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Abstract

A wireless communication technology that allows multiple users to
communicate in real time is strongly required to support various needs
such as high performance remote control systems to simultaneously move
many mobile units like robots and vehicles and wireless network systems
to dynamically link mobile units.

Direct sequence code division multiple access (DS-CDMA) with a
quasi-synchronous technique and a set of orthogonal sequences with a
zero correlation zone (ZCZ code), which is called DS-ZCZ-CDMA col-
lectively, achieves multiple access interference (MAI) from adjacent users
and inter symbol interference (ISI) due to multi-path free performance
and synchronization capability with fast frame acquisition within one
chip delay spread. Moreover, a block spreading technique is applied to
the DS-CDMA, which uses ZCZ code and MMSE RAKE receiver utiliz-
ing the pilot sequence for channel estimation to remove the MAI called
BC-DS-ZCZ-CDMA.

On the other hand, multicarrier CDMA (MC-CDMA) with frequency
domain spreading and multicarrier direct sequence CDMA (MC-DS-
CDMA) with time domain spreading based on a combination of the or-
thogonal frequency division multiplexing (OFDM) and DS-CDMA with
the advantages of effective frequency utilization and high tolerance to
multi-path fading has been proposed. Furthermore, MC-CDMA using
ZCZ code has been discussed. However, in high data rate transmission
with large delay spread, MAI, TSI and inter carrier interference (ICT)
cause the system performance degradation.

In order to remove these interferences, this dissertation proposes a
new MC-CDMA scheme without the MAI and ICI over a very large
delay spread channel. The proposed scheme can be characterized by a

block coding technique using a set of sequences with ZCZ code and the



minimum mean square error (MMSE) RAKE receiver utilizing the pilot
sequence for channel estimation to remove MAI and ICI, and to reduce
the influence of the ISI, respectively. The proposed scheme does not
need frequency domain equalization technique. In order to demonstrate
the improved bit error rate (BER) performance of the proposed scheme
comparing with conventional MC-CDMA under the same condition in
large delay spread, a computer simulation is applied.

It is clarified that proposed scheme using ZCZ code with the maxi-
mum family size possesses good BER performance for large delay spread
dose not exceed the block size. For the conventional schemes using ZCZ
code, it has been shown that some are affected by the interferences even
in the case of one chip delay spread, and in others, the delay length
without MAI depends on the size of zero correlation zone, that is, the
family size of sequences decreases. Thus, there is a trade-off of the BER
performance and the number of users in those conventional schemes. In
the proposed scheme, the block size does not almost affect the system
performance if block size is longer than the length of large delay spread.
If code length is large, even if code length exceeds length of large delay

spread, the performance can be maintained.
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Chapterl

Introduction

In this chapter, the background and purpose of this research is described. Then, the

layout of the dissertation is presented.

1.1 Background and Research Purpose

A wireless communication technology that allows multiple users to communicate in
real time is strongly required to support various needs such as high performance
remote control systems to simultaneously move many mobile units like robots and
vehicles and wireless network systems to dynamically link mobile units.

As an effective technique, code division multiple access (CDMA) schemes that
multiple users can communicate over the same frequency band simultaneously are
considered [1]- [3]. There are the direct sequence CDMA (DS-CDMA) and multicar-
rier CDMA (MC-CDMA) including multicarrier direct sequence CDMA (MC-DS-
CDMA) as important CDMA schemes with the advantages of effective frequency
utilization and high tolerance to multipath fading [4]- [6].

In general, DS-CDMA that original data symbols are spread by a high-rate se-
quence in time domain, has been adopted to synchronous and asynchronous com-
munications, which have been adopted to downlink and uplink for third generation
(3G) cell phones, respectively [7]- [10]. The downlink uses an orthogonal code corre-
sponding to a Hadamard matrix referred to as a spreading sequence set to cancel the

inter symbol interference (ISI) due to multipath fading and multiple access inter-



ference (MAI) from adjacent multiple users [11]- [14]. The uplink uses a spreading
code with good auto and cross-correlation properties such as a pseudo-random (PN)
sequence set and the Gold sequence set, etc. to suppress ISI and MAL

DS-CDMA with a quasi-synchronous technique and a zero correlation zone (ZCZ)
code including a complementary code, which is called DS-ZCZ-CDMA collectively,
achieves ISI and MAI free performance and synchronization capability with fast
frame acquisition [22]- [27]. DS-ZCZ-CDMA can be applicable flexibly in not only
Infrastructure mode but also Ad-hoc mode [28], because two-way communication
without MAI is possible over the same frequency channel. On a large delay spread
channel caused by high data rate transmission, the influence of MAI, ISI and syn-
chronization gap deteriorates the communication performance. As a solution, DS-
7ZCZ-CDMA based on a block spreading technique called DS-BC-ZCZ-CDMA has
been proposed successfully, which uses ZCZ code and the minimum mean square er-
ror (MMSE) RAKE receiver utilizing the pilot sequence for channel estimation [29]-
[33].

On the other hand, MC-CDMA based on a combination of the orthogonal fre-
quency division multiplexing (OFDM) using the Fourier transform technique with
DS-CDMA has been adapted to synchronous communication, that an original data
symbol is spread by a sequence in an orthogonal code over different subcarriers in
frequency domain [34]- [37]. MC-DS-CDMA with spreading in time domain, that
an orignal data symbol multiplied by a sequence is allocated to each subcarrier,
has been discussed [41], [42]. In general, the bit error rate (BER) performance of
MC-DS-CDMA is worse than that of MC-CDMA, since the influence of ISI and
inter carrier interference (ICI) due to multipath fading is large. It is known that the
required frequency band of MC-CDMA and MC-DS-CDMA is smaller almost half
than that of DS-CDMA [5], [38], [60]. However, in high data rate transmission, the
system performance is still limited by MAI, IST and ICI.

In order to remove these interferences, MC-CDMA and MC-DS-CDMA using ZCZ
code have been discussed [43]- [48]. However, some are affected by the interferences
even in the case of one chip delay spread, and in others the delay length without
MATI depends on the size of zero correlation zone, that is, the family size of sequences

decreases. Thus, there is a trade-off of the BER performance and the number of



multiple users in the above conventional CDMA schemes.

1.2 Overview of this Dissertation

The dissertation proposes a novel multicarrier CDMA scheme without interferences
over a multipath Rayleigh fading channel with large delay spread, which can be
characterized by a block coding technique using a ZCZ code with low correlation
property and the MMSE RAKE receiver utilizing the pilot sequence for channel
estimation to remove MAI and ICI, and to reduce the ISI, respectively.

The dissertation consists of six chapters. The respective contents of the succeeding
chapters are follows:

Chapter 2 presents some necessary fundamental knowledge of digital communi-
cation schemes to help understand the main intention of the research. The basic
structure of the wireless communication channels and modulation schemes are in-
troduced. An intensive explanation is given to singlecarrier and multicarrier CDMA
schemes including DS-CDMA, OFDM and MC-CDMA.

In chapter 3, MC-ZCZ-CDMA is illustrated. A ZCZ code with low correlation
properties is given and its orthogonality for time domain and frequency domain
on the Fourier transform is mathematically verified and clarified for one chip de-
lay. A general DS-ZCZ-CDMA and a MAl-free BC-DS-ZCZ-CDMA schemes are
introduced and their problems for high data rate transmission are depicted. A MC-
2CZ-CDMA scheme without GI technique is presented and its problem is depicted.

In chapter 4, to sole above problems, a MC-ZCZ-CDMA in large delay spread is
investigated. At first, a basic MC-ZCZ-CDMA with guard interval (GI) is given to
combat these interferences by using the correlation properties of ZCZ code for one
chip delay even the transmitted data symbols increases. Then, a novel MC-ZCZ-
CDMA scheme without the interferences called BC-MC-ZCZ-CDMA based on the
above scheme is proposed. BC-MC-ZCZ-CDMA is characterized by use of a block
coding (BC) technique using ZCZ code to remove MAI and ICI in very large delay
spread, and the RAKE receiver utilizing the pilot sequence for channel estimation
to utilize a delay wave and to reduce ISI. The length of delay chips is related to

only block size and does not depend on the size of the zero correlation zone. It does



not have the trade-off mentioned above, and does not need the frequency domain
equalization technique [34] which has been used in multicarrier communications
generally, since MAI and ICI are free.

In order to demonstrate the improved BER performance of the proposed scheme
by comparing with conventional schemes in a large delay spread channel, a computer
simulation is applied in chapter 5 and these schemes’s performances are analized.

Chapter 6 concludes the dissertation and gives topics for further study.



Chapter2

Fundamentals of Communication

Systems

In this chapter, firstly, the fundamentals of digital communication systems are re-
viewed. Next, the basic structure of wireless communication channels is introduced.
Additive white Guassian noise (AWGN) and multipath fading channel with a large
delay spread are presented. Then, different data modulation schemes are presented.

Finally, an intensive explanation is given to singlecarrier and multicarrier schemes

including DS-CDMA, OFDM and MC-CDMA.

2.1 Digital Communication Systems

Spread spectrum communications have long been used in military systems. The
distinguishing feature of spread spectrum communications is that the transmission
bandwidth is significantly higher than that required by the information rate, result-
ing in the spread terminology. Typically, a pseudo-random code is used to spread
the information signal to the allocated frequency bandwidth [1].

CDMA as a multiple access scheme has advantages and disadvantages over the
more traditionally employed frequency division multiple access (FDMA) and time
division multiple access (TDMA) [2], [3]. If all three multiple access schemes are
compared under the hypothetical conditions of a Gaussian channel and all the users

are perfectly orthogonal to each other, then all three schemes are equivalent with re-



spect to Shannon ’ s channel capacity. However, mobile communications are usually
conducted over radio channels that are more hostile than the ideal Gaussian channel
and these radio channels lead to performance differences amongst the three multi-
ple access schemes. In comparison to FDMA and TDMA schemes, CDMA scheme
suffers more severe MAI due to the often imperfect cross-correlation properties of
the spreading codes used. The user signals in FDMA and TDMA are inherently
orthogonal to each other due to the orthogonal frequency and time slots used. How-
ever, FDMA and TDMA are primarily dependent on the availability of bandwidth,
which is a costly resource, and the capacities of both these schemes are therefore
bandwidth-limited. However, the CDMA is only interference-limited.

Techniques differ from each other in the way that the information signal is trans-
formed to produce a high-bandwidth spread signal. In Direct Sequence CDMA
(DS-CDMA), a pseudorandom sequence having a higher bandwidth than the in-
formation signal is used to modulate the information signal directly. The resultant
signal has a significantly higher bandwidth than the original signal [7]. In Frequency
Hopping CDMA (FH-CDMA), the transmission bandwidth is divided into frequency
sub-bands, where the bandwidth of each sub-band is equal to the bandwidth of the
information signal. A pseudo-random code is then used to select the subband, in
which the information signal is transmitted and this sub-band changes periodically
according to the code [4].

In second generation (2G) DS-CDMA scheme, specifically in the Qualcomm IS-
95 CDMA standard, the MAT is treated as noise. Then, the DS-CDMA has been
adopted to synchronous and asynchronous communications, which have been adopted
to downlink and uplink for third generation (3G) cell phones, respectively [7], [8],
[11]. The downlink uses an orthogonal code corresponding to a Hadamard matrix
referred to as a spreading sequence set to cancel the inter symbol interference (ISI)
due to multipath fading and multiple access interference (MAI) from adjacent mul-
tiple users. The uplink uses a spreading code with good auto and cross-correlation
properties such as a pseudo-random sequence set and the Gold sequence set, etc. to
suppress ISI and MAT [12]- [14].

Hybrid CDMA encompasses a group of techniques that combine two or more of

the other schemes already described. One of these hybrid schemes is known as mul-



ticarrier CDMA. OFDM is a parallel data transmission scheme in which high data
rates can be achieved by transmitting mutual orthogonal subcarriers [5], [6]. How-
ever, in OFDM, the ISI and ICI due to multipath induces the system performance
degradation [57]- [59]. Thus, the performance degradation in OFDM is reduced by
the insertion of guard interval (GI) and code synchronization is made easier by the
extended symbol period engendered by the associated serial-to-parallel conversion
proceeding the parallel transmission of low-rate subchannels. Recently, multicar-
rier CDMA schemes including MC-CDMA with frequency domain spreading and
MC-DS-CDMA with time domain spreading based on the combination of CDMA
and OFDM have attracted attention in the field of wireless communications. This
is mainly due to the need to support high data rate services in wireless environ-
ment characterized by highly hostile radio channels. These signals can be efficiently
modulated and demodulated using inverse discrete Fourier transform (IDFT) and
discrete Fourier transform (DFT) techniques without substantially increasing the
complexity of the transmitter and receiver [21], [60], [61]. These systems also ex-
hibit the attractive feature of high spectral efficiency, since they can operate using
a low Nyquist roll-off factor. Hence, OFDM can approach maximum bandwidth ef-
ficiency associated with Nyquist sampling. The combination of CDMA and OFDM
can combat the effects of fading channels by spreading signals over several orthog-
onal subcarriers, and it provides high frequency diversity. This dissertation focuses
on MC-CDMA scheme. Because it provides high frequency diversity and has ability
to mitigate the ISI, ICI and MAI in a multipath Rayleigh fading channel with large
delay spread.

2.2 Wireless Communication Channels

In recent years, wireless communications have experienced massive growth and com-
mercial success [18]. However, in wireless communications, the radio channels are
usually not amiable as the wired one. In wireless communication, multi-path fading
is a common phenomenon that results in transmitted signals arriving the receiver
by two or more paths [19]. As shown in Figure 2.1, when a signal is transmitted

over a multipath propagation channel, it is subjected to reflection, refraction and



diffraction, as a result, causes errors and affects the quality of communications.

Receiver

Figure 2.1: Wireless channel

2.2.1 AWGN

Additive white Gaussian noise (AWGN) is the statistically random radio noise char-
acterized by a wide frequency range with regards to a signal in a communications
channel. The randomness of AWGN in time domain will cause a transmitted sym-
bol to be distorted such that the receiver interprets it as a different symbol in the
modulation scheme. Under these circumstances, a given average level of AWGN
introduces an average number of symbol errors at output of the receiver.

In communication channels, a basic model of AWGN is the set of assumptions
that the noise is additive, i.e., the received signal equals the transmit signal plus
some noise, where the noise is statistically independent, of the signal, the noise is
white, i.e, the power spectral density is flat. So, the autocorrelation of the noise
in time domain is zero for any non-zero time offset and the noise samples have a
Gaussian distribution as shown in Figures 2.2 and 2.3, respectively.

The probability density function (PDF) of Gaussian distribution is represented as

1 (@=p)®
= T 20
p(x) - \/We ) (21)
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Figure 2.2: AWGN in time domain
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Figure 2.3: Gaussian distribution

where z is the amplitude of the received signal, yu is the average and o2 is the noise
variance. In most case, p = 0 is assumed. As the noise power increases, the decision
error probability becomes higher.

Per bit energy-to-noise ratio (Ej/Ny) is probably in the most common and well
understood performance measure characteristic of a digital communication system.
Most often this is measured at the output of the receiver and is thus directly related

to the data detection process itself. E,/Ny is a term for the power ratio between a



signal and the background noise defined by
P AN®
Ey/Ny = = = (—> ) 2.2
v/No P \g) (2.2)
where Py is average signal power and P, is average noise power. A and ¢ are root
mean square (RMS) amplitude for signal and noise.
Since radio signals have a very large dynamic range, Fj,/Ny is usually expressed

in terms of the logarithmic decibel (dB) scale as

P, A
(Eb/NO)dB = 10l0g10? = 2OlOg10;. (23)

2.2.2 Multipath Fading

In wireless communications, fading is deviation of the attenuation affecting a signal
over certain propagation media. In wireless systems, fading may either be due
to multipath propagation, or due to shadowing from obstacles affecting the wave
propagation. There are two kinks of fading such as Rician fading and Rayleigh
fading [20] as shown in Figures 2.4(a) and (b), respectively.

Obstraction Obstraction

Delay wave Delay wave

Obstraction
Transmitter Delaywave  peceiver Transmitter ey WY Receiver
e ———— ——
—— ——
Obstraction Obstraction
(a) LoS for Rician fading (b) NLoS for Rayleigh fading

Figure 2.4: A basic model of Rician and Rayleigh fading

The former occurs when one of the paths, typically a line-of-sight (LOS) signal, is
much stronger than the others. In Rician fading, the amplitude gain is characterized

by a Rician distribution as shown in Figure 2.5. The PDF is expressed as

R G v
p(z) = —e 2= I (;) ; (2.4)
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Figure 2.5: Rician probability density function

where v is the amplitude of a direct wave with x > 0 and v > 0, 02 is the average
received power, and Iy(.) is the modified Bessel function of the first kind and zeroth
order, respectively.

On the other hand, Rayleigh fading is the specialized model for stochastic fading
when there is no line-of-sight (NLOS) signal, and is sometimes considered as a
special case of the more generalized concept of Rician fading. In Rayleigh fading,
the amplitude gain is characterized by a distribution as shown in Figure 2.5. By
Eq.(2.4), the PDF is expressed as

T (@22

plr) = —e 2% . (2.5)

As shown in Figure 2.4, in a Rayleigh fading, the received field intensity is consider-

ably decreased due to the interference of a delay wave with the same intensity. On

the other hand, the attenuation of the received field intensity in a Rician fading is
lower than it of a Rayleigh fading due to a strong direct wave.

In Figure 2.6(a), flat fading occurs when the bandwidth of the transmitted signal

By is less than the coherence bandwidth of the channel B, written as

Bs < Be. (2.6)

Equivalently if the symbol period of the signal T is more than the delay spread

11
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Figure 2.6: Flat and frequency selective fading

of the channel 7, written as
T < (2.7)

And in such a case, mobile channel has a constant gain and linear phase response
over its bandwidth.
On contrast, in Figure 2.6(b), frequency selective fading occurs when Bg is greater

than B¢, written as
Bs > Be. (2.8)
Equivalently if T is more than 7, written as
T, > 1. (2.9)

And in such a case, mobile channel has an unconstant gain and nonlinear phase
response over its bandwidth. Finally, the system performance degrades by this
kinds of fading channels.

In multi-path environments with frequency selective fading , the received radio
signal from the transmitter consists of typically a direct signal, pulse reflections off
objects such as building is impaired by a time delay and a level of a delay wave. Thus,
this time-dispersive paths causes system performance degradation. A propagation
channel consists of J distinct paths with different time delay chips . The channel

impulse response p™(7,t) of the mth user is expressed as

J-1
p™ (T, t) = z_: pi(t)o(r — "), (2.10)

12



where pi*(t) denotes the complex channel gain at time ¢, 7/ the time delay 7 of the

jth path of mth user, and J(.) the delta function. The channel transfer function

H™(f,t), which is the Fourier transform of p™(7,t), is written as
S 5 "
H () = [ e
0

J-1 o
= > pi(t)e P (2.11)
1=0

Figure 2.7 shows the appearance of delay spread in multi-path Rayleigh fading
channel. If the time delay spread 7 =

- = 1.1 = 0. then the interference does

1st path | | Tt |
ndpatn < I [ - |
delay spread .
Jth path é,l | | . | |
i delay spread @
Received I I - I
signal N
Interfernce

Figure 2.7: Delay spread in multipath Rayleigh fading channel

not occur. Contrarily, when a large delay spread exists, i.e., 7; > 0, the interference

occurs and strongly influence system performance.

The propagation model of Eq.(2.10) and Figure 2.7 with large delay spread is
shown in Figure 2.8,

ezl [P

| 'pf‘ Py
J-1
CCN ) LN ] I

T, T T, T T,.; Time delay

Figure 2.8: Propagation channel model

The average received signal levels of J delay paths are written as

P = (D Prys s Dy D), (2.12)

where PrPry = |ij %, (_) is the complex conjugate and 7; denotes the length of the

maximum delay spread of jth delay path with 7o = 0 and 7; — 7,1 > 1, v is a decay

13



factor of the propagation channel defined by
2
[P,

‘ Tj+1‘2

a = 10logyo( ). (2.13)

If « = 0 dB, it means the equivalent power delay profile. In this dissertation,

two-path channel with o = 0 is considered in computer simulation.

2.3 Modulation Schemes

Phase shift keying (PSK) is a method of digital communication in which the phase
of a transmitted signal is varied to convey information [2], [16]. The mathematical

representation of PSK modulated signal z.(¢) can be written as

xe(t) = reos(2m fot + 6)

= x(t)cos2m fot — xq(t)sin2m fet, (2.14)
with
r=\Jx3(t) + 23(1), (2.15)

where 7 is the in-phase component, z¢ is the quadrature component and f. is the

frequency. The phase ¢ can be expressed by

()
/’\ :

¢ = cos_l(xQT@) or ¢ =sin (2.16)

By using famous Euler’s equation e/’ = cosf + jsinf, Eq.(2.14) can be written as
r.(t) = Rlxp(t)e??™ e, (2.17)
where zp is called the baseband equivalent signal and is given by
en(t) = 21(t) + jrolt). (2.18)
Moreover, two orthogonal basis functions ¢; and ¢, is expressed by

2 2
p1 = 1/i00527rfct, g = —HisinQﬂfCt, (2.19)

where T is the period of symbol.

14
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2.3.1 BPSK and QPSK

Binary phase shift keying (BPSK) is the simplest form of PSK. It is represented by
two points on the constellation diagram as shown in Figure 2.9. Corresponding to
each constellation point, the two possible digital passband signals, one of which is

selected for transmission in each symbol interval, are given by
T = Acos2nf t, T = —Asin2mf.t, (2.20)

where A is the amplitude with elements 1, —1 of transmitting signal.
By using Egs.(2.19) and (2.20), the projection of z along the two axes in the

constellation diagram is given by

Tergy = /TOO Ter (L)1 (t)dt = A\/Tzs, Tel gy = /Tx T (1) o (t)dt = 0. (2.21)

Similarly, the projection of x. along the two axes in the constellation diagram is

given by

00 2 00
Teog, = /T ra(on(t)dl = — A\ =, g, = /T Tea(t)ea(t)dt = 0. (2.22)

Here, x.; and x. are two points on the plane of basis functions. Both constellation
points lie along the ¢;(I) axis with no component along ¢,((Q)). Furthermore, the
two constellation points are 6 = 7 degrees from each other.

Therefore, each point in a signal constellation diagram has an associated trans-

mitted energy. Thus, for BPSK signals, the energy for first constellation as

T AL
Efgl = le,qﬁ + le,qﬁ = 2 ) (223)

15




Finally, the transmitted energy per bit is given by averaging the energy per bit

corresponding to ecach signal point in the constellation as

E, = AZTS. (2.24)
The bit error probability for z.; is given by
—(r—/Ep) 7<r+\/ET,>
__[/ \/_ N, 7~+/ TN d’r]
[/ dz + \/TNO }
= ﬁ \/ﬁjse_zrzdz
1 E
= §erfc <NZ> (2.25)
where
erfe(z / e ?dz
\/_
(2.26)

is the complementary error function. If the probability of z. is the same as the
probability of x. i.e. p(e|ze) = p(e|ze) = 1/2, then the total bit error probability
for AWGN channel is written as

Pepst: = 1erfc<ffz> QQ/%) (2.27)

Similarly, the instantaneous Ej,/N, over a Rayleigh fading channel f can be ex-

pressed as
v = BEy/No. (2.28)

If 8 is Rayleigh distributed, then the channel [ is a Rayleigh fading channel, and
the PFD of ~ is given by
1

p() = Zea(=2), (2.29)

where the average ¥ = F((?)Ey/N,. Therefore, the BER over 3 channel can be

given as

) = [pp()dr. (2:30)
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Thus, the BER of BPSK over /3 is given as

= [T (v27) e
- [ o(/m) -
= %(1 - % +1). (2.31)

On the other hand, quadrature phase shift keying (QPSK) is one example of M-
ary PSK modulation scheme where it simultaneously transmits 2 bits per symbol.
The phase carrier takes one of four equally spaced values (constellation points), such
as m/4, 3w /4, br/4 and Tn /4 with 6 = 7/2, where each value of phase corresponds

to a unique pair of information bits taking 00,01, 11, 10 as shown in Figure 2.10.

Figure 2.10: Constellation diagram of a QPSK

As usual, for every symbol period, one from the four symbols for transmission
during the same symbol period is selected. However in this case, each symbol repre-
sents two information bits and therefore the symbol period is twice the bit period.
Thus, the expression for the signal z.; that corresponds to the first constellation
point is

A A
ze(t) = ECOSZW}CJ — Esmﬂﬂfet,

A A

= SVTun(t) + 5VTu0a(t). (2.32)
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Then the projection of x.; on the axes representing the two basis functions are

o AT,
Ta = [ razad = . (2.33)

For QPSK, one symbol represents two data bits, which means that the energy
per bit is one-half the energy per symbol. The corresponding energy for the first

constellation point is given by

o0 22T,
Bro = [ wa(Bra(tde = == (2.34)
JT

By symmetry, the energy of other constellation points within one symbol period
is (A%T})/2, and thus the transmitted energy per symbol is (A4%7})/2. Finally, the
transmitted energy per bit is given by averaging the energy per bit corresponding

to each signal point in the constellation is written as

1 AT AT,
- =t (2.35)

b

Analysis shows that this may be used either to double the data rate compared to
a BPSK system while maintaining the bandwidth of the signal or to maintain the
data-rate of BPSK but halve the bandwidth needed.
The bit error probability of QPSK is the same as BPSK, and can be written as
Do,gpsk = %erfc (%) : (2.36)
At the same time. the BER of QPSK is the same with BPSK of Eq.(2.31), and

be expressed as

1 ot
o= —(1— . 2.
Dgpsk 2( 5 1) ( 37)

Note that special characteristics of QPSK are twice data can be sent in the same
bandwidth compared to BPSK and QPSK has identical bit error probability to that
of BPSK. When QPSK is compared to that of BPSK, QPSK provides twice the

spectral efficiency with the same energy efficient.

2.3.2 16QAM

Quadirature amplitude phase (QAM) is a modulation technique where its amplitude

is allowed to vary with phase [17]. QAM modulation can be viewed as a combination
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of amplitude shift keying (ASK) as well as PSK. Also, it can be viewed as ASK in

two dimension. The advantage of using QAM is that it is a higher order form of

modulation and as a result it is able to carry more bits of information per symbol.

By selecting a higher order format of QAM, the data rate of a link can be increased.
Figure 2.11 shows the constellation diagram of 16-ary QAM (16QQAM) where it

simultaneously transmits 4 bits per symbol. The constellation consists of a square

lattice of signal points.

Figure 2.11: Constellation diagram of a 16QAM system

Q

A
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O o006y O O
1010 1000 0000 0010
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1110 1100 0100 0110
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1111 1101 0101 0111
O Oyt O O

The amplitudes of 16QAM are 3, 1, -1, -3, and its corresponding constellation

points are given in Table 2.1.

Table 2.1: Amplitudes and constellations of 16QAM

data bits | Amplitude of I axis | data bits | Amplitude of @) axis
00 -3 00 -3
01 -1 01 -1
10 1 10 1
11 3 11 3

The bit error probability of 16QAM is given by

3

Pb,16gam = gé?”fc

(

AF,
10N,

).
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Theoretically, 16QAM enables data to be transmitted in a much smaller spectrum.
However, the symbols are casily subjected to errors due to noise and interference
because the symbols are located very closed together in the constellation diagram.
Thus such signal has to transmit extra power so that the symbol can be spread out
more and this reduces power efficiency as compared to BPSK and QPSK modulation.
The computer simulation will be given to clarify the BER of these modulation
schemes in AWGN and Rayleigh fading channel, respectively.

Figure 2.12 shows the BER performance of the BPSK, QPSK and 16QQAM mod-
ulation schemes for AWGN channel with the total number of transmitting data bits
are 10000. In this simulation, the BER is obtained by varying the values of Ej/Ny
in the range of 0 to 14 dB. It is observed that the BER performance of BPSK is
close to the theoretical result. Similarly, in the case of Ej,/Ny, the BER performance
of BPSK and QPSK is same in the same transmission rate. The BER performance
of 16QAM is decreases about 4 dB for 10~* that of BPSK and QPSK. Furthermore,
the simulation and theoretical results of these modulation schemes are almost same.

Similarly, Figure 2.13 shows the BER performance of the BPSK, QPSK and
16QAM modulation schemes for fading channel with the total number of trans-
mitting data bits are 10000. It is shown that the BER of BPSK and QPSK is same
in the same transmission rate. The BER performance of 16QAM is decreases about
4 dB for 1072 that of BPSK and QPSK. Furthermore, the simulation and theoretical

results of these modulation schemes are almost same.
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Figure 2.12: BER performance of modulation schemes in AWGN channel
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Figure 2.13: BER performance of modulation schemes in Rayleigh fading channel
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2.4 Singlecarrier and Multicarrier Schemes

In this section, direct sequence code division multiple access (DS-CDMA), orthogo-
nal frequency division multiplexing (OFDM) and multicarrier code division multiple
access (MC-CDMA) including multicarrie direct sequence code division multiple ac-

cess (MC-DS-CDMA) are introduced and reviewed.

2.4.1 DS-CDMA

One of the basic concepts in data communication is the idea of allowing several
transmitters to send data bits over a single communication channel [1], [2] . This
allows several users to share a band of frequencies. This concept called multiple
access. CDMA employs spread spectrum technology and a special coding scheme
where each transmitter is assigned a sequence in a set of sequences (code) to allow
multiple users to be multiplexed over the same physical channel [3]. There are two
kinds of transmissions such as synchronous and asynchronous CDMA transmission
as shown in Figure 2.14. The former is applied when there is a need to maintain
accurate synchronicity among all multiple users. At the same time, the latter allows

to several delays among all multiple users [13], [14].

Ist user ] Ist user |

2nd user ] 2nd user I ] ]

Mth user ] Mth user I ] ]
(1) Transmitter of synchronous CDMA (1) Transmitter of asynchronous CDMA

Figure 2.14: Synchronous and asynchronous CDMA

DS-CDMA is one of the singlecarrier scheme, and it spreads the original data
symbols using a given spreading sequence in the time domain [7] [11]. The capa-
bility of reducing the inter symbol interference (ISI) due to multipath and multiple
access interference (MAI) induced by adjacent multiple users are determined by the
correlation properties of the spreading sequences. Figure 2.15(a) illustrates a basic

model of DS-CDMA for a single user m.
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(a) The transmitter and receiver of DS-CDMA

(b) Spectrum of DS-DMA transmitted signal

Figure 2.15: A basic model of DS-CDMA and its frequency spectrum

At the transmitter, the modulated data symbols d; with binary data bits k =
(1 =111 — 1) (here, BPSK modulation is assumed) of user m is first multiplied by
a spreading sequence a™ = (ag*, al*,---.ay', -+, af_;) of length N. This causes the
spectrum of the information signal to be spread across the allocated bandwidth as
shown in Figure 2.15(b). Next, the spread signal is modulated onto its carrier before

it is transmitted as given in Figure 2.16. The transmitted signal is given by
s™(t) = Ad(t)a™ (t)el*m e, (2.39)

where A is the amplitude and f,. is the central frequency of the carrier signal.
At the receiver, the transmitted signal of mth user passed through multipath

propagation channel and plus AWGN is received. The received signal is given by
r(t) = s"(t — ;) + n(t), (2.40)

where 7; is the propagation delay from the transmitter to the receiver of the jth
path for user m and n is the AWGN. Let us now concentrate on the recovery of the
transmitting data symbols.

The received signal can be rewritten as
r"(t) = s"(t — 1),
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Figure 2.16: Spectrum spreading in DS-CDMA for transmitter
= Ad'(t — 1j)a™(t — Tj)eﬂ”h”e, (2.41)
where the propagation delay induced carrier shift is given by 6 = —2nf.7;. For

simplicity, a synchronous system with 6 = 0 is assumed.

In order to recover the original data symbols of user m, the received signal is de-
spread by multiplying the received signal with a synchronized replica of the spreading
sequence a™ of user m, as follows

§m(t) = r™(t)a™ (t — 7)),
= Ad}'(t — 7;)a™(t — ;)a™ (t — 7])e!*™ I, (2.42)

where 7']'- is the delay estimate.
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In order to demodulate the signal, it is then multiplied by the carrier and passed

through a correlator, then we have
t+1y .
2" = / 5(t)e 2T qt. (2.43)
t

If it is assumed that the replica of the spreading code at the receiver is orthogonal
to the sequence used to spread the signal at the transmitter, then 7; = TJ/- and we

can set 7; = 0, by Eq. 2.43, can be written as
8™(t) = Ad(t)a?(t)e?*m et (2.44)

The high frequency term e/?7/<! tends to zero after the correlator-based receiver.
By Eqgs.2.43 and 2.44, the resulting in an equal number of positive and negative

terms in the integral, yielding
t+Ty
o / AP (8)a?(¢)dt. (2.45)
t

Since it is assumed that there is no timing error, d™(t) is BPSK demodulated, giving
d™(t) = +1, and [ a®(t) = T}, hence we have

2= :I:%. (2.46)

Note that the spreading sequences have to be carefully designed in order to have

low correlation values, and an issue to be addressed in chapter 3 in depth.

2.4.2 OFDM

The increasing require for high data rate wireless communications has incited the
appearance of OFDM for achieving good performance [57]- [59]. It is also an ef-
fective technique that provides a high spectral efficiency and to combat multipath
frequency selective fading fading channels without losing orthogonality of the neigh-
boring subcarriers. However, OFDM has some weakness such as difficulty in sub-
carrier synchronization, sensitivity to frequency offset and nonlinear amplification.
The basic model of an OFDM is illustrated in Figure 2.17.

At the transmitter, the modulated data symbols d™ = (di’, d}", - -+, d, -+, dR_,) €
C' of mth user are serial-to-parallel (S/P) converted into d}' data sequences and al-

located over different orthogonal subcarriers using N-point inverse discrete Fourier
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Figure 2.17: A basic model of OFDM
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Figure 2.18: OFDM subcarriers spectrum

transform (IDFT) as shown in Figure 2.18 . A guard interval (GI) is inserted in
each OFDM symbol to prevent inter symbol interference (ISI) and inter carrier in-
terference (ICI) due to multipath as shown in Figure 2.7. The signal is transmitted
after parallel-to-serial (P/S) conversion.

The transmitted signal of the mth user can be expressed as

Na—1 ) 2P Ne—1 j2m(t—iT)n
=0 C n=0

where Ny = K and N, are the number of data symbols and number of subcarriers.
T, is effective symbol length and P is the average transmission power per user.

Moreover, symbol length 7' = T, + T,, where T, is the GI length. g(t) is the
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transmission pulse given by

1 for =T, <t <Tj,
0 otherwise.

At the receiver, the received signal passed multipath fading channel of Eq.(2.10)

can be expressed as

P = /0 T ()8t — T)dr 4 (8), (2.49)

where n™(t) is the AWGN with a signal sided power spectral density of Ny. After

S/P conversion and GI removal, the frequency domain signal of Eq.(2.49) is given

—j2n(t—:iT)n

Toi = Zrm(t)e T

2P
= H™ ™ + ™. 2.50
Nc n,zun,z nn,z ( )

where w;"; is outputs of N-point DFT, H"; is the channel transfer function and n;";

is AWGN noise with zero-mean and a variance of 2Ny /Ts. Finally, the original data

symbols d}} is recovered by demodulation.

2.4.3 MC-CDMA

This subsection introduce the class of multicarrier CDMA schemes [5]. Specifically,
review their design parameters, spectral characteristics, advantages and disadvan-
tages in terms of the transmitter and receiver structures as well as their spectral
efficiency:.

In recent years, multicarrier CDMA schemes including MC-CDMA using fre-
quency domain spreading and MC-DS-CDMA using time domain spreading based on
the combination of OFDM and CDMA has been receiving widespread interests for
wireless communications [6], [61]. These schemes benefit from the main advantages
of both techniques such as high spectral efficiency, robustness to frequency selective
fading channels, multiple access capability and high frequency diversity achieve-
ment. In two schemes, the orthogonality of neighboring subcarriers is satisfied with
minimum frequency separation as shown in Figures 2.20 and 2.22, respectively.

Figure 2.19 illustrates the basic model of MC-CDMA for a single user m.
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Figure 2.19: The concept of a MC-CDMA

At the MC-CDMA transmitter, the modulated data symbols d} after S/P conver-
sion is first multiplied with the spreading sequence a™ of length N of the mth user
in frequency domain, and then modulated into different subcarriers signals using the
N-point IDFT. Its frequency spectrum is shown in Figure 2.20. Finally, MC-CDMA

signal s™ is transmitted after P/S conversion. In general, the length of subcarries

is equal to V.

Figure 2.20: The spectrum of the MC-CDMA signal

At the receiver, after P/S conversion, the received signal is converted into fre-
quency domain signal with different frequencies by applying N-point DFT. Finally,
the original data symbol d? is detected by de-spreading (or inner product) of the
spreading sequence @™ and the frequency domain sequence 4.

On the other hand, Figure 2.21 illustrates the basic model of MC-DS-CDMA for
a single user m. At the transmitter, the modulated data symbols d¢ after S/P
conversion is first multiplied with the spreading sequence a™ of length N of the mth
user in time domain, and then modulated into different subcarriers signals using
the N-point IDFT. Its frequency spectrum is shown in Figure 2.22. Finally, MC-
DS-CDMA signal s™ is transmitted after P/S conversion. In general, the length of
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subcarries is equal to the length of data symbols K.
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Figure 2.21: The concept of a MC-DS-CDMA

Figure 2.22: The spectrum of the MC-DS-CDMA signal

At the receiver, after P/S conversion, the received signal is converted in to fre-
quency domain signal with different frequencies by applying N-point DFT. Finally,
the original data symbol di is detected by de-spreading (or inner product) of the
spreading sequence a™ and the frequency domain sequence 4™,

It is known that MC-CDMA possess better system performance than MC-DS-
CDMA [5], [6], [42], since the former provides higher frequency diversity. So, this
dissertation discusses on MC-CDMA using some effective sets of spreading sequences
such as zero correlation zone (ZCZ) code and some novel interference cancellation

methods to mitigate the ISI and ICI due to multipath, and MAIT from adjacent users.

Their detail will be presented in the next chapters in depth.
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Chapter3

7ZC7Z Code and ZCZ-CDMA

Schemes

In this chapter, firstly, the introduction of zero correlation zone (ZCZ) code with low
correlation properties is given and its orthogonality for time domain and frequency
domain on the Fourier transforms is clarified. Next, DS-CDMA using ZCZ code is
presented. Furthermore, MAl-free BC-DS-ZCZ-CDMA scheme is introduced and
its problem is depicted. Finally, MC-CDMA using ZCZ code without GI technique

is introduced and its problem is also depicted.

3.1 ZCZ Code

In this section, four kinds of sets of orthogonal sequences (codes) of length N = 2~
including shift orthogonal codes, i.e., ZCZ code, are introduced and their correlation
properties are compared [51]- [54]. There are a general orthogonal (GO) code whose
code words are corresponding to rows in the Sylvester type Hadamard matrix, a
code by GO code and E-sequences called EO code, whose aperiodic autocorrelation
function takes zero at even shifts except zero-shift, codes produced by GO code and

EO code called GZCZ code and EZCZ code, respectively.
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3.1.1 Introduction of ZCZ Code

Let us consider an orthogonal code of length N = 2" defined by

A — {a07a17...7a'm’...7a]w*l}7
(3.1)

m

a 7...70/%71)_

— m m m
= (am,al,- -, a”

Concentrate on a Hadamard matrix H, of order 2" defined by HHHE = HEH =

2%], where I denotes the unit matrix of order 2" and T" the transpose of the matrix.

Let H, be the Sylvester type Hadamard matrix defined by

11
H — < B ) CH = . (3.2)
0<m,n<2" 1 —1

GO code of of length N = 2% defined by a set of rows of H, is expressed by
Aco = H,. (3.3)

. . . . . /
The aperiodic correlation function between two bi-phase sequence a™ and a™

with length N at a shift 7 is defined by

N—-1-71 ,
Za?az’gﬁ) 0<7<N-—-1,
Nn=10
Ca,ma,m/ (T) - Z aﬁ(";iT)ag 1 _ N S T < 07 (3.4)
n=0
0 |T| > N.

Similarly, the periodic correlation function is defined by

N-1

!
Ramam' (7_) = Z anma?:b—s—ﬂ') mod N
n=0

= Oamam, (T) + Oamam, (T - N) (35)

m

If the aperiodic auto-correlation function of the bi-phase sequence a™ is zero at any

even shift 7 # 0 can be written as

N (r=0),
Camqm (27) = (r=0) (3.6)
0 (r#0).
Then, a set of A is called even-shift orthogonal codes (E-codes) [53]. Therefore, the

periodic auto-correlation function takes zero at any even-shift can be written as

Ramam/ (T) = Camam/ (T) + Camam/ (T - N) = (37)



For example, a™ = (1,1,1,1,1, -1, —1,1) is an E-sequence of length N = 8, and
its aperiodic auto-correlation function is shown in Figure 3.1. It is shown that the
E-code’s aperiodic auto-correlation function takes high pick value at shift 7 = 0,

and the sidelobes are constrained with zero at any even shift, respectively.

. TI I-T- |
| ’ l

Figure 3.1: Aperiodic auto-correlation function of E-code

It is known that E-code is included in complementary sequences [50]. EO code is

defined by
Apo = H0n, (3.8)

where ¢, is a diagonal matrix of order 2® whose diagonal elements equal comple-

mentary sequences which including E-sequence e expressed by.

goo -+ O e 0
o . 0 0
b, = L G . 0 , (3.9)
0 --- 0 0
0 --- 0 Gl 1) (k)
where g, = (—1)9(”?) is a different expressions which will be introduced in next

subsection. So that ZCZ codes with good correlation properties can be constructed
by selecting o, properly.

ZCZ code denoted by Z(N, M, Zcz) is a set of M sequences of length N with a
zero correlation zone (Zcz), if the periodic correlation function between sequences

a™ and @™ defined by
N—1

Ramam/(T) = Z a?lla?rlz;‘r)modN (310)

n=0
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is written as
N for 7 =0m=m/,
Rymgm (T) =3 0 for 7=0,m # m/, (3.11)
0 for 1<|7|< Zez.

Figure 3.2 shows the periodic auto and cross-correlation functions of ZCZ code.

Zez 0 Zez

-— «—>
Zez 0 Zez

Figure 3.2: Periodic auto and cross-correlation functions of ZCZ code.

Note that if Zcz = 0, the set denotes an orthogonal code with N = M. ZCZ

code [25] is bounded by
N

< ) 3.12
~ Zcz+1 ( )
7CZ code with Zcz = 1 is discussed, because of achieving the upper bound of
Eq.(3.12).
GZCZ code Z(2%,2%71 1) is defined by
a®
ol
AGZC’Z = ‘ = [Hn—lanfICnfl]a (313)
am
a2K71
where (,,_; is a diagonal matrix of order 2% ! defined by (. | = diag(—1,1,—1,1,---,—1,1).
Similarly, EZCZ code Z (27,2571 1) is defined by
a®
ol
Apzcz = ' = [He-105-1, Hi—10-1C—1]. (3.14)
am
a/2rc—1
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Figures 3.3 and 3.4 show the periodic auto and cross-correlation functions of the
four types of orthogonal codes with length N = 32, respectively. It is observed that
the EZCZ code has the best auto and cross-correlation properties with low sidelobes,
and it could be utilize for CDMA schemes in high data rate transmissions with large

delay spread.

60 ‘
- ¥ - GO code

—4&— EO code
—e— GZCZ code
—&— EZCZ code [

Correlation output

_40 L i

_6930 —20 —-10 0 10 20 30

shift ©
Figure 3.3: Periodic auto-correlation function of orthogonal codes with length
N =32

The logic functions of the orthogonal codes introduced in the above subsection are
investigated. Let ¥ = (x,z1,...,2._1) be the space V, of binary r-tuples, whose
elements are coefficients expressed as the binary expansion of an integer z(0 < x <

2% — 1), i.e.,
r=a02" + 12 + ...+ 28 (3.15)

Let us consider the logic functions of an orthogonal code A of length 2%, which is

expressed by

a™ = (—1)fatmae), (3.16)
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Figure 3.4: Periodic cross-correlation function of orthogonal codes with length

N =32

The logic functions of the orthogonal codes Ago and Ago of length 2% are respec-

tively given by
fAGo (m7 "1:) = MoeTo DMy D+ D My_1T_1, (317)
fapo(m,x) = mero @ mia1 © - © My 1251 D Yoth ©Y1Y2 D -+ D Y2Ys—1(3.18)

where @ denotes the addition over2, i.e., EXOR, and y; € {x¢, 21, -, 2,1} with
Yo = T O Yu_1 = To and y; # y, for j # k(> 1).

The logic functions show that EO code consists of all E-sequences with good
autocorrelation property [52], and the logic function with yy # xo or y, 1 # o
generates ZCZ code consisting of complementary sequences except E-sequences.

Similarly, the logic functions of Z (27,271 1), Agzcz and Agzcz, are respectively

given by

fAGzcz (m, J]) =Moo DM1T1 D+ D Mk_9Tr_2 D ToTr—1 D Tr_1, (3.19)
fapge, (M, @) = moxo ©mizy @ - B My o2 DY1Ys S -+ D Yu_3Yn_o2

DLT 1 D Tpo1, (3.20)
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where 0 < m < 2! — 1, and y; € {zo, 21, -, xx1} With yo = zo and y; # y, for
j A K> 1),

Note that EZCZ code consists of complementary sequences except E-sequences
[51]. Tt has been shown that Apzcy possesses good auto and cross-correlation prop-
erties in comparison with Agzcz.

As an example, EZCZ code A(16,8,1) is generated by the logic function in
Eq.(3.20) as

A(f) = 1?0331@2511’2,

which is expressed by

11 1 1 1 1 1 1 100 000 00
1 -1 1 -1 1 -1 1 -1|lo10 000 00
1 1 -1 -1 1 1 -1 -1|loo1 o000 00

S|ttt 1t o0 100 00
1 1 1 1 -1 -1 -1 -1|{looo o010 00
1 -1 1 -1 -1 1-1 1|looo o001 00
1 1 -1 -1 -1 -1 1 1|looo 000 -10
1 -1 -1 1 -1 1 1 -1Jloo0o0 000 01

H3 03

10000000 10 00 00 00
01000000 01 00 00 00
00100000 00 10 00 00
00010000 00 01 00 00

“1loooo1o000|| 00 00 -10 00]]
00000100 00 00 01 00
00000010 00 00 00 —10
00000001 00 00 00 01

&

Ca
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-1 -1 -1 -1 1 -1 -1 -1 -1 1 -1 1 1 1 -1
Where the row of the matrix corresponds to the length of a sequence N = 16 and

the column of the matrix corresponds to the family size of code M = 8.

3.1.2 Orthogonality on the Fourier Transforms

This subsection clarifies the orthogonality of a phase-shifted symbol sequence in ZCZ
code for time domain and frequency domain on the Fourier transforms as IDFT and
DFT [21].

DFT of a time domain sequence (vector) s™ of length N is defined by
N-1

1
ar = — Y stw ™, (3.21)
n /—N = q

and IDFT of a frequency domain sequence (vector) a™ can be expressed by
1 N—-1

Sq/:\/—ﬁngoa

Z2ﬁg
where wi=e N .

e, (3.22)

Let ™7 be a 7 phase-shifted sequence of length N defined by

= (S:-nv STTn-i-la T 7‘giznmod N>»" "7 S:'n—l)' (3'23)

DFT of s™7 is written as

m,T

S

m,T __ m T m ™ . m T(N—-1) m
a™ = (al wal, - w™Ma™, - W™ g ) (3.24)
since
1 N—-1 1 N-1
- §M T = Smwfn(qf‘r)
/N q+T N q
q:O q:O
1 N-1
=W — Sy w "
VN &
_ T, m
— WA, (3.25)
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Let a™ be a sequence in ZCZ code A(N, N/2,1) of Eq.(3.13) or Eq.(3.14), which

is expressed by the Hadamard matrix of Eq.(3.2). The inner product of a”™” and

m' .
a'" 1s written as
N—-1
m,7 m'\ __ ™ _m _.m’
(a a )_ Z W an an
n=0
N/2—1

- Z hm.nhm’,n (Wm— + wN/Q_HW)
n=0

N fort=0 m=m,
=9 0 for7#0,m=m, (3.26)
0 forT=0,£1, m=m,

since w4 w2t = 0 for delay 7 = +1, and

Nl N for 7 =0,
d W= (3.27)
n=0 0 for7#0.

Consequently, the orthogonality between ZCZ sequence a™ and a frequency do-
main sequence a"™", which is transformed from phase-shifted time domain sequence
s™7T with |7] < 1 by DFT, are maintained. It means that ZCZ code with Zcz=1 used
in CDMA schemes can keep the orthogonality of the transmitted and received signal
even the signal affected by multipath fading channel with one chip delay. Thus, by
using ZCZ code, the ISI, ICI and MAI can be removed for one chip delay.

From the correlation properties of ZCZ code of Eq. (3.11), a binary matrix defined
by

1 1 1 1
) ay Ay 0 Ay
2 2 2 2
Qg ay [ I V|
N/2 NJ/2 _NJ/2 N/2
ao/ ay / Qg 2o aN/—l
A— (3.28)
ap ay ay - ag
@ @ a - a
N/2 NJ/2 NJ2 N/2
al / a) / al /2 a) /

is an orthogonal matrix [25]. Furthermore, from Eq.(3.26), a complex matrix defined
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0] ay 5 an—1
2 2 2 2
g ay a3 aN-—1
N/2 N/2 N/2 N/2
o ay a3 e an 1
A p—
ai  wad  wral o WVl
al  w'ay  w?a3 - WwVTlad
N/2 N/2 N/2 _1_NJ2
a1/ w1@2/ wzag/ cowN 1a0/

(3.29)

is also a complex Hadamard matrix (unitary matrix).

3.2 DS-ZCZ-CDMA Schemes and Their Problem

In this subsection, DS-ZCZ-CDMA and block coding (BC) DS-ZCZ-CDMA without
MALI called BC-DS-ZCZ-CDMA are introduced and reviewed. Their problem in high

data rate transmission is depicted.

3.2.1 DS-ZCZ-CDMA

This subsection gives an introduction to the fundamentals of DS-CDMA using ZCZ
code [22], [24], which may be applied to quasi-synchronous systems. In these quasi-
synchronous systems, the asynchronous mode is applied when there is a need to
maintain the relative synchronicity in the time delay between the different users at
the transmitter.

In DS-ZCZ-CDMA, a ZCZ code with length N + N, which is made by adding GI
length N, = 2 to the head and tail of the sequence a™ in A of Eq.(3.1) is allocated

for a single user m, and can be written as

A

a = (aﬁflﬂaglvaylnv'"7a?7"'7a%717agl)- (330)

Where GI play a role of interference-free despreading operation with ZCZ sequence

a™ for delayed waves at the receiver. That is even if a data bit changes, the periodic
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correlation function keeps zero for delay 7 < Zcz. A ZCZ code with Zcz = 1
is chosen to maximize the number of multiple users given by Eq.(3.12), and its

construction is shown in Figure 3.5.

N+2Zcz

N
/cz /cz

Y

Figure 3.5: ZCZ sequence with GI (Zcz = 1)

Figure 3.6 illustrates a block digram of DS-ZCZ-CDMA for multiple users M.

Quasi-synchronous
. control signal
Transmitter 3

.

1

a

Carrier Receiver
a™
m
Vd dx
; Noise
Carrier = } /Iﬂ Carrier
y
aM
M
dx

Carrier

Figure 3.6: A basic model of DS-ZCZ-CDMA

At the transmitter, modulated data symbols dj} € C of mth user is first spreaded
by a corresponding ZCZ sequence a™ with length N + 2, and transmitted after
carrier frequency multiplication. The direct spreading process is shown in Figure

3.7. Moreover, each transmitter simultaneously sends the spread data symbol at a
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timing designated by a timing control signal supplied by a control station.

ZCZ sequence

m m m m

m
Ay, af)n arln ey ot Ao Ay g

data symbols X X

m m m m
d; d] e dy o

Figure 3.7: Spreading in DS-ZCZ-CDMA

At the receiver, the received signal consisting of symbols sent by M multiple users
passed from multipath fading channel of Eq.(2.10) and added AWGN channel. A soft
output to be used for detecting the transmitted data symbols, and the transmitted
data symbols d¢ is obtained by taking correlation (or inner product) between the
received signal and a desired user sequence a™ . The receiver may use the timing
control signal to detect data frame synchronization quickly.

Figure 3.8 shows a basic concept of quasi-synchronous DS-ZCZ-CDMA for mul-
tiple access. By using the correlation properties of ZCZ code, the orthogonality

between different users can be kept within allowed period or one chip delay.

1st user

2nd user

Mth user

—

Allowed period

Figure 3.8: Quasi-synchronous DS-ZCZ-CDMA
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3.2.2 BC-DS-ZCZ-CDMA

DS-ZCZ-CDMA can remove MAI and ISI in low data rate transmission with one
chip delay spread. However, in high data rate transmission with large delay spread,
the MAT and IST are still induced and it will causes system performance degradation.
To remove MAI, a block coding (BC) DS-ZCZ-CDMA scheme called BC-DS-ZCZ-
CDMA based on a RAKE receiver utilizing the pilot sequence for channel estimation
has been proposed [29]- [32].

Figure 3.9 illustrates the basic model of the BC-DS-ZCZ-CDMA for a single user

m.

Block coding

. m
Transmitter m a
d 0 Receiver

dx

Y

S/p P/S

Carrier Carrier

RAKE receiver

m
dxa

[a
; ;_3
& %
N\

Figure 3.9: A basic model of BC-DS-ZCZ-CDMA

At the transmitter, the data symbols dj} of mth user is first spread by a ZCZ
sequence with length N + 2 after S/P conversion. Then a block coding technique is
applied. The signal is transmitted after carrier frequency multiplication. The block
coding technique is shown in Figure 3.10.

At the receiver, the received signal r™ consisting of symbols sent by M users
with multipath fading and AWGN. A Rake receiver to be used for detecting the
transmitted data symbols d}'. The d}”* is obtained by taking correlation outputs (or
inner product) between the received signal and a desired user sequence a”. The
auto and cross-correlation function of ZCZ code applied block coding technique is
shown in Figure 3.11. It can bee seen that by applying a block coding technique
in DS-ZCZ-CDMA, MAI can be completely removed, since the Zcz is expanded K
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data symbols

dod - d [dod! - ddy | - ded - di

ZCZ sequence

. ap ag

Figure 3.10: Block coding technique

T P
v KzZez 0 K K(Zcz) v v KZez) 0 K K(Zc7)

Figure 3.11: Auto and cross-correlation function of ZCZ code with block coding

technique

time. However, IST still exits.

Thus, the RAKE receiver utilizing the pilot sequence for channel estimation is
applied to mitigate the influence of ISI. A pilot symbol sequence is added to the head
of a transmitting data frame for frame synchronization or to recover the destroyed
amplitude and phase oh the transmitted signal due to multipath. Transmission

packet including data signal and pilot signal is shown in Figure 3.12.

pilot | data frame | -- | data frame | pilot

Figure 3.12: Transmission packet in BC-DS-ZCZ-CDMA

The pilot symbol sequence will be repeatedly transmitted several times to estimate
the average signal levels in Figure 2.8. By using the average signal levels or impulse
response of multipath channel which obtained by take a correlation between pilot

signal and ZCZ sequence a™ .
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The received signal ™ can be expressed as

0 0 0 0

by 0 0 0
s : : dg'
s Pro Phs g0 0 dy'

o : I I IS 0 : 3.31)

o . . . an
: 0 0 Pro Pl o’ .
K 1 : : : di

0 0 0 0 P, qm

0 0 0 0 - pr,

pm

where P™ is a (K + J — 1) x K matrix with J paths given by the levels of inner
product output of a received pilot symbol sequence.

The data symbol sequence d}* of Eq. (3.31) can be detected by using a MMSE
RAKE receiver

d™ = [P™(P™)* + g2 (P, (3.32)

where (.)* denotes the complex conjugation transpose and [.| ! denotes the inverse
of a matrix. In this dissertation, a MMSE RAKE receiver is applied, and it will be
introduced in chapter 4 in detail.

Although BC-DS-ZCZ-CDMA has ability to completely remove MAI, but the ISI
still exits. Moreover, as the increase of the size of transmitting data symbols, the
system performance degrades [30], [56]. Thus, the single carrier BC-DS-ZCZ-CDMA

scheme is not a promising technique for future high data rate transmission.
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3.3 MC-ZCZ-CDMA without GI Technique and
Its Problem

In this subsection, a general MC-CDMA using the above introduced ZCZ code with
low correlation properties called MC-ZCZ-CDMA is presented. The ZCZ code can
remove MAI, and mitigates the ISI and ICI for one chip delay. In general, in MC-
CDMA, several chips (or GI) are added to the head and tail of time domain signal
to prevent these interferences. However, the GI consumes additional transmission
power. At the same time, in previous researches, a MC-ZCZ-CDMA scheme without
GI has been considered to fully use the Zcz which related to the upper bound of
ZCZ code by Eq.3.12 [46]- [48].

The block diagram of a general MC-ZCZ-CDMA without GI for multiple users
M is shown in Figure 3.13. It is respectively referred to as the synchronous and
quasi-synchronous transmissions in the cases of 7, = 0 and |7, — Tyy| < Theray for
any m(# m’), where 7,,, denotes the delay time of a received signal of the mth user,
and TYeqy an allowable time delay.

At the transmitter, the kth data symbol d' € C' with 0 < k < K — 1 in one
transmitting data frame of the mth user, is multiplied by a corresponding sequence
a™ in the code A of Eq.(3.1). Through the S/P conversion, a frequency domain

sequence is expressed by

m o __ m m m m
U = (Uo,ka Uty Uy gy aUN—l,k):

(3.33)

m. _ Jm,m
Up e = g Ay

where N is equal to the number of the subcarriers.

The frequency domain sequence u}' is converted into a time domain sequence
m __ m m m m
S = (So,kv S1ks " s Sqk T SN—l,k;) (3.34)

by the N-point IDFT of Eq.(3.22) given in the previous subsection.

After P/S conversion, the transmitting signal s™ can be expressed as

25 A
s™(t) = N > sora(t —qTb), (3.35)
q=0
where T, denotes the chip interval and S the average transmitting signal power.
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Figure 3.13: Block diagram of a general MC-ZCZ-CDMA without GI technique

The transmitting signal of the mth user of Eq.(3.35) is received as
M—1

r(t) = > () + (),
m=0 (336)
(e = [ (s = r)dr

through the multipath fading channel of Eqs. (2.10) and (2.11), where 7(t) is the
AWGN.
The received signal r(t) is converted into a discrete received signal by 1/Q demod-

ulator and low pass filter, and through S/P conversion, it is transformed into

M-1N-1 —j2n(t—kT)n

Pk =y y rT(t)e” T

m=0 n=0
M-—1

2
= 2\ ks + (3.37)
m=0
by the DFT. Where T' = Ty = N7, and 7, , is the AWGN noise with zero-mean and
a variance of 2Ny /Ty, respectively.

Furthermore, the discrete symbol of Eq.(3.37) is equalized to mitigate the fre-
quency distortion due to a multi-path fading. A MMSE Rake receiver is considered
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since it exploits full frequency diversity among various equalization weights [5], and
its detail will be presented in next chapter in depth. Finally, the received data
symbol d™ is detected by using both inner product of special pilot symbols with
sequence a™ and frequency domain signal uy' with sequence am.

In high data rate transmission with large delay spread, the transmitted signal
of Eq.(3.35) is arrived to the receiver with different time delay and multiple users.
Thus, the received signal affected by ISI, ICI and MAI, and causes system perfor-
mance deterioration.

Figures 3.14 shows the received signal with a single user for one chip delay as
71 = 1. In this case, the ZCZ code can remove these interference within one chip
delay with less data symbols K, however, as the K increases, the ZCZ code can
not guarantee the Zcz and unable to remove these interferences, and induces system

performance degradation.

Transmitted signal

To 1800810820+ SN-1,0| So01 811851 Sx-11 l - l SoxS1xSoie+ SN-I,kl - | Sox-1 S1x1Sok.1 *** SN-1K-1
N P S00810820--- SN-140| So1 81,185+ St | e l Sox S1kSax--+ SN—l,kl .- | Sox-1 S1k-1S2x.1
+
Received signal
Too L1050+ I |I'01I' R0 CRERE SRR | - lér_@,lg_grl,krzk' 2 N l coo Toxi ik Toger oo Ik
)
ISI and ICI

Figure 3.14: Received signal in one chip delay spread

By using a ZCZ code with wide Zcz given by Eq.(3.12), it is possible to combat
one or more than one chip delay spread. However, there is a trade-off of the BER
performance and the number of users, since the family size of ZCZ code decreases

as the increases of Zcz.
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Chapter4

MC-ZCZ-CDMA Schemes in
Large Delay Spread

In this chapter, firstly, a general MC-ZCZ-CDMA scheme with GI technique is intro-
duced. Then, a proposal block coding MC-ZCZ-CDMA scheme without interference
called BC-MC-ZCZ-CDMA based on above general scheme is presented.

4.1 A Basic MC-ZCZ-CDMA with GI Technique

In this section, a general MC-ZCZ-CDMA scheme with GI technique in large delay
spread or synchronization gaps of more than one chip is presented. The block
diagram of a general MC-ZCZ-CMDA with GI technique used MMSE Rake receiver
for a single user m is illustrated in Figure 4.1. For simplicity, a digital baseband is

considered.

4.1.1 Transmitting System

At the transmitter, the complex kth data symbol dj* € C' is multiplied by a cor-
responding sequence a™ in ZCZ code A(N,N/2,1), and through S/P conversion, a

frequency domain sequence is expressed by

u; = (U&w uTkv e 7umk’ T 7u%71,k‘)7
(4.1)

m J— m ,m
Upk = di'ay',

where N is corresponding to the number of the subcarriers.
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Figure 4.1: Basic model of a MC-ZCZ-CDMA with GI technique

The frequency domain sequence u;}' is converted into a time domain sequence

SZI = (S()m,msrlrfkv'"782,1k7"'78%—1,k) (42)

by the N-point IDFT of Eq.(3.22).
Let 8} be an extended time domain sequence of length N=N+ Ny with N, = 2
by Eq.(3.30), which includes the GI of length N is added to si* to prevent ICI, is

written as

Am _ AMm A A A
Sy, = (507’(37 Stkr " Sq kst SN*l,k")
_ m m m m m
- (SN—l,k’ S0k Sq ks T T SN—1 k> SO,k): (4'3)

am m
where S0 = SUN_1 1 qymodn k-

Let S™ be a data frame with GI, expressed by a (N + 2) x K matrix

'7 (é;cn)Tv T (égfl)T)
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m m m
SN—-1,0 " SN-1k SN—1,K-1
m m m
50,0 S0,k S0,K—1
m m m
51,0 S1,k ST K1
- m m m ’
Sq70 Sq)k Sq7K_1
m m m
SN-10 " SN-1k SN-1,K-1
m m m
S00 7t Sok 50,1
(4.4)
where (.)T denotes the transpose of a matrix.
After the P/S conversion, the data frame of length K'N is written as
m __ m .m .m ,m .m .m
s = (‘SN—l,Ov 80,00 51,05 7" 55,057 T SN-1,0050,00 """
m m m m m m
SN—1,k» S0,k S1,ks " "5 Sqks " SN—1,ks S0k T T
m m m m m m
SN-1,k-1:50,K-12S1,Kk—1> """ »Sq k1" " "3 SN-1,K—1> 30,K71)- (4.5)

The transmitting signal of Eq.(4.5) may travel through different propagation paths
Eq.(2.10) and arrive at the receiver with different delays as shown in Figure 2.7.
These time-dispersive paths may cause the interferences ISI, ICT and MAIL

4.1.2 Receiving System

At the receiver, the set of the received data frames except N, is expressed by a
N x K matrix

r’" = ((rg’b)T’ (rT)Tv Tt (r;cn)Tv ) (rﬁfl)T)
ST v R ¥
TTO e TTk R TTK—l
(4.6)
R R )
"%—1,0 T 7'%—1,1@ 7'%—1,1{-1

Figures 4.2 and 4.3 show the received signal " and the transmitting data symbols

dj in one or more than one chip delay spread. For 7, = 1 chip delay, ISI and ICI
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does not occur. However, for 75 = 2 chips delay, ISI ans ICI occur, because the
orthogonality of the subcarriers is destroyed. Otherwise, MAI induces the system

performance degradation.

Transmitted signal

T |SN-1,0 S0.051,0820 +++Sn-10 SO,o| Sn-1.1S01 S1,1S2,1 7+ Sx-1.1 SO41| ISN-I,K-I Soxk-1 1K1 Sox1 =+ SN-1k-1S0x-1
T SN-10 80,0 S1,0S20 +++ Sner0 So,ol Sx-11801 S1,1S21 -+ Sneti SO.II e | SN-1K-1 So k1 S1K-1 Sokt *** SN1k-1
T |=—1Sx10 800 510820 -+~ S1.0 Soo SN-11S01 S1.18+++ Swts Soa| =+ | St Soscet Sixet Sager =+
+

Received signal

ISI and ICI

Figure 4.2: Received signal in large delay spread
do di dy di dk.1

' ' dO dl d2 dk dK-l

(a) Innner products of single and multiple users with one chip delay

do di d> di dx.1 do dy dz dx dka1

J 1]) [11...1...1>

(b) Innner products of single and multiple users with large delay

Figure 4.3: Values of transmitting data symbols

Finally, the received symbols r}* is transformed into the frequency domain uj* by
using N-point DFT, and the average pilot symbol levels p™ relating to the Eq.(2.12)
is equal to the inner product output of the received pilot symbol sequence and ZCZ
sequence a”. A MMSE RAKE receiver utilizing the pilot sequence for channel
estimation is applied for frame synchronization or equalization, and its detail will

be explained in section 4.2.
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4.2 BC-MC-ZCZ-CDMA

In this section, a novel BC-MC-ZCZ-CDMA without interferences based on the
MC-ZCZ-CDMA with GI technique in large delay spread or synchronization gaps of
more than one chip is presented by utilizing the correlation properties of Eq.(3.26)

[55], [56]. Also, the digital baseband is considered for simplicity.

4.2.1 Basic Model

Figure 4.4 illustrates the basic model of BC-MC-ZCZ-CDMA, which uses a block
coding technique and the MMSE RAKE receiver utilizing the pilot sequence for
channel estimation.

Transmitter Frequency domain

signal conversion
| lﬁ b |

: U ALl ]
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; S Bl -
! u o v T | ke 1
1 LK 1 1
: lev I: Z m '
1 [ S— 1
____________ .
1
1
Propagation channel y
P e
. Receiver
1
L
! ST T -
1 1E[ - = Q
<l AT N
: | 3= 5
1 /P 1 U : . Q ;_’)
S Tl R b= =
) fen}
T e e‘
wul o o & )
1 RPN [ <
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Figure 4.4: Basic model of BC-MC-ZCZ-CDMA

4.2.2 Transmitting System

At a transmitter, let d™ be a sequence of K data symbols of the mth user written

as
d™ = (dg', dyt, - dyt - digy), dir e C (4.7)
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where C' denotes a set of complex numbers and K means a block size.
The kth data symbol d}* is multiplied by a corresponding sequence a™ in ZCZ
code A(N,N/2,1), and through the S/P conversion, a frequency domain sequence

is expressed by

m __ m m m m
u, = (uo,kv Ur sy Up gy m " 7uN71,k)a
(4.8)
m — m ,m
Up = Qi Ay

where N is corresponding to the number of the subcarriers.

The frequency domain sequence u}" is converted into a time domain sequence

SZL = (ngk,STk,- o 732?]@7"' 78%—1,14) (49>

by the N-point IDFT of Eq.(3.22).
Let s}* be an extended time domain sequence of length N=N+ Ny with Ny = 2,
which includes the GI of length Ny is added to sj* to prevent ICI, is written as

am Am  Am Am Am
S, — (So,k’sl,kv'"7Sq,k7"'a51\771’k)
_ m m m m m
= (SNflJc’ S0k Sq kst Ty SN—1 ko 5071@): (4.10)

a omo . om
where s = S(N—-1+¢)modN k"

Let S™ be a data frame constructed by a block coding technique referred to an

interleaving method, expressed by a (N + 2) x K matrix

m __ am\T (am\T am\T am T
S™=((85")", (81") -, (81 ) -, (8 1))
m m m
SN—-10 " SN-1k 7 SN-1,K-1

m m m
So0 0 Sok T SoKk—1
m m m
S0 0 Stk T SiK-1
- m m m ’
S¢0 T Sqk Sq,K 1
SN-1,0 SN—1,k SN—1,K—1
m m
50,0 S0,k S0,k -1

(4.11)

where (.)T denotes the transpose of a matrix.
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After the P/S conversion, the data frame of length K N is written as

s™ = (5%71,07 T 75%71,/& T »5%71,1(—17
Sy Sy Sy
3%71,0» T 78%71,167 T »3%71,1(717
800050k TS0 K _1)- (4.12)

4.2.3 Receiving System

At a receiver, the set of the received data frames except N is expressed by a N x K

matrix
™= ((eg)", () ) ()T
Tg,lo . rgfk . 7’67}(71
TTG o TTk . TTK&
— ’ ' ' : (4.13)
7”2',6 .. r'glk . 7’2’3{-1
7’%71,0 T 7%4,1@ e 7%11,1(71

Let L be the maximum of delay chips defined by L = 7,1 with 7y = 0. In this
paper, the maximum L is settled within block length K (L < K). The received

signal r}* with { (0 <1 < L) chip delay can be written as

k L—k

= pSi D P s, (4.14)
=0 =0

where the first term except [ = 0 represents ISI and second term represents ICI, and

n is the AWGN with a single sided power spectral density of Ny defined by
n= (nﬂvnla"'vnka"'unK—l)- (415)

Figure 4.5 shows the received signal 7™ in large delay spread. It can be seen that
the ICI and MALI are free for the delay length L shorter than the block side K.
The received symbols r}* are transformed into the frequency domain uj® by using

N-point DFT
k L—k
uzn — Zp;n Zilam + Z p;,—:—kfl 211713”1 + n. (416)
=0 =0
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Figure 4.5: Received signal of BC-MC-ZCZ-CDMA in large delay spread

The inner product g between u}’ and a™ expressed by

gi = (up,a™)
k—1 , L—k ,
= Zp;ndk—l(amﬁ’ a” ) + Z pﬁkfldk—l—l(amﬁv a” ) + (Il, a”
=0 =0

’

)

k
NZp}”dk,l +n form=m’,
~! = (4.17)

n for m #£m’,

where 7 = (n,a™).

Note that MAI and ICI are free from Eq.(4.17) drived from Eq.(3.26). However,
ISI still exists and it influences the system performance.

The relation between the received data symbol sequence g™ of length K + J — 1

expressed by

g = (g0 g g )" (4.18)
and the data symbol sequence d™ of length K of Eq.(4.7) is written as
gm — Pm(dm)T7 (419)

where P™is a (K +.J—1)x K matrix consisting of signal levels of Eq.(2.12) expressed
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as

o 0o --- 0 0O --- 0
PPl -0 0O --- 0

R PR o - 0

e 0 ppy - P pr - 0
0 0 - iy Pl -0 PO

0 0o --- 0 0 - pr,

0 0o --- 0 0 - pry

(4.20)

In fact, to cancel the influence of a synchronization gap w chip, data symbols may

include w dummy data symbols, and be written as
dg—w1=dg—w=+-=dg_1=0. (4.21)
The data symbol sequence d™ can be detected by using the MMSE RAKE receiver
d™ = [P™(P™)* + o*I] ' (P™)*g™, (4.22)

where (.)* denotes the complex conjugation transpose, [.|~! denotes the inverse of

a matrix, o

is the accurate noise power, and [ is a unit matrix used to keep the
tetragonality of the matrix.

The Rake receiver with pilot-symbol-aided channel estimation is applied to mit-
igate the influence of ISI and achieves high frequency diversity. A pilot symbol
sequence is added to the head of a transmitting data frame for frame synchroniza-
tion or equalization.

To discuss simply, let us consider a pilot symbol sequence s;" of length K (N + 2),

written as
S;” = (SP’N”A,O’O""’0751’6’,‘0’0"'"O""’SPSTk=0""""’075:0",‘ 0,---,0), (4.23)

where sym = sy with di" = 1 and spm = 0 with di = 1for 1 <k < K —1in
Eq.(4.12).
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Figure 4.6 shows the transmitting data symbols dj in large delay spread. It can
be seen that the ICI and MAT are free for the delay length L shorter than the block
side K.

do dy da d di1 do d, d d dia
L ] e s aee

Y

R
>

Figure 4.6: Values of transmitting data symbols

Thus, by applying a block coding technique in MC-ZCZ-CDMA, an interference
free system can be implemented. As a result, it is expected that the proposed scheme
is applicable for a high data rate transmission with large delay spread. In order to
verify the effectiveness of the proposed scheme in large delay spread, a computer

simulation and evaluation will be given in chapter 5.
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Chapterb

Simulation and Evaluation

In this chapter, the improved BER performance of the proposal BC-MC-ZCZ-CDMA
scheme comparing with conventional ZCZ-CDMA schemes in large delay spread is
demonstrated by computer simulation. First, the simulation conditions or param-
eters are given. Then, the simulation results are shown and analized. Finally, the

effectiveness of proposed scheme is presented.

5.1 Simulation Condition

In order to evaluate the effectiveness of four kinds of orthogonal codes such as
GO, EO, GZCZ and EZCZ introduced in Chapter 3 for MC-CDMA, a computer
simulation is applied. Because of an orthogonal code with low correlation property
may mitigate these interferences for large delay spread 7; > 0 in Figure 2.7. A
synchronous transmission is assumed and QPSK modulation is applied. The number
of multiple users M = 4, transmitting data symbols K = 64, code length N = 64.
The number of subcarriers equals the code length N. To discuss simply and clearly,
it is assumed that two-paths Rayleigh fading channel with an equal-power delay
profile, i.e., decay factor « = 0 by Eq.(2.13). The first and second path’s delay
spread is settled as 79 = 0 and T, < 7y < 167, by Eq.(2.12), where in the case of
considering delay spread chip L, it is defined as L = 7;/T,. The MMSE equalization
is applied and channel estimation is considered to be ideal.

The above simulation parameters are used to evaluate the BER performance of
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orthogonal codes, and its results are shown in Figures 5.1 and 5.2.

Moreover, in order to demonstrate the improved BER performance of MC-BC-
7CZ-CDMA comparing with conventional ZCZ-CDMA schemes in quasi-synchronous
communications, a computer simulation is applied. QPSK and 16QQAM modulation
schemes are applied and the EZCZ code with length N = 8,16, 32 and 64 is used as
a spreading code. The block size or number of transmitting data symbols K = 8 and
16. Length of GI is settled as N, = 2 chips, and number of subcarriers is N. Number
of multiple access users are M = 4. It is assumed that two-paths Rayleigh fading
channel with an equal-power delay profile, i.e., decay factor @ = 0 by Eq.(2.13). The
length of large delay spread is settled as L < K. A MMSE Rake receiver is applied
and channel estimation is considered to be ideal. The simulation parameters are

listed in Table 5.1.

Table 5.1: Simulation parameters

Communication technique | quasi-synchronous communication
Data modulation QPSK, 16QAM

Spreading code EZCZ code (N, N/2, 1)

Code length N = 8,16,32,64

Block size K =28,16

Length of GI Ny =2

No. of subcarriers N

No. of multiple users M=4

Channel model two-paths equal-power delay profile with oo = 0
Delay spread L =7, with 79 = 0 (chips)
Equalization technique MMSE Rake receiver

Channel estimation Ideal

The above simulation parameters are used to evaluate the BER performance of
proposed scheme, and its results are shown in Figures 5.3, 5.4, 5.5, 5.6, 5.7, 5.8, 5.10
and 5.11, respectively.
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5.2 Results and Comparison

Figure 5.1 shows the BER versus delay spread 0 < L < 16 chips for the energy
per bit to noise power spectral density ratio E,/Ng = 20 dB in synchronous MC-
CDMA with QPSK modulation. It is observed that the BER performance of any
orthogonal code is the same at L = 0, that of ZCZ codes is also the same at L =1
chip. However, as the L increase, the BER performance of all codes deceases. But

the EZCZ code provides the best BER performance, since it possess low correlation

properties.
10°
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1074 @ i
S /| —#—EO code
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S —m—EZCZ code
10 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16

Delay spread L (chips)

Figure 5.1: BER performance of four kinds of orthogonal codes in large delay spread

Figure 5.2 shows the BER versus E,/N, for delay spread L = 4 chips in syn-
chronous MC-CDMA with QPSK modulation. It is confirmed that EZCZ code
provides the best BER performance. At the same time, the BER performance of
GZCZ code is almost same with EZCZ code. However, as the increasing of the
length of delay spread L, the BER performance of GO and EO code drastically
decreases. Thus, the EZCZ code with low correlation properties can be applicable

for multicarrier CDMA in high data rate transmission with large delay spread, since
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Figure 5.2: BER performance of four kinds of orthogonal codes in large delay spread

it has ability to mitigate these interferences.

Figure 5.3 shows the BER performance of the conventional MC-CDMA for single
access with M = 1 user in large delay spread with the maximum of delay spread
L = 5 chips to examine the influence of ISI and ICI. In MC-CDMA, ZCZ codes
A(N, M, Zcz) with N =32, M = N/(2x Zcz), Zcz = 1,2,4 or 8 and an orthogonal
code (Hadamard matrix) given by Eq.(3.2) are used, the kth data symbol of the
mth user of Eq.(4.9) is directly transmitted without adding guard chips, and the
MMSE RAKE receiver and frequency domain equalization techniques are used to
obtain good performance. The proposed scheme using A(32,16,1) does not catch
the influence of ISI and ICI, but the conventional schemes greatly do if L > Zcz,
and family size decreases extremely. The BER performance of MC-CDMA using
Z.C7 code A(32,16,1) is worse than that of the proposed scheme since the influence
of ISI and ICI exists even if L < Zcz, since guard chips are not added.

Similarly, Figure 5.4 shows the BER performance over a two-path equal power
delay profile for multiple access with QPSK for multiple users M = 4. It can be
confirmed that BC-MC-ZCZ-CDMA is free from MAI, even if multiple users M > 4.
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Figure 5.3: BER performance of MC-CDMA and BC-MC-ZCZ-CDMA with QPSK
in large delay spread (M =1, N = 32)

But in MC-CDMA, the influence of MAI becomes larger for delay spread L > Zcz.

Figure 5.5 shows the BER performance of BC-MC-ZCZ-CDMA with QPSK over
a two-path equal power delay profile with delay spread L = 4 and 9 for code length
N and block size K. It is shown that the BER performance of proposed scheme
with code length N = 16, 32 and 64 is almost the same for L < K. It is confirmed
that the BER performance of the proposed scheme with code length N = 8 is
improved approximately 6 dB for BER = 10~* in comparison with N = 16, 32 and
64. Moreover, for L < K, the BER performance is almost the same. However, for
L > K, the BER performance is drastically decreased.

Figure 5.6 shows the BER versus delay spread L for E,/Ny = 12 dB in BC-MC-
7C7Z-CDMA with QPSK . It is clarified that the delay spread L does not affect
the system performance if L does not exceed K. The capability of fighting against
interference improves as code length N increases when delay spread L exceeds block

size K. For code length N = &, the graph of BER for length of delay chips fluctuates.
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Figure 5.4: BER performance of MC-CDMA and BC-MC-ZCZ-CDMA with QPSK
in large delay spread (M =4, N = 32)

0
10
10 1
= 1}
-2
10 "¢ E
m
10 E
—— N=8, K=8, L=4
—p— N=8, K=16, L=4
_4|| —@—N=16,K=8, L=4
10 H —€—N=16,K=16, L=4 i
N=32, K=8, L=4
N=64, K=8, L=4
—B— N=8, K=8, L=9
|| —©&—N=16,K=8, L=9
10 5 I i i i
0 5 10 15 20 25 30

Eb/No [dB]

Figure 5.5: BER performance of BC-MC-ZCZ-CDMA with QPSK for N and K
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Figure 5.6: BER performance of BC-MC-ZCZ-CDMA with QPSK in delay spread
L

It may be depend on use of an ideal pilot signal without noise, and ZCZ code of
short length code length N.

Figure 5.7 shows the BER performance of BC-MC-ZCZ-CDMA with 16QAM over
a two-path equal power delay profile with L = 4 and 9 for N and K. It is shown
that the BER performance of proposed scheme with code length N = 16,32 and
64 is almost the same for L < K. It is confirmed that the BER performance of
the proposed scheme with code length N = 8 is improved approximately 6 dB for
BER = 10~ in comparison with N = 16,32 and 64. Moreover, for L < K, the
BER performance is almost the same. However, for L > K, the BER performance is
drastically decreased. It is seen that the BER performance of BC-MC-ZCZ-CDMA
with 16QAM shows about 3 dB penalty compared with QPSK.

Figure 5.8 shows the BER versus delay spread L for E,/Ny = 12 dB in BC-MC-
ZCZ-CDMA with 16QAM . It is clarified that the delay spread L does not affect
the system performance if L does not exceed K. The capability of fighting against

interference improves as code length N increases when delay spread L exceeds block
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Figure 5.7: BER performance of BC-MC-ZCZ-CDMA with 16QAM for N and K

size K. For code length N = 8, the graph of BER for length of delay chips fluctuates.
It may be depend on use of an ideal pilot signal without noise, and ZCZ code of short
length code length N. It is seen that the BER performance of BC-MC-ZCZ-CDMA
with 16QAM shows about 3 dB penalty compared with QPSK.

Fig.5.9 shows the BER performance of BC-MC-ZCZ-CDMA with frequency do-
main equalization, which is generally used for multicarrier communications to mit-
igate interferences and without one over a two-path equal power delay profile with
delay spread L = 4 chips for multiple access with M = 4 users. It can be confirmed
that those performance is the same.

Figure 5.10 shows the BER performance of BC-MC-ZCZ-CDMA and BC-DS-
ZCZ-CDMA using ZCZ code A(32,16, 1) with QPSK for multiple access with M = 4
users. It is observed that the BER performance of the proposed scheme is better than
that of the conventional scheme for the maximum delay chips L. Furthermore, the
performance of the proposed scheme is maintained even if delay spread L increases.
In this simulation, these frequency bands are almost the same since a filter is not

considered, that is ideal.
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Figure 5.8: BER performance of BC-MC-ZCZ-CDMA with 16QAM in delay spread

Figure 5.11 shows the BER performance of BC-DS-ZCZ-CDMA using ZCZ code
A(32,16, 1) with QPSK for multiple access with M = 4 users. It is observed that the
BER performance of the conventional scheme is gradually decreased as the length
of block size K increases. Although the MAI is free in BC-DS-ZCZ-CDMA, but the
ISI caused by both multipath and large block size K induces system performance
degradation. That is the reason that the conventional single carrier BC-DS-ZCZ-
CDMA can not be applicable for high data rate transmission.
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Figure 5.9: BER performance of BC-MC-ZCZ-CDMA in frequency domain equal-

ization.
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Chapter6

Conclusions

This dissertation has proposed a novel multicarrier CDMA scheme with interfer-
ence free performance using ZCZ code called BC-MC-ZCZ-CDMA in high data rate
transmission with large delay spread. It has been confirmed that a considerable
improvement was achieved with the proposed scheme.

In this chapter, the results derived in this dissertation are summarized and con-

cluded in detail, and topics for further studies and future hopes are given.

6.1 Conclusions

After giving a brief introduction to the background and purpose of the research in
chapter 1, some necessary fundamental knowledge was presented to help understand
the main intention of the research in chapter 2. Firstly, the basic structure of the
wireless communications was introduced, and the affects of multipath with large de-
lay spread in real communication were shown. Next, different modulation schemes
were introduced, and their BER performance over AWGN and fading channels was
evaluated. As a result, the BER performance of BPSK and QPSK are same, and
the BER of 16QAM worse than BPSK and QPSK in both channels. Finally, an
intensive explanation was given to singlecarrier and multicarrier CDMA schemes.
By comparison, the MC-CDMA is an more effective scheme for high data rate trans-
mission than DS-CDMA, since the former has robustness to fading channel and the

latter only limited in short-range communication.
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In chapter 3, the ZCZ code and MC-CDMA using ZCZ with low correlation prop-
erties were investigated. Firstly, introduction of ZCZ was given and its orthogonality
in Fourier transform was mathematically verified and clarified for one chip delay.
Next, a singlecarrier BC-DS-ZCZ-CDMA scheme, based on block coding technique
and DS-ZCZ-CDMA was presented, and its BER performance was evaluated in large
delay spread. As a result, it is confirmed that although the MAI can be completely
removed, but the ISI still exits. Finally, MC-ZCZ-CDMA without GI technique
was introduced, and its BER performance was evaluated. As a result, by using the
correlation properties and constructions of ZCZ code, these interference can be ef-
fectively removed. However, the the family size of ZCZ code for multiple users will
be decreased.

In order to solve above problems, this dissertation has proposed a novel BC-MC-
7C7Z-CDMA scheme based on the MC-ZCZ-CDMA with 2 chips GI in large delay
spread. The proposed scheme was characterized by use of a block coding technique
to remove MAI and ICI, and the MMSE Rake receiver with a pilot-symbol-aided
channel estimation to utilize a delay wave and to reduce ISI. As a result, it has been
clarified that proposed scheme possesses good BER performance for large delay
spread dose not exceed the block size (L < K). The block size K does not almost
affect the system performance if K is longer than the length of large delay spread L.
However, the computational complexity increases as K increases, since the inverse
matrix computation is performed. It has been also shown that ZCZ code A(8,4,1)
is effective. If code length N is large, the performance can be almost maintained,
even if L. > K. To cope with the change of a communication channel, length of a
transmission packet may be shorten to utilize the Rake receiver without frequency
domain equalization. Obviously, the proposed scheme can achieve good performance
and high bandwidth efficiency over a multipath Rayleigh fading channel, and can be
efficient multicarrier and multiple access scheme for future high data-rate wireless
communications.

Consequently, simplicity in understanding and comparing the system performance
of the proposal and conventional schemes over a multipath fading channel with large

delay spread, the final conclusion was given in Table 6.1.
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Table 6.1: Performance comparison of CDMA schemes

Merits Advantages and disadvantages

DS-CDMA - Applicable to synchronous - Applicable to middle-range communication
(Single- or asynchronous - MAT increases as No. of users increases
carrier) - Uses orthogonal or PN codes - A complex controlling technique is needed

with low correlation - Inapplicable to high date rate transmission
DS-ZCZ- - Quasi-synchronous - Can remove MAI
CDMA - ZCZ code (GI addition) - Can effectively use delay waves, since MAI
(Single- - RAKE receiver does not exit
carrier) - Inapplicable to high date rate transmission
BC-DS-ZCZ- | - Quasi-synchronous - Can remove MAI
CDMA - ZCZ code - Can effectively use delay waves, since MAI
(Single- - Block coding (GI addition) does not exit
carrier) - RAKE receiver - Inapplicable to high date rate transmission

- Performance decrease as block size increases
MC-CDMA - Synchronous communication - High robustness to interferences or to
(Multi- - Uses orthogonal code multipath fading channel
carrier) - Fourier Transform technique - Applicable to downlink transmission
- Frequency domain equalization | -Weak in a large delay spread channel
- Transceiver becomes complex
MC-ZCZ- - Synchronous communication - Able to mitigate MAI
CDMA or asynchronous - MAI appears even in one chip delay spread
(Multi- - ZCZ code (Zcz is large) - When length of delay is long, the number
carrier) - Fourier transform technique of users becomes small
- Frequency domain equalization | - Transceiver becomes complex

BC-MC-ZCZ- | - Quasi-synchronous - Effective in various applications
CDMA - ZCZ code - MAI be removed even in large delay spread
(Multi- - Fourier Transform technique - A complex controlling technique is needed
carrier) - Block coding (GI addition) - Does not need frequency domain equalization

- RAKE receiver

- The system performance does not change
even the block size increases

However, computational complexity increases
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6.2 Further Study

There are several topics that deserve to be future studied.

- By using a software at the digital part and a hardware at the analog part,
examine the effectiveness of propose technique in real system.

- Discuss in the field of optical wireless communications.

- Its application for future wireless communications is considered, since the pro-

posed technique has strong potential to cope with interference.
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