, the transmit signal is of the form

(3.2)

However, for notational convenience and because of ease in presenting time/frequency 

analogies, we choose to represent our Cl signal in the complex form

<1=0

and, hence, for the same passband representation

0-5)

where

Figure 3.2(a) plots the envelope of the chip shape h(t) over symbol duration Ts, and Figure 

3.2(b) plots h(t) in the frequency domain. As evident from Figure 3.2(b), the Cl chip 

shape is simply an N-point frequency sampling of the sine chip shape. As a direct 

consequence, it is important to note that these proposed chips (h(t)'s) satisfy the usual 

orthogonality condition:
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['h(t-pT')h(t-qT')dl=  0 (p*q) (3.7)

Moreover, considering Figure 3.2(a), the chip shape demonstrates an 

interferometry pattern in the time domain: hence, the chip shape is referred to as the 

carrier interferometry (Cl) chip shape.

7 T F ' 7 ' 7
0

W V A / W w \ f \ k  f

Ts

(a) Cl Chip Shape in Time Domain

0 A f 2A f ( N- l ) A f

(b) Cl Chip Shape in Frequency Domain 

Figure 3.2 Cl Chip Shape

To generate the DS-CDMA code for user k, ck(t) , the £h value o f the spreading 

sequence, p!k> (typically +1 or - I) , modulates the Cl chip shape filter h(t-VTc) [39-42]:

■:,(') = /»'“* « -iTe)
1=0

(3.8)
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where h(t) is as shown in equation (3.1). Correspondingly, user fc’s output signal at the 

transmitter side is

*“ )(0 = R efog(0-c*(0-e'2* ]  (3-9)

s m ( t ) = b t ^ P ! t 'h ( l - i T c) - g ( t )  ■ e ™  (3.10)
i=0

s lk) (0 = 6, X  P™ i i  A cos(2*rct + 2m Af(t -  iTc)) - g(t) (3.11)
1=0 11=0

where 6* is the data bit of the kth user (bk e  {+1,-1}), and g(t) is a unit amplitude 

rectangular waveform of duration Ts , and A is a constant that ensures the symbol energy 

of user k is unity.

Noting that Tc =— Ts = —-—, we can rewrite equation (3.11) as: 
N  N d f

slk)(0 =bk^ $ k)^A cos(2rfct+ 2 m t f t - 2 m i t f - - l—)-g(t) (3.12)
i=o n=o

s(k) (t)=bk^  fi\k) ̂ A cos(27 fct + IrntSft -  2m i / N) • g(t) (3.13)
f—0 n=0

Using equation (3.13), it is evident that the chip h(t-iT<J corresponds to the linear 

combining o f the N  carriers as seen in equation (3.1), where now the n,h carrier is phase 

offset by n • Hit / N  = n-0j , where 0t = i'2;r / N .
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The total transmit signal for K  users in a downlink (or synchronous uplink) is

simply:

s c o = S X *’#) (3-l4)k=0

S(t) = ̂ b k^ $ k)^A cos(27 fct+ 2 m A ft-n i2 x /N )’g(t) (3.15)
i= 0  t—0 n=0

Figure 3.3 presents the block diagram for the DS-CDMA transmitter employing 

Cl chip shapes.

hit/

j l z t  V - I  i-A/f

—

C l  C h ip  Sh a p e  /tit)

Figure 3.3 Transmitter for CI/DS-CDMA 
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It is apparent from Figure 3.3 that the transmitter for CI/DS-CDMA is identical to 

that of traditional DS-CDMA (Figure 2.3) with the one exception: the Cl chip shaping 

filter h(t) replaced the usual chip shaping filter PT (t) .

As evidenced in Figure 3.2(b), our chip shaping strategy creates DS-CDMA 

signals which are made up of N  separable frequency components. That is, the Cl chip 

shape will allow DS-CDMA receivers to separate the incoming wideband signal into 

frequency components (enabling frequency diversity at the receiver).

3.2 Novel Receiver Design for CI/DS-CDMA

The receiver for the novel CI/DS-CDMA system is shown in Figure 3.4. This 

receiver is detailed next.

Assuming a Rayleigh frequency-selective slow fading channel (typical of 

wideband DS-CDMA), frequency selectivity exists over the entire bandwidth, but not 

over the individual carriers that make up the Cl chip shape. Hence, each frequency 

component making up the Cl chip shape experiences a unique flat fade. That is, the 

received signal (assuming the transmit signal in equation (3.15)) is characterized by:
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K 0 = £  coŝ + 2 ^ - / i/2^/ AT+&)g(f)+77(f) (3-16)
jfc=0 f=0 n=0

where a„ is the gain and <pn the phase offset in the nth carrier of the Cl chip shape (due to 

the channel fade), and 77(f) represents additive white Gaussian noise. To simplify the 

analysis, exact phase synchronization is assumed.

c h i p " ‘s  rece iv er

c h ip  1"s receiver

chip N -l s iecei\er

DS-CDM A 
C om biner 
ii.c.. muloply 
each  c h ip  by 
iis >prc-.kliny 
cm lc and  
linearly 
com bine i

I lard DccUUm 
Dev ice

(a) Receiver Structure
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CUM2^0 A / / + "  0m i

o tv 2jz I . V/ +1 i
wA

c»»mAtiA -li A/.'-H \ — I) w€i

•r.

(b) Chip m’s Receiver 

Figure 3.4 Receiver for CI/DS-CDMA

The CI/DS-CDMA receiver shown in Figure 3.4 consists of three main 

components: (1) the incoming DS-CDMA signal is separated into its N chip components, 

and each chip is decomposed into its carriers and recombined to exploit frequency 

diversity and minimize inter-chip interference and noise; (2) the newly recreated Cl chips 

are despread and linearly combined to eliminate the presence of other users (typical of 

DS-CDMA receivers); and (3) a hard decision device creates the final bit decisions. The 

processing of the m‘h chip for user / is detailed in Figure 3.4(b). Here, the mth chip is 

separated into its N  carrier components by a bank of mixers and integrators. Each carrier 

contributes one decision variable corresponding to
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rZ  = Y*bk £  A(4)a .  cos(nm 2x/N -n i2x /N )+
*=0  (=0

(3.17)

We can rewrite this equation as

AM

rZ  =biPm<*n -l-bia « 'E $ ‘)cos(nm 2x/N -n i2x /N )
f=0
r>m

AM am AM
(3.18)

'E bk 0 " )<xn +'L bka n'E fiik) cos(nm 2x/N -n i2x/N )+ rjm
*=0it*/ *=0*w (=0

The first term represents the desired contribution from user /, chip m and carrier n. 

The second term represents the presence (in the n h carrier) of the remaining N -l chips of 

the same user (user /). The third term represents the presence of other users’ interference 

due to their m‘h chip. The fourth term represents the presence (in the nrh carrier) o f the 

other users’ remaining N-l chips. The fifth term is a zero mean Gaussian random variable 

with variance an2=No/2. It is important to note that the rjmM terms are correlated across 

chips (but not across carriers). The covariance matrix of the vector noise (r]o.n, Hi.n, T?2.n,— 

TjN-i.n) corresponding to a fixed n (carrier number) and a different m (chip number) is:

r I cos(p-2x/N) cosQ.-n-2xlN) 
cos<(i-2xl N) 1 cosfp-lxl N) •

•cosW -l)-n-Zc/N)} 
•cos(^-2) • n - 2x1 N)

cos(Qf-l)-n-2xl N)

(3.19)

A suitable frequency combining strategy is employed in Figure 3.4(b) to combine 

the r^ n ’s across carriers. The intention here is to: (1) offer frequency diversity gains
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when recreating the chip, and (2) remove the second and fourth interference term in 

equation (3.13) (removing the inter-chip interference) while minimizing noise.

Orthogonality Restoring Combining (ORC) refers to the combining where each 

rm\ 1S scaled by a„ then summed, i.e.,

(3-20)
n=Q

This enables a perfect elimination of the second term and fourth term (due to the 

chip orthogonality condition of equation (3.2)), while providing optimal frequency 

diversity combining. However, it can result in substantial noise enhancement, and as a 

result is only suitable in low noise conditions (high SNR).

When SNR is low, Equal Gain Combining (EGC) is a good choice for the 

combining strategy as it minimizes noise. Here, the N  carrier terms for the m'h chip are 

combined to create:

C3.2i)
it=0

Finally, Minimum Mean Square Error Combining (MMSEC) is a powerful 

alternative which attempts to jointly minimize the second term and the fourth term and 

achieve maximum frequency diversity, while minimizing the effect of the noise term. 

Extending traditional MC-CDMA MMSE combining to our CI/DS-CDMA system leads 

to the decision variable for the m‘h chip:
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After frequency combining across chips’ carriers, we return to Figure 3.4(a) where 

a final decision variable for user I is generated by combining across chips in the usual DS- 

CDMA fashion, eliminating multi-user interference (the third term of equation (3.18)):

(3.23)
m=0

That is, the mlh chip decision variable is multiplied by mlh spreading code and

the resulting product terms are combined together. The orthogonal cross-correlation 

between spreading codes of different users enables this combining to minimize multi-user 

interference in a conventional DS-CDMA manner.

3.3 Advanced Receiver Design for CI/DS-CDMA

In this section, we propose novel combiners for the CI/DS-CDMA receiver structure of 

Figure 3.4, where each combiner is determined under a different optimization criteria.

3.3.1 Minimized Mean Square Error Combining for CI/DS-CDMA
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In the previous section, the MMSE combining of equation (3.22) was a direct 

extension of traditional MC-CDMA MMSE combining. However, this is not optimized 

for our CI/DS-CDMA system. Employing the true Minimized Mean Square Error 

Criteria, we can derive the MMSE combining weights for CI/DS-CDMA as follows [56]:

Recall the decision variable for the mth chip and nlh carrier corresponds to:

rZ  =blp {"ccn +bla nY dp f ) cos(nm2;rI N - n i lx I N )
(=0

(3-24)
+ cos(«m2^ / N -  n ilx  / N) + rjmM

4=0 4=0 i=0
k*l 4 ixm

Now, the minimized mean square error criteria, mandates the frequency combining based 

on the equation

AM
0-25)

n=0

where

A'n =argmin (E[Anr ^ ~  P^b,]1) (3.26)

is the n‘h frequency combining weight. We solve for A’ using partial derivatives, i.e.:

W C A n - P Z W
3An

= 0 (3.27)
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(3.28)

(3.29)

We can now solve equation (3.29) to get the optimal MMSE combining weights for 

CI/DS-CDMA.

Case I: A’ assuming no knowledge of spreading codes

The simplest case is when one assumes that user I doesn’t have any information 

about spreading codes (other users and his own). The only information assumed known at 

the receiver is the total number of users and estimation of one’s own the channel fading 

parameters. In this case, solving equation (3.24) leads to:

A.ft (3.30)

(3.31)

where
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Case II: A’ assuming knowledge of your own spreading code

Here, we assume that the CI/DS-CDMA receiver for user I knows its own 

spreading code. (This is a very reasonable assumption.) Then, from equation (3.29):

a »(1+E  A(W  cos(wm ~~  ~ m ~ ) )

(3 '33)K a ^ c o s i n r n - - * - ) * -

c o s ( n m ^ - m ^ ) )

A'tt =-------- * ---------------    (3.34)
KPna ; + - f

where

p n = Z c°s2(n(m -i) ^ )  =
1=0

M— n = l,2,...,A/-l 
2

A/ n= 0,—
2

(3.35)
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3.3.2 Matrix MMSE Combining for CI/DS-CDMA

Minimized Mean Square Error Combining derived in previous section is based on 

the assumption that the multi-chip interference on each carrier is independent (with 

respect to the interference on other carriers). This is a common assumption, leading to a 

combiner (a MMSEC) that is very simple to implement (in large part because it doesn’t 

consider the correlation among carriers). Introducing this correlation, we create a more 

accurate minimized mean square error combining as follows. We begin with the 

generalized matrix MMSE criteria:

(3.36)

where

(3.37)

A' |) (3.38)

Here, A' is the vector of frequency combining weights and corresponding to

A' =argmin£[(rm̂ r (3.39)

3E j(rA T _ =Q

dA A'
(3-40)
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Case I: A’k assuming no knowledge of spreading codes

Here, we assume the detector for each chip doesn’t utilize any information 

regarding spreading codes. Hence, from equation (3.40),

A '= R ~ld  (3.41)

where R is the covariance matrix of rm:

R = £[(r -  £[r])r (r -  £[r])] (3.42)

Case D: A’ assuming knowledge of the intended user’s spreading code

If we know the spreading code of the user under consideration, we find (using 

equation (3.40))

4  = R‘la ® £  (3.43)

where a ® B = (a 0 £0>a i -Bs_x) and

Bn = l + Z  c o s ( n m ^ - m ^ )  (3-44)
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3.3.3 Maximum Likelihood Combining

Simulation results for CI/DS-CDMA employing different combining schemes (se 

section 3.5) shows MMSE combining offering much better performance than other 

combining schemes. However, while Minimized mean square error criteria is very good 

for signal estimation, in a minimized probability of error sense it is not necessarily 

optimal (or even very good).

Here, we derive the Maximum Likelihood (ML) receiver for the CI/DS-CDMA 

system, a receiver that is truly optimal from a probability of error standpoint. By 

comparing this result to the MMSEC result, we will be able to determine the merits of 

MMSE combining introduced earlier.

Case I: assuming no knowledge of spreading codes

We begin by assuming the CI/DS-CDMA receiver has no information regarding 

spreading codes. The maximum posterior (MAP) probability criteria is simply the well- 

known equation [1]:
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P(jbt = l | r ) x  P{bt = —l|r) (3.45)

where x  means if the term on the right is greater than the one on the left, decide the bit - 

1; and if the term on the right is less than the one on the left, decide +1. Now, assume

P(b{ = I) = P{bt = -I) = 0.5 (3.46)

(which turns the MAP receiver into the ML (maximum likelihood) receiver). This leads to 

the restating of equation (3.45) as

P ( r |6 ,= l ) x P ( r |& ,= - l )  (3.47)

log, P(r\b ,= l)> < logeP(r \bt = - l )  (3.48)

Now, since the receiver has no information regarding spreading codes, the decision 

variables are assumed independent from one another, i.e.:

P{? * ,)= n « )  <3-49>

log .P ( f

where
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P(rZ\bt) =  P{r£p™  = a nb[ +anbl'£tPfl) 0™ cos

+<*nYtbkP«)Pm +a«S l l bk0ik)0«cos(nm̂ - - nA  + rjmJ
k*l k* l i*m N  N

(3.51)

P ( C \ b') = P ( C = * nbl +ri,mJ') (3-52)

where rfmjt encompasses the last four terms on the right hand side of equation (3.51), i.e., 

77' „ is a Gaussian random variable with 0 mean and variance• ntJt

a 2 =Emjt

^ A ^ P ^ P m  cos ( n m ~ n A
i*m  * *  ™

+<*n'ZbkPlk)P!n) Y .b^ k)P m ^ < n m ~ - n A + r j m
V M M N N

(3.53)

a 1 = E
w  m%n a - Z  Z bkPlk)P m C0S( n m ^ - n i ^ )  + rimjt - a abt (3.54)

,v-i

<r2ms = a :K H  cos2(/i(m - o ^ ) - a ;
1=0

(3.55)

< ,  - i)+ y (3.56)

where
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Hence, using (3.50)

logP(r|&, = 1) x  log P(r\bt = -I) (3.58)

^ io g - r L — a (g- ~ ^ ? ^ ]> < iio g
m*n

2
mji

'- fZ = T
4 l7C(Tm,

a - r^oiD)z
?~ Z r  (3-59)2fr!

><Xnrm.nPm xO (3.60)

r  . a
I W ^ l Z - ^ l x O  (3-61)

I { A mt S  ^ r l l x o  ( 3 « )
* a ^ K P , - l ) + -J-

Equation (3.62) indicates that optimal ML combining corresponds to the 

flowing receiver description. The inner sum indicates that you combine ’s across

carriers first to create R ^ 's ,  where each r^n is weighted by —f —; the outer sum
"̂m,n
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indicates that next you combine Rf? ’s across chips in a usual DS-CDMA manner. The 

x s ig n  indicates that you conclude with a hard decision on .

The optimal ML combining in equation (3.62) can be rewritten as

(3-«)
m=0

Hence, we find that: (I) the ML criteria justifies separating the receiver design into two 

stages: frequency combining first across carriers (Figure 3.4 (b)) then time combining 

across chips (Figure 3.4(a)); and (2) MMSE combing (equation (3.31)) is very close to 

MLC (equation (3.65)). This explains why MMSE combining provides better BER 

performance than other combining schemes.

Case II: assuming knowledge of the intended user’s spreading code

where

(3.64)

and

(3.65)
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Similarly, if we know the spreading code o f the user under consideration, equation (3.51) 

can be rewritten as

= =*A  ) (3.66)

P ( C k )  = r & ~  =a,b,a+’E f f ,f i " 'c o s ( n m ~ - m ~ ) )  + n"mJ,)  (3.67)

where rf'mjl encompasses the last four terms on the right hand side of equation (3.51), 

i.e., 77" „ is a Gaussian random variable with 0 mean and variance7 • frtJZ

= al(K -l)P . (3.68)

The ML combining corresponds to

+ cos(nm ~~  ~ n i~7f)
S  {Am£ --------------- T T --— ]} X  0 (3.69)

a ;(K -l)P n+^ -

Compare equation (3.69) with MMSEC in equation (3.34), we also find that MLC is very 

close to MMSEC.

3.4 Channel M odel for Simulation
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The multipath fading channel model used to assess the performance o f the Cl/DS- 

CDMA system is the Hilly Terrain (HT) channel and Typical Urban (TU) channel taken 

from the COST-207 GSM standard [57]. These two channel models are defined as a 

transversal filter with time varying coefficients whose average power is determined by the 

multipath power delay profile (PDP) given in Table 3.1 and Table 3.2.

Tap No. TffJS) Average power (dB)

1 0.0 0.0

2 0.2 -2.0

3 0.4 -4.0

4 0.6 -7.0

5 15.0 -6.0

6 17.2 -12.0

Table 3.1 Multipath Power Delay Profiles for the HT channel

Tap No. t(ps) Average power (dB)

1 0.0 -3.0

2 0.2 0

3 0.5 -2.0

4 1.6 -6.0
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5 2.3 -8.0

6 5.0 -10.0

Table 3.2 Multipath Power Delay Profiles for the TU channel

We assume bandwidth consistent with the GSM standard. That is, we choose chip 

duration Tc=3.69 fjs and hence bandwidth BW = llO.SkHz. For such a DS-CDMA 

system, the HT channel is a two path Rayleigh fading channel (path 1-4 in the HT power 

delay profile converge to one path, and path 5 and 6 converge to the second path). The 

average power of the second path is 8.5 dB lower than the first. And the TU channel is a 

two path Rayleigh fading channel (path 1-5 in the TU power delay profile converge to one 

path, and path 6 converges to the second path). The average power of the second path is 

14 dB lower than the first.

In a DS-CDMA system with Cl chip shapes, the chip shapes consist of multiple 

carrier transmissions (frequency separated at the receiver). In this case, the channel must 

be characterized in the frequency domain by (df)c, the coherence bandwidth (defined here 

as the bandwidth over which the frequency correlation function is above 0.5). This can be 

computed from a multipath power delay profile by using the approximate relationship [2]

< 3 - 7 0 >

where ov is the rms delay spread and is computed according to

<rr =-\/r2 - ( r )2 (3.71)
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Here, o f  is the power of the multipath component arriving at delay r?. This leads to the 

following coherence bandwidth result: for the HT channel model of Table 3.1, (Af)c = 

39.72 KHz and for the TU channel model of Table 3.2, ( ^ ) c— 178.01 KHz. These (Af)c 

values satisfy

A f« { & f ) c <BW  (3.74)

where BW =I/TC is the total bandwidth of the system. Equation (4.54) indicates that the 

HT channel and TU channel are frequency selective over the entire bandwidth of 

transmission, but not over each carrier [1][58]. Specifically, with N  carriers residing over 

the entire bandwidth, BW, each carrier undergoes a flat fade, with the correlation between 

the (h subcarrier fade and the f h subcarrier fade characterized by [l][58]

PlJ i + a f . - f A v l ) 1 ( 3 ' 7 5 )

•ih 4h .where (f-Jj) indicates the frequency separation between the i and the j  subcamers. 

Generation of fades with correlation has been discussed in [59].
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3.5 Simulation Results: Performance Improvement

CI/DS-CDMA is simulated using the HT channel model of section 4.4. (Please 

note that simulations over other channel models [60-68] have been conducted, and results 

are consistent with the HT results presented here.) Results for a conventional DS-CDMA 

system with a RAKE receiver are generated to form a benchmark for comparison.

We assume a synchronous downlink channel (or, equivalently, an uplink channel 

where synchronousity is maintained). To make a fair comparison, we assume the 

processing gains are 32 for all systems and each uses Hadamard-Walsh codes in all 

simulations. All simulations are performed with a fully loaded system.

Figure 3.5 presents bit error probability (BER) versus SNR performance curves 

for the HT channel. The line marked with circles represents the CI/DS-CDMA system 

with MMSE combining at the receiver, and the line marked with stars represents the 

benchmark DS-CDMA system. From the figure, traditional DS-CDMA’s BER floor, due 

to inter-path interference in the RAKE receiver branches, severely limits its performance. 

The proposed CI/DS-CDMA system with MMSEC combining suppresses this floor. By 

employing frequency diversity, CI/DS-CDMA achieves performance gains on the order of 

14 dB at BER=8 • 10"3.
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Figure 3.6 compares the BER results of traditional DS-CDMA with a CI/DS- 

CDMA system using EGC combining. From the figure we observe CI/DS-CDMA, even 

with the low complexity EGC combining, achieves much better performances than DS- 

CDMA.

Sfmuratfon Result t :  Ct/D&COMA.with MMSEC

DS-CDMAin

CI/DS-CDMA'

15 250 5 2010
SNR

Figure 3.5 Simulation Result I: CI/DS-CDMA with MMSEC vs DS-CDMA

48

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



STmulitionResult2:CI/DS-CDMAwitfr EGC

DS-CDMA

Cl/DS-CDMA(EGC)'

25205 100
SNR

Figure 3.6 Simulation Result 2: CI/DS-CDMA with EGC vs DS-CDMA

Simuration Result3: Ct/D&CDMA

DS-CDMA'

DD

CI/DS-CDMA

10*

number of user*

Figure 3.7 Simulation Result 3: CI/DS-CDMA vs DS-CDMA (SNR=5dB)
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Sim uratfonR esuM rC l/D ffC D M A

DS-CDMA-

CI/DS-CDMA

Figure 3.8 Simulation Result 4: CI/DS-CDMA vs DS-CDMA (SNR=10dB)

Figure 3.7 presents the BER performance versus network capacity (in terms of number of 

users) for CI/DS-CDMA and DS-CDMA system in HT channel at SNR=5dB. Figure 3.8 

presents the same results for SNR=I0dB. From these figures, it is apparent that CI/DS- 

CDMA outperforms DS-CDMA system significantly.

Figure 3.9 compares different combining schemes for CI/DS-CDMA system in HT 

channel. It is evidenced from this figure that MMSEC outperforms other combining 

schemes.
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Figure 3.10 to Figure 3.13 show the simulation results for TU channel. Similar result is 

observed in TU channel.

m 10; CD
MMSEC

EG'

MRC

ORl

SN R

Figure 3.9 Different Combining Schemes for CI/DS-CDMA in HT Channel, Fully

Loaded
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Figure 3.10 CI/DS-CDMA in TU Channel, Fully Loaded, MMSEC

CI/DSCDMAvsDSCDMAfn TU Channel, Fully Loaded

DS-CDMA

CI/DS-CDMA

SNR

Figure 3.11 CI/DS-CDMA in TU Channel, Fully Loaded, EGC
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Figure 3.12 CI/DS-CDMA in TU Channel (SNR=lOdB)

CI/DS-CDMA vs OS^CDMA in TU Channel, Fully Loaded

10

or
DS-CDMA

Figure 3.13 Different Combining Schemes for CI/DS-CDMA in TU Channel, Fully
Loaded
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3.6 High-Capacity DS-CDMA via C l Chip Shaping

In previous sections we have already shown how novel Cl chip shaping technology 

can bring significant performance gain into current DS-CDMA systems. We now 

continue to demonstrate the power o f Cl chip shaping in DS-CDMA to increase the 

network capacity of DS-CDMA systems [39][42][69]. Here, we introduce the concept of 

pseudo-orthogonal chip shaping. Specifically, a second set of N  Cl chips (where N  is the 

processing gain) were sent out with the original DS-CDMA A/" chips set (the two sets o f 

chips were sent within the same symbol duration to support more users). Each set of these 

N  chip sets is an orthogonal set; that is, every chip within one chip set is orthogonal to all 

other chips in the same set. However, the two chips sets are pseudo-orthogonal to each 

other, i.e., a chip in orthogonal chip set I is pseudo-orthogonal to a chip in orthogonal 

chip set 2. The positioning of the new (second) N  chips set was based on minimum mean 

square cross correlation criteria.

3.6.1 Transmitter
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In CI/DS-CDMA, a chip shape is created by superpositioning N  carriers equally 

spaced in frequency by Af=l/Ts (where N  corresponds to the processing gain in traditional 

DS-CDMA, and Ts is the symbol duration). That is, the Cl chip shape corresponds to

It is important to note that these chips, referred to as Cl chips, satisfy the usual

{h(t),h(t - Tc),-••,h ( t- (N  -  \)TC)} is an orthogonal set.

Now, consider a second set o f N  Cl chip shapes, namely

{h{t - t ) ,h ( t  -  Tc -r),--- ,h (t-(N  -\)T C - r ) } . These N  chips are time delayed by

r e  [0,7^) with respect to the original N  chips set {h(t),h(t-Tc),---,h (t-(N -\)T c)} .

Since the chips in the first set are orthogonal to one another, it is obvious that the chips in

the second set are also orthogonal to each other, i.e.,

To double network capacity in DS-CDMA, we propose that the second set of N  

orthogonal Cl chip shapes be sent out simultaneously with the original N-chip set. With 

two sets of Cl chip shapes, we can support two groups of N users each.

However, even though the N  Cl chip shapes that make up each set are orthogonal 

to one another, the Cl chips in the first set and the Cl chip shapes in the second set are not

h(t) = ̂  A cos(2m Aft) 0<t<Ts (3.76)

orthogonality condition h(t—pTc)h (t—qTc)dt =0 {p * q ). That is, the N  chip set

(3.77)
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orthogonal to one another. There exists a cross correlation between the chip shapes from 

different sets.

We now determine the value r  in the second Cl chips set such that there exists a 

minimum average cross-correlation between the sets. Let denote the cross

correlation between the f h chip in chip set L ( r = 0 )  and the fdk chip in chip set 2 

(constructed with r  = r ). Also, let

f i '.* = [ ^ £ ' Z ( s . . 2 ( M > > 2]^  (3-78)
/ = 0  k =0

represent the root mean square cross correlation that exists between chip shapes in set I 

and set 2. We seek to find the two sets o f chip shapes (i.e., the r  value) that minimizes 

Ru . Now, it is easily shown that

= t 4 t - £  cos[ i ($  -  ( 0 ,  + A / r  ))]
2 A /  fr'g

= — -— y ' c o s t  *( —  j  -  — -k -  2 k Af t )] 
l A f  f? Q 1 N J N

(3.79)

It is also easily shown that 

Z W c / . * ) ) 2 = £ '( « ,  2'( M ') ) ! (3.80)
7=0 7=0

That is, the total cross-correlation between the k'h chip in orthogonal chip set 2 and all 

chips in set I is identical to the cross-correlation between the (k')‘h chip in chip set 2 and 

all chips in set I. Using equation (3.80), we rewrite equation (3.78) as
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and, using equation (3.79), this becomes

R, , = [— Y  [—  T  cos[ i (— J  -  2 ;rA /r)]]2] 2 (3.82)
‘•2 N  %  2 A f £ 0 l H

We now determine the selection of 2icbfx, which we refer to as 0 , minimizing 

the root mean square correlation between the two chip sets. To do this, we seek the 6 

value that solves

-  R l^ -  = 0 (3.83)
8 0

Now,

3 [ y l (/?, , ( / , o ) ) 2]a n  ,  .  JV-1 J _ i  '  l — W »  / /  J

^ - =  - [ — V  ( / ? , , ( / , 0 ) )2] 2 - ------—---- — -----------  (3-84)
d9 2 N %  N 3 0

dR 1 1 ,v_l — 1
—  = - [ - £ ( * , 2(y»0))2] 2 — /  (3.85)
80 2 Nj?0 1,2 AT

where

[  = — £i°--------------------  (3.86)
8 0
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N - l  N - l I k

/  =
  J mQ /=0

89
(3.87)

Now,

am

7=0

N - l

/==Z2| ZcosK%7“̂ )] • ' tjc s in $ (^ j-0 ) \
«=o N  J  |_4=o N

(3.88)

N - l  N - l  N - l

1 = S S I 2* cos /  -  «)]
7=0 (=0 4=0 N

(3.89)

a m  N - i  N - i  r  9 _  2tt I
/  =  S f a t ( * + / x ^ 7  -  « ) ] + s t a ( ( t -< • ) (— y - « ) ]

7=0 i= 0  4=0 L N  ^  j

(3.90)

*=}*=! j«+iA-o) ja -iA -o )
/ = i m ( 2 ; z Z ^ e +e »

7=0 [=0 4=0

(3.91)

»=0 4=0 7=0 i=0 4=0 7=0

AM  y ^ y U+1')  ' M W N~l fejvt-n. (3.92)

/  = Im (£  £  for'(*+,)0 J(£ + / -  JV)tf + S S f e
i=0 4=0 - - -

AM  N - l

I I '
<=0 4=0

(3.93)

/  = Im (^ (W -/)e ''wo +
i=0

N - l

I '
i= 0

(3.94)

IrTT
From (3.94), when 0 = — ,k  = 0,1,2,..., we have /= 0  and, therefore, from

N

8R,2
equation (3.85), — — = 0.

80
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IcTTSeeking to determine which 9 =— ,k  =0,1,2,... are maxima and which are

fc7C
minima, we calculate the second order partial derivative at 0 = —  and determine:

N

d R 2 
d 20 
d R 2 
d 2e

> 0 

< 0

when

when

9 = 

0 =

{ 2 k  + l)7C

2 kK  
N

(3.95)

Hence, 0 = ̂ ^corresponds to maxima and 0 -  ̂  + ^  provides minima. 
t f  N

KSelecting k=0, we choose 9 =— as our minima. Figure 3.14 plots the root mean square

cross correlation, i  as a function of 0 , verifying our selection o f 9 =— as a minima.
N

f

3 3

: ?
j

0
f fm
f 3
E 

8 9 
3 a

i
c

*3
00 co o

r T
K
V

9 t
2/T
.V

Figure 3.14: Root Mean Square Cross Correlation versus 0
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Hence, if we have one set of AT orthogonal Cl chip shapes, and we want to increase 

system capacity to 2N  users, we can introduce a second set of N  orthogonal Cl chip 

shapes. To best do that, in a minimum inter-chip interference sense, introduce a second set

of Cl chip shapes with phase offset by 0 =— with respect to the first set of Cl chip
N

shapes. Remembering that 0 = Ijth fx , the selection of 0 =— leads to

That is, the second set of Cl chip shapes with minimum cross correlation to the 

original set of Cl chip shapes is just the time delayed version of the original set with delay 

corresponding to a half chip duration delay.

With these two sets of N  Cl chip shapes each, two groups of N  users can be 

supported simultaneously in the DS-CDMA system. The first group of A users spreads its 

data bits over the first set of N  Cl chips and the second group uses the second set. The 

total transmit signal in a CI/DS-CDMA system supporting all 2N  users corresponds to

N

v = 0 l2 itb f = Tcl l (3.96)

s ( 0 = £ v ; « ) +  £ f v ; 0 ) (3.97)

A M  AM  2AM AM

« « ) = ! > ,  £ a '‘ ’/>(m t ; )  + 2 > < ‘'A (M 7 ;-7 ;/2 )
2 AM AM

(3.98)
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5(0 = Z f i r  Z ̂  * c°s(2* f j  +  2mAft -  2mi f N )g(t)
*=0 «=0 <1=0 g g .

2AM AM AM V * /

+ Z X $(t) Z ̂  * cos(2;£f +■ Im A ft -  2 m i / N - r u r  / A0#(0
*=AT i=0 u=0

3.6.2 Receiver

The receiver for the novel CI/DS-CDMA system with two sets of chips is

consistent with the receiver structure in section 3.2. This receiver is detailed next.

Assuming a Rayleigh frequency-selective slow fading channel (typical of 

wideband DS-CDMA), frequency selectivity exists over the entire bandwidth, but not 

over the individual carriers that make up the Cl chip shape. Hence, each frequency 

component making up the Cl chip shape experiences a unique flat fade. That is, the 

received signal (assuming the transmit signal in equation (3.99)) is characterized by:

r(t) = £  bk'£dp <:k)'£dAan cos(2jtfjt + 2m/tft - ni2n/N + fa )g(t)
k=Q i=0 n=0

+ 2  bk Z  P r i a A  cos(2xfct +  2mAft -  ni2x I N - n x / N  + 0n) + r]{t)
k - S  1=0 n=0

(3.100)
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where a„ is the gain and <f>n the phase offset in the nlh carrier of the Cl chip shape (due to

the channel fade), and rj{t) represents additive white Gaussian noise. To simplify the 

analysis, exact phase synchronization is assumed.

Consistent with Figure 3.4, the CI/DS-CDMA receiver with two sets of chips 

consists of three main components: (1) the incoming CI/DS-CDMA is separated into its N  

chip components, and each chip is decomposed into its carriers and recombined to exploit 

frequency diversity and minimize inter-chip interference and noise; (2) the newly 

recreated Cl chips are despread and linearly combined to eliminate the presence of other 

users, in the usual DS-CDMA fashion; and (3) a hard decision device creates the final 

decision. Here, when the mlh chip is separated into its A carrier components, the nrh carrier 

contributes one decision variable r^n corresponding to

Minimum Mean Square Error Combining (MMSEC) is employed as a frequency 

combiner which attempts to jointly minimize the inter chip interference and noise and 

achieve maximum frequency diversity:

N - l  N - l

rml = '£ b k' £ $ k)a ncos(nm27r / N -n i2 x /N )
*=0 1=0 

2N -1  N - l
(3.101)

+ X  Pit)an cos(«m2;r I N -  ni2x / N  - n i t !  N)+rjmjt
k= N  f=0

(3.102)

where
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N„ — /i = l,2 ,.JV -t
P n= \2

M n = 0
(3.103)

After the frequency combining, we create a final decision variable for user / by 

combining across chips in the usual DS-CDMA fashion (see Figure 3.4).

3.7 Simulation Results for High-Capacity CI/DS-CDMA

To demonstrate the proposed CI/DS-CDMA system’s ability to double network 

capacity, we again employ the Hilly Terrain channel from the COST-207 GSM standard 

described in section 3.4, and we assumed bandwidth consistent with GSM, i.e., 

BW=270.8 KHz and hence chip duration Tc=3.69 ps [57].

We assume a total o f Ar=32 orthogonal chips located in symbol duration Ts. In 

traditional DS-CDMA, capacities can be increased by use o f pseudo-orthogonal codes. 

Thus, benchmark results are generated using the following systems: (I) a traditional DS- 

CDMA system with a RAKE receiver using N=32 Hadamard-Walsh codes and (2) 

traditional DS-CDMA using pseudo-orthogonal codes where the first 33 users use one set 

of Gold codes and the next 32 users use a second set of Gold codes (for a total capacity of 

65 users). We assume a synchronous downlink channel.
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la Figure 3.15, the curve marked with asterisks represents the performance of 

traditional DS-CDMA with Gold codes, while the curves marked with circles represents 

the performance of DS-CDMA with Hadamard-Walsh codes. The curves marked with 

dots represents the performance of the proposed CI/DS-CDMA system with two chip sets 

of size N=32 chips each. For K<32 users, the performance benefits of CI/DS-CDMA over 

traditional DS-CDMA confirms that energy harnessed from a frequency domain 

combining (creating frequency diversity benefits) provides greater benefit than the time 

domain combining based on the RAKE receiver structure. The ability to locate the second 

set of Cl chip shapes results in the ability to support an extra 32 users, doubling network 

capacity without any increase in bandwidth or loss in throughput. Even when doubling the 

network capacity of the system, the CI/DS-CDMA with two N=32 chip sets still 

outperforms conventional DS-CDMA systems with Hadamard-Walsh codes and RAKE 

reception. It is apparent from Figure 3.15 that CI/DS-CDMA supporting 64 users provides 

the same BER performance as a traditional DS-CDMA system with only 16 users.

In traditional DS-CDMA, network capacities can be increased by use of pseudo- 

orthogonal codes. Referring to Figure 3.15, it is evident that the use of pseudo-orthogonal 

Cl chips offers a performance far better than that achieved by use of pseudo-orthogonal 

codes (for comparable network capacity). The CI/DS-CDMA system supporting 64 users 

has the same BER performance of a DS-CDMA system using Gold codes and supporting 

only 6 users.
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Figure 3.15 BER Performance o f CI/DS-CDMA with two sets of Cl chip shapes

3.8 Conclusions

In this chapter, the novel Cl chip shaping method is investigated and is shown to 

support the DS-CDMA architecture with improved performance and increased network 

capacity. This multi-carrier scheme does not require a RAKE receiver. Instead, using 

suitable combining strategies at the receiver, the system exploits frequency diversity 

benefits that are inherent in the proposed multi-carrier chip shaping. Simulation results

65
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show dramatically improved BER performance when the new architecture is applied 

(when compared to a traditional DS-CDMA system). By introducing pseudo-orthogonal 

chips into the system, we demonstrate increases in the network capacity of the system by 

100% while outperforming traditional DS-CDMA.
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Chapter 4 DS-CDMA with C l Spreading Codes

In today’s DS-CDMA systems, Hadamard-Walsh (HW) codes are employed as 

spreading codes in the downlink to maintain the orthogonality between users. However, 

after transmission through multipath fading channels, interference arises between 

different paths, leading to MPI (multi-path interference) in the DS-CDMA RAKE 

receiver. This, in turn, degrades the DS-CDMA system’s probability of error 

performance. In this chapter, we propose a set of novel complex spreading codes called 

Carrier Interferometry (Cl) codes, and we demonstrate how these novel orthogonal 

spreading codes achieve crosscorrelations independent of the phase offsets between 

different paths (after transmission over a multipath fading channel) [44] [45]. This 

improved crosscorrelation property (relative to HW codes) leads to higher SIR in the 

DS-CDMA RAKE receiver, and, as a direct result, better performances in terms of 

probability-of-error.

As the name suggests, Cl spreading codes are related to Cl chip shape (Chapter 

3). Specifically, the delay applied to create each multi-carrier Cl chip shape can be 

represented as a group of phase offset. This group of phase offset in turn corresponds to 

a complex spreading code -  the Cl spreading codes. While we choose not to present Cl
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spreading codes from this standpoint in this chapter, it is important to note that Cl chip 

shape and Cl spreading codes are closely related.

4.1 Introduction

In the DS-CDMA downlink, the transmitter typically employs orthogonal 

spreading codes, namely Hadamard-Walsh codes (layered with an m-sequence) to 

maintain orthogonality between users. At the receiver side, to improve performance, DS- 

CDMA systems use RAKE receivers to exploit the available path diversity. However, it 

is difficult for the DS-CDMA RAKE receiver to fully benefit from the path diversity and 

make efficient use of the received signal energy scattered in the time domain. This is 

because the multi-path effect that induces path diversity also causes multi-path 

interference (leading to lowered SIR). As a direct result, BER performance of DS- 

CDMA is degraded.

In this chapter, we introduce and apply Cl codes to DS-CDMA. We investigate 

the SIR (signal to interference ratio) at the DS-CDMA RAKE receiver when the 

transmitter uses Cl codes, and we compare this to the SIR when Hadamard-Walsh codes 

are used. We show that the partial cross-correlations o f Cl codes (after transmission over 

a multipath fading channel) are independent of phase offsets between different paths.
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(When Hadamard-Walsh codes are used, the partial cross-correlations are related to the 

squared cosine of path phase offsets.) As a direct result, DS-CDMA systems using Cl 

codes demonstrate better performance in term of probability of error than DS-CDMA 

systems using Hadamard-Walsh codes (and other spreading codes) [44].

4.2 Carrier Interferometry Spreading Codes

In DS-CDMA, each user’s information bit is spread by multiplication with a 

unique N-chip code. User k's transmitted signal corresponds to

s, (t) = Re[A £  *<■> £  e*  h{t- iT; -  nTt )] (4.1)
rt=-00 1=0

where A is constant to ensure a bit energy of unity, b[n) e {-1,-t-l} is the nlh data

bit of user k, g(t) represents the chip shape, and esp' (typically +1 or -I) is the 

i ‘h component of user k's spreading sequence. The total transmitted signal considering 

all users’ signals (and assuming downlink or synchronous uplink communications) is:

s(t) = ~iTc~nT)\ (4.2)
k=Q rt=-oo i=0
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Traditionally, Hadamard-Walsh (HW) codes are employed as spreading codes to 

maintain orthogonality between different users, i.e., /?* is 0 or tc (eJ0‘ is +1 or - I )  and is 

chosen according to well-known principles.

Here, we propose a novel group of complex spreading codes for DS-CDMA 

referred to as Carrier Interferometry (Cl) codes. These orthogonal codes are generated

by allowing the f h component of user k's spreading sequence, ejP‘ , to demonstrate 

phase offset

(4.3)

To understand the origins of the Cl codes, we first look at one interpretation of 

the well-known HW codes. There exists a well-known transform in the DSP (digital 

signal processing) literature known as the Walsh-Hadamard Transform (WHT) [70], 

which enables any discrete-time signal to be decomposed onto a basis of l ’s and —l ’s. 

This transform corresponds to the operation

y W H T  _  y tr W H T -  
~  N xN  N (4.4)

where is the WHT of xN, and

M/HOT _  
"AfxAf —

^'""'(O.O)
w ^ iy s s )

0,1) WwlTr{0,2) 
Wwfrr( \\)  WWHT (1,2)

W ^ i N - 1,0) Wwm\ N - \ , \ )W HT,

0rHWr(O,iV-l) 
W ^ & N - 1)

(4.5)
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Here, = (-1)°'* where Cp q is selected such that each row corresponds to an

orthogonal vector (relative to the other rows). Specifically, each rows o f

corresponds to a HW spreading sequence. Hence, HW codes can be understood as rows 

of the WHT. This expansion of discrete linear transforms to spreading sequences can be 

extended to transforms other than the WHT. In general, any discrete linear transform can 

be represented by a matrix WNxtf and the rows of the matrix can be used as orthogonal 

spreading sequences. Specifically, in this work, we create a new set of spreading 

sequences based on the DFT (Discrete Fourier Transform):

(4.6)

where X N is the DFT of xN, and corresponds to

WDFT(0,0) WDFT{0,1) WDFT(0,2) ■■■ IVDFr(0 ,N -l)
WDFT{1,0) WDFr(\,\) Wo n {\,2) -  WDFr{ \ ,N - 1)

(4.7)

WDFr(N -\,0 ) Wdft( N - I,I) .. WDFr{ N - \ ,N - \ )

.2 i t

Here, WDFT{p,q) = e s  . The vector corresponding to one row of the DFT is

orthogonal to the vector representing a different row, i.e.,

(4.8)
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Hence, rows of the DFT matrix represent a new set of spreading sequences 

(corresponding to equation (4.3)). We call these sequences Cl spreading sequences, 

where Cl refers to Carrier Interferometry, because when these sequences are applied to 

distinct harmonics, an interferometry pattern is observed.

One of the important features of Cl codes is that there exists a set of Cl codes of 

any integer AT (since there exists DFT’s of any length N), where traditionally only length 

N=2m Hadamard-Walsh codes exist (as WH transform exists only for length 2"*).

4.3 SIR Investigation at the RAKE Receiver

Assuming the signal s(t) o f equation (4.2) is transmitted over a multipath fading 

channel at carrier frequency f c, the signal arriving at the receiver side corresponds to

r{t) = R e[i<£a,£  1f V ' V - iT c -nT s - r /)ey ( W ) ]+ 77(f) (4.9)
/=0 k=0 It=-a0 t=0

where L is the total number of paths; a , is the fading parameter of the Ith path; zl is the 

time delay of the Ith path, 0, is the phase offset of the Ith path and is assumed to be an 

i.i.d. random variable uniformly distributed over [0 ,2 ; r ) ; and 77(f) is the additive white 

Gaussian noise. Moreover, we label paths such that r0 < r, < r 2 < • • • < r £_,.
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Considering the RAKE receiver o f Figure 2.2, the mth finger’s output for user p 

corresponds to (for detection of bit n=0)

< = 2 > ,  R * ' * * ’ © { X t C  -<«■- - r< » +B r * , A .  -« » D
1=0 k t

t*n

t  a, ReS^-*-’ - © f X A  -r J + S P ^ a ;  -(r, -r.))]]

k*n
L-1

+

(4.10)

+nm

where b*~l) is user k's previous data bit, b*+I) is user k's next data bit, and Rtp (T) 

represents the partial cross-correlation o f user k  and p  at time delay T  = q * Tc, (q e  I) :

Rt.t (r > = ^ (4.U)
A I=0

Specifically, when there is no time delay and when orthogonal spreading codes 

(Hadamard-Walsh codes or Cl codes) are employed

R k p { 0) = 0 k * p  (4.12)

Assuming orthogonal codes, we rewrite equation (4.10) as

m-I   «,
< - a J / »  +£or, -ft. -a+2XX*(«-. -*<> 1

m * * (4.13)
L- 1

+
/=m+1
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In equation (4.12), the first term represents the desired user’s signal contribution 

in the mlh path, and the second term and third term represent the multipath interference 

(MPI) and the fourth term is the noise, represented by a Gaussian random variable with

vanance erffin.

Thus, the SIR of the RAKE receiver’s mtft finger’s output corresponds to

a 2SIRm =  H  r  (4.14)«  2 2 
^MPlm + ̂ Nm

whereGUP?m represents the power of MPI in m'h finger’s output (term two and three in 

equation (4.13)).

When Hadamard-Walsh (HW) codes are used, fi}k) is 0 or x, and hence equation 

(4.13) becomes

m-l

<  = “.* r  +2>,«o»(4 - ( r .  ~ r/> 1
f=° * * (4.15)

+ ^a,cos(^-0n)-R e[^ - r J + ^ ^ R ^ T , -(r,-Tm))]+nm
/=m+1

Using a Gaussian approximation, the power of MPI for HW codes can be easily shown 

to be

= E
/=0 
l*m

1=0

(4.16)
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where

PHW=£[(Re|r,(̂  ’])2] =£[co#(#  - # ) ] = ^  W (0 )+ -W ( ;r )  =1 (4.17)

Thus, the SIR at the mlh finger output in the RAKE receiver for HW codes is

SlRm=— i   j r  (4 l 8 >
K  ^ a f c o s 2̂  - 0 J  + - 1

t=0 *l*m

When Cl codes are used, equation (4.10) becomes

m-l
< +£a,!cos(fl, -<?„> R e £ > ; X , ( r. -<r .  -«/) ]

/= 0  k  k

+sin<0, - f t .  - r - r , )  ]>
k  k

+ £  <r,{ cos(0, - 0 . ) R c [ I > ! 'X , f t  - r „ ) + £ i S % * (1’. - f t ,  - r .» ]
/=m +I k  k

+sin(«, - O J - t a g X X f t  - f t  -r„))]>+i7„
* it

(4.19)

Turning yet again to the Gaussian approximation, the power of MPI when Cl codes are 

used can be shown to correspond to

a MPlm ~ & % a f K  (co s \0 ,- 0 m)-(Re[ey(/̂  ])2 +sin2(0 ,- 0 m)-(hn[eJ(fî  ])2
/=0
l*m

(4.20)
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°MPim — K 'y!g/ (cos (0t sin (̂ f &m))Pa
1=0
l*m

(4.21)

L-1

UQ
l*m

where

Pa  = £[(Re[e't/* -*  ’])2] = E[(lm[eJ(P̂  ’])2] = £[cos2( #  - #  )] = £[cos2(<*)]j(Pk,-P kq )l^2l _  /riVnc2/'/?* _  /?* Y1 -  ^ LWi> Kyn

(4.23)

Here, <f> is a discrete random variable with an equal probability of taking one of the

values in the set {0, — ,2 •— • *, (N  -1) • — } . Thus,
N  N  N

Pa  = E[cos!W ] = ^  (4.24)
iv  I=o N L

Applying (4.24) to (4.22), and (4.22) to (4.14), the SIR o f the RAKE receiver’s 

m,h finger output when Cl codes are applied at the transmitter can be rewritten as

SIRm = — ------ —  (4.25)
K - Y a t - -  + —

h  1 2 2
l*m

Comparing equations (4.18) and (4.25), Cl codes demonstrates an SIR 

independent of the phase offset between different paths. On the other hand, when 

Hadmard-Walsh codes are used, the SIR is related to squared cosine of the phase offset
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between paths. Even though the average SIR per finger in Hadamard-Walsh codes is the 

same as that of Cl codes (because £[cos2(0, -# „ ) ]= ^ ) ,  the distribution of SIR over the

random variable cos(0, —0m)causes degradation in the BER performance. (This is not

unlike the case of a transmission over flat Rayleigh fading channels: even when the 

Rayleigh gain has a mean of 1, the performance is far worse than that in an AWGN 

channel).

All the outputs o f RAKE receiver fingers are combined together to create the 

final decision variable for user pi

(4.26)
«=0

and a hard decision device follows, i.e.,

#,0,= { +I i fR P> ° (4.27)
-1  otherwise

If an ML (maximum likelihood) combining is employed as the branch combiner, 

the combining weights for DS-CDMA/HW and DS-CDMA/CI are different. This is a 

direct consequence of the difference in SIR branch values of the two systems. For 

Hadamard-Walsh codes, ML combining corresponds to

Wm = — --------2=------------  (4.28)
K  £ a 2cos2( 0 , - 0 J  + - 2-

1=0 *■ 
l*m
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where for Cl codes, ML combining weights are

W_ = a .
L-l

M *
l*m

Mn
(4.29)

4.4 Simulation Results for DS-CDMA with C l Codes

To test the performance of the novel Cl codes and compare it with that of 

Hadamard-Walsh codes, simulations are performed over frequency selective Rayleigh 

fading channels. The Hilly Terrain (HT) channel model discussed in section 3.4 is 

assumed [57]. We assume bandwidth consistent with the GSM standard. That is, we 

choose chip duration Tc=3.69 fjs and hence bandwidth BfV = 270.8kHz. We also 

assume a synchronous downlink channel. To make the comparison fair, we assume the 

processing gains are 32 for both systems (Hadamard-Walsh codes and Cl codes) in all 

simulations.

Figure 4.1 shows the simulation results at a fixed SNR of 15dB, where the x-axis 

represents system load (number of active users) and the y-axis shows probability of 

error. Figure 4.2 displays the performance results for a fixed system load (number of 

active users is 32), where the x-axis represents SNR and the y-axis probability of error.
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In both figures, the solid line marked with circles indicates the performance o f DS- 

CDMA system with Hadamard-Walsh codes; the solid line marked with stars indicates 

DS-CDMA system with Cl codes. These results show the novel Cl codes notably 

outperforming Hadamard-Walsh codes. For a 32-user system, Cl codes demonstrate as 

much as 6 dB gain over Hadamard-Walsh codes. Moreover, for a fixed SNR of 15dB, 

DS-CDMA systems with Cl codes support 32 users at the same performance level as a 

HW system with only 20 users (a 37.5% gain in the network capacity).

D&CDMA witfrCI codes and HWV"codes. HTchannel, l*=32

-© - DS-CDMA/HW 
->♦- DS-CDMA/CI

Figure 4.1 Simulation Result 1: DS-CDMA/CI and DS-CDMA/HW in HT Channel,
SNR=15dB
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DS-CDMA/HW
DS-CDMA/CI

■ vc ,
l i t

SNR

Figure 4.2 Simulation Result 2: DS-CDMA/CI and DS-CDMA/HW in HT Channel,
K=32

4.5 High-Capacity DS-CDMA with Two Sets o f Cl Codes

Traditionally, to increase the network capacity of DS-CDMA systems, pseudo- 

orthogonal codes (e.g., Gold Codes, Kasami sequences [1]) are employed. Recently, 

Hadamard-Walsh codes layered with two independent m-sequences has been proposed 

as “excellent” pseudo-orthogonal codes to increase network capacity [71]. The set of the
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HW codes layered with one m-sequence is still an orthogonal set, but the two sets of HW

codes are pseudo-orthogonal to each other.

Here, we propose a novel way to increase the network capacity o f DS-CDMA 

systems using Cl codes. To increase the number of spreading sequences available in the 

DS-CDMA system (i.e., to increase the number of users), we use two discrete linear 

transforms to create two sets o f A Cl spreading sequences each. We are careful to select 

these transforms such that we minimize cross-correlation between all 2N sequences.

4.5.1 Two Orthogonal Cl Codes Set

We allow the first set of N  spreading sequences to correspond to the DFT, 

leading to the Cl spreading sequences

j — k j — 2k j - ( N - \ ) k
{(l,e N ,e N ,—,e N ),£ = 0,1,--,jV-1} shown m (4.3). To create the second set of 

spreading sequences, we introduce a new discrete linear transform which we refer to as 

the Offset-DFT (ODFT). As the name suggests, the ODFT is the transform

X °DFr = (4.30)

where
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W'1ODFT
N x N

WODFr(0,0)
WODn(\,0)

W0DFT(N -1,0) WUUhl\ N - \ , \ )

WODFT(0,1) Wodft(0,2) 
WODFT( U) WODFT( 1,2)

O DFT t

WODFT{0 ,N -\)
WODFr( \ ,N - \ )

Wooft( N - \ ,N - \ )

(4.31)

.2jr „__ j — p’tf+q-ff_____
Here, W (p,q) = e * . (This transform corresponds to the DFT of a

time delay version of xw). The rows of the ODFT lead to a new set of N  orthogonal 

spreading sequences, namely

j — k+e j — ik+ ie
{(l,e " ,e H , -,e N ),k = N ,N  + \,—,2 N -l} (4.32)

As in the case for HW codes layered with two m-sequences, each of the Cl code 

sets is still an orthogonal set but the two sets are pseudo-orthogonal to each other. We 

seek the value of 0 minimizing the average cross-correlation between codes in the two 

Cl codes sets (leading to a minimized multi-user interference). First we introduce the 

root mean square cross-correlation between the two sets

C C ,.2 = [ - 7 ^ - 2  £  (CC K2( j , k ) ) 2 ]
N  y = 0 * = 0

V - IN -I
(4.33)

where CC I 2 ( / ,  k ) represents the cross correlation betweenf h code from the first Cl 

code set and k!h code from the second Cl code set, and corresponds to

CC12 (/,£) = Re
t=0

N -1

= £  costi(^-y ~ k - e ) ] (4.34)
(=0

82

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



It is easy to show that, for the two sets o f Cl codes,

A f-i y - t

£ ( C C u (M ))2 = X (CC12 U ,k'))Z k * k  (4.35)
y = 0  y = 0

That is, the total cross-correlation between the kA code in second code set and all codes 

in first code set is identical to the cross-correlation between the (£')'* code in second 

code set and all codes in first code set. Using equation (4.35), we can rewrite equation 

(4.34) as follows:

N -  I J_

N~CC , , 2 = (CC 1.2 (y .® ))  2 ] 2 (4.36)
/=  0

and, using equation (4.33), this becomes

cc  >.2= [ £ ' c°s[ (4-3?)
j= Q  i= 0

Let us now determine the selection of Q that minimizes the root mean square 

correlation between the two orthogonal Cl code sets. To do this, we set

dC C  , 2
 = 0 (4.38)

6 0

dCC\ j A DJt
Solving equation (4.38), we determine: —~ ~  = 0 whenever 6 = ——, p = 0,1,2,* * *.

ou N
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Seeking to determine which 0 are maxima and which are minima, we calculate the 

second order partial derivative at 0=  and determiner

dCC  A , „ (2  p + l);r r > 0 when 0 = -— ------  —
d ' °  N  (4.39)

— f—  < 0 when 0 =
d - 0  N

Hence, 0 = corresponds to maxima and 0 ^  provides minima. Selecting

p=0, we choose 0 =—  as our minima.
N

Hence, if we have one set of N  orthogonal users using Cl codes, and we want to 

increase system capacity to 2N users, we introduce a second set o f N  orthogonal users 

also using Cl codes. To best do that, in a minimum interference sense, introduce a

second set o f Cl codes, phase offset by 0  =— with respect to the first set o f Cl codes.
N

That is, for 2N users on the system, numbered 0 to 2N-I, the fdh user should be assigned

■d(t) ;a (i)
the spreading code {e ° ,e ' } where

P\k) = i - k —  k = 0,1,..., N - I
*  (4.40)

N  N

The total transmitted signal, with a full 2N users, is then
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2A M  oo AM
/« < * '

i« )  = Re[v)Y, Y.b-''L e‘ gH-ir.-KT.)] (4.41)
fcsO n=-« 4=0

with fj}k) selected according to (4.40).

4.5.2 SIR Investigation at the RAKE Receiver

In this section we characterize the SIR performance (at the receiver) when using 

a DS-CDMA system with the two sets of Cl codes defined by equation (4.39) and (4.40). 

We compare this to the performance with other spreading codes in DS-CDMA.

Assuming the signal o f equation (4.41) is transmitted over a multipath fading 

channel at carrier frequency f c, the signal arriving at the receiver side corresponds to

rC/) = Ret-4Z“ / Z  (4-42)
1=0 k=0 rt=-ao 4=0

where L is the total number o f paths; K  is the total number of users (K  e[l,2(V]); a, is 

the fading parameter of the Ith path; r, is the time delay of the t h path; 0l is the phase 

offset of the t h path and is assumed to be an i.i.d. random variable uniformly distributed 

over [0,2;r); and rj{t) is the additive white Gaussian noise. Moreover, we label paths 

such that r 0 < r, < r 2 < ••• < zL_x.
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Considering the RAKE receiver, the m,k finger’s output for user p  (using a Cl

code in the first code set) corresponds to (for detection of bit 0):

t  = 2> , R e ^ - ' - f t . -r,)]]
f=0 k  k

k*n

+ f > ,  R e ^ - ’ - r J + Z 8?  V E  -(r, -r ,))]]

(4.43)

/=nt+I

+7m

where 6*_L) is user k's previous data bit, b[+l) is user k's next data bit, and Rk p(T) 

represents the partial cross-correlation of user k and p  at time delay T = q-Tc,(q e  / ) :

Rk.P^  = T ^ eJ(Pt' P̂ ' ) { A M )N  i=0

Specifically, when there is no time delay and when orthogonal codes (HW codes 

or Cl codes) are employed

R kn ( 0) = 0 k * n (4.45)

Since all the codes in the first Cl code set are orthogonal and assuming K>N 

users on the system, we can rewrite equation (4.43) as
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r' = a .b r +a„£6,R».„(0)+£<r, Re^™-”-1 •[£&,*».„(r, -(r.-r,))+XiI*"RpJfr, -r,) J
£=Y  1=0 k  k

+ £<*, R e ^ - ' - ’ - £ X X A  - g t j s . y r ,  - (r , -r„))]]+7„
f=«+l

(4.46)

In equation (4.46), the first term represents the desired user’s signal contribution in m‘h 

path, the second term represents the pseudo-orthogonal users’ intra-path interference 

(IPI), the thrid term and fourth term represent the multi-path interference (MPI) and the 

fifth term is the noise, represented by a Gaussian random variable with variance

2 -*SLN m ~  £ *

Thus, the SIR o f the RAKE receiver’s m,h finger’s output corresponds to

siRm= -   r  (4-4?)
a !Ptm + a MPtm + a tr,n

where <x/Wm represents the power of IPI in m finger’s output (term two in equation

(4.46)) a n d o ^ *  represents the power o f  MPI in mlh finger’s output (term three and four 

in equation (4.46)).

When DS-CDMA systems support 2N users using HW codes layered with two 

m-sequences, fi\k) is 0 or 7t, and hence the power of IPI corresponds to

87

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2

(4.48)

= (K -N )a l

Alternatively, when DS-CDMA system support 2N users via two sets of Cl 

codes, the power of IPI corresponds to

Comparing equations (4.48) and (4.49), it is apparent that two sets of orthogonal 

Cl codes demonstrate much lower IPI than two sets of orthogonal HW codes (layered 

with two m-sequences).

In section 4.3, we demonstrated that the powers of MPI for HW codes and Cl 

codes are:

(4.49)

<HW) cos2 (0, - 0. ) (4.50)
1=0
l*m

(4.51)
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Thus, the SIR at the output of mA finger of a RAKE receiver correspond to

SIRm{HW) =
( K - t f ) a ! . + l c f lcc!cos2( 0 , - f U + - ^

(4.52)

1=0
t*m

SIRm(CI) = (4.53)

where SIRm(HW) refers to the SIR when K  e[iV + l,2N] users are supported using two 

sets of m-sequences-Iayered HW codes, and SIRm(CI) refers to the SIR when 

K  e[A"+l,2W]users are supported via the proposed two sets of Cl codes. Comparing 

equations (4.52) and (4.53), layered Cl codes demonstrate an SIR much higher than that 

of HW codes. As a direct result, DS-CDMA using Cl codes to increase capacity to 2N 

users demonstrate much better performance than DS-CDMA system using layered HW 

codes.

All the outputs of RAKE receiver fingers are combined together to create the 

final decision variable for user p:

(4.54)

and a hard decision device follows, i.e.,

otherwise
(4.55)
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If  an ML (maximum likelihood) combining is employed as the branch combiner, 

the combining weights for DS-CDMA/HW and DS-CDMA/CI are different. This is a 

direct consequence of the difference in SIR branch values of the two systems. For 

Hadamard-Walsh codes, ML combining weights correspond to

4.5.3 Channel Modeling and Simulation Results

To test the performance of the novel Cl codes and compare it with that of 

Hadamard-Walsh codes, simulations are performed over frequency selective Rayleigh 

fading channels. The Hilly Terrain (HT) channel model described in section 3.4 is 

assumed [57]. We assume bandwidth consistent with the GSM standard. That is, we 

choose chip duration Tc=3.69 /js and hence BW = UQ.SkHz. We assume a synchronous 

downlink channel. To make the comparison fair, we assume the processing gains are 

N=32 for both systems (Hadamard-Walsh and Cl) in all simulations.

Witt (4.56)

where as for Cl codes, ML combining weights are

(4.57)
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Figure 4.3 shows the simulation results at a fixed SNR of ISdB, where the x-axis 

represents system load (number of active users) and the y-axis shows probability of 

error. In the figure, the solid line marked with stars indicates the performance of DS- 

CDMA system with two sets o f Hadamard-Walsh codes (each layered by a unique m- 

sequence); the solid line marked with dots indicates the performance of a DS-CDMA 

system using typical pseudo-orthogonal codes (in this case, two sets of Gold codes are 

used); and the solid line marked with circles indicates the proposed DS-CDMA system 

with two sets of Cl codes. These results show the novel Cl codes notably outperforming 

two sets of Hadamard-Walsh codes as well as traditional pseudo-orthogonal codes. The 

BER of a DS-CDMA with Cl codes supporting 64 users is the same as the BER of DS- 

CDMA with HW codes supporting only 36 users (and close to the performance of DS- 

CDMA with HW codes supporting 32 users).

D&COM^wtthtwaSttsofCICodes; HT channel. snf=15dB

-©- DS-CDMA/CI 
OS-COMA/HW 

  DS-CDMA/Gold

SOr- 60 70• 20;; 30'. dO.
numbtroTtiun

Figure 43: Simulation Result 1: DS-CDMA/CI and DS-CDMA/HW in HT Channel,
SNR=15dB
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4.6 Conclusions

In this work, novel orthogonal complex Cl spreading codes for DS-CDMA are 

proposed. These Cl codes introduce MPI whose variance is independent of phase offsets 

between different paths, and as a direct result, achieve better BER performance relative 

to that of HW codes. Simulation over Hilly Terrain channels indicates that the novel Cl 

codes can notable outperform Hadamard-Waish codes (and other spreading codes). 

Furthermore, two orthogonal Cl codes sets (with minimum cross correlation between 

sets) are introduced for the DS-CDMA system. In this way, 2N users may be supported 

in a system with a processing gain of N. These Cl codes demonstrate much lower intra­

path interference, and improved signal-to-interference ratio, relative to other proposed 

pseudo-orthogonal codes, and as a direct result, achieve better BER performance. 

Simulation over Hilly Terrain channels indicates that the novel Cl codes can strongly 

outperform traditional pseudo-orthogonal coding methods while doubling network 

capacity. Moreover, as stated in section 2, Cl codes can be designed for any processing 

gain N  (unlike HW codes which requires N=2m).
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Chapter 5 Ultra Wideband DS-CDMA via C l Chip Shaping

One important requirement for next generation wireless communication systems 

is the ability to support a wide range of high rate data services. Despite advances in 

efficient modulation and multiple access technologies, very high data rate transfer will 

still require ultra-wide frequency bands. Traditional DS-CDMA systems operate over 

one single continuous bandwidth, and with the limited spectrum available from the FCC 

auctioned off in small blocks, it will not be possible for DS-CDMA to operate over a 

contiguous ultra-wide frequency band.

This chapter demonstrates how our novel Cl chip shaping scheme (Chapter 3), 

designed specifically for DS-CDMA systems, enables DS-CDMA to operate over non- 

adjacent frequency bands in a way that is identical to its operation if all these bands are 

made contiguous [43]. That is, we now add the ability to operate over non-adjacent 

bands to the benefits of Cl chip shaping — in addition to its very high performance (by 

exploiting frequency diversity instead of path diversity) and ability to double network 

capacity. With the exception of the chip shape and a receiver design which operates 

over non-contiguous bands, this new system retains all the features of a traditional DS- 

CDMA system.
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5.1 Introduction to Ultra Wideband Communication

Today’s growing need for wireless spectrum stems not only from an increase 

in number of wireless phone accounts, but also from industry plans to offer more and 

more services over these phones. With over 50% of the 1.2 billion wireless phones in 

the world by 2003 expected to be Internet ready, and the demand for voice, data and 

video links on the rise, ultra wide-band links will be the only way to support this diverse 

range of demands.

One obstacle to such future development is the lack of contiguous ultra-wide 

bandwidth available to communication companies. The frequency spectrum, a very 

scarce resource, has (for the most part) already been allocated to different companies in 

small blocks, and as such no company owns a contiguous wide bandwidth.

DS-CDMA (as developed in existing standards including IS-95, CDMA 

2000, and WCDMA) has been and is being deployed around the world. No one wants to 

throw out all these existing DS-CDMA systems and standards. But, at present, DS- 

CDMA cannot efficiently support ultra-wideband communication without a large 

continuous bandwidth, and none is available.
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On the other hand, MC-DS-CDMA (multi-carrier DS-CDMA) [72-78] may 

be able to support ultra-wideband communication over non adjacent bands, by operating 

narrow band DS-CDMA over each non-contiguous band. Here, to maintain 

orthogonality between different users, orthogonal spreading sequences on each narrow 

band. Thus, the total number of users is bound by the processing gain of single band, 

and not the total processing gain of all frequency bands. This is unacceptable in a 

wireless system where spectrum is a scarce commodity.

Specifically, because DS-CDMA chip shapes such as the sine and raised 

cosine chip shape occupy a continuous bandwidth, DS-CDMA must occupy a single 

contiguous bandwidth. If N  non-adjacent bands are available, then, at present, DS- 

CDMA must be implemented to operate independently over each of the N  bands, losing 

the benefits inherent in using all bands as a part of a single multiple access transmission 

system.

In Chapter 3, we present novel Cl chip shaping scheme which brings 

significant performance and network capacity benefits to DS-CDMA. Specifically, by 

employing Carrier Interferometry (Cl) chip shaping in DS-CDMA (and calling the 

system CI/DS-CDMA), we enabled DS-CDMA receivers to exploit frequency diversity 

and as such enabled these receivers to better exploit the received signal energy. The Cl 

chip shape corresponded to the linear combining of N  orthogonal (and adjacent) 

carriers.

In this chapter, we introduce another innovation to Cl chip shaping which allows 

chip shapes to operate over non-contiguous bands simultaneously [43]. Specifically, we
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loosen the requirement on the Cl chip shape - replacing the requirement that it be made 

up of AT orthogonal and adjacent carnets by the less rigid requirement that it be made up 

of N  orthogonal carriers (which need not be adjacent). This enables DS-CDMA to 

operate over multiple frequency bands that are non-adjacent in the same manner that it 

would operate if all bands were indeed adjacent. Moreover, because the fades over non- 

adjacent frequency bands are independent, more diversity is available to this DS- 

CDMA system, providing further performance improvement.

5.2 Transmitter for CI/DS-CDMA Over Non-Adjacent Frequency Bands

In Chapter 3, we defined that the Cl chip shape as

JV-l

n=0

and used chip shape of the form

N-l
h{t —iTc) = £  AeJ'2mAr(,-,7l> (5.2)

n=0

We now introduce a new notation, namely
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t f - l

hl(t) = h (t-iT c)= '£ tAeJ2mAft-n0‘ (5.3)

where

(5.4)

We now expand over definition of the Cl chip shape to ensure its 

operability over non-adjacent frequency bands. Specifically, we generalize our chip 

shape by replacing ntsf by f n, i.e.,

where f p and/? (p  *  q) are chosen such that carriers are orthogonal over duration Ts .

While one solution is the selection (characteristics of the Cl chip shape in (5.1)) 

f n = n 6 f , many other solutions exist. For example, consider the case of four non- 

adjacent frequency bands (Figure 5.1), each with a processing gain of N=16, which 

together could form a system with an N=64 processing gain. We can create a chip shape 

to exploit the benefits of the full N=64 processing gain system, by using the chip shape 

in (5.5) with e.g.

M t) = ^Acos(2nfy+ aO Jgit) (5.5)

nA / n = 0,1,2,........ ,15

Jn 1 (/! + 32) A / n =32,33,34,......... 47
(n + 16)A/ n = 16,17,18,......... 31

(5.6)

(w + 48)A f  n=  48,49,50,......... 63
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Figure 5.1 illustrates this Cl chip shape in the frequency domain, and Figure 

5.2 plots the chip in the time domain. From this simple example, it is apparent how we 

can create a chip shape that occupies four non-adjacent frequency bands 

simultaneously, and offer the benefits o f a 4N processing gain DS-CDMA system.

AAA-A AA A-A AAA-A A A A -A *
r

Figure 5.1 Cl Chip Shape Over Non-Adjacent Frequency Bands in Frequency Domain

20 

15 

10
Amplitude

5 

0 

-5 

-10
0 0 .2  0.4 0.6 0 .8  1

time

Figure 5.2 Cl Chip Shape Over Non-Adjacent bands in Time Domain
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Using equation (5.5), we can rewrite user k’s transmitted signal as

£=0

= 6, I >  c o s ( 2 ^  +  2 < <  + n S. )g (() (5.7)
t*0 n*0

=  ^  Z  # * ’ S  A ' cos(2  ̂  + 2}f n t + ni«=0 n=0

In the case of a chip shape designed to occupy non-adjacent frequencies as 

shown in Figure 5.2, the chip shape A, (r) can be generated using four 16 point IFFTs, or 

as shown in Figure 5.3(b). The overall transmitter is designed as shown in Figure 

5.3(a).

CI Chip Shape 
Generator 0

CI Chip Shape 
Generator I

Shape

• <*> 
'-V—I

(a) Transmitter
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(b) CI Chip Shape Generator/

Figure 5.3 Transmitter for CI/DS-CDMA Over Non-adjacent Frequency Bands

(a) Transmitter 

(b) CI Chip Shape Generator i

The total transmitted signal for K  users in downlink (or synchronized uplink) 

communication is:

K - t  AT-l AT-!

S(f) = £  bk £  P\k) 2  C0S(2rfct + 2rfnt + nilJC  / N)g(t) (5.8)
£=0 t=0 n=Q

5.3 Receiver for CI/DS-CDMA Over Non-Adjacent Frequency Bands
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Ia most Rayleigh fading channels used for wideband communication, frequency 

selectivity exists over the entire bandwidth, but not over individual carriers in the multi­

carrier chip shape. Hence, each frequency component making up the CI/DS-CDMA 

chip shape experiences a unique flat fade. That is, the received signal in the fading 

channel is characterized by (assuming the transmit signal of equation (5.8)):

<•(<) = Z  t > , “ ’fa .co s(2< C r + 2 x f,l-m 2 x lN + t,)g « )+ n(t) (5.9)
*=0 (=0 (1=0

where a„ is the gain and <pn the phase offset in the n,h carrier of the CI pulse (due to the 

channel fade), and rj{t) represents additive white Gaussian noise. To simplify the 

analysis, exact phase synchronization is assumed.

For the t h user, the CI/DS-CDMA receiver detects the mth chip as shown in 

Figure 5.4(b). Here, the mth chip is separated into its A carrier components. As shown in 

Chapter 3, each chip and each carrier contributes a decision variable rm,„ corresponding 

to

r"], = Y dbkY^P)k)a n cos{nm 2jclN -niln!N )+ rjm̂  (5.10)
£s0 i*0
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c h ip  I *s re c e iv e r

c h ip  N - l* *  re c e iv e r

(a) Receiver

cos ( 2 # o/ + O - 0 OT) 
■*®

cos(2 i t fct)

c o s (2 / r / j - f 1 - 0 „ )
NX)

c o s (2 ^ rv_,/ + ( N - \ ) - 6 m)

(b) Chip m’s receiver

Figure 5.4 Receiver for CI/DS-CDMA over Non-adjacent Frequency Bands

(a) Receiver

(b) Chip m’s receiver
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The same MMSE frequency combining and time combining are employed as 

described in Chapter 3 to create the final decision variable.

5.4 Channel Model and Simulation Results

Again, we use the Hilly Terrain (HT) channel described in section 3.4 to assess 

the performance of the proposed ultra wideband DS-CDMA system [57].

Simulations are performed assuming that a total of N=32 subcarriers. 

Specifically, the CI/DS-CDMA system with non-adjacent frequency bands is assumed 

to operate over 4 non-contiguous frequency bands, each consisting of 8 adjacent 

subcarriers. These four frequency bands are far enough from one another that the fades 

over each band are independent. Benchmark results are generated using the following 

systems: (1) a traditional DS-CDMA system using N=32 Hadamard-Walsh codes and 

operating over contiguous bandwidth and (2) a CI/DS-CDMA system using N=32 

carriers that are contiguous. We assume a synchronous downlink (or uplink) channel.

Figure 5.5 presents bit error probability (BER) versus SNR for fully loaded 

systems and Figure 5.6 presents the BER versus number o f users for fixed SNR=lOdB. 

The curve marked with circles represents the performance of traditional DS-CDMA, 

while the curves marked with asterisks represents the performance of CI/DS-CDMA
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over adjacent frequency bands and the curves marked with dots represents the 

performance o f CI/DS-CDMA system over non-adjacent frequency bands.

DS-CDMA
CI/DS-CDMA
Ultra Wideband CI/DS-CDMA

Figure 5.5 BER performance of non-adjacent CI/DS-CDMA 

BER vs SNR, Fully Loaded, HT channel
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DS-CDMA 
CI/DS-CDMA 

 Ultra Wideband CI/DS-CDMA

10'

iu>cn

Figure 5.6 BER performance of non-adjacent CI/DS-CDMA 

BER vs Number o f Users, SNR=lOdB, HT channel

These results confirm that CI/DS-CDMA operating over non-adjacent frequency 

bands exploits more frequency diversity than CI/DS-CDMA operating over adjacent 

frequency bands (providing better performance). O f course, both systems outperform 

traditional DS-CDMA dramatically.

5.5 Conclusions

In this chapter the novel CI chip shaping method is investigated further and 

shown to support ultra wide-band DS-CDMA over non-adjacent frequency bands. This
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CI/DS-CDMA scheme does not require a RAKE receiver. Instead, using suitable 

combining strategies at the receiver, the system exploits frequency diversity benefits 

that are inherent in such multi-carrier chip shaping. Simulation results show 

dramatically improved BER performance when this architecture is applied, when 

compared to that offered by a conventional DS-CDMA system and a CI/DS-CDMA 

system operating over adjacent frequency bands. Moreover, unlike the MC-DS-CDMA 

alternative, which only supports N' users where N' is the number o f users available in 

one of the non-contiguous frequency bands, ultra wideband CI/DS-CDMA supports 

/V = LN' users, where L is the number o f non-contiguous bands.

106

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 6 Short-term DS-CDMA Receiver Improvements

As mentioned in Chapter 2, tapped delay line RAKE receivers are commonly 

used to achieve path diversity gains in DS-CDMA systems. Here, Maximum Ratio 

Combining (MRC) across paths is typically considered the optimal combining scheme 

when fading parameters can be perfectly tracked. Lee and Milstein [72] noted that MRC 

is not optimal because different diversity branches have different MAI power. However, 

Lee and Milstein’s combining scheme used inaccurate estimator of the MAI power. In 

this chapter, the optimal combining scheme for DS-CDMA RAKE receivers, based on 

the maximum likelihood criteria, is derived. Simulation over Rayleigh frequency 

selective fading channels indicates the benefits over other combining schemes [79].

While the performance benefits available (to DS-CDMA) by improving RAKE 

receivers are small when compared to the benefits of using CI chip shape (Chapter 3) or 

CI codes (Chapter 4), this work is important because it provides a short-term solution to 

poor DS-CDMA performance. This solution can be used until CI codes and CI chip 

shapes are embraced by academic and industrial communities.
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6.1 Introduction

In current DS-CDMA systems, tapped delay line RAKE receivers are commonly 

employed to achieve path diversity gain (Figure 2.2). In a frequency-selective multipath 

channel with L separable paths, the RAKE receiver provides up to Ltk-order diversity.

In RAKE receivers, each “finger” extracts one of the separable multipaths, and 

the fingers’ outputs are then combined to exploit path diversity and overcome multi- 

path effects. Maximum Ratio Combining (MRC) is typically considered the optimal 

combining scheme when fading parameters can be tracked [I][2], However, MRC is the 

optimal method o f combining if and only if the MAI (multiple access interference) in 

different diversity branches (i.e., different “fingers”) is independent and identically 

distributed (i.i.d.). This is simply not the case in DS-CDMA. This was first observed by 

Lee and Milstein in [72], where an improved combining scheme (referred to here as 

MRC2) is derived. However, we have determined that Lee and Milstein’s MRC2 is still 

not optimal, a direct result of inaccurate assumptions regarding the power of the MAI 

term.

In this chapter, we present an optimal combining scheme for RAKE receivers 

based on maximum likelihood criteria and accurate estimation o f MAI power (hereafter
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referred to as MRC3). Simulation over Rayleigh multi-path fading channels shows the 

novel combining scheme outperforming traditional MRC as well as MRC2. It is 

important to note that this novel combining scheme does not require any additional 

information (beyond that required by MRC and MRC2).

6.2 Maximum Likelihood Combining Scheme for DS-CDMA RAKE 

Receiver

Recall from Chapter 2, equation (2.9), in nth user’s DS-CDMA RAKE receiver, 

the m,h finger’s output corresponds to

+£<*, cos(0, - « . ) £ > , - ( r .  - r , » + 2 X % . ( r .  - r,) ]
1=0 k  k  ( 6 . 1 )

+ £  a ,cos(e, - e j l '£ b l - 'R lJ,(zl -T j+ '£ b ,R ,Jl(T, -(r , - r . ) ) ]
/=m+1 k  k

+nn
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All decision variables r„n> are combined across paths (i.e., index m) to exploit

the path diversity gain and create a final decision statistic for user n, Rln}. 

Mathematically, this corresponds to

- f X ' i "  (6-2)
m=0

A hard decision device follows, i.e.,

Maximum Ratio Combining (MRC) is typically treated as the combining 

method providing the best performance; here, the weights Wm of equation (6.2) 

correspond to:

However, MRC is the optimal method of combining only when the MAI in 

different diversity branches (i.e., different “fingers”) is independent and identically 

distributed (i.i.d.). In [72], Lee and Milstein demonstrated that the MAI of each RAKE 

finger’s output has a different power, and hence MRC is not optimal.

Considering the second term and the third term in equation (6.1) as MAI, and 

estimating its power, Lee and Milstein present a new version o f MRC (MRC2), where

else
i /R w > 0

(6.3)

(6.4)
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However, the combining with weights from equation (6.5) fails to take into 

account: (1) information regarding the phase Ot, which is tracked at the receiver and (2) 

the presence of b„ in terms two and three of equation (6.1). Thus, the estimation of MAI 

power in MRC2 is not accurate. As a result, MRC2 is not truly optimal. With this in 

mind, we rederive the combining weights (creating MRC3) as follows. First, rewrite 

equation (6.1) by separating out the b„ component in the second and third term, i.e.,

r — a b „m m it
IB-l L-1

+ £ a , c o s ( 0 , - 9 n )bnRnn(Ts - ( r m - r , ) )  + £ a , c o s ( 0 , - 9 m)bnRn,niTs - ( r ,  - r j )
1=0 l= m +1

+ 2  a , cos(0, - 0 . ) [ £  bt Rt„(T, -  ( r .  -  r , )) ♦ £  f r .  -  r,) ]
/ = 0  k*n k

+ £  a t cos(0, -  0m) [ £  bj-l)Rk n(T, -  xm) + £  bkRnJc(Ts -  (r, -  r m))] + rjm
[=m+\ k  k * n

(6.6)

From equation (6.6), we can clearly see that the desired data b„ is contained in 

the first three terms, and the power of the MAI is determined by the fourth and fifth 

term. That is,

rm= z l + z r (6-7)
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where Z f is the contribution o f the total desired signal (the first three terms in equation

(6.6)), and Z ^ 1 is the contribution o f MAI (the fourth term and the fifth term in 

equation (6.6)).

Using (I) equation (6.7), (2) the Maximum Likelihood Criteria, and (3) 

approximating MAI as a Gaussian random variable, the optimal combining scheme for 

the RAKE receiver (MRC3) is easily shown to correspond to

(6.8)

where

(6.9)

Finally, the resulting weights in equation (6.2) correspond to:

m-l L - l

wm

(6.10)
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These weights require amplitude, phase, and delay tracking for each multipath, 

typically available in DS-CDMA.

6.3 Channel Model and Simulation Results

To test the performance of the novel combining scheme (MRC3) and compare it 

with other combining schemes, simulations are performed over Rayleigh frequency 

selective fading channels. MRC, MRC2 and MRC3 are simulated for a DS-CDMA 

system with a processing gain of 128 and chip time 0.2 /xs. The Hilly Terrain (HT) 

channel model is assumed. For such a DS-CDMA system, the HT channel is a multipath 

fading channel with six paths [57]. The power and time delay of each path are shown in 

Table 3.1.

Figure 6.1 shows the simulation results at a fixed SNR of lOdB, where the x- 

axis represents system load (number of active users) and the y-axis shows probability of 

error. Figure 6.2 displays the results for a fixed system load (number o f active users is 

32), where the x-axis represents SNR and the y-axis probability of error. In both figures, 

the solid line marked with circles indicates MRC performance; the solid line marked 

with stars indicates MRC2 performance; and the solid line marked with dots presents 

MRC3 results. These results show the novel combining scheme (MRC3) notably
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outperforming MRC and MRC2. For a 32 user system, MRC3 demonstrates as much as 

a lOdB gain over MRC and 5 dB gain over MRC2.

MRCrv»MRC2an&MRC?iit H T channel, SNR=10dB

- a -  MRC 
MRC2 

—  MRC3

100 120
num ber o f  u se rs

Figure 6.1 Simulation results in HT channel (fixed SNR=l0dB)
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MRCvsMRG2amfMRC3in-.Hr channel. 32users

MRC 
MRC2 

—  MRC3

tuD

SNR

Figure 6.2 Simulation results in HT channel (fixed system load=32 users)

6.4 Conclusions

In this chapter, a novel maximum likelihood combining scheme for the DS- 

CDMA RAKE receiver is proposed. Based on accurate estimation of MAI power in 

every diversity branch (RAKE finger), the optimal ML combining is derived.
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Simulation over Hilly Terrain channels indicates that the novel combining scheme can 

strongly outperform other combining schemes. It is important to note that (I) the 

proposed combining scheme does not require any additional information relative to 

traditional MRC and (2) the added computation load is very small.
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Chapter 7 Applications of the Technology: The IEEE 802.11b WLAN 

Standard

WLANs (Wireless Local Area Networks) promise to combine the mobile 

connectivity of the wireless world with the speed and robustness of current wired 

systems. With IEEE 802.11, WLANs are emerging that support a variety of data types 

as well as rates. This chapter introduces an application of novel Carrier Interferometry 

chip-shaping technology to the DSSS implementation of IEEE 802.11 WLAN [46][47]. 

This application is capable of improving performance and increasing the throughput of 

the current DSSS system. It is shown that, the proposed system supports four times the 

throughput of the traditional DSSS system, while simultaneously achieving a 2dB 

performance gain at a probability of error of 10'3.

7 .1  Introduction
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Wireless Local Area Networks (WLANs) have been at the center o f intense 

research, development, and standardization efforts since the early 1990’s. The growing 

interest has stemmed from two primary considerations: low cost of maintenance and 

expansion (i.e., elimination of new cabling, reduced time to deploy, and increased 

physical space) and the popularity o f devices like portable computers and personal 

digital assistants (PDA’s).

In 1997, IEEE created the 802.11 standard, a specification for wireless LANs 

operating in the 2.4 GHz ISM band [80]. This standard specifies two wireless Physical 

Layers, one based upon Direct Sequence Spread Spectrum (DSSS), and the other upon 

Frequency Hopped Spread Spectrum (FHSS).

The DSSS portion of the IEEE 802.11 standard utilizes an 11-chip pseudonoise 

(PN) Barker code combined with Differential Binary Phase Shift Keying (DBPSK) or 

Differential Quadrature Phase Shift Keying (DQPSK) to achieve 1 and 2 Mbps data 

rates. Here, an incoming I MHz symbol rate is spread to an 11 Mchip/s chipping rate, 

widening the data to a larger 22 MHz bandwidth.

In this chapter, staying within the IEEE 802.11 DSSS standard, we introduce our 

novel Cl (Carrier Interferometry) chip shaping described in Chapter 3 to the DSSS 

architecture. By applying Cl chip shapes in the DSSS’s specified 11 chip Baker 

sequence, it is shown that the 22 MHz channel bandwidth supports twice the throughput 

and improves probability of error performance, outperforming traditional DSSS by 

approximately 4 dB at a BER of 10'3.
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7.2 IEEE 802.11 DSSS Physical Layer Specifications

IEEE 802.11 divides the 2.4 GHz ISM band into 14 channels. In the United 

States, only 11 of these 14 are used, with Channel I’s center frequency set to 2.412 GHz, 

Channel 2’s center frequency set to 2.417 GHz, up to Channel l l ’s center frequency set 

at 2.462 GHz. While 11 channels are available, only three channels operate at any one 

time, with each pair separated by at least 30 MHz. This ensures little to no interference 

between channels.

In each of the three channels in use, information bits are modulated utilizing 

either DBPSK or DQPSK, allowing the system to transmit at 1 or 2 Mbps respectively. 

Next, the data is spread to a larger bandwidth by application of an 11-chip pseudonoise 

Barker sequence, selected because o f its good autocorrelation properties. The Barker 

sequence corresponds to:

(+1, -1, +1, +1, -I, +1, +1, +1, -I, -I, -1) (7.1)

At the receiver, a despreading process and peak detection device are used to 

extract the strongest multipath component, and a decision device determines the 

transmitted signal. More expensive designs include the use of multi-tap RAKE receivers 

prior to the decision device (see Chapter 2).
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7.3 CI-DSSS: Application of C l Chip Shape to 802.11 DSSS

The Cl chip-shaping filter, when applied to IEEE’s 802.11 DSSS standard, 

creates chip shapes corresponding to the linear combination of 11 subcarriers, equally 

spaced within the 22 MHz bandwidth. Figure 7.1(a) demonstrates the Cl chip shape in 

the frequency domain, and Figure 7.1(b) shows one period of the corresponding chip 

shape in the time domain. As is evident from Figure 7.1(b), one period of the Cl chip 

shape is similar in time to the sinc(.) chip shape.

•  •  •

*■
f

( fc+  I M H z) ( Ic+ S M H z) 
(tc-*-3M H z)

(fe *-21 MHz)

(a): Cl Chip Shape in the frequency domain
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0 100 200 300 400 500 600 TOO 000 900 1000

(b): Cl Chip Shape in the time domain

Figure 7.1 Cl Chip Shape for 802.11 DSSS

Mathematically, the Cl chip shape (generated using FFT’s) for 802.11 DSSS 

application corresponds to

where A is a constant to ensure a code energy (after spreading) of unity, N  = 11 is the 

number of chips, and A/ = 2/Ts (Ts being the symbol duration of lxlO-6 sec in 802.11 

DSSS), i.e., A/ = 2 MHz.

The spreading sequence (+ l’s and - l ’s), corresponding to the Barker sequence, 

is modulated using the Cl chip shaping filter to create the Barker code as follows 

(denoted here as j£'(t)):

10

(7.2)

10
(7.3)

1=0
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where h(t) is the Cl chip shape of equation (7.2), is the i h element of the Barker 

sequence shown in equation (7.L), g(t) is a unit amplitude rectangular waveform of 

duration Ts, and A is a constant ensuring code energy is unity.

As mentioned in Chapter 3, by utilizing the Cl shape, we create a chip-shape that 

in the time domain demonstrates a shape similar to that of the well-known sinc(.) 

waveform, but in the frequency domain is easily decomposed into its 11 subcarriers. At 

the receiver, a frequency combining strategy can be utilized, whereby each chip is 

decomposed into its 11 carriers and frequency combining is deployed to exploit a 

frequency diversity benefit. Specifically, a frequency selectivity typically exists over the 

entire bandwidth, whereas a flat fade exists over each of the 11 carriers used to create the 

Cl chip shape. Hence, through use of a frequency combining strategy such as the 

Minimum Mean Squared Error (MMSE) or Maximum Likelihood (ML) combiner, the 

11 carriers that make up the Cl chip shape can be combined to exploit the frequency 

diversity available in the channel. This leads to notable performance benefits as shown 

in section 7.5.

Moreover, Cl chip shaping offers a second advantage over the IEEE 802.11 

DSSS standard: a throughput benefit. Specifically, in a 22 MHz bandwidth, with a 

symbol rate of R = I/Ts = 1 MHz, it is well known that there exists 22 orthogonal 

carriers (with a frequency spacing of A/= l/Ts = I MHz). Referring to Figure 7.1(a), it 

is evident that only 11 of these carriers are used in the proposed Cl chip shape (with a 

frequency spacing of A /= 2 MHz). That is, referring to Figure 7.2, only the carriers 

marked Set 1 are used in 802.1 l ’s DSSS with Cl chip shaping. We propose the
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introduction of a second set of 11 Cl chips, which supports a second data stream of rate 

L MHz, created by the 11 carriers designated as Set 2 o f Figure 7.2. That is, with 22 

orthogonal carriers available in the 22 MHz band, we use one set o f  11 carriers to create 

Cl chips for one DSSS transmission, and a second set of 11 carriers to create new Cl 

chips for a second transmission. These two respective transmissions are frequency 

orthogonal to one another, and therefore cause zero interference while coexisting.

(/;+4MHz)
(£+2MHz) (£+6MHz) (£+22MHz) }Set 2

m
(£+21 MHz) Set 1( £+lMHz) | (£+5MHz)  (£+21 MHz)

(£+3 MHz)

Figure 7.2 Orthogonal Carrier Sets

7.4 CI-DSSS WLAN Transmitter and Receiver Models
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Figure 7.3 depicts the transmitter for the proposed CI-DSSS WLAN architecture 

when one set o f orthogonal frequencies, Set L (Figure 7.2), are used to transmit a 1 MHz 

data stream. An analogous design is used to send the second 1MHz data stream with 

carriers from Set 2 (Figure 7.2). Referring to Figure 7.3, (1) the Cl chip h(t) is created 

by a linear combining of the 11 carriers, (2) the code is then generated by creating chips

h(t), h(t-Tc) h(t-lOTc) and applying the Barker sequence (as in equation (7.3)), (3) the

data is applied to the code stream, then time limited by g(t), and finally, (4) the signal is 

modulated to the center frequency.

j l K  0-2-10 b t

= + i

h(t)

Re[|

Cl Chip Shape lift)

Figure 7.3 CI-DSSS Transmitter for one set of chips 

The mathematical representation of this signal is therefore:
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to to
s (t) = b A ^ dp i cos(2^f+2;r n A f(t-iT c))g (t)

t=0 itsQ

(7.4)

Considering the second set o f i l  chips created using orthogonal frequencies (Set 

2), define the new Cl chip shape on carrier set 2 as

j o

«=o

and rename the original Cl chip shape on carrier set 1, h(t), as hy (/):

to
hl(t) = h(t) = '*£dAejlmhft (7.6)

rt=0

The spreading sequences modulated using these Cl chip shapes correspond to

to
X ? ( ‘) = ^ £ A  W< - iT J  gd) (7.7)

1=0

and

to
* 2a W = '• Z A  M '- iT J 'g O )  (7.8)

1=0

Using X y!(t) and (f), two bit streams can be supported. The output with both 

chip sets summed together is:

X a (t) = bxX ? (t)  +b2X ? (t)  (7.9)
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10 10
* ° 0 ) = m £ a  *,(<-iTc) g (f)+ M £ A  K d - i T . i  gtt) (7.10)

1=0 1=0

The corresponding transmitted signal is then

to 10
S(i) = M£A £  cos(2̂ ( + 2 m Af(t - iTj • g(i)

i=0 n=0
10 10

+b1A '^ f i l ^ c o s (2 x  f ct + 2x nA f(t-iT c) + 2k ^ t)g(t)
(7-11)

1=0 «=0

where bt is a bit from the first 1 MHz stream spread by the first set o f orthogonal carriers 

of Figure 2, bz is a bit from the second data stream spread by the second set of 

orthogonal carriers of Figure 2, and Tc = 2/NAf.

The received signal after transmission through a frequency selective fading 

channel is thus:

10 10 2  ir
r(t) ' 2 X  cos(2xfct + 2 m A ft-n i— +<f>n )g(t)

,=° „=o ( 7 l 2 )
1° 10 A f  I j r  .

+b1A '£/3i ]> X  cos(2nfct + 2m A ft+ 2k - ni— +0'„)g(t)+rj(t)
i=0 n=0

where, a n is the channel fade on the nth carrier o f Set I, a„’ is the channel fade on the nlh 

carrier of Set 2, is the phase offset through the channel on the nlh carrier of Set I, and 

tf>n' is the phase offset of the channel for the nlh carrier of Set 2.

Figure 7.4(a) presents the overall receiver architecture for processing the 

received data stream present on frequency Set I, while Figure 7.4(b) elaborates on the 

MMSE frequency combining scheme utilized in each branch o f Figure 7.4(a). The
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frequency recombining performed in Figure 7.4(b) allows for exploitation of the 

frequency diversity in the channel. An analogous receiver operation is used to detect the 

incoming data stream on frequency Set 2.

r(t)

H a r d  D e c i s i o n  

D e v i c e

chip 0*s receiver

chip I 's  receiver

chip 10*s receiver

DSSS
Combiner

(a) Receiver structure

cos(2tt *0 • 2 • 1061 + 0  * m - 2k ! 11)

•2-lQ6f +  l w 2 ; r / l l )

c o s (2* -1 0 -2 - l0 6f + 1 0 ' 2 * / I l )

(b) Chip m's receiver 

Figure 7.4 CI-DSSS Receiver

126

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Referring now to Figures 7.4(a) and 7.4(b), the incoming bit stream is split into N 

= 11 streams, and each is processed by the chip receiver of Figure 7.4(b). Here, 

detection of the mth chip is performed as described in Chapter 4 and summarized next. 

First, the mth chip is separated into its M orthogonal carrier components. Each o f the m'h 

chip’s carriers contributes a decision variable r„,n, corresponding to

rmj, =bAPna n +b A a ^ P ,  c o s (n m ~ -n i^ )+ T jmjl (7.13)
,-=o "  "

From here, the MMSE combining scheme is employed to recombine the rm.„ 

terms in (7.13) across carriers to minimize interchip interference (the second term in 

equation (7.12)) and noise (the third term in equation (7.12)), leading to:

i° ~
— r *   (7 - l4 )6  m* P j z l + N 9!2

where the value of P„ refers to

i° 9  rr
pn = £cos2(/i(m - 0 — ) =

i= 0  N
2 n l’2’- ’10 (7.15)
11 n=0

After the MMSE frequency combining of (7.14) and (7.15), we refer to Figure 

7.4(a) which shows a final decision variable for the bit generated by combining the Rm’s 

across chips in the usual DSSS dispreading fashion:
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10
* > = £ « .A  (716)

m=0

That is, each chip decision v a r i a b l e i s  multiplied by m'A chip’s spreading value

(see the mth value in equation (7.1)) and combined together. A hard decision is then 

made on this recombined D, outputting the bit’s value. By processing the signal in the 

frequency domain and not in the time domain, i.e., by exploiting frequency diversity and 

not path diversity, we achieve notable performance benefits.

7.5 Channel Model and Simulation Results

To emulate typical WLAN channels, simulations were performed utilizing the 

UMTS indoor channel models “Channel A” and “Channel B.” These define the path 

models for the indoor channel at delay spreads (Tm) o f 35 ns and 100 ns respectively, and 

match delay spreads for typical office environments [81][82]. As a benchmark for 

comparison, we simulated the traditional DSSS WLAN with a 4-fingered and a 6- 

fingered RAKE receiver (for Channel A and Channel B respectively). These two channel 

models are defined as a transversal filter with time varying coefficients whose average 

power is determined by the multipath power delay profile (PDP) given in Table 7.1 and 

Table 7.2.
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Tap No. z(ns) Average power (dB)

1 0 0.0

2 50 -3.0

3 110 -10.0

4 170 -18.0

5 290 -26.0

6 310 -32.0

Table 7.1 Multipath Power Delay Profiles for UMTS Channel A

Tap No. z(ns) Average power (dB)

1 0 0.0

2 100 -3.6

3 200 -7.2

4 300 -10.8

5 500 -18.0

6 700 -25.2

Table 7.2 Multipath Power Delay Profiles for UMTS Channel B

This performance was compared to that of our DSSS WLAN with Cl chip- 

shaping (referred to below as CI-DSSS WLAN). Our emulated Cl system has twice the 

throughput o f the benchmark traditional 802.11 DSSS system.
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Figure 7.5 and Figure 7.6 compare bit error rate (BER) versus signal-to-noise 

ratio (SNR) for DBPSK DSSS WLAN and DBPSK CI-DSSS WLAN in both Channel A 

and B. While the DSSS data rate is 1 Mbps, the CI-DSSS data rate is 2 Mbps, achieved 

by incorporation of the second set o f orthogonal chips. From Figures 7.5 and 7.6, even 

with twice the throughput, CI-DSSS outperforms DSSS by approximately 4 dB at a BER 

of 10'3 in Channel A, and approximately 3 dB in Channel B at BER of 10'3. These 

performance benefits are conservative estimates, since, in creating these results, 

benchmark DSSS receivers are based on 4 and 6 fingered RAKE (complex and 

expensive). (Typically, one or two path RAKE receivers are deployed in DSSS 

WLAN.)

8Q2LI1 DS»SS simulation, indoor channel A

DSSS

ui 10

10-

CI/DSSS

SNR:.

Figure 7.5 Simulation Results for Channel A
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Figure 7.6 Simulation Results for Channel B

7.6 PO-CI-DSSS: High-Performance IEEE 802.11 DSSS WLAN via C l Chip 

Shaping with Quadruple Throughput

In earlier sections, we applied novel Cl chip shapes into the IEEE 802.11 DSSS 

WLAN scenario and showed how this leads to a doubling in throughput. Specifically,
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when Cl chip shapes are used, two spreading codes are available (as opposed to the 

usual one spreading code), namely

10
h,(t-iT ,)-g(l) (7.17)

i=Q

where

10
hx {t) = h(t) = £  AeJ2m*fi (7.18)

/ t= 0

and

10
= W - i T j  gV) (7.19)

i=0

where

/z2(0 = f > e  2 (7.20)
n=0

In this section, we further exploit the Cl chip shaping strategy, allowing us to 

again double the throughput, for a total throughput gain of four times that of traditional 

IEEE 802.11 DSSS WLAN. Specifically, we propose to again double the throughput of 

the CI-DSSS system by introducing a pseudo-orthogonal chip set (described in section 

3.6), creating what we term PO-CI-DSSS (pseudo-orthogonal CI-DSSS). When doing 

this, the novel PO-CI-DSSS system supports four times the throughput of the traditional
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DSSS system, while simultaneously achieving a 2dB performance gain at a probability 

of error of 10~3. The details follow.

As discussed in section 3.6, there exists a novel way to further double the 

throughput o f the CI-DSSS system: introduce pseudo-orthogonal chip sets (in time). By 

doing so, the novel CI-DSSS system supports four times the throughput of the traditional 

DSSS system. Specifically, consider the first orthogonal subcarrier set, characterized by 

equations (7.17) and (7.18). It is easily shown that a second set code can be created that 

is highly (but pseudo) orthogonal to this code, namely

That is, it turns out that the code created by delaying the Cl chips by a duration 

of TJ2 is highly orthogonal to the code created with Cl chips with a zero delay offset. 

Using this pseudo-orthogonal code, and calling the resulting system PO-CI-DSSS 

(pseudo-orthogonal CI-DSSS), we can now support four simultaneous transmission, 

each using one of the four codes

(7.21)

10
(7.22)

i=0
(7.23)

10
(7.24)

1=0
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The transmitter for the proposed CI-DSSS WLAN architecture when the code 

X f l (t) is used to transmit a 1 MHz data stream is exactly the same as shown in Figure 

7.3. An analogous design is used to send the second, third and fourth 1 MHz data stream 

with code X ? ( t) , andX™~a {t) . Referring to Figure 7.3, (1) the Cl chip

hi(t) is created by a linear combining of the 11 carriers, (2) the code is then generated by

creating chips ht(t), h{( t - T  hi(t-lOTc) and applying the Barker sequence (as seen in

equation (7.1)), (3) the data is applied to the code stream, then time limited by g(t), and 

finally, (4) the signal is modulated to the center frequency. The mathematical 

representation of this signal is therefore:

sit) = Re{bX? ( t y 2̂  g(!)} (7.26)

10 10

s(t) = b A^Pi -£cos(2;zfcf +2x n /Sf{t-iTc))• g{t) (7.27)
i = 0  n=0

Considering the second set of 11 chips created using orthogonal frequencies (Set 

2), the output with both chip sets summed together is:

s{t) = Re{(A,X,c'( 0  +  i 2X 2°  i t))^ 2̂  git))  (7.28)

10 10

si t)  = Re {(A, M  (I -  iTc )git)+b2AY, P M  ~ iTc))ejW-‘} (7.29)
1=0 1=0
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Finally, with the codes generated using delayed Cl (equation (7.23) and (7.25)), 

four data bits are sent through the channel simultaneously:

s(t) = Re{(4,X ? (f)+b1X ° (/) +b,X™~a (t)+b,X?>-a (t))ej2*-,g(t)} (7.30)

10 10

S(t) = R e { (M £ ft h,(t-iTc)g(t)-tb1A'£fi1 h2(t-iTJg(t)
i=0 1 = 0

10 10

+ -TJ iyg(f)+b tA Y f i M - i T ' - T J D - g f t ) ^ }
i=0  / = 0

(7.31)

where bx is a bit from the first I MHz stream, b2 is a bit from the second data stream, 

and so on.

Using the hi(t) and hjft) of equation (7.18) and (7.20) leads to:

10 10

S ( 0 = M Z #  £cos(2xfct+27T nAf(t-iTc))'g(t)
i = 0  n=0

10 10 A f
+ M £ f l  £ c o s ( 2 ^ / cr+2a- nA /(r-  (7 ;)+ 2jr - iTc)) ■ g(t)

1=0 n=0 ^
10 10

+ b2 Pi Y,cos(27fct + 2 m A f( t - iT c - TJ2))-g{t)
i = 0  n = 0

10 10 K f
+b,Aj^pi£cos(2rfcl +2 mbf(t-iTc -  TJ2)+2x-f(t- iTc))g(t)

/ = 0  n=0 2

(7.32)
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The received signal after transmission through a frequency selective fading 

channel is thus:

i° i°
rC O ^M Z A  Z a » . tc o s ( 2 * f r + 2 ; r  nAf{t-iTc)+<f>nl)-g(t)

1=0 n=0
1 °  1 0  A f

+b2A ^ P f £ a „ >2 cos(2/r/./+2x nAf(t- iTc) +  2/r— (/ - iTc) + <fin2) -g(t)
i=0 n=0 *-
10 to

+ M Z # 2 X . i  cos(2/zfcf + 2mAf(t-iTc -Tc/2)+<f>nf-g(t)
i'=0 n=0

10 10 Af*
+ Pi Z a ».2 C0S(22?f̂  + 2imAf (t -  iTc-Tcl2) + 2x— (t-iTc)+<f>nl )-g(/)

i=0 n=0 ^

+ 7(0

(7.33)

or, expressing the delays as phase offsets,

to to .

cos(2/zfcf + 2/m A/f -  w/2/r / iV+ n̂l )• g(0
i=0 u=0

to 10 A/*

+62̂ Z  A Z a «.2c°s(2/r f ct Jc2mAft-ni27rlNJr27t——t-i7clN+^n-2)-g(0
i=0 n=0 ^
10 10

+ m £ a 2 > ,  , cos{2jfct + 2m  Aft - n i 2 x l  N - n x I  N+<f>nl)-g(t)
i ' = 0  n = 0

to 10 ^
2 QQs(27ifct  +  2mAft—ni2ic IN  - n i t  I N + 2/r — f - i n  /  N+<ftnl)- g(t)

i ' = 0  n = 0

+7(0

(7.34)
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where a„j is the channel fade on the n,h carrier o f frequency Set 1; anj  is the channel 

fade on the n‘h carrier o f frequency Set 2; <fht.i is the phase offset through the channel on 

the nlh carrier o f frequency Set I, and <h.2 is the phase offset of the channel for the nlh 

carrier of frequency Set 2, and rj(t) is the additive Gaussian noise.

Figure 7.4(a) presents the overall receiver architecture for processing the first 

data stream, i.e, the data stream on code X^l (t). Figure 8.4(b) elaborates on the 

frequency combining scheme utilized in each branch of Figure 7.4(a). Analogous 

receiver operations are used to detect the incoming data streams on the other codes 

( X{°~a (t) , Xi (i)and Xz°~a (t)). The frequency recombining performed by the 

receiver in Figure 8.4(b) exploits the frequency diversity in the channel.

Referring now to Figures 7.4(a) and 7.4(b), the incoming bit stream is split into N  

= 11 streams, and each is processed by the chip receiver of Figure 7.4(b) (where, 

detection of the mlh chip is performed). First, the mth chip is separated into its N 

orthogonal carrier components. Each of the mth chip’s carriers contributes a decision 

variable rm,„ for bi corresponding to

rm* =b,APma n + blA a nJ^fii c o s ( n m ^ - n A
,-=0 w TV

(7.35)
, . 0 . 2rc .In  K

+ biA a n^ p i cos{nm— - m — - n — )+rim*
/=0
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Next, the MMSE combining scheme is employed to recombine the rm.„ terms in

(7.35) across carriers to minimize interchip interference (the second and third terms in 

equation (7.35)) and noise (the fourth term in equation (7.35)), leading to:

i° a
Rm= Y  r -P   (7.36)

Z'0 m'n 2Pna 1n + N 0/2

where the value of P„ refers to

10
pn = ^ o s 2(n ( m - i ) ^ - )  = 

i=o A
— n = 1,2,...,10 
2
11 n=  0

(7.37)

After the MMSE frequency combining of (7.36) and (7.37), we refer to Figure 

7.4(a), where a final decision variable for the bit is generated by combining the Rm’s 

across chips in the usual DSSS despreading fashion:

10

D = ! * . / » „  (7-38)
m=0

That is, each chip decision variable Rm is multiplied by mlh chip’s spreading value

(see the mth value in equation (7.1)) and combined together. A hard decision is then 

made on this recombined D, outputting the bit’s value. By processing the signal in the 

frequency domain and not in the time domain, i.e., by exploiting frequency diversity and 

not path diversity, we achieve notable performance benefits while supporting four times 

throughput relative to traditional 802.11 DSSS standard.
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As above, to emulate typical WLAN channels, simulations were performed 

utilizing the UMTS indoor channel models “Channel A” and “Channel B.” These define 

the path models for indoor channels with delay spreads (Tm) o f  35 ns and 100 ns 

respectively (matching delay spreads for typical office environments). As a benchmark 

for comparison, we simulated both the traditional DSSS WLAN with a 4-fingered and a 

6-fingered RAKE receiver (for Channel A and Channel B respectively) and we 

simulated CI-DSSS WLAN without pseudo-orthogonal chips. This performance was 

compared to that of our high throughput DSSS WLAN with Cl chip-shaping and 

pseudo-orthogonal chips (referred to below as PO-CI-DSSS WLAN). Our emulated Cl 

system has four times the throughput of the benchmark traditional 802.11 DSSS system, 

and is constructed as described above.

Figure 7.7 and Figure 7.8 compare bit error rate (BER) versus signal-to-noise 

ratio (SNR) for DBPSK DSSS WLAN, DBPSK CI-DSSS WLAN and DBPSK PO-CI- 

DSSS WLAN in both Channel A and B. While the DSSS data rate is I Mbps, the CI- 

DSSS data rate is 2 Mbps, and the PO-CI-DSSS data rate is 4 Mbps, achieved by 

incorporation of the pseudo-orthogonal chips and the second set of orthogonal carriers. 

From Figure 7.7 and Figure 7.8, even with four times the throughput, PO-CI-DSSS still 

outperforms DSSS by approximately 2 dB at a BER o f 10‘3 in Channel A, and 

approximately 1 dB in Channel B at BER of 10'3. These performance benefits are 

conservative estimates, since, in creating these results, benchmark DSSS receivers are 

based on 4 and 6 fingered RAKE (complex and expensive). (Typically, one or two path 

RAKE receivers are deployed in DSSS WLAN.) We also observe that little performance
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is lost relative to CI-DSSS proposed in section 8.3-8.5, but a doubling in throughput 

achieved.

- e -  d s s s
CI-DSSS 

—  PO-CI-DSSS

\
to

tof

SN R

Figure 7.7 Simulation Results of PO-CI-DSSS for Channel A

802.1ID S -S S sim u la tion , indoor channe l B

D SSS 
CI-DSSS 
PO-CI-DSSS

Figure 7.8 Simulation Results of PO-CI-DSSS for Channel B
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7.7 Conclusions

In this chapter, we propose CI-DSSS which, when compared to traditional DSSS, 

offers significant improvement in terms of both performance and throughput. 

Specifically, we have shown how applying Cl chip-shaping and frequency recombining 

(described in Chapter 3) enables 3 dB performance gain and a doubling of data rate over 

traditional 802.11 DSSS WLAN. The cost of added transmitter complexity is minimal 

when compared to these substantial gains.

Furthermore, we apply both pseudo-orthogonal chips (described in section 3.6) 

and a second set o f orthogonal carriers in DSSS which, when compared to traditional 

DSSS, offers very significant improvement in terms of throughput (while achieving a 

performance gain). Specifically, we have shown how our this work enables a 

quadrupling of data rate over traditional 802.11 DSSS WLAN while achieving a 2dB 

performance gain at probability of error of 10‘3. The cost o f added transmitter 

complexity is minimal when compared to these substantial gains. By implementing the 

proposed CI-DSSS at the physical layer, IEEE’s 802.11 WLAN becomes a high- 

performance, high-throughput connection.
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Part I I

MC-CDMA
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Chapter 8 Introduction to MC-CDMA and CI/MC-CDMA

MC-CDMA (multi-carrier code vision multiple access) has emerged as a powerful 

alternative to current DS-CDMA in wireless communications. Instead of spreading the 

signal in the time domain as in DS-CDMA, MC-CDMA spreads the signal in frequency 

domain. Specifically, in MC-CDMA, each user’s data is transmitted simultaneously over 

multiple narrowband subcarriers, with the subcarriers encoded with a unique orthogonal 

(or pseudo-orthogonal) spreading code.

After transmission through a multipath fading channel (or equivalently a 

frequency selective fading channel), the orthogonality between MC-CDMA signals is 

lost. However, by decomposing the MC-CDMA signal into each and every frequency 

component (Le, subcarrier) and carefully recombining them, frequency diversity can be 

exploited. It has been shown that the frequency diversity exploited in MC-CDMA leads to 

larger SIR (signal to interference ratio) compared to a RAKE receiver in current DS- 

CDMA systems (which exploits path diversity).

Moreover, by introducing the novel Cl (carrier interferometry) codes described in 

Chapter 4 into MC-CDMA, other authors have created a novel version of the MC-CDMA
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system: CI/MC-CDMA (carrier interferometry multi-carrier code vision multiple access) 

[49][83-86]. With lower cross correlation properties in frequency selective channels 

(relative to traditional spreading codes used for MC-CDMA systems), CI/MC-CDMA 

demonstrates better BER performance than conventional MC-CDMA systems 

[49][83][84]. Moreover, by introducing offset Cl codes (with minimum correlation to Cl 

codes) as pseudo-orthogonal codes, CI/MC-CDMA systems have been shown to double 

the network capacity of conventional MC-CDMA systems with negligible performance 

loss [85].

In this chapter, we briefly review the concept of MC-CDMA, its transmitter 

structure, receiver structure, and its performance improvements over DS-CDMA. 

Additionally, we review CI/MC-CDMA and show how this novel version of MC-CDMA 

is able to significantly improve the performance and network capacity of current MC- 

CDMA systems. (It is important to note that CI/MC-CDMA is not being presented as 

innovation research conducted as part o f this thesis — however, the improvement to it, 

found in Chapter 9-11, do represent an important contribution to the filed.)

8.1 Introduction to MC-CDMA
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First proposed in L993, MC-CDMA has received a great deal of attention and has 

been considered a strong alternative to DS-CDMA for next generation mobile 

communications [25-38].

The block diagram representation of the MC-CDMA transmitter is shown in 

Figure 8.1. Much like in DS-CDMA, the MC-CDMA transmitter for user k  spreads the 

original data stream via a spreading code ck{t). However, the spreading code ck(t) is

applied in the frequency domain instead of the time domain. Each user is allocated a 

unique spreading code (typically orthogonal in both the downlink and synchronous 

uplink).

Time

Data
Stream

Figure 8.1 Conceptual Transmitter for MC-CDMA 

Mathematically, in an MC-CDMA system, the fdh user’s transmission corresponds

to

sk(t) = Re{bkck(t)eJ2lfct} (8.1)
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where bk is user k’s information bit (assumed +1 or —I for ease in presentation), and 

ck{t) is user k’s spreading code, which in MC-CDMA systems refers to

ct(/) = | y " ,V “ * -g (0  (8-2)
«=0

Here, M is processing gain, i.e., the total number o f  narrowband carriers in the MC- 

CDMA code; is the f h value in user k’s spreading sequence, typically +1 or - I  

(/?/*’is 0 or k ) in accordance with known spreading codes such as Hadamard-Walsh 

codes; iA f is the frequency position of the t h frequency component (typically A f  = I /Ts ,

where Ts is symbol duration, to ensure carrier orthogonality); and g(t) is a rectangular 

waveform of unity height which time-limits the code to one symbol duration Ts.

Including code creation in the MC-CDMA transmitter side, we can redraw Figure 

8.1 in a more detailed manner, as shown in Figure 8.2:
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Figure 8.2 Transmitter for MC-CDMA

The total transmit signal considering all K  users’ signals (and assuming downlink 

or synchronous uplink communications):

A M [ A M

Sit) = X  bk Re]
*=o u=0 )■

git) (8.5)

After transmission through a multipath fading channel, the frequency selectivity 

over the entire bandwidth is resolved by the narrowband carriers, i.e., each of the M 

narrowband carriers experience a unique flat fade. The received signal in MC-CDMA 

thus corresponds to

AM [ A M

r(t) = £  bk Re j £  a iejfi','eJWc,eJ2m̂ e jA !► • git) + rj(t) (8.6)
*=0 .1=0

147

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



where K  is the number o f users occupying the system, a, is the gain of the ith subcarrier 

and fa the phase offset of the /'* subcarrier due to the channel, and q(t) represents AWGN.

The MC-CDMA receiver for user I is shown in Figure 8.3.

cos(2ff(jV -i)A/? + /JvJ,)

v - ;

Figure 8.3 MC-CDMA Receiver for user /

Here, the received signal is decomposed into its N  orthogonal carriers and 

despread by user /’s spreading code. The (h carrier generates the decision variable 

(assuming ideal phase synchronization)

r"1 =a,b, + « , ! > ,  Re[e'0,"-',f"l]+ 7 , (8.7)
*=0k*t
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Here, rji is a Gaussian random variable with 0 mean and variance Next, a suitable

combining strategy is used to linearly combine the r/° terms and create a final decision

variable. It has been shown in literatures that MMSEC (minimized mean square error 

combining) produces the best performances in terms of bit error rate. Employing MMSEC 

in MC-CDMA results in the decision variable

A hard decision device follows to make the final decision:

From the above receiver design, we observe MC-CDMA receivers exploit 

frequency diversity in the frequency selective channel by separating carriers and 

recombining them (while DS-CDMA RAKE receiver use correlators to resolve multiple 

paths and create path diversity) (Chapter 2). In DS-CDMA case, large inter-path 

interferences on each RAKE finger significantly decrease the performance. As MC- 

CDMA receivers avoid this damaging effect, MC-CDMA receivers outperform DS- 

CDMA RAKE receivers significantly.

Figure 8.4 shows a typical MC-CDMA and DS-CDMA BER versus signal to 

noise ratio (SNR) curve in the hilly terrain (HT) channel. Figure 8.5 shows the same result 

in typical urban (TU) channel [57]. The processing gain is N=32 and the system is fully

else
(8.9)
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loaded: the high error floor due to the multipath interference in DS-CDMA is avoided 

MC-CDMA.

ifr^^cfiinner

DS-CDMA

MC-CDMA-

Figure 8.4 Performance of MC-CDMA and DS-CDMA in HT Channel
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DS-CDMA

10
MC-CDMA'

ttt
\~r> <!';.. '.xXu-̂ z. :

Figure 8.5 Performance of MC-CDMA and DS-CDMA in TU Channel 

8.2 Introduction to CI/MC-CDMA

In Chapter 4, we proposed Carrier Interferometry (Cl) spreading codes derived 

from the DFT and applied these to DS-CDMA systems. These Cl codes, a novel set of 

orthogonal codes, can also be applied to MC-CDMA systems. These CI/MC-CDMA 

systems have recently been presented in the literatures [49][83-86].
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Traditionally, Hadamard-Walsh codes are employed to MC-CDMA systems as 

spreading codes to maintain orthogonality between different users, i.e., /?/*’ is 0 or ;rand 

is chosen according to well-known principles.

Described in Chapter 4, the orthogonal Cl codes are generated by allowing the Ith

The novel orthogonal spreading codes are called Cl spreading codes, where Cl refers to 

Carrier Interferometry, because when these codes are applied to distinct harmonics, an 

interferometry pattern is observed.

When Cl codes are applied as spreading codes in the MC-CDMA system, CI/MC- 

CDMA results. The transmitter and receiver structures of CI/MC-CDMA systems are 

identical to those in Figure 8.2 and Figure 8.3; the only update is the change in spreading 

code from +1 and -1 values to values from (8.10). The impact of this change is detailed 

next.

User k's transmitted signal in CI/MC-CDMA corresponds to

component of user k's spreading sequence, ejP‘ , to demonstrate phase offset

(8. 10)

If (8.11)

and the total transmit signal with K  users is
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K-1 IJV-I y.(,t 2£
Sit) = £  bk Rej " ej2^ e J2m&ft |* - g(f) (8.12)

k-0  i=0

After transmission over a frequency selective fading channel (in downlink or 

synchronized uplink), the received CI/MC-CDMA signal corresponds to

£ = l  y = l  j-i'k-—J nrr{t) = Re[ ^  eJ2m̂ e J2̂  g(t)]+r}(t) (8.13)
k=0 «=0

where K  is the total number of users utilizing the system, or, is the gain and (pi the phase 

offset in the t h carrier, and rj(t) represents additive white Gaussian noise. Again, to 

simplify the analysis, exact phase synchronization is assumed.

The output in the t h subcarrier of f h user’s receiver corresponds to the decision 

variable

/}(/) = a A + a < ^ * R e [e ; ( °^r ]+7, (8.14)
*=0 
k*l

Now let’s investigate the SIR at the (h carrier component [48][49]. The SIR at the 

(h carrier component corresponds to

C815)

where <x/(2 represents the power of MAI (2nd term) in the t h carrier, cr v2 represents the 

power of additive noise in (h carrier component; and
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Pt = £[(Re[e7(̂ “' A<',)])2] k  *  I (8.16)

/> = £ [ z o s \ f t k) - P ? ) ]  (8.17)

l f . 2 x .
Pt = £ [cos2(i ^ ( £ - 0 ) ]  (8.18)N

n I lr2jc.P, = >  cos (— in)
* t r ^ - i  *

d  ^ X "* ^ n  f t *  • y i

p‘ = /v^T§5[1+cos(¥ m,]

f V-L1 v - i  /— ml  /  » r < . X.  ̂r» r   ̂ IO i

P  =

,4 ir .  ,4jt
7— '  „  J— «(Af-l)

1 e y (1 -e  y )

(8.19)

(8.20)

p‘ = ^ r - r r ^ - l + S Rete "  D (8-2D
i ( i V  — 1 )  n=l

2(Ar - l )  A  ’ (8-22)
l - e  N

1 i = 0,N/2

fowl- 1>/(W-1) i # 0,N I2

' |I i=Q,NI2

Let’s investigate the SIR at the Ith carrier component for a traditional MC-CDMA 

systems with Hadamard-Walsh codes. The SIR at the t h carrier component of MC-CDMA 

systems with HW codes corresponds to

*«r =^nr^=(K iw ip '^ T w /2 (8 '24)°7f +  a N i  (K  -  l)a « “ + N 0 / 2
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where for Hadamard-Walsh codes

P™ = £[cos2(0 tk) - f t 1')] = 1 (8.25)

Comparing equations (8.15) and (8.23) with equation (8.24) and (8.25), it is clear 

that Cl codes introduces a lower power MAI per branch than their Hadmard-Walsh 

counterpart. Specifically, the power of the MAI terms when using Cl codes is

approximately half ( ( i W 2 - l ) / ( W - l ) « that present in Hadamard-Walsh
N 2

codes.

The reduced MAI per decision variable rtU) leads to a reduced MAI in the final

decision variable R0), regardless of whether R(l) is generated using MMSEC, EGC or 

MLC (maximum likelihood combining) criteria. For example, when EGC is applied,

= Z  « A  (8.26)
i=0 i=0 t= 0  i'=0

k* l

The power of MAI within the filial decision variable Rm is 

a f= ^ a f< .K -\)P , (8.27)
i=0

Hence,

'h e * , = S«,!(JC-1W = (8-28>1=0 1=0 &
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Referring to equation (8.28), reduced MAI power leads directly to a higher SIR, 

and, as a result, higher performances observed with Cl codes.

We simulate both CI/MC-CDMA and MC-CDMA (with Hadamard-Walsh codes) 

in the downlink to compare the performances of these two systems. We assume a slow 

frequency-selective Rayleigh fading channel. The number of carriers is set to N=32 and, 

characteristic of a typical CDMA communication environment, the total bandwidth is 

selected as four times coherence bandwidth, i.e., BW=4(40C- Figure 8.6 shows the 

simulation results for a folly loaded MC-CDMA system at different SNRs (signal to noise 

ratios) and Figure 8.7 shows performance results with different loads (the number of 

active users) at SNR=10dB. The line marked with circles represents MC-CDMA with 

Hadamard-Walsh codes, while the line marked with stars represents MC-CDMA with Cl 

codes. Both MC-CDMA and CI/MC-CDMA systems employ MMSE combining. It is 

apparent from these figures that MC-CDMA with Cl codes outperforms its Hadamard- 

Walsh counterpart, as suggested by the SIR calculation.
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Figure 8.6 Simulation Result 1 of CI/MC-CDMA and MC-CDMA
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Figure 8.7 Simulation Result 2 of CI/MC-CDMA and MC-CDMA
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83  High-Capacity CI/MC-CDMA

In Chapter 4, we also derived Offset Cl codes, a second set of N  codes which 

demonstrated a minimum cross correlation with respect to Cl codes. We applied Offset Cl 

codes alongside the original Cl codes in DS-CDMA systems to double the network 

capacity. In work presented by other authors Offset Cl codes and Cl codes have now been 

applied into MC-CDMA systems. As a direct result, the network capacity of MC-CDMA 

systems has been doubled with negligible performance loss [85]. We review this work 

here.

The Offset Cl codes are defined as

Together, we have two sets of N  spreading sequences which can be used to support 2N 

users in an MC-CDMA system with process gain N. Because the crosscorrelation between 

Offset Cl codes and Cl codes is minimized, the performance degradation introduced by 

Offset Cl codes is negligible.

k = N ,N  + -1 (8.29)

and the usual Cl codes refer to

k = 0,l,...,A/-l (8.30)
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The total transmitted signal with 2N  users in the system corresponds to

2AM  f  AM  1

S ( 0 = £  A » R e [•«(() (8.31)
*=0 lf= 0  J

where /?,{i) is selected as shown in equations (8.29) and (8.30).

At the receiver side, the received signal is characterized by

r(t) =YjbkY jx f cos{2itfct + 2 m t y i +#)g(0+*7(0 (8-32)
*=0 1=0

Using the receiver structure of Figure 8.3, the received signal is first decomposed 

into its subcarrier components and then despread, outputting r  = (r0(° , rt(/),..., ) where

= “A + Z  “A C0SI Pi1' -  Pi" J+n, (8-33)
*=0
k x t

Minimized mean square error combining is employed to combine the r.I]’s.

The multipath fading channel models used to assess the performance of the double 

capacity CI/MC-CDMA system are the Hilly Terrain (HT) channel and Typical Urban 

(TU) channel described in Chapter 3 [57].

Simulations are performed assuming that a total of N=32 carriers. Benchmark 

results are generated using the following systems: (I) a traditional MC-CDMA system 

receiver using N=32 Hadamard-Walsh codes and (2) traditional MC-CDMA using 

pseudo-orthogonal codes where the first 33 users use one set of Gold codes and next 32
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users use a second set of Gold codes (for a total capacity o f  K=65 users). We assume a 

synchronous downlink channel.

Figure 8.8 presents bit error probability (BER) versus the number of users for 

SNR=10dB in the HT channel and Figure 8.9 presents these results in the TU channel at 

SNR=15dB. The curve marked with asterisks represents the performance o f traditional 

MC-CDMA with Hadamard-Walsh codes, while the curves marked with circles 

represents the performance of CI/MC-CDMA, and the curves marked with dots represents 

the performance of traditional MC-CDMA with Gold codes (supporting up to 65 users). 

In CI/MC-CDMA, the first 32 users are supported using the first orthogonal group of 

spreading codes, and the next 32 users are supported using the second orthogonal group of 

spreading codes.

These curves demonstrate that the use o f this novel scheme to increase capacity 

offers tremendous performance benefits over the use of traditional MC-CDMA system 

with pseudo-orthogonal codes for increased capacity. Without any loss o f performance, 

capacity increases of 50% can be supported (Figure 8.8, Figure 8.9), and there are 

negligible performance losses even when capacity increases by 100%.

160

j
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



o smJation rest* 1 for Ci/MC-CDfcft with double capacity
10

CI/MC-CDMA 
MC-CDMA/H-W Codes 

.  MOCOMA/GoU Codes 
•

10

GC -2
ui 10 00

10

-410
0 10 20 30 40 50 60 70

r u r t e r o f  users

Figure 8.8 Simulation Results of High Capacity CI/MC-CDMA
o sirrUat'on resUt 2 for CI/MC-CDMA with doUjle capacity

10
CI/MC-CDMA 
MC-CDMA/H-W Codes 

. MOCDMA/Gold Codes 
•

10

0£ -2 m 10 
CD

10

■4
10

0 10 20 30 40 50 60 70
cumber of users

Figure 8.9 Simulation Results 2 of High Capacity CI/MC-CDMA
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8.4 Conclusions

In this chapter, we reviewed MC-CDMA and CI/MC-CDMA: explaining the transmitter 

structure and receiver structure, analyzing the SIR; and showing the performance improvements 

(in terms of both bit error rate and network capacity). In the chapters that follow, we discuss 

innovations in MC-CDMA and CI/MC-CDMA systems.
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Chapter 9 Maximum Likelihood Combining Receiver for MC-CDMA 

and CI/MC-CDMA

In this chapter, the maximum likelihood combining (MLC) scheme for MC- 

CDMA and CI/MC-CDMA is derived [48][49]. This scheme is optimal from the 

standpoint of minimizing the probability of error performance. It is shown that MLC is 

very close to MMSEC in a fully loaded system, justifying the selection of MMSEC over 

other combining schemes. However, when the load is small (as measured by number of 

users), MLC is shown to outperform MMSEC (and all other combining schemes).

9.1 MLC Receiver for MC-CDMA

As discussed in Chapter 8, in MC-CDMA, multiple users share the same N  

carriers for transmission, but are assigned orthogonal or pseudo-orthogonal codes to 

guarantee their separatablity at the receiver. In MC-CDMA receivers, each received
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symbol (sent on N  subcarriers) is decomposed into its carrier components, and a 

combining technique is employed to (I) minimize noise, (2) minimize MAI (Multiple 

Access Interference), (3) optimize frequency diversity benefits or (4) perform some 

combination of (I) to (3).

Specifically, the most commonly used combiners in MC-CDMA are: (I) EGC 

(Equal Gain Combining), where carrier components are summed together to minimize 

noise; (2) ORC (Orthogonality Restoring Combining), where MAI is eliminated at the 

cost of noise enhancement; (3) MRC (Maximum Ratio Combining), where frequency 

diversity benefits are exploited without concern for MAI; and (4) MMSEC (Minimized 

Mean Square Error Combining), where a mean square error measure between the 

transmitted symbol and the estimated one is minimized. MMSEC is widely considered 

the best combining scheme based on probability of error performance. However, prior to 

this work, no one has established the “goodness” of MC-CDMA MMSE combiners. 

Here, we evaluate the truly optimal ML combiner, and, in showing how close it is to the 

MMSE combiner performance, justify the continued use o f MMSEC.

Recall in the MC-CDMA receiver, the output in the subcarrier of Ith user’s 

receiver corresponds to the decision variable

rtin = aib, + a ^ b k Re[eJl/>jk'~0‘,')] + Tii (9.1)
k=0
k*l
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where bk e  {+1,-1}, K  is the number of users occupying the system, a, is the gain of the

■thsubcarrier and &the phase offset of the i,hsubcarrier due to the channel, and

nit) represents AWGN.

Next at the receiver side, a suitable linear combining scheme is used to create a 

decision variable for user k, i.e, the receiver generates

Rw = Y w r r ^  (9.2)
/sQ

In MMSEC, the decision variable Rll) is created using weights

W( = ---- ^ ------- (9.3)
‘ K af +N0/2

Finally, this decision variable enters a hard decision device which selects

A , J +1 (9.4)
[—1 otherwise

Let’s determine the optimal combining scheme for MC-CDMA systems. Given 

r (,) = {/•Oc/),r,(0,"',ry/l,}, the maximum likelihood criteria requires a decision based on

P (r(/)\b, = l ) x P (r(0 \bt = -l)  (9.5)

where x  means if the term on the right is greater than the one on the left, output bit -I; 

otherwise decide +1.
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Assuming no knowledge o f the other users’ spreading codes, the MAI of 

different carriers (the second term in equation (9.1)) can be viewed as independent from 

one carrier to another, in which case

14y)=nm’ =r!" -«*A)
1=1 1=1

(9.8)

where rj\ is a random variable with mean 0 and variance

a r = E
K - 1

*=0
k * l

(9-9)

K-l
( a ^ b ,  Re[eJ“  >])

k= 0
k * l

Ek 2} (9.10)

r,.2 = (^ - l)a ,-2E[Re[e7tA<“"^'>r )  i2 Nn (9.11)

Since fijk) =0 or it,

£^e[cJ,'!‘,-'l!",]!]=£[cos2(A((*) - A(/))]= —■-cos2(0) +—-cos2(;r) = I 
2 2

(9.12)

Thus,

v , 2 = ( . K - l ) a , l + ^ (9.13)
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Employing the Gaussian approximation o f MAI with variance characterized by 

equation (9.13), and using log’s in (9.5), the maximum likelihood decision rule in (9.5) 

corresponds to:

logP(r|b, = I) x  log P(r\bt = -1) (9.14)

V i  1 V r C ^ i  — i  V i  I V r ( —1 — ) 2 i2>g-7==T-Zr —] x S log-^-T-Z[ J  3« y]2xcrf i 2<t( , ^2icarf » 2cr,
(9.15)

Y ^ x O  (9.16)

Using equation (9.13), we get

a r V) x O  (9.17)
' (K-l)a ,2+ ^

Restating equation (9.17) in a form consistent with equation (9.2) and (9.4), the 

ML criteria corresponds to the weighted combining of equation (9.2) (followed by the 

hard decision of (9.4)), where weights correspond to

WMLC = --------- ^ ---------  (9.18)
( K - l ) a f + M 0l2

Comparing MLC in equation (9.18) and MMSEC in equation (9.3), it is apparent 

that the only difference is the K  in MMSEC weights replaced by (K-l) in MLC weights. 

In a fully loaded system, i.e., when K  is large, replacing K with (K-l) makes little
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difference. This adequately explains the high probability of error performance observed 

in MMSEC. However, when the load is small, MLC notably outperforms MMSEC (and 

all other combining schemes).

To test our maximum likelihood combining for MC-CDMA and compare it to 

MMSEC combining results, we use the Hilly Terrain (HT) channel described in Chapter 

3 [57]. Simulations are performed assuming a total of N=32 carriers.

Figure 9.1 presents bit error probability (BER) versus the number of users for 

SNR=10dB in the HT channel. Both MLC and MMSEC results are shown in Figure 9.1. 

It is apparently from this figure that MLC outperforms MMSEC when system load is 

small.

Maximum Likelihood Combining for MC-CDMA, HT channel, SNR=10dB

MMSEC V

\ '  ■* MLC

ioJ L.
t t

0 5 10 15 20 25 30 35
number of users

Figure 9.1 Simulation Results for MC-CDMA with MLC
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9.2 MLC for CI/MC-CDMA

We now extend our MLC receiver from MC-CDMA to CI/MC-CDMA. Recall in 

the CI/MC-CDMA receiver, the output in the t h subcarrier of Ith user’s receiver 

corresponds to the decision variable

where K  is the number of users occupying the system and corresponds to a value 

between 1 and 2N, a,is the gain of the i‘hsubcarrier and &the phase offset of the 

i'h subcarrier due to the channel, and q(t) represents AWGN.

Similar to MC-CDMA, it has been shown that MMSEC outperforms the other 

combining schemes (e.g., EGC, ORC) in terms of bit error rate. However, we seek to 

establish the “goodness” of MMSEC by comparing it to the theoretically optimal ML 

criteria.

It has been shown the MMSE combining for CI/MC-CDMA corresponds to

(9.19)
k=0k*l

(9.20)
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where

Wt =  p   (9.21)
' KP''af+N0/2

and

fl/2  i*Q ,N /2
P ’H  (9.22)
' l l  i  = 0 ,N f2

Now we determine the MLC for CI/MC-CDMA. Like MC-CDMA case, we 

begin with

P(r\b, = l ) x P(r |b, = - I )  (9.23)

Also assuming no knowledge of the other users’ spreading codes, the MAI on different 

carriers (the second term in equation (9.19)) can be viewed as independent from one 

carrier to another, in which case

n/=t i=i

where tjI is a random variable with mean 0 and variance

a f  = (/C -l)a12£[Re[ey(̂ ,^ ,,)]2] + ^ -  (9.25)

Notice that £[(Re[ey (A < ’)])2] is the expectation for k  *  I , thus we have
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(9-26)

Pf = £ [ cos209/*, - A (/))] (9.27)

f ( A / 7 2 - l ) / ( A / - l )  r * 0 , i W 2

'  ] l  i = 0 , N / 2

Using a Gaussian approximation o f MAI with a variance provided by equation 

(9.28), and using log’s in (9.23), the maximum likelihood decision rule corresponds to:

logP(r\b, = I) x  logP(r \bt = -I)  (9.29)

X l o g - p ^  -  £ [ (g' ~ f ’ *-] > < I ' ° g - i = T - ?  ] <9-30)i J lzc r f i 2of T  j 2 x a f  i 2 <rt.

£ ^ - x 0  (9.31)
« o',

Using equation (9.25) and (9.28), we get

a r V)* *  ><0 (9.32)
‘ (£> l)/*a,2 +—

Representing equation (9.32) in terms consistent with equation (9.20), Maximum 

Likelihood Combining weights correspond to

w m l c  = -------------------O i-------------------- ( 9 3 3 )

( K - l ) I > a ?  + N 0 / 2
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where

(A /2 -l)/( iV -l) i* 0 ,A /2
*=0,A/72

(9.34)

Comparing MLC in equation (9.33) and (9.34) and MMSEC in equation (9.21) 

and (9.22), it is apparent that the only difference is (1) the K  in MMSEC weights 

replaced by (K-l) in MLC weights and (2) the/)' in MMSEC weights is replaced by Pt

in MLC weights. Notice that when N  is large Pt is very close to Pt' and, in a near-fully

loaded system, i.e., with K  a big number, replacing K  with (K-l) makes little difference. 

This adequately explains the high probability of error performance observed in MMSEC. 

However, when the load is small, MLC notably outperforms MMSEC (and all other 

combining schemes).

To test our maximum likelihood combining for MC-CDMA and compared it to 

MMSEC combining results, we use Hilly Terrain (HT) channel described in Chapter 3 

[57]. Simulations are performed assuming that a total of N-32 carriers.

Figure 9.2 presents bit error probability (BER) versus the number of users for 

SNR=lOdB in the HT channel. Both MLC and MMSC results are shown in Figure 9.1. It 

is apparently horn this figure that MLC outperforms MMSEC when system load is 

small.
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MLC for CI/MC-CDMA, HT Channel, SNR=10dB

MMSEC

Him

MLC

5 10 15 20 25 30
number of users

Figure 9.2 Simulation Results for CI/MC-CDMA with MLC

9.3 Conclusions

In this chapter, the maximum likelihood combining (MLC) schemes for MC- 

CDMA and CI/MC-CDMA are derived. These schemes are optimal from the standpoint 

of minimizing the probability of error performance. It is shown that MLC is very close
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to MMSEC in a fully loaded system, justifying the selection of MMSEC over other 

combining schemes.
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Chapter 10 FD-MC-CDMA: A Frequency-based Multiple Access 

Architecture for High Performance Wireless Communication

MC-CDMA has demonstrated high performance in frequency selective fading 

channels due to the ability to exploit frequency diversity. But MC-CDMA also suffers 

from the large MAI.

In this chapter, we propose FD-MC-CDMA, a novel multiple access 

architecture, - intended to exploit frequency diversity while minimizing MAI [51]. 

Here, instead of sending all users’ information bits over all carriers, smaller sets of 

carriers are employed to support smaller numbers of users (without loss in network 

capacity). Simulation results show that FD-MC-CDMA outperforms MC-CDMA and 

FDMA in frequency selective fading channels.

Furthermore, a truly optimal multi user detection receiver (based on the 

maximum likelihood (ML) criteria) is employed in FD-MC-CDMA to optimize system
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performance [52]. Of practical interest is the fact that the complexity of an ML MUD in 

FD-MC-CDMA is low, a direct consequence of FD-MC-CDMA’s division of users into 

small subsets. Simulation results show FD-MC-CDMA with optimal ML MUD 

significantly outperforming traditional MC-CDMA and FDMA in frequency selective 

fading channels, while offering a comparable system complexity.

10.1 FD-MC-CDMA

As discussed in previous chapters, MC-CDMA is considered a strong candidate 

for next generation wireless, as it supports large diversity gains and demonstrates the 

potential for high network capacity. Specifically, in MC-CDMA, high diversity gains 

are achieved by allowing transmitters to send information on N  multiple carriers 

simultaneously, and using receivers that separate the signal into carrier components to 

exploit frequency diversity. However, MC-CDMA has to tolerate large MAI (multiple 

access interference) when the number of active users in the system is high. Generally, 

the performance of the MC-CDMA system is never-than-less limited by the amount of 

MAI.

On the other hand, FDMA (Frequency Division Multiple Access) completely 

avoids MAI by allocating each user a unique, orthogonal transmission frequency.
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However, with such a transmission, no frequency diversity gains can be achieved at the 

receiver. As a result, FDMA systems suffer severe performance degradation in fading 

channels.

Here, we consider a frequency based multiple access architecture which 

combines the best elements o f FDMA and MC-CDMA to simultaneously exploit 

frequency diversity and minimize the MAI.

In a typical frequency selective fading channel, the fade over each subcarrier is 

considered flat and the fades over different subcarriers are different. However, the fades 

over different subcarriers are not independent: there exists a certain amount of cross 

correlation between the fades over different subcarriers. This cross correlation can be 

characterized using the coherence bandwidth of the fading channel. As a direct result, 

the amount of diversity available over the channel is L, which is (much) less than N.

Combining FDMA and MC-CDMA [5l][52][87],

(1) the N  subcarriers are divided into a few groups;

(2) each group contains L non-contiguous subcarriers;

(3) each user’s information bit is sent over Z, non-contiguous subcarriers instead 

of all A  subcarriers;

(4) the L subcarriers are separated by large frequency bands and have 

approximately independent fades; (Thus, the frequency diversity exploited
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by each user is approximately the same as that of transmitting over all N  

subcarriers.)

(5) each group of L carriers supports no more than L users. (Thus, the MAI 

observed at the receiver side decreases dramatically.)

As a result of (a) full diversity benefits and (b) lowered MAI, the performance 

of the novel multiple access architecture is improved. Moreover, this novel scheme not 

only outperforms traditional MC-CDMA (as well as FDMA), but also decreases the 

computational load at the receiver. Additionally, it offers the flexibility of providing 

different users with different QOS. Details follow.

Recall in a traditional MC-CDMA system, the k?h user’s transmission 

corresponds to

where 6* is user k’s information bit, b f  is the frequency separation between neighboring

spreading codes such as Hadmard-Walsh codes.

Typically, fading channels in wireless systems demonstrate an L fold frequency 

diversity, where L is in the order of 2, 3 or 4. We assume L=A for ease in presentation. 

To build a multiple access system exploiting this 1=4 fold diversity, while minimizing 

MAI, we: rather than allowing all users to share all the A carriers, we support small sets

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

( 10.1)

carriers, f c is the transmission frequency, and eJP‘ = +1 or - I  in accordance with known
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of L=4 users sharing a set of L=4 carriers via MC-CDMA. That is, the k!h user in a set of

/c-t r Af-i )( I
4 users transmits S(t) = £  Re-1 £  ej'2ĵ e y2”/Vf f *g(0 (as shown in equation

i=0 l/=0 J

(10.L)) where (1) eyA = + lo r-l and (2) 4  = 1 atZ=4 values of / and A( = 0 elsewhere.

Specifically, for L=A fold diversity and A/=32 carriers; 

{ A ^ '  =±1,/ = 1,9,17,25} and 0 otherwise for one set of four

users; {Afe jf>' = ± I, i = 2,10,18 ,26 } and 0 otherwise for another set o f four users; 

and so on. This is shown in Figure 11.1. Generally,

A!eiP‘ =• ±1, i = 

0
N IL  

otherwise

+ 1» N IL +T N IL
N+ (Z -1 )— +1
L (10.2)

where |_jcJ presents the closest integer less than or equal to x.

carrier set 8
carrier set i

carrier set 2

Figure 10.1 MC-CDMA with FDMA: N=32 carriers, L=4 fold diversity

A total of N/L (e.g., 32/4=8) sets of L=4 carriers are used concurrently to 

maintain the total capacity of the system. Different sets of L=A carriers are frequency
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division multiplexed such that the 4 users o f one subset do not interfere with users of 

another set. For each set o f L=4 carriers, a set o f length 4 Hadamard-Walsh codes are 

used as the spreading codes.

The transmitter structure for user I in our example is presented in Figure 10.2.

i2jrwt

/IrlfA/r

Re!-!

Figure 10.2 FD-MC-CDMA transmitter for user 1

After transmission through a frequency selective fading channel, the received 

signal corresponds to

r(t) = | > .  R e [ f ja ,A,eJfl" + 17(f) 
* = 0  1=0

(10.3)

where a,- is the gain and <pi the phase offset in the i  subcarrier, and 77(f) represents 

additive white Gaussian noise.
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User 1’s receiver in an FD-MC-CDMA system is shown in Figure 10.3. Here, 

the received signal is decomposed into its L information-bearing carriers and despread 

by user l ’s spreading code.

r ( t )

Decision
Device

Figure 10.3 FD-MC-CDMA Receiver

The (h carrier generates the decision variable 

r™ =a,bx +ai y£ b kM e j(P‘t>-fij")]+Tli / = 1,9,17,25 (10.4)
keU. 
k*  I

where U[ is the set of up to four active users in user I ’s earner set.

Next, an optimal combining strategy is used to combine all L=4 earners in user 

l ’s set to best exploit frequency diversity and minimize MAI. To accomplish this, we
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employ the maximum likelihood combining scheme (MLC): Given

r (I) =(rl(1),r9(II),r,(7I),ry)) , the maximum likelihood criteria requires a decision based on

P(rm [ bx = 1) x  P(rm 1 = -I) (10.5)

where x  means if the term on the right is greater than the one on the left, output bit 1; 

otherwise decide -I. Assuming no knowledge o f  the other users’ spreading codes, the 

MAI on different carriers can be viewed as independent from one another, in which 

case

P(rm 1*,)= I P W " I 4 > -  r p w  (10 6)
i e { 1,9,17,25) /£{ 1.9.17,25)

where 7 ' is a random variable with mean 0 and variance (AT, -  l)a f + N0 ( 2, Ki is the 

number of active users on user l ’s carrier set, and N012 is the variance of the additive 

Gaussian noise. Employing a Gaussian approximation for the MAI with variance 

+N0f 2 in equation (11.6), the maximum likelihood decision rule 

corresponds to:

*«>= y  r.(I)---------- ^ ---------  (10.7)
ie(1.9,l7,25) (^1 — +  A^q / 2

After the ML combining, a hard decision device makes the following decision 

on the output data bit:

i , J  + l V  « m>0 (1 0 .8 )
- I  otherwise
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To test the performance of the proposed FD-MC-CDMA system, simulations are 

performed assuming a system with N=32 carriers. Four-fold diversity is assumed in the 

channel model, that is:

BW = N A f = 4 -(4 0 c (10-9)

where BW  is the total bandwidth o f the system and (A/)c is the coherence bandwidth of

the channel. As benchmarks, a traditional MC-CDMA system using over all N=32 

carriers and an FDMA system are both simulated.

Figure 10.4 presents the performance curves in terms of average bit error rate 

(BER) versus number of users for fixed SNR=10dB, and Figure 10.5 presents the BER 

versus SNR when the number of active users in the system is 8. The solid line (marked 

with hollow circles) represents the traditional MC-CDMA system. The dotted line 

(marked with solid circles) represents FDMA, and the dashed line (marked with stars) 

the novel FD-MC-CDMA system (with 8 sets of4  carriers each as in Figure 10.1).
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10
.FD-M C-CDM A vs M C -C D M A  and FDMA. SNR =10dB. BW =4*Coherence BW

- 6 -  M C-CDM A
FD-M C-CDM A  

—  FDM A

ID

10
10 15 20

number of users
25 30

Figure 10.4 Simulation Result 1 for FD-MC-CDMA

10
FD-MC-CDMA vs M C-CDM A and FDMA. 8 users. BW =4*Coherence BW

- 0 -  M C-CDM A
FD-M C-CDM A
FDMA

Kui00

SNR

Figure 10.5 Simulation Result 2 for FD-MC-CDMA
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These results confirm that this novel scheme outperforms both FDMA and MC- 

CDMA. At lower loads, the performance gains are even more prominent.

It is also important to notice that the FD-MC-CDMA system can be easily 

updated to support users with different QOS requirements; this is handled by assigning 

users to different subcarrier groups based on their QOS requirements.

10.2 FD-MC-CDMA with Multi User Detection

In the last section, we proposed a novel frequency domain multiple access 

architecture: FD-MC-CDMA. Simulation results show that FD-MC-CDMA

outperforms both MC-CDMA and FDMA. However, when the system is folly loaded, 

the performance gain is very small. In this section, we significantly improve the 

performance benefits of the proposed FD-MC-CDMA system by the introduction of a 

MUD (multi user detection) [52]. One very elegant feature of FD-MC-CDMA systems 

is that truly optimal ML (maximum likelihood) MUDs are available at low complexity. 

This results because, even with N  users on the system (where N  is large), each user 

experience only up to L-l interferers (where L is small). As a result, ML MUD 

complexity is in the order of 2L (e.g. 24 =16) and not 2s  (e.g. 232 = 4.3 • 109).
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User l ’s FD-MC-CDMA receiver implemented as a MUD, is shown in Figure 

10.6. Here, the received signal is decomposed into its L information-bearing carriers and 

despread by user l ’s spreading code. The i*1 carrier for i e {1,9,17,25}generates the 

decision variable

/ f  = a A  +af i  = 1,9,17,25 ( 10.10)
ke U .  
k *  I

where if, is the set of K (K  < L ) users in the first carrier set. The number of interferers 

in user I’s carrier set is no more than L-I (e.g., 4-1=3). Hence, the optimal ML multi 

user detector for user 1 can be constructed with low complexity.

J 2 X S 1 I  e

e,* j   *

— - >V—y  ,2 x1 7 .

r(t)

—

Hi

ifil-

ei2txu 

— >&)------

— ►Tf

—

r  - *

t i»

r  - MultiV

User
Detector

r  *
IT

V

J i  l l

r
25

*

Figure 10.6 MUD Receiver for FD-MC-CDMA 

Defining r (l) =(r,(I),r9(l),rI(7l),r^)) , the maximum likelihood criteria leads to: 

P (r(,)|6, = -1) x  /»(r(,)|6, = I) (10.11)
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where x  refers to: if the term on the right is greater than that on the left, decide the bit 

1; otherwise decide -1. The ML MUD defining equation is easily shown to reduce to

bt , 1 = 1 . 9 . 1 7 . 2 5  V

k td / , .
k * l

t e t / , bt ,  l = l . 9 . 1 7 , 2 5 V  

k e U ,.  
k *  I

*6C/,

( 10.12)

X « M > <  I  /.(*.) (1013)
*eCA. k eU .,

where f y(bk)refers to the inner sum on the left hand side of equation (10.12) and 

f 2(jbk) refers to the corresponding sum on the right hand side.

Equation (10.12) is solved by computing each term in each sum and then 

determining which sum is larger: for example, with K=L=4 users on the system, i.e., 

£/[ = {1,9,17,25}, a total of 16 terms are computed. Furthermore, if the MUD receiver is 

intended to detect only user l ’s bit, it is assumed that the codes for other users are not 

known: this may increase the number of terms evaluated in the calculation off(.) (since 

each term is averaged over possible spreading codes): the total number of terms

computed in this case is 2A (L  1>' = 2*-C f;1 =2k --------------- . It is important
t_l (AT-!)!•(£-AT)!

to note that the optimal receiver only requires the following information: (1) the number
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of active users; (2) estimates of gains (a , ’s) and (3) estimates o f phase offsets ( $  ’s), 

consistent with the requirement of most traditional MC-CDMA receivers.

To test the performance of the proposed FD-MC-CDMA system with an ML 

MUD receiver, simulations are performed assuming a system with N=32 carriers. Four­

fold diversity is assumed over the transmit bandwidth, that is:

BW = N -ts f = A-{bf)c (10.14)

where BW  is the total bandwidth of the system and (A/)c is the coherence bandwidth of 

the channel.

As a result, the FD-MC-CDMA system emulated employs N/L=8 sets of L=4 

users each. As benchmarks, a traditional MC-CDMA system where each user employs 

all N=32 carriers is simulated, as is an FDMA system with N=32 carriers and one user 

per carrier.

Figure 10.7 presents the performance curves in terms of average bit error rate 

(BER) versus number of users for fixed SNR=10dB, and Figure 10.8 presents the BER 

versus SNR when the number of active users in the system is 16. In both curves, the 

solid line (marked with hollow circles) represents the traditional MC-CDMA system. 

The dotted line (marked with solid circles) represents FD-MC-CDMA system without a 

MUD, the dashed line (marked with stars) the FD-MC-CDMA system with an optimal 

MUD receiver. Finally, the dotted line is the performance of FDMA.
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FD-MC-CDMA with MUD. SN R =10dB , B W = 4*C oherence  BW
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Figure 10.7 Simulation Results I for FD-MC-CDMA with MUD
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Figure 10.8 Simulation Results 2 for FD-MC-CDMA with MUD

It is apparent from these results that the FD-MC-CDMA with a MUD 

significantly outperforms traditional MC-CDMA. Specifically, as the number of users 

grows, the performance benefits relative to MC-CDMA increase. At N=32, 

performance of FD-MC-CDMA with MUDs is comparable to that of MC-CDMA with 

only 16 users. That is, FD-MC-CDMA supports twice as many users as MC-CDMA at 

the same performance level. Considering that the optimal multi user detection receiver 

for MC-CDMA is too complex to build, FD-MC-CDMA provides a suitable method to 

achieve the frequency diversity benefits, minimize the MAI, and benefit from the 

performance gain of a MUD, all the while maintaining low complexity.

103 Conclusions

A novel multiple access architecture (FD-MC-CDMA) is proposed in this 

chapter to simultaneously exploit frequency diversity and minimize MAI. By dividing 

the whole transmission bandwidth into smaller sets of subcarriers, and by choosing 

these subcarriers to be non-contiguous, the same amount of frequency diversity is 

exploited with notably less MAI. Simulation results confirm that FD-MC-CDMA 

outperforms MC-CDMA (and FDMA) in frequency selective fading channels.
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Moreover, a optimal ML MUD is designed to fully exploit the frequency 

diversity and improve the performance. In traditional MC-CDMA, the optimal ML 

multi-user detection receiver is too complicated to build; hence, sub-optimal receivers 

are used, hi FD-MC-CDMA, by allowing users to share smaller sets of subcarriers, truly 

optimal ML MUDs are constructed at low complexity. Simulation results confirm that 

FD-MC-CDMA with MUDs significantly outperforms MC-CDMA (and FDMA) in 

frequency selective fading channels while maintaining comparable complexity.

191

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 11 Ultra W ideband MC-CDMA and CI/MC-CDMA

As discussed in Chapter 6, fiiture-generation wireless communication systems, 

designed to support very-high-rate data services, will require ultra-wide frequency 

bands. However, the frequency spectrum is a very scarce resource and has (for the most 

part) already been allocated to different entities in small blocks. No one entity owns a 

contiguous ultra-wide bandwidth. Hence, any ultra wideband communication will need 

to construct a system that operates over non-contiguous frequency bands.

In this chapter, we extend the MC-CDMA and CI/MC-CDMA architectures 

such that they operate over non-adjacent frequency bands [50]. In this way, the MC- 

CDMA and CI/MC-CDMA systems support ultra-wideband communications by 

operating over a large set o f non-contiguous frequency bands, where each band may be 

either unlicensed or appropriately licensed.

We ensure that these proposed systems (I) exploit the full diversity benefits 

available over non-adjacent bands, maximizing performance, and (2) exploit the total 

bandwidth to maximize network capacity, as measured by number of users (per cell).
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11.1 Overview of Ultra Wideband MC-CDMA and CI/MC-CDMA

As presented in Chapter 8, MC-CDMA is a strong candidate for next

generation wireless communication systems. In MC-CDMA, each user’s information 

bearing signal is sent simultaneously over N  carriers, and each carrier is encoded with a 

+1 or -1 in accordance with a pre-assigned spreading sequence. Specifically, in MC- 

CDMA, assuming downlink communication for ease in presentation, the total 

transmitted signal corresponds to

where bk is user k's information bit, K  is the total number of active users, and Ck(t) is user 

k's spreading code, corresponding to

(11-D

( 11-2)
i=0

Here, i is the carrier index, N  is the number of carriers in each user’s code, ejP‘ ' is the 

f h component of user k's spreading sequence, and g(f) is a unit amplitude rectangular

waveform of symbol duration Ts.

Using equation (11.2), MC-CDMA signals correspond to

193

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



$(/) = ][!
*=o 1 1=0 J

M n o iitW (11.3)

Traditionally, to support N  orthogonal users, Hadamard-Walsh codes are 

employed as spreading sequences. That is, ft\k) is 0 or it in accordance with well-known 

principles.

In Chapter 8, Carrier Interferometry (Cl) spreading codes were applied to MC- 

CDMA systems, leading to CI/MC-CDMA. With Cl codes, N  orthogonal users are

supported by: for user k, applyfi\k) = i - k — . These Cl codes, when applied to MC-
N

CDMA, result in less MAI (multiple access interference) at the receiver when compared 

to MC-CDMA with Hadamard-Walsh codes (Chapter 8).

Additionally, in CI/MC-CDMA, up to 2N users can be supported on N  carriers, 

i.e., an additional group of N  users can be supported above and beyond the original N  

orthogonal users. This is achieved by applying:

p \k)=i>k—  k  = 0,..., W — I (H-4)

to generate the spreading codes for the first N  users, and

(11-5)

to generate the spreading codes for the second N  users.

Now let’s define
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r = f c+ w ( 11.6)

Using this notation, the MC-CDMA (and CI/MC-CDMA) signal of equation (11.3) can 

be rewritten as

Carrier frequencies f p and f q in equation (11.7) are required to be orthogonal to 

each other for all p*q. Mathematically, this corresponds to

Traditionally, MC-CDMA subcarrier frequencies are chosen according to 

f = f e +iAf where A f = l/Ts, the minimal frequency separation necessary to satisfy the 

orthogonality condition in (11.8). In this way, MC-CDMA operates over N  continuous 

subcarriers (Figure 8.2).

However, many other solutions to equation (11.8) exist. For example, consider 

the case of four equal bandwidth, non-adjacent frequency bands, beginning at 

and_/} respectively. Assume each band is capable of supporting N ’=16 carriers separated 

by A f = IITS. Together these frequency bands could form a system with N=64 carriers.

To satisfy equation (11.8), carrier frequencies are chosen as follows:

(11.7)

£*Re[e'w ''+'' V w ^ ) ] ^ = 0 p * q ( 11.8)
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*A/ + / 0 * = 0,1,2,........ 15
j(i-L 6)A / + / t * = 16,17,18,......31 (I19)

Jl ' (* -  32)A/ + / 2 < = 32,33,34,.....47
( t-4 8 )A / + / j  * = 48,49,50,....... 63

where A / = 1/7,. In this way, an MC-CDMA system operates over 4 non-adjacent

frequency bands. This system supports N=64 users when employing Hadamard-Walsh 

codes. When employing Cl codes, the system support N=64 orthogonal users, followed 

by an additional N=64 pseudo-orthogonal users. Figure 11.1 illustrates the non­

contiguous frequency bands.

/yw-A /yw-A /yw-A /yw-A „
A. ft h  fi r

Figure I L I  Non-adjacent Frequency Bands 

to Support Ultra Wideband Communications

In general, analogous systems can be constructed to operate over L non-adjacent 

bands, with l„ carriers separated by Af  = \!TS in the nth frequency band. In this way, an 

MC-CDMA or CI/MC-CDMA system can support ultra-wideband communications over 

non-contiguous bands.

11.2 Transmitter and Receiver Structure for Ultra Wideband MC-CDMA

196

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The transmitter structure for MC-CDMA and CI/MC-CDMA systems supporting 

ultra wideband communications is shown in Figure 11.2.

. l is t  t

jet.

ilsij

R e{.[

Figure 11.2 UWB MC-CDMA Transmitter Over Non-contiguous Frequency Bands

After transmission through a frequency selective fading channel, the received 

signal in ultra wideband MC-CDMA corresponds to (assuming the transmit signal in

(11.7))

r(f) = Re[Xa1̂ V M "‘ l]g(0+'7(()
*=0 «=0

( 11.10)

where or, is the gain and qn the phase offset in the i h subcarrier due to the channel fade, 

and 77(f) represents additive white Gaussian noise. Typically, the a,’s are correlated for
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carriers within each contiguous band, but uncorrelated from one band to the next. To 

simplify the analysis, exact phase synchronization is assumed.

User /’ s receiver for an ultra wideband MC-CDMA system operating over non­

contiguous frequency bands is shown in Figure 11.3.

. » / >

nn

Figure 11.3 UWB MC-CDMA receiver over non-contiguous frequency bands

Here, the received signal is decomposed into its Af carriers and despread by the l'h 

user’s spreading code. The f h carrier generates the decision variable

rfl) = a ibl + a ^ b k Re[ej'(/,'*l' A' ' )] + 77,. (11.11)
*=o
k*l
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Much like MC-CDMA and CI/MC-CDMA systems operating over contiguous 

frequency bands, ML (maximum likelihood) combining is used here (across the 

frequency components) to create a final decision variable for user I (Chapter 9):

JV-l
R(i)= y r(n----------“ £----------- (11.12)

t r  (K- l )afPi+M0/2

where, for MC-CDMA,

Pt = £[(Re[ey(A“’_A<',)])2] = I (11.13)

and, for CI/MC-CDMA,

P. = £[(Re[ey(A'“' A<',)])2] = ( 1 * ”  (11.14)
1 1  1 \ ( A /2 - l ) / ( A - l )  else

In this way, the receiver benefits from the frequency diversity available over all

bands.

11.3 Simulation Results
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To test the performance o f proposed ultra wideband MC-CDMA and CI/MC- 

CDMA systems built over non-contiguous frequency bands, simulations are performed 

using four non-adjacent frequency bands. Assuming a very high-data-rate (R=l/Ts), each 

band contains 8 carriers separated by A f = l/Ts . The TU (Typical Urban) channel model

[57], first presented in section 3.4, is assumed to accurately represent each non-adjacent 

band.

As benchmarks, traditional MC-CDMA and CI/MC-CDMA systems operating 

over N=32 contiguous subcarriers are also simulated. Figure 11.4 shows the BER versus 

SNR for fully loaded systems (K=32 users) and Figure 11.5 shows the BER versus 

system load (number of users) with SNR=lOdB.

ultra^ddbandM C > e0M *8iid  O/MC-COMA in-TUchannel, fully loaded . N=32

- e -  MC-CDMA
 Ultra-wideband MC-CDMA
  CI/MC-CDMA

-  - Ultra-wideband CI/MC-CDMA

10 '

10

Figure 11.4 Simulation Results 1 for UWB MC-CDMA and CI/MC-CDMA
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/ - 9 -  MC-CDMA 
—1•— Ultra-wideband MC-CDMA
  CI/MC-CDMA
—•— Ultra-wideband CI/MC-CDMA

number: of useri*-

Figure 11.5 Simulation Results 2 for UWB MC-CDMA and CI/MC-CDMA

These simulation results demonstrate that MC-CDMA (and CI/MC-CDMA) can

(I) operate over non-adjacent frequency bands, (2) support the same number of users as 

an MC-CDMA (CI/MC-CDMA) system with equal number of contiguous carriers, and

(3) provide higher performance, afforded by the larger diversity gain.

11.4 Conclusions
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Future high-data-rate communicatioa services will require ultra wide frequency 

bands. Such frequency bands are currently unavailable in today’s environment, as 

spectra has, for the most part, been auctioned in small blocks. For high-rate 

communication over ultra wide bands, systems will be required to operate over multiple 

narrow/midsize frequency bands simultaneously. In this chapter, we demonstrate how 

MC-CDMA and CI/MC-CDMA systems can be adapted to operate over a large set of 

non-contiguous bands, while exploiting very large diversity benefits and achieving high 

network capacities. This makes these systems ideally suited for future generation ultra 

wideband wireless.
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PartIV

Conclusions and Future Work
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Chapter 12 Conclusions

In this dissertation, we significantly improve upon the performances and 

network capacities of current DS-CDMA and MC-CDMA systems.

We begin by introducing novel Cl chip shaping into current DS-CDMA 

systems, creating the innovative CI/DS-CDMA system (Chapter 3). It is shown that this 

CI/DS-CDMA system has significantly improved performance and offers a doubling in 

network capacity. Specifically, by applying multi-carrier based chip shapes, CI/DS- 

CDMA receivers exploit frequency diversity instead of path diversity in multipath 

fading channels. That is, at receiver side, the CI/DS-CDMA signal is decomposed onto 

its carriers and optimally recombined to best exploit diversity and minimize interference 

and noise. In this way, the poor performance (e.g., error floor) observed in traditional 

DS-CDMA systems is overcome. Simulation results show dramatically improved BER 

performance when this new architecture is applied (when compared to a traditional DS- 

CDMA system).

Moreover, by introducing pseudo-orthogonal chips (with minimum cross 

correlation to the original chips) into the CI/DS-CDMA system, we demonstrate
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increases in the network capacity by 100% while still outperforming traditional DS- 

CDMA.

We also propose and apply novel Cl spreading codes into current DS-CDMA 

systems (Chapter 4). In a multipath fading channel, these complex Cl codes introduce a 

multipath interference with reduced power (when compared to Hadamard-Walsh 

codes), and as a direct result, achieve better BER performance (relative to that of HW 

codes). Simulation results confirm that the novel Cl codes can notably outperform 

Hadamard-Walsh codes (and other spreading codes) in multipath fading channels.

Furthermore, two orthogonal Cl spreading codes sets (with minimum cross 

correlation between sets) are introduced into the DS-CDMA system. In this way, 2N 

users are supported in a system with a processing gain of N. These Cl codes 

demonstrate much lower intra-path interference, and improved signal-to-interference 

ratio, relative to other proposed pseudo-orthogonal codes, and as a direct result, achieve 

better BER performance. Simulations indicate that the novel Cl codes strongly 

outperform traditional pseudo-orthogonal coding methods while doubling network 

capacity. Moreover, Cl codes can be designed for any processing gain W (unlike HW 

codes which requires N=2'").

We also demonstrate how our novel Cl chip shaping scheme enables DS- 

CDMA to operate over non-adjacent frequency bands in a way that is identical to its 

operation if all these bands are made contiguous. That is, we now add the ability to 

operate over non-adjacent bands to the benefits of Cl chip shaping — in addition to its 

very high performance (by exploiting frequency diversity instead of path diversity) and
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its ability to double network capacity. With the exception o f  the chip shape and a 

receiver design which operates over non-contiguous bands, this new system retains all 

the features of a traditional DS-CDMA system.

As it will be months if not years before Cl codes and Cl chip shapes are 

embraced by academic and industrial communities, we also derive an optimal 

combining scheme for today’s DS-CDMA RAKE receivers based on the maximum 

likelihood criteria (Chapter 6). This improves performance of current DS-CDMA 

systems. Simulation indicates that the novel combining scheme can strongly outperform 

other combining schemes. Moreover, (1) the proposed combining scheme does not 

require any additional information relative to traditional MRC and (2) the added 

computation load is very small.

By applying Cl chip shapes to today’s real world systems, we demonstrate how 

the IEEE 802.11 Wireless LAN physical layer can be dramatically improved. It is 

shown that our proposed IEEE 802.11 system with Cl chip shapes supports four times 

the throughput of the traditional DSSS system, while simultaneously achieving a 2dB 

performance gain at a probability of error of 10*3.

In the next part of the thesis, we propose improvements to current MC-CDMA 

systems.

We derived the maximum likelihood combining (MLC) scheme for MC-CDMA 

and CI/MC-CDMA. This scheme is optimal from the standpoint of minimizing the
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probability of error performance. It is shown that MLC is very close to MMSEC in a 

folly loaded system, justifying the selection o f MMSEC over other combining schemes.

We propose FD-MC-CDMA (Chapter 10), a novel multiple access architecture 

based on achieving the best of MC-CDMA and FDMA. This system exploits frequency 

diversity benefits with minimizing MAI degradation. Specifically, in FD-MC-CDMA, 

instead of sending all users’ information bits over all carriers, smaller sets of carriers are 

employed to support smaller numbers of users (with the same capacity and throughput 

for the overall system). Simulation results show that FD-MC-CDMA outperforms MC- 

CDMA and FDMA in frequency selective fading channel. Furthermore, a truly optimal 

multi user detection receiver (based on the maximum likelihood (ML) criteria) is 

employed (Chapter 10) in FD-MC-CDMA to optimize system performance. Of 

practical interest is the fact that the complexity of an ML MUD in FD-MC-CDMA is 

low, a direct consequence o f FD-MC-CDMA’s division of users into small subsets. 

Simulation results show FD-MC-CDMA with an optimal ML MUD significantly 

outperforming traditional MC-CDMA and FDMA in frequency selective fading 

channels, while offering a comparable system complexity.

Finally, we demonstrate how MC-CDMA systems can be adapted to operate 

over a large set of non-contiguous bands, while exploiting very large diversity benefits 

and achieving high network capacities (Chapter 11). This makes the MC-CDMA 

systems ideally suited for future generation ultra wideband wireless communications.
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In summary, DS-CDMA and MC-CDMA represent key multicarrier 

technologies. There is little doubt that these technologies will continue to find 

widespread application.

There is also little doubt that more and more users will demand access to the 

wireless network, and that these users will demand higher data rate and higher quality 

of services. To meet these demands, DS-CDMA and MC-CDMA systems must extend 

beyond their limited performance and network capacities.

This thesis provides a number of innovative, powerful techniques to enable DS- 

CDMA and MC-CDMA systems to move beyond these limitations and meet the need of 

future generation wireless networks.
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Chapter 13 Future W ork

la this thesis, we significantly improve the performance and network capacity of 

existing DS-CDMA and MC-CDMA systems via the Cl approach. Some directions for 

further research are highlighted in this final chapter.

13.1 Zero-bandwidth Expansion Channel Coding via Pseudo-orthogonal C l 

Codes

In Chapter 4 and 8 of this thesis, we suggested the use of 2N  codes in CDMA 

systems with a processing gain of N: Specifically, we suggest the simultaneous use of A 

Cl codes and N  Offset Cl codes. In this part of the future work, we use the N  Offset Cl 

codes to transmit redundancy bits generated via a rate lA  channel coder. By doing this, 

the BER performance o f CDMA systems can be dramatically improved via channel 

coding, while still maintaining high throughputs.
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Figure 13.1 illustrates this proposed research.

input data
Spreading using 
Offset Cl code

Spreading using 
Cl code 1

Vx Convolutional 
Coder

(a) Transmitter

received
signal Despread using 

Cl code 1

Despread using 
Offset Cl code I

Convolutional
Decoder

(b)Receiver

Figure 13.1 Diagram of Zero-bandwidth expansion CI/MC-CDMA

13.2 Zero>bandwidth Expansion Channel Coding via Pseudo-orthogonal C l 

Chips
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In Chapter 3, we introduced pseudo-orthogonal chips, and demonstrated that 

these are tolerated by the CI/DS-CDMA system (in multipath fading channels). We now 

propose the use of these pseudo-orthogonal chips to transmit redundancy bits generated 

by a rate Vi. This enables large the BER performance benefits in the CI/DS-CDMA 

system, while still maintaining large throughput.

Figure 13.2 illustrates the proposed future work in a block diagram form.

chipO

chip2
(1.2)
coder

(1.2)
coder

Orthogonal
Chip
Shaping
Filter

Pseudo
Orthogonal
Chip
Shaping
Filter

(a) Transmitter
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chipO

chip I

chipN- LChip
Detector Convolutional

Decoder

Convolutional
Decoder

Convolutional
Decoder

Chip
Detector

Chip
Detector

(b) Receiver

Figure 13.2 Diagram for Zero-bandwidth expansion CI/DS-CDMA

13.3 FD-CI-MC-CDMA

In Chapter 10, we proposed the FD-MC-CDMA system which exploits 

frequency diversity while minimizing MAI. However, we only used traditional 

Hardamard-Walsh codes in this part of the research. Since CI/MC-CDMA systems 

outperform MC-CDMA systems using traditional H-W codes, it seems natural to extend 

FD-MC-CDMA systems to create FD-CI-MC-CDMA.
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These three subsections illustrate some of the many directions that will be 

considered in the future. There is no doubt that research on DS-CDMA and MC-CDMA 

systems will continue to be important for years to come.

213

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



R eference:

[1] J. G. Proakis, Digital Communications, Mc-Graw Hill, 2nd ed., 1991.

[2] T.S. Rappaport, Wireless Communications-Principles and Practice. New Jersey: 

Prentice Hall, 1996

[3] A.J. Viterbi, CDMA: Principles o f Spread Spectrum Communication, Addison- 

WeSley Publishing Company, 1995

[4] R. Prasad. CDMA fo r Wireless Personal Communications. Artech House Publisers, 

1996.

[5] P.W. Dent, CDMA Subtractive Demodulation, U.S. Patent #5218619

[6] W.C.Y. Lee, “Overview of Cellular CDMA”, IEEE Trans, on Vehicular 

Technology, Vol. 40, No. 2, May, 1991

[7] D. J. Goodman, “Second Generation Wireless Information Networks”, IEEE Trans, 

on Vehicular Technology, Vol. 40, No. 2, May, 1991

[8] G. L. Stuber, C. Kchao, “Analysis of Multiple-Cell DS-CDMA Cellular Mobile 

Radio System”, IEEE J. Selected Areas in Communication, Vol. 10, No. 4, May 1992

[9] K.S. Gilhousen, I.M. Jocobs, A.J. Viterbi, “On the Capacity of a Cellular CDMA 

system”, IEEE Trans, on Vehicular Technology 40(2), 1991, pp 303-312

214

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



[10] U. S. Goni and A. M. D. Turkmani, “BER Performance of a Direct-Sequence 

CDMA system in Multipath Fading Mobile Radio Channels with Rake Reception”, 

IEEE 44th Vehicular Technology Conference, 1994, pp. 747-751

[11] A.F. Naguib, A. Paulraj, T. Kailath, “Capacity Improvement with Base-Station 

Antenna Arrays in Cellular CDMA”, IEEE Trans. On Vehicular Technology 43(3), 

1994, pp. 691-698

[12] M.B. Pursley, “Performance Evaluation for Phase-Coded Spread-Spectrum 

Multiple Access Communication-Part I: System Analysis”, IEEE Trans. Comm., 1977, 

COM-25, pp. 795-799

[13] M.K. Simon, J.K. Omura, RA.SchoItz, and B.K. Levitt, Spread Spectrum 

Communications, Vol. I, n, in, Computer Science Press, Rockville, Maryland, 1985

[14] G.L. Turin, “Introduction to Spread Spectrum Antimultipath Techniques and Their 

Application to Urban Digital Radio”, Proc. IEEE, 1980,68, pp. 328-354

[15] A.J. Viterbi, “Overview of Mobile and Personal Communication”, Modem Radio 

Science, Oxford University Press, Oxford, U.K., 1993

[16] AJ. Viterbi, R. Padovani, “Implications of Mobile Cellular CDMA”, IEEE 

Communications Magazine, 1992, December, pp. 38-41

[17] A.J. Viterbi, A.M. Viterbi, K.S. Gilhousen, and E. Zehavi, “Soft HandofF Extends 

CDMA cell Coverage and Increases Reverse Link Capacity”, IEEE J. Selected Areas in 

Communications, 1994, 12(8), pp. 1281-1288

215

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



[18] AM . Viterbi, A.J. Viterbi, “Erlang Capacity of a Power Controlled CDMA 

system”, IEEE J. Selected Areas in Communication, 1993,11(6), pp. 892-900

[19] S. Kandala, E.S. Sousa, S. Pasupathy, “Multi-User Multi-Sensor Detectors for 

CDMA Networks”, IEEE Trans. on Communications, Vol. 43,1995, pp. 946-957

[20] Allen Salmasi, “An Overview of CDMA Applied to the Design of Personal 

Communication Networks”, Third Generation Wireless Information Networks, Edited 

by Nanda Goodman, 1992

[21] Qualcomm Inc., “An Overview of the Application of CDMA to Digital Cellular 

Systems and Personal Cellular Networks”, Qualcomm Inc. Document No. Ex 60-10010, 

May 1992

[22] L. B. Milstein et al, “Performance Evaluation for Cellular CDMA”, IEEE J. 

Selected Areas in Communication, Vol. 10, No. 4, May 1992

[23] Jhong Sam Lee and Leonard E. Miller, CDMA Systems Engineering Handbook, 

Artech House Publishers, 1998

[24] Sergio Verdu, Multiuser Detection, Cambridge University Press, 1998

[25] N. Yee, J-P. Linnartz and G. Fettweis, “Mulitcarrier CDMA in Indoor Wireless 

Radio Networks”, Proc. O f IEEE PM RC ’93, Yokohama, Japan, Sept. 1993. pp. 109- 

13.

216

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



[26] K. Fazel, S. Kaiser and M. Schnell, “A Flexible and High Performance Mobile 

Communications System Based on Orthogonal multi-carrier SSMA”, Wireless Personal 

Communications 2, pp. 121-144,1995

[27] T. Mueeler, K. Brueninghauss and H. Rohling, “Performance of Coherent OFDM- 

CDMA for Broadband Mobile Communications”, Wireless Personal Communications2, 

pp. 295-305, 1996

[28] N. Yee and J. P. Linnartz, “Controlled Equalization o f Multi-carrier CDMA in an 

Indoor Rician Fading Channel”, Proc. o/VTC ’94, pp. 1665-1669, Stockholm 1994

[29] K. Fazel, “Performance of CDMA/OFDM for Mobile Communication Systems”, 

ICUPC’93, pp. 975-979, 1993

[30] D. N. Kalofonis and J. G. Proakis, “Performance of the Multi-Stage Detector for a 

MC-CDMA System in a Rayleigh Fading Channel”, Globecom’96, pp. 1784-1788, 18- 

22 November 1996, London, UK

[31] S. Zhou, G. B. Giannakis and A. Swami, “Comparison of Digital Multi-carrier with 

Direct Sequence Spread Spectrum in the Presence of Multipath”, Proc. o f ICASSP’OI, 

Vol. IV, pp. 2225-2228, May 7-11,2001, Salt Lake City, Utah

[32] A. Chouly, A. Brajal and S. Jourdan. Orthogonal Multicarrier Techniques Applied 

to Direct Sequence Spread Spectrum CDMA Systems. Proc. O f IEEE GLOBECOM 

’93, Houston, Nov, 1993. pp. 1723-28.

217

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



[33] L. Vandendorpe. Mulitone Direct Sequence CDMA System in an Indoor Wireless 

Environment. Proc. O f IEEE First Symposium o f Communications and Vehicular 

Technology in the Benelux, Delft, The Netherlands, Oct. 1993. pp. 4.1.1-4.1.8.

[34] S. Hara et al. Transmission Performance Analysis of Multicarrier Modulation in 

Frequency Selective Fast Rayleigh Fading Channel. Wireless Personal 

Communications, vol. 2, no. 4, 1995/1006. pp. 335-56.

[35] E. Sourour and M. Nakagawa. Performance of Orthogonal Mulitcarrier CDMA in a 

multipath Fading Channel. IEEE Trans. Communications, vol 44, no. 3, Mar. 1996. pp. 

356-67.

[36] S. Hara and R. Prasad. DS-CDMA, MC-CDMA and MT-CDMA for Mobile Multi- 

Media Communications. Proc. O f IEEE VTC ’96, Atlanta, Apr. 1996. pp. 1106-10.

[37] R. Prasad and S. Hara. An Overview of Multicarrier CDMA. Proc. O f IEEE ISSTA 

'96, Mainz, Germany, Sept. 1996. pp. 107-14.

[38] B. M. Popovic, “Spreading Sequences for Multicarrier CDMA Systems”, IEEE 

Trans, on Comm., Vol. 47, No. 6, June 1999

[39] Z. Wu and C. R. Nassar, “High-Performance High-Capacity DS-CDMA via 

Carrier Interformetry”, submitted to IEEE Transactions on Communications

[40] Z. Wu, C.R. Nassar, “High-performance DS-CDMA via Carrier Interferometry 

Chip Shaping”, Proceedings o f The Thirteenth Conference on Wireless 

Communications, Wireless’2001, Calgary, Canada, 2001

218

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



[41] C. R. Nassar, Z. Wu, “High Performance Broadband DS-CDMA via Carrier 

Interferometry Chip Shaping’', Third International Symposium on Advanced Wireless 

Communication Technology, September 4-6, Boulder, 2000

[42] Z. Wu, CiL Nassar, “High-capacity DS-CDMA for Next Generation Wireless 

Communication Systems via Carrier Interferometry Chip Shaping”, Proceedings o f 

IEEE 2001 International Conference on Third Generation Wireless and Beyond, 

3Gwireless ’2001, San Francisco, CA, 2001

[43] Z. Wu, C. R. Nassar, “Ultra Wideband DS-CDMA Via Innovations in Chip 

Shaping”, IEEE Vehicular Technology Conference Proceedings, IEEE VTC’2001 Fall, 

Atlantic City, NJ, October, 2001

[44] Z. Wu, C. R. Nassar, “Novel Orthogonal Codes for DS-CDMA with 

Improved Crosscorrelation Characteristics in Multipath Fading Channels”, submitted to 

IEEE Vehicular Technology Conference, VTC Spring 2002, Birmingham, Alabama

[45] Z. Wu, C. R. Nassar, “High Capacity High Performance DS-CDMA with Carrier 

Interferometry Codes”, submitted to 2002 International Conference on Third 

Generation Wireless and Beyond, May 2002, San Francisco, California

[46] D. Wiegandt, Z. Wu and C. R. Nassar, “High-Performance, High-Throughput 

IEEE 802.11 DSSS WLAN via Carrier Interferometry”, Proceedings o f IEEE Emerging 

Technologies Symposium on Broadband Communications, September 10-11, 

Richardson, TX, 2001

219

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



[47] Z. Wu, D. Wiegandt, CJLNassar, “High-Performance IEEE 802.11 DSSS WLAN 

via Carrier Interferometry Chip Shaping with Quadruple Throughput”, submitted to 

IEEE Wireless Communications and Networking Conference, WCNC’2002

[48] Z. Wu, C. R. Nassar, “Maximum Likelihood Combining for MC-CDMA”, 

submitted to IEEE Vehicular Technology Conference, VTC Spring 2002, Birmingham, 

Alabama

[49] Z. Wu, C. R. Nassar, “Novel Orthogonal Codes for MC-CDMA with Low 

Crosscorrelation in Frequency Selective Fading Channels”, submitted to IEEE 

International Conference on Communications, ICC2002, New York City, May 2002

[50] Z. Wu, C. R. Nassar, “Ultra Wideband MC-CDMA and CI/MC-CDMA Systems”, 

submitted to IEEE International Conference on Communications, submitted to IEEE 

International Conference on Communications, ICC2002, New York City, May 2002

[51] Z. Wu, C.R. Nassar and B. Natarajan, “FD-MC-CDMA: A Frequency-based 

Multiple Access Architecture for High Performance Wireless Communication”, 

proceedings o f IEEE Radio and Wireless Conference, RAWCON'2001, August 19-22, 

Waltham, MA, 2001

[52] Z. Wu, C. R. Nassar, “FD-MC-CDMA with Multi User Detection: Exploiting 

Frequency Diversity for High Performance Wireless Communication”, submitted to 

2002 International Conference on Third Generation Wireless and Beyond, May 2002, 

San Francisco, California

220

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



[53] Holma, H., and A. Toskala, eds, WCDMA fo r  UMTS: Radio Access For Third 

Generation Mobile Communications, New York: Wiley, 2000

[54] Juha Korhonen, Introduction to 3G Mobile Communications, Boston: Artech 

House, 2001

[55] C. R. Nassar, B. Natarajan, Z. Wu, D. Wiegandt, S. A. Zekavat and S. Shattil, 

Multi-carrier Technologies for Wireless Communication, Kluwer Academic Publishers, 

2001

[56] Z. Wu, C. R. Nassar, “MMSE Combining for CI/DS-CDMA”, Proceedings o f 

IEEE Radio and Wireless Conference, RAWCON 2000, Denver, September 10-13,2000

[57] COST-207: “Digital land mobile radio communications”, Final report of the 

COST-Project 207, Commission of the European Community, Brussels, 1989

[58] William C. Jakes, Microwave Mobile Communications, IEEE Press, 1974

[59] B. Natarajan, C.R. Nassar and V. Chandrasekhar, “Generation of Correlated 

Rayleigh Fading envelops for spread spectrum applications”, IEEE Communication 

Letters, Vol. 4. No.l. Jan, 2000, pp9-l I

[60] Donald C. Cox, “Delay Doppler Characteristics of Multipath Propagation at 910 

MHz in a Suburban Mobile Radio Environment”, IEEE Transactions on Antennas and 

Propagation, Vol. AP-20, No. 5, Sep. 1972

221

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



[61] Donald C. Cox, “900 MHz Urban Mobile Radio Propagation: Multipath 

Characteristics in New York City”, IEEE Transactions on Communications, Vol. Com- 

21, Nov. 1973

[62] Donald C. Cox, Robert P. Leek, “Distributions of Multipath Delay Spread and 

Average Excess Delay for9!0-MHz Urban Mobile Radio Paths”, IEEE Transactions on 

Antennas and Propagations, Vol. Ap-23, No. 2, Mar. 1975

[63] Donald C. Cox, Robert P. Leek, “Correlation Bandwidth and Delay Spread 

Multipath Propagation Statistics for 910-MHz Urban Mobile Radio Channels”, IEEE 

Transactions on Communications, Vol. Com-23, No. 11, Nov 1975

[64] Daniel M. J. Devasirvatham, ‘Time Delay Spread and Signal Level Measurements 

o f 850 MHz Radio Waves in Building Environments ”, IEEE Transactions on Antennas 

and Propagation, Vol. AP-34, No. 11, Nov. 1986

[65] Theodore S. Rappaport, Scott Y. Seidel and Rajendra Singh, “900-MHz Multipath 

Propagation Measurements for U.S. Digital Cellular Radiotelephone”, IEEE 

Transactions on Vehicular Technology, Vol. 39, No. 2, May 1990

[66] Pete Spice, RF Coordinator, DIA Spectrum Management Group. Interview by 

Arnold Alagar. Denver, CO. May 1999.

[67] Regis Lindsay, Ramp Controller, United Airlines. Interview by Arnold Alagar. 

Denver, CO. May 1999.

222

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



[68] B. Vojcic, R. Whinnery, C. Kocinski, A. Hashizume, “Radio Network Design and 

Multiple Access for Airport Surface Traffic Automation,” IEEE Vehicle Navigation and 

Information Systems Conference, Ottawa, Ontario, Canada, 1993.

[69] Z. Wu, C. R. Nassar, “High Capacity High Performance DS-CDMA via Advances 

in Chip Shaping”, submitted to IEEE International Conference on Communications, 

ICC2002, New York City, May 2002

[70] J. G. Wade, Signal Coding and Processing, Ellis Horwood Limited, 1987

[71] H. Sari, F. Vanhaverbeke and M. Moeneclaey, “Multiple Access Using Two Sets 

of Orthogonal Signal Waveforms”, IEEE Communication Letters, Jan. 2000, Vol. 4, 

No. 1, pp. 4-6

[72] D. Lee and L. B. Milstein, “Comparison of Multicarrier DS-CDMA Broadcast 

Systems in a Multipath Fading Channel”, IEEE Trans, on Comm., Vol. 47, No. 12, 

December 1999

[73] S. Kondo and L. B. Milstein, “On the Use of Multicarrier Direct Sequence Spread 

Spectrum Systems”, Proc. IEEE MILCOM, Boston, MA, Oct. 1993

[74] S. Kondo and L. B. Milstein, “On the Performance of Multicarrier DS CDMA 

Systems”, IEEE Trans, on Comm., Vol. 44, Feb. 1996

[75] D. N. Rowitch and L. B. Milstein, “Convolutional Coding for Direct Sequence 

Multicarrier CDMA”, Proc. IEEE MILCOM, San Diego, CA, Nov. 1995

223

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



[76] D. Lee, H. Lee and J. Kim, “Performance of a Modified Multicarrier Direct 

Sequence CDMA System”, ETRI J., Vol. 19, Apr. 1997

[77] W. Xu and L. B. Milstein, “Performance of Multicarrier DS CDMA Systems in the 

Presence of Correlated Fading”, Proc. VTC, Phoenix, AZ, May 1997

[78] S. Kondo and L. B. Milstein, “Multicarrier CDMA System with Cochannel 

Interference Cancellation”, Proc. VTC, Stockholm, Sweden, June 1994

[79] Z. Wu, C.R. Nassar, S. Lu, “A Novel ML Combining RAKE Receiver for DS- 

CDMA”, proceedings o f IEEE Pacific-Rim Conference on Communications, Computers 

and Signal Processing, PACRIM’2001, August 26-28, Victoria, Canada, 2001

[80] ISO/IEC 8802.11:1999 (ANSI/IEEE Std 802.11, 1999 Edition), Information 

Technology—Telecommunications and Information Exchange Between Systems—Local 

and Metropolitan Area Networks—Specific Requirements, Part II:  Wireless LAN

Medium Access Control (MAC) and Physical Layer (PHY) Specifications, August 1999.

[81] H. Hashemi, “The indoor propagation channel,” Proc. IEEE, vol.81, no. 7, July 

1993, pp. 943-68.

[82] TR 101 112 V3.1.0, UMTS 30.03 Version 3.1.0, November 1997

[83] B. Natarajan, C.R. Nassar, S. Shattil, M. Michelini and Z. Wu, “High-Performance 

MC-CDMA via Carrier Interferometry Codes”, IEEE Transactions on Vehicular 

Technology, vol. 50, no. 6, November 2001.

224

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



[84] C. R. Nassar, B. Natarajan and S. Shattil, “Introduction of Carrier Interference to 

Spread Spectrum Multiple Access”, IEEE Emerging Technologies Symposium, Dallas, 

Texas, April 1999

[85] Z. Wu, B. Natarajan, CJLNassar, “High-Performance, High-Capacity MC-CDMA 

via Carrier Interferometry”, Proceedings o f IEEE Symposium on Personal, Indoor and 

Mobile Radio Communications, PIMRC’Ol, September 30-October 3, San Diego, CA, 

2001

[86] B. Natarajan and C. R. Nassar, “Crest Factor Considerations in MC-CDMA with 

Carrier Interferometry Codes”, Proc. IEEE PACIM, Vol. 2, August 2001

[87] Balasubramaniam Natarajan, Carl R. Nassar, “Introducing Novel FDD and FDM in 

MC-CDMA to Enhance Performance”, Proc. o f IEEERAWCON ’00, pp. 29-32

[88] Steve Shattil, Zhiqiang Wu, Arnold Alagar, Carl R. Nassar, “Wireless 

Communication System Design for Airport Surface Management Part 1: Airport Ramp 

Measurements at 5.8 GHz”, IEEE international Conference on Communications 2000, 

New Orleans, June 18-22,2000

[89] Zhiqiang Wu, Carl R. Nassar, “Wireless Communication System Architecture and 

Physical Layer Design for Airport Surface Management”, IEEE VTC2000, Boston, 

September 22-28,2000

[90] Z. Wu, C. R. Nassar, “Optimum Combining for Multicarrier DS-CDMA Systems”, 

submitted to IEEE Wireless Communications and Networking Conference, WCNC’2002

225

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




