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Abstract

Multicarrier code division multiple access (MC-CDMA) combines
both orthogonal frequency division multiplexing (OFDM) and code
division multiple access (CDMA) techniques. It inherits the ad-
vantages of these two techniques. However, like the OFDM system,
transmitted signal of MC-CDMA system suffers from the high peak-
to-average power ratio (PAPR) as well.

As a good solution to reduce the high peak-to-average power
ratio (PAPR), Golay complementary sequences have been employed
in multicarrier communication systems. In this thesis, we present a
simple but novel technique to analyse the theoretical PAPR bounds
of downlink MC-CDMA system using Golay complementary sequen-
ces for spreading and/or coding. We first develop the PAPR bounds
of uncoded MC-CDMA system using binary Golay complementary
spreading sequences. Then, we develop the PAPR bounds when each
user’s transmitted data is encoded as QPSK Golay sequences or 16-
QAM Golay sequences. Simulation results demonstrate that the
theoretical PAPR bounds and 99.9% PAPRs are independent of the
spreading factor for uncoded case. For coded case, the theoretical
PAPR bounds and 99.9% PAPRs are independent of the number
of spreading processes as well as the spreading factor. Practically,
the independency shows that Golay complementary sequences are

useful for peak power control in downlink MC-CDMA system.
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Chapter 1

Introduction

1.1 Multicarrier CDMA

Multicarrier CDMA (MC-CDMA) is a hybrid modulation scheme
based on OFDM and CDMA techniques. It was first proposed by
Yee, Linnartz and Fettweis [1], Chouly, Brajal and Jourdan [2], and
Fettweis, Bahai and Anvari |3|. As a combination scheme, it joints
the advantages of both OFDM and CDMA, such as high spectrum
efficiency, frequency diversity, immunity to multipath fading and
impulse noise, etc. Additionally, due to its low complexity, multi-
carrier CDMA systems have been broadly proposed in broadband
wireless multimedia applications.

However, due to the same transmitter structure as the OFDM
system, MC-CDMA also suffers from the high peak-to-average power

ratio (PAPR) [4]. For multicarrier communications, PAPR mainly
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depends on the number of subcarriers. The higher the number of
subcarriers, the higher the PAPR will be. The high PAPR brings
disadvantages such as an increased complexity of the analog-to-
digital (A /D) and digital-to-analog (D/A) converters and a reduced
efficiency of the power amplifier. These disadvantages can put a
high requirement on transmitter and receiver design |5, 6]. Thus,
in most low cost applications, the high PAPR may outweigh all the

possible advantages of multicarrier communication systems [7].

1.2 Motivation

To date, a variety of techniques have been studied in MC-CDMA
systems to solve the high PAPR problem [8]-[13]. Among them,
optimizing the spreading sequences is a direct and effective way to
reduce the high PAPR of MC-CDMA systems [14, 15, 16]. In [14],
through examining various sequences, such as Walsh [17], Gold [18],
Orthogonal Gold [19], Zadoff-Chu sequences [20], Legendre [21| and
Golay complementary sequences [22], the basic criteria of selecting
the code sets for both PAPR and the dynamic range reduction has
been established. In [15], the authors achieve the PAPR reduction
by dynamically changing the spreading sequences between Walsh
Hardamard spreading sequences and Golay complementary spread-

ing sequences. In [16], the authors provide a reduced search algo-



CHAPTER 1. INTRODUCTION 9

rithm to find the optimum Walsh-Hadamard code sets to minimize
the PAPR. However, until now, the PAPR properties of MC-CDMA
system are studied mostly through experiments. These experiments
are seldomly backed up by theoretical PAPR analysis of MC-CDMA
signals. For this reason, we devote our efforts in this thesis to theo-
retical analysis of the PAPR properties of the MC-CDMA system.
Among the sequences studied so far, we choose Golay comple-
mentary sequences as the spreading and/or coding to analyze the
theoretical PAPR properties of downlink MC-CDMA system. Go-
lay complementary sequences [22] have been widely studied and em-
ployed in multicarrier communication systems due to their bounded
PAPR [23]. At the same time, as the spreading sequences in MC-
CDMA system, Golay complementary sequences are known for their
stable PAPR property. Compared to Walsh-Hadamard sequences,
MC-CDMA system using Golay complementary spreading sequences
can support various numbers of active users without dramatic PAPR

fluctuation [15].

1.3 Contributions

In this thesis, we first develop the theoretical PAPR bounds of un-
coded downlink MC-CDMA system using Golay complementary se-
quences only for spreading. We adopt both M-PSK and M-QAM
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modulation schemes to analyse the theoretical PAPR bounds of
downlink MC-CDMA system where binary Golay complementary
sequences are employed for spreading.

Furthermore, we develop the theoretical PAPR bounds of the
coded downlink MC-CDMA system where either QPSK or 16-QAM
Golay complementary sequences |24, 25| are empolyed as the code-
words input to binary Golay spreading sequences. To support L
users, L different Golay complementary sequences of length N are
chosen as orthogonal spreading sequences, where each of L%J pairs
forms a Golay complementary pair.

We find that the theoretical PAPR bounds are independent of
the spreading factor N in uncoded case. For coded case, the theo-
retical PAPR bounds are independent of both the spreading factor
N and the number of spreading processes K. As a result, the PAPR
bounds of coded MC-CDMA depend on the number of active users L
only from which we equivalently achieve dramatic PAPR reduction
compared to uncoded MC-CDMA.

Finally, we numerically demonstrate through simulation results
that both the developed theoretical PAPR bounds and numerical
99.9% PAPRs are independent of the spreading factor N for uncoded
case. For coded case, the theoretical PAPR bounds and 99.9% PA-
PRs are independent of the number of spreading processes K as well
as the spreading factor N. From the independency of coded case,

we can significantly reduce the PAPR of coded MC-CDMA with a
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large number of subcarriers. The independency shows that Golay

complementary sequences are a useful way for peak power control

in downlink MC-CDMA system.

Thesis outline

The remainder of this thesis is structured as follows. Chapter 2
introduces the background concepts used in this thesis, such as M-
PSK, M-QAM, OFDM, spread spectrum technologies, MC-CDMA
and PAPR. Chapter 3 gives the direct construction method of Go-
lay complementary sequences for spreading and /or coding purpose.
Chapter 4 mathematically describes the downlink MC-CDMA sys-
tem model. In Chapter 5, we present the theoretical PAPR bounds
by employing Golay complementary sequences for spreading and /or
coding. Chapter 6 shows the simulation results to demonstrate our

theoretical analysis. Finally, thesis conclusions are in Chapter 7.



Chapter 2
Background

2.1 M-PSK and M-QAM modulation schemes

M-PSK and M-QAM are memoryless digital modulation schemes.
In these modulation schemes, the binary sequence is mapped into
one of the s,(t), 1 < m < M, signals regardless of the previously
transmitted signals.

M-PSK uses M finite number of phases to represent the trans-
mitted information. The M signal waveforms of M-PSK can be

represented as [36]

. 2w(m—1)

sm(t) = Relg(t)e’ ar ™t m =12 .M
2
= g(t)cos[2mf.t + Mﬂ(m —1)]

= g(t)cos(2m fet + O,) (2.1.1)

12
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where
1 0<t<T,
g(t) =
0 otherwise
T, is the signaling interval. ©,, = 2Z(m — 1), m = 1,2,..M, is

the M possible phases of the carrier that convey the transmitted

information. If we denote the energy content of s,,(t) by &,

Ts
- / 2 (1)t

Ts
= / g*(t) cos*(2n f.t + Oy, )dt.
0

We can find that these M signal waveforms have equal energy. If we
normalize &,,, &, = 1. All of these M signals has equal unit energy.

The quadrature amplitude modulation (QAM) is an amplitude-
phase keying modulation in which symbols are represented by differ-
ent phases and amplitudes of a sinusoidal carrier. The corresponding

M signal waveforms of M-QAM are expressed as [36]

sm(t) = Re[(Ami+jAmq)g<t)6j27TfCt]

= A,ig(t)cos2mfit — Apgg(t)sin2nft, m=1,2,.M

where A,,; and A,,, are the information-bearing signal amplitudes

of the quadrature carriers and



CHAPTER 2. BACKGROUND 14

1 0<t<Ty
g(t) =
0 otherwise

Alternatively, the M-QAM signal waveforms can be expressed as

Sm(t) - Re[’f’mg(t)ej97n€j27rfct]

= rmg(t) cos(2m fet + O,,)

where r, = /A2, + A2 and ©,, = tan™'(Ang/Ap;). From this

expression, it is apparent that the M-QAM signal waveforms can
be viewed as combined amplitude (7,,) and phase (0,,) modulation.

Similarly, If we denote the energy content of s,,(t) of M-QAM by
Em,

Em = /OT s2 (t)dt

Ts
= / r2,g%(t) cos®(2m fot + ©,,)dt.
0

A convenient way to represent M-PSK and M-QAM schemes is
on a constellation diagram. This shows the points in the complex
plane, where the real and imaginary axes are termed the in-phase
(I) and quadrature (Q) axes respectively due to their 90 degrees

separation. As shown above, if we normalize each signal’s energy &,
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of M-PSK, each modulation symbol of M-PSK is positioned on a
unique circle and transmitted with the same unit energy. Two com-
mon examples of M-PSK are binary phase-shift keying which uses
two phases (BPSK or 2-PSK), and quadrature phase-shift keying
(QPSK or 4-PSK) which uses four phases. Constellation diagrams
of BPSK and QPSK are shown in Figure 2.1(a) and 2.1(b). A com-
mon example of M-QAM is 16-QAM. Its constellation diagram is

shown in Figure 2.1(c) .

2.2 OFDM

Orthogonal frequency division multiplexing (OFDM) is a fre-
quency division multiplexing (FDM) scheme that has been known
since 1960’s [19]. After that, the works of Chang and Gibby [26],
Weinstein and Ebert [27]|, Peled and Ruiz [28], and Hirosaki [29]
made OFDM both practical and attractive to various applications.
So far, it has been standarized in many standards like Digital Au-
dio Broadcasting (DAB) [30], Digital Video Broadcasting (DVB)
[31], wireless local area networks (LAN) [32] and metropolitan area
networks (MAN) [33], etc.

In Figure 2.2, the N message sequenes, [ag,aq, ..., a, ..., an_1],
form a frame, which is converted into a parallel form after serial to
parallel (S/P) convertion, where a; is modulating the [th subcarrier.

The inverse fast Fourier transform (IFFT) module takes the parallel
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Figure 2.1: Examples of M-PSK and M-QAM modulation schemes
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data and calculates N sampled time domain signals, [sg, $1, ..., Sy_1],
which are then converted by parallel to serial (P/S) and low-pass
filtered to generate the continuous time domain signal s(¢). In a
symbol duration, the baseband equivalent of the OFDM signal s(t)
in Figure 2.1 can be represented as

N-1

s(t) = Z /2ot )t (2.2.1)
1=0

where N is the number of subcarriers, fy is the lowest subcarrier
frequency, T is the OFDM symbol duration, and a; is the symbol
modulating the subcarrier [.

The merits of OFDM as a transmission technique can be justified
by comparative studies with single carrier systems. Compared with
single carrier schemes, OFDM transmission uses a large number of
orthogonal subcarriers to simultaneously transmit a large number of
signals. Thus, although the subcarriers’ spectra overlap in frequency
domain, the individual signals on subcarriers can still be recovered.
As a result, the system spectral efficiency is improved. Besides,
OFDM can be viewed as using many slowly-modulated narrowband
signals rather than one rapidly-modulated wideband signal. The
low symbol rate makes the use of a guard interval between symbols
affordable, making it possible to eliminate inter-symbol interference
(ISI). What is more, these slowly-modulated narrowband signals

have longer data symbol period. Thus, each subcarrier experiences
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flat fading in multipath environments and is relatively simple to
equalize. However, its main drawbacks are high sensitivity to fre-
quency offset and high PAPR [34, 35, 36|, which can put a high
demand on the transmitter and receiver design of the OFDM sys-
tem. Detailed overviews of OFDM and various high PAPR solutions

can be found in |7].

ot So
ay 51
apadq ... Ay_q e 1 S(t)
Ll _ IFFT _ P/S »| LPF
-1 SN-1 cos(2mf.t)

Figure 2.2: OFDM transmitter schematic

2.3 Spread spectrum technique

Spread spectrum technique was first developed for military commu-
nications in 1950’s [37]. Compared with OFDM scheme mentioned
above, spread spectrum is a means of transmission in which the sig-
nal occupies a bandwidth in excess of the minimum necessary to send
the information. There are many benefits of spreading the spectrum.
Some of them are anti-jamming, anti-interference, low probability
of intercept, multiple user random access communications with se-
lective addressing capability, high resolution ranging and accurate
universal timing |38]. In this thesis, the focus will be on one of the

spreading methods—direct-sequence spread spectrum (DSSS) only.
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A detailed review of spread spectrum based communications can be
found in [39, 40].

DSSS is the most widely used spread spectrum system so far. Its
application areas includes global positioning system (GPS), Euro-
pean Galileo and Russian GLONASS satellite navigation systems,
IEEE 802.11b [32| and IEEE 802.15.4 [41], etc. DSSS transmission
is achieved by spreading the baseband data being transmitted with
a specific spreading sequence. Since the data absorbs the increased
rate due to spreading, a wider band signal is produced. But at the
receiver side, this wider band signal can be exactly despreaded and
recovered to the original data by using the same spreading sequence.

Based on this concept, if assigning different spreading sequences
to different users, DSSS becomes a multiple access scheme called
code division multiple access (CDMA). CDMA is capable of sup-
porting multiple users to share a single channel, so it has a near-
unity frequency reuse factor [42]. The direct and obvious advan-
tages of this universal frequency reuse are the substantial increase
in user capacity per unit bandwidth and the ability to use soft
hand-off [42]. However, at the same time, the increased user capac-
ity can lead CDMA suffering from inter-symbol interference (IST)
and multi-user interference (MUI). These interferences depend on
the channel’s characteristics and on the properties of the spreading
sequences used. Thus, spreading sequences with good auto- and

cross-correlation properties play an important role in improving the
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spreader OFDM Modulator

Figure 2.3: MC-CDMA transmitter scheme

performance of a CDMA system. The family of various spreading se-
quences are introduced in Chapter 9 of [43|, while a range of related

CDMA design aspects are covered in [44].

24 MC-CDMA

Multicarrier code division multiple access (MC-CDMA) has been
proposed as a new multiple access scheme to satisfy the higher data
rate transmissions over the wireless channels [1|. MC-CDMA com-
bines OFDM and CDMA. It adopts the same transmitter structure
as OFDM system. Also, it applies an orthogonal spreading ma-
trix operation to user’s information data, which is a form of direct-
sequence CDMA (DS-CDMA). However, it applies the spreading in
the frequency domain rather than in the time domain as in direct-

sequence CDMA (DS-CDMA) [43].
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2.4.1 MC-CDMA scheme

The MC-CDMA transmitter shown in Figure 2.3 is implemented
by concatenating a DS-CDMA spreader and an OFDM transmitter.
This figure shows the simplest case of an MC-CDMA transmitter in
which only a single symbol is fully spread. For a general MC-CDMA
transmitter, see Figure 4.1 in Chapter 4.

At the spreader, the ith information bit of the Ith user a} is spread
in the frequency domain by the [th user’s unique spreading sequence
[dio,di1, ..., din_1]. The spread chips [aid)o,aid, 1, ..., aid; n_1] are
then fed into the serial-to-parallel (S/P) block and IFFT is applied
to these N parallel chips. The output values, [sg, $1, ..., Sy_1], of the
IFFT in Figure 2.3 are time domain samples in parallel form. After
being parallel to serial (P/S) conversion, these time domain samples
are low-pass-filtered and ready for transmission. Mathematically,
the i-th data symbol of the [-th user’s MC-CDMA transmission

signal s!(t) can be written as [1, 45|

N-1
si(t) = Z aidy et ot (2.4.1)
n=0
where

e N is the number of subcarriers
e a} is the ith message symbol of the [th user

e d;, represents the nth chip, n = 0,..., N — 1, of the spreading
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sequence of the [th user
e fo is the lowest subcarrier frequency

e T is the symbol duration.

2.4.2 OFDM vs. MC-CDMA

As equation (2.2.1) indicated, in a signalling interval, OFDM modu-
lation is a process to map N independent modulation symbols onto
N different frequency subcarriers as shown in the power spectrum of
OFDM system in Figure 2.4(a). However, by applying the spreading
operation before OFDM modulator, MC-CDMA transmitter loads
the same information data a} over N subcarriers as shown in Fig-
ure 2.4(b). It helps to achieve a form of frequency diversity that
makes MC-CDMA system robust against channel fading compared
to OFDM system. Besides, the spreading sequence provides MC-
CDMA system a multiple access capability [46]. Compared with
OFDM based multiple access scheme known as orthogonal frequency
division multiple access (OFDMA), MC-CDMA can provide rela-
tive fair and stable services to all users without elaborate multiuser

scheduling [47, 48].

2.5 Peak-to-average power ratio (PAPR)

Peak-to-average power ratio (PAPR) is a measurement of a signal

waveform. According to the definition of PAPR [49, 50, 51|, the
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(a) Power spectrum of OFDM transmitted signal
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(b) Power spectrum of MC-CDMA transmitted signal

Figure 2.4: Power spectrum of OFDM and MC-CDMA

PAPR of a signal s(t) is defined as

2
Peak Power 022% [s(0)]

Average Power L fTS
75 Jo

(1>

PAPR(s(t))

s(t)2dt

E]

max [s(t)[*
_ sl 2.5.1
E[|s(t)]%] (25.1)

Example 1. Let s(t) =sin(¢), according to the definition in (2.5.1)

above, we can get

max |sin(¢)]* =1
0<t<2rm

and
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3

)
—
=

o

~—~
~

SN—
QL
S

1 27
—/ sin(0)Pdt =
2 Jo

ﬁh

(1 — cos(2t))dt

DO | —

NI = N =y

then

PAPR(sin(t)) = 2.

In signal processing applications, PAPR is usually expressed in

decibels. Consequently, the PAPR of the sine wave above is 3 dB.

As shown in equations (2.2.1) and (2.4.1), the multicarrier signals
of both OFDM and MC-CDMA systems in time domain are the
addition of N narrowband vector components. It is unavoidable
that in some time instances, this sum is large and at other time
is small, which means that the envelope of s(t) is not stable and
the peak value of the signal is substantially larger than the average
value. Consequently, the high PAPR is caused [7].

There have been numerous efforts to reduce the envelope varia-
tions of s(t) of both OFDM and MC-CDMA systems [23, 49| [52]-
[56] [8]-[13]. Among these methods, coding is a specific approach of
selecting good codewords to encode the information signal, so that

the resultant signal can have the minimized or reduced PAPR for
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transmission. For more studies of various coding schemes, see [43].



Chapter 3

Golay Complementary

Sequences

3.1 Golay complementary sequences

Golay complementary sequences are one of the widely studied se-
quences used to cope with the high PAPR in multicarrier commu-
nication systems. It was found in 1961 as a set of complementary
series [22] while Golay was working on the optical problem of spec-
tometry.

Let u = (ug, uy, ..., uy_1) be a sequence of length N = 2™ where
m is a positive integer. Fach element of u is in the integer ring
Z, = {0,1,...,q — 1}, where ¢ is an even positive integer. The

aperiodic autocorrelation of u is defined by

26
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N—-1—71

pu(T) = Z whTtHr s 0 <7 <N -1 (3.1.1)

where w = ¢/ 5. A g-ary sequence pair (u,v) of length N is called
a Golay complementary pair if py(7) + py(7) = 0 for all 7 # 0, and
u (or v) is called a Golay (complementary) sequence [22].

For the sequence u, we can define its associated polynomial Dy (z)

as
Dy(z) =) w"iz (3.1.2)

where z lies on the unit circle in a complex plane, i.e., z € {€/?™]0 <
t <1, j = v/—1}. Then, the Golay complementary pair (u,v)
satisfies [57]

|Du(2)]* + |Dy(2)]* = 2N. (3.1.3)

In particular, for a Golay sequence u, from the above equation, we

have

|Dyu(2)]* < 2N. (3.1.4)
Then the average energy of a GGolay sequence u can be obtained as

N-1

Eljuf) = 3 funf? = pu(0) = N.

n=0
So, according to the definition of PAPR in equation (2.5.1), the
PAPR of a Golay sequence u is 2 (3 dB).
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Example 2. Let ¢ = 2, then each element of a Golay sequence is in
Zs = {0,1}. Assuming Golay sequences u = [0 0 0 1 0 0
1 0],v= [001 0 0 0 1 1 1], the aperiodic autocorrela-
tion of u can be obtained as
pu::_Z;w“f“”f = (8 -1, 0, 3, 0, 1, 0, 1), 7=0,1,..7.
Correspondently, the aperiodic autocorrelation of v is (8,1,0,—3,0,
—1,0,—1). It is evident that their aperiodic autocorrelation sum is
zero when 7 # 0, so {u, v} is a Golay complementary pair (GCP).
Popovi¢ showed that the PAPR of any Golay complementary se-
quences is bounded by a value of two (or 3 dB) [56]. Davis and
Jedwab [23] reported that Golay sequences can be used as a pre-
coder for OFDM in order to bound the PAPR within a ratio of two
(or 3 dB) as well as additionally to provide some error correction

capability.

3.2 Direct construction of Golay complementary

sequences

Let m be a positive integer, ¢ be a even positive integer and 7 be a
permutation in {0, 1,...,m — 1}. Standard g-ary Golay complemen-
tary sequences of length NV = 2™ can be constructed in the form of

a Boolean function [23], i.e.

[\

m—1

q
f(xoa --~,Im71) = 5 Tr(i)Tr(it1) T ; T +e (3-2-1)

3

I
o

i
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where 7(7) is the ith element of a given permutation 7, ¢;, e € Z, =
{0,1,...,¢ — 1} and the addition is computed modulo ¢g. Then for a
Golay complementary sequence u = (ug, 1, ..., unx—_1), the relation-
ship between u,, € u, 0 <n < N —1, and f is

Up, = f(x0, T1, ey T—1) (3.2.2)

and zy, € [xg, 21, ..., Tpm_1] can be obtained from

m—1
n=> z 2" (3.2.3)
k=0

where n is the subscript of u,. This construction method gives a
set of (m!/2)g™"! distinct Goaly complementary sequences of length
N =2".

In (3.2.1), if we fix 7 and e, we can generate 2™ Golay com-
plementary sequences for varying c;, where each pair is mutually

orthogonal.

Example 3. If we take m =3, ¢ =2, 7 = {0,1,2} and e = 0, we can
get the Golay complementary sequences using the following steps.
Note: there are 6 types of permutations of {0,1,2}. They are:
{0,1,2}, {0,2,1}, {1,0,2}, {1,2,0}, {2,0,1}, {2,1,0}. Among
them, we choose 7 = {0, 1,2} in this example.
Stepl, as we denote the first element of a Golay sequence u as
ug, n = 0.

Step 2, since n = 0, we can get the values of [zg, x1, 25| from the
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equation (3.2.3) as following

n = x0-20+x1-21+x2-22

0 = 0-2°4+0-21+0-22%

Therefore, o =0, 1 = 0, x5 = 0.
Step 3, since m = {0, 1,2}, then 7(0) = 0, (1) = 1 and 7(2) = 2.

Therefore, xo) = To, Tr(1) = 71 and T2) = 2. Hence,

m—1

Tr(i)Tr(it1) T Z cir; +e
i=0

N

3

f(zo, 71, 72) =

I
=)

i

NN NI

(ZE()J]l + ZE11’2) + CoXg + c1x1 + Coxg + 0. (324)

For ¢y, ¢1, o € Zs = {0,1}, we can get 8 possible combinations

of [co, c1,¢2]. They are
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00 0
00 1
01 0
01 1
100
101
110
111

If we bring the values of [xg, 21, 25] and each combination of [c, ¢1, o]
back to (3.2.4), we can get 8 possible values of the first element ug

of a Golay complementary sequence u,

w=100000000 0.

Similarly, we can also get uy, us, ..., uy. Then, 8 Golay complemen-

tary sequences of length 8 are
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Uy u;

o O o o o o o O

1

where each row is a Golay complementary sequence u= [ug, 1, ...

U2

1

us

o O

o O

1

Uy

o O

1

Us

0

Ug

ur

o O

1

32

7U7].

After BPSK modulation, a set of BPSK modulated orthogonal Go-

lay complementary sequences of length 8 can be obtained as

+ o+ + 4+ + o+ o+

It is easy to check that

+ o+
+ o+ o+ o+

+ o+

+ o+



CHAPTER 3. GOLAY COMPLEMENTARY SEQUENCES 33

H-HT =8]

where [ is a 8 x 8 identity matrix. Hence, each pair of the Golay
sequences in the set H is orthogonal. In general, we can obtain
an orthogonal set of Golay sequences of length 2™ for a spreading

matrix.

Using quaternary Golay sequences, Roking and Tarokh [24, 25|
gave the construction of 16-QAM Golay sequences ¢(u, v) = (qo, g1, --
that can be summarized as follows |25]

g = ael™ et 4 pel™/Agvi (3.2.5)

where a, B € R, ¢ = /% and u = (ug,u1,...,un_1), Vv =
(vo, V1, ..., uy_1) are quaternary Golay sequences. If all the 16-QAM
symbols are equiprobable, then o = 2/v5, § = 1/v5 for the constella-
tion having the unit average energy [24].

Let w denote the 16-QAM Golay sequence w = ¢(u,v), we can

define two different sets of w’s, e.g., A and B,

e Inset A (w € A), u and v are Golay sequences, but not

necessarily a complementary pair. Then PAPR(w) < 3.6 [24].

e In set B (w € B), u and v form a Golay complementary pair.

Then PAPR(w) < 2 [24].

-C]N—1)
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k bits k bits k bits N bits N bits N bits
= =

10..101...011..0 ...

— | Coding |—»

Figure 3.1: Block coding diagram

Therefore, in the set A, we have ((m!/2)4™1)2 [24] 16-QAM Golay
complementary sequences having the PAPR bounded by 3.6. In
the set B, (m!)4™*2 [24] 16-QAM Golay sequences have the PAPR
bounded by 2.0.

3.3 Code rate of Golay complementary sequences

In block coding diagram as shown in Figure 3.1, one of the 2¥ mes-
sages, each representing a binary sequence of length k, called the
information sequence, is mapped to a binary sequence of length N,
called the codeword. Code rate represents the proportion of the

data-stream that is useful. It is denoted by R and is given by

If there are S codewords, these S codewords can be used to encode

2% binary messages of length k. Consequently, 2¥ = S. Then

k= |log,S].

In this thesis, QPSK, 16-QAM (A) and 16-QAM (B) Golay com-

11..000..111..1 ...
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plementary sequences are used for the coding scheme, which is em-
ployed for reducing the PAPR of MC-CDMA in Chapter 5. For a
given m, since we can generate S = (m!/2)4™" QPSK modulated
quaternary Golay complementary sequences of length N = 2™, the
code rate of QPSK modulated quaternary Golay sequences can be

obtained as

k
N
[log, S|
2m
|logy(m!/2)| +2m + 2
2m

Likewise, for a given m, the code rate of 16-QAM (A) Golay se-

quences is

[logy[(m!/2)4™ ]2
2m

R =

and the code rate of 16-QAM (B) Golay sequences is

o Logy(mhar?).

2m
The code rates of QPSK, 16-QAM (A) and 16-QAM (B) Golay
complementary sequences are caculated and shown in Table 3.1.

When m = 4, we can find that code rates of these three types

of Golay sequences are all below 1/2. It is unacceptable in most
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Table 3.1: Code rates for coded MC-CDMA

] m

|

1

|

2

|

3

|

4

|

QPSK

0.7500

0.7500

0.5991

0.4245

16-QAM (A)

0.7500

0.7500

0.5366

0.4245

16-QAM (B)

0.7500

0.5625

0.3933

0.2591

36

applications and hence it is better to use amplifier-back-off or other

error correction codes [58].



Chapter 4

System Architecture

Table 4.1: Summary of notations

L total number of users

K number of spreading process, the codeword length of coded case
al® | L dimensional modulation symbol vector input to the kth spreading process
a the [th user’s information vector/coded symbol of length K

bF 1 x N vector after kth spreading

C L x N spreading matrix, each row is a binary Golay sequence of length N
N the length of a Golay spreading sequence, spreading factor

4.1 Downlink MC-CDMA transmitter model

We consider an MC-CDMA system model shown in Figure 4.1. In
Figure 4.1, L users actively transmit K modulation symbols in an
OFDM symbol. Equivalently, the MC-CDMA system has K in-
dentical spreading processes, each of which spreads L modulation

symbols. a®) = (aék),agk),...,a(le) is an L-dimensional modula-

tion symbol vector input to the kth spreading process, where al(k)

37
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Spreading 1: N po
a(OJ bobl bK—l o
0 T o oo --- Yo s/p =
o —— ¢
Al — = byt
iy po | IFFT
% | bemi.pst [ o
) b'| X Tt bl | SIZE
% : ] s oy TS
ay —— E B
2
e 0
2D by—1
0 M b¥ s/P i
aled___ ol e bS_,b:_, ..bEL =
-1 _ 7 ' k-1
ay 4 by

Figure 4.1: MC-CDMA system model

denotes the [th modulation symbol in the kth spreading process.

a = (al(o),al(l), ...,al(Kfl))

denotes the [th user’s information vector
of length K. C'is an L x N (L < N) spreading matrix. Each row [
(0 <1< L-1) of C contains the spreading sequence of user [, which
is unique to the [th user. When each userl’s kth modulation sym-
bol al(k) multiples its spreading sequence d; = (d;o,d;1, ..., din—1),
0<I<L—1, al(k) is spread N times in the frequency domain. The
notations in the following chapters are summarized in Table 4.1. In
order to achieve frequency diversity, we use the K x N interleaver

after the spreading processes. As Figure 4.1 shown, the K x N

interleaver stores the output b*(bfbY...b% ),
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k k k
b’g = a(() )do’o + ag )dl,o 4+ 4 a(LzldL—l,o,

W= a(()k)d071 + a§’“)d1,1 +-+ G(LkzldL—l,lv

bﬁ/_l = aék)dO,N—l + agk)dl,N—l + -+ G(LkzldL—l,N—la

into a K x N matrix

O BT N
BB b,
P BT ke

Then output these datain N columns, they are [b30;...b{], [bIb1...05],
ey [OX 10N 71BN 4], After serial to parallel conversion and inverse
fast Fourier transform (IFFT), the MC-CDMA signal s(t) is repre-

sented by

T
i
=
L

s(t) = al(k) cdyp - eJ'?Tf(Kn+k)t/Ts, 0<t<T, (41.1)

e
Il
o
3
Il
o
Il
=)

where T is an OFDM symbol duration.
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4.2 PAPR of MC-CDMA
For s(t) in (4.1.1), by substituting />/"* with z, we can get the
associated polynomial S(z) shown below
_ (k) (Kn+k)
S(z) = a)” dpy -z (4.2.1)

where |z| = 1. A simple approach made in [15] enables us to caculate

the average power of the downlink MC-CDMA signal S(z) as below

K-1

2

-1

b‘

-1

| 2
k=0 n=0 [=0
Normalizing each user’s modulation symbol, i.e., |q, )‘ 1 and
|d;..| = 1, then the above equation becomes
E[|S(z)]=K-N-L. (4.2.2)

Consequently, from (2.5.1) and (4.2.2), the PAPR of s(t) can be

written as

max [S(2)|°

|z|=

PAPR(s(t)) = m.

(4.2.3)

In Chapter 5, based on the above downlink MC-CDMA transmit-
ter’s mathematical model and the Golay complementary sequences
generated in Chapter 3, the theoretical analysis of the system’s
PAPR properties will be presented by employing Golay complemen-

tary sequences for spreading and/or coding.



Chapter 5

Theoretical Analysis

In this section, we develop the theoretical PAPR bounds for both
uncoded and coded cases. Each row of the spreading matrix C
in Figure 4.1 is a BPSK modulated binary Golay complementary
sequence of length N = 2™ i.e., each entry of C is £1, where
7w ={0,1,....m —1} and ¢ = 2, e = 0 in (3.2.1). Moreover, we
arrange the spreading matrix C' in which a pair of row vectors d,

and dyy_; is a Golay complementary pair, where 0 < I < L%J — 1.

5.1 PAPR bounds using Golay complementary

sequences for spreading

Theorem 1. Assuming each user transmits K modulation symbols,

the PAPR bound of the MC-CDMA signal is

41
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LK, if L is even

(L —1++/2)? if Lisodd,

Sl

3(vVM-1) LK
PAPR(syr_qam(t)) < ¢ VM

WML K (L—1++/2)%, if Lis odd.
(5.1.2)

if L is even

Proof. At the beginning, we assume that each user transmits a single
modulation symbol in an OFDM symbol, that is, K = 1. Let al(o)
be the [th user’s modulation symbol, and d;,, be the nth element of
the [th spreading sequence, where 0 <[ < L —-1,0<n <N —1.
Note that the Ith spreading sequence d; = (dy, ..., d; n—1) is a Golay
complementary sequence of length N, where d;,, € {—1,+1}. Then,
from (4.2.1), the associate polynomial of MC-CDMA signal can be

written as

=2
—_
h
—

L-1
So(z) = al(o)dl,nz” = Z al(O)Dl(z) (5.1.3)
I 1=0

Il
o
Il
o

n

N—1
where Dy(z) = > d;,2" is the associated polynomial of d; as de-
n=0

fined in (3.1.2). Then,
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L—-1L-1
So(2) P = @ a;" Di(z) Dj(2)
=0 h=0
L—-1L-1
< o0 D) Dy (2)|
=0 h=0
9 L—-1L-1
(0) *
< .
< max Jaf Du(=)] - |Di(2)]
=0 h=0
07 S
< : : h
< max a3 IDi=)] Yo ID;)
=0 h=0
o L-1 2
JR— 0 .

Since dyy and dyy 4, 0 < I < |£] -1, form a Golay complementary
pair,

’Dzl’(2)|2 + |D2l/+1(2)‘2 =2N.

2 2
Dy ()P HD, (=)
2

Also, |Dyy(2)| - | Dy 1 (2)] < | = N. Therefore, it

is straightforward that

| Doy (2)] + [Dyy 44 (2) = \/(|D21’ (2)| + ‘D2l’+1(z)|)2

2
— 1Dy ()P + | Doy ()2 + 2Dy ()] | Dy (2)]
< V2N +2N
— /N

If L is even, % pairs of the spreading sequences form the Golay

complementary pairs. Then,
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L-1 1 5]-1

D)l = D (1Dar(2)] + Doy 1 (2)])

=0 I'=0

< 2\/N-§:\/N-L (5.1.5)

On the other hand, if L is odd, % pairs are Golay complementary

pairs. Then,

L—1 5]t
IDi(2)] = > (1D (2)| + Doy 1 (2)]) + [Dpa(2)]

=0 I'=0

~ L—1
S 2V N - T + |DL,1(Z)‘ .
According to (3.1.4),

|D,_1(2)| < V2N,

Consequently, we can get

IDi(z)] < 2\/N~%+\/ﬁ
= VN-(L-1)+V2N. (5.1.6)

From (5.1.4), (5.1.5), and (5.1.6), we get
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max
|S()(Z)’2 < 0<I<L-1

- 2
max ‘a§°)’ N (L—1++v2)?, if Lis odd.
0<I<L—1
(5.1.7)

2
al(o)’ -NL?, if L is even

Let a; be either an M-PSK or an M-QAM modulation sym-
2
bol. Then it is known that mlax‘al(o)‘ = 1 for M-PSK. For M-

QAM, by normalizing the average energy of each symbol, we can

0)|? VM-
al( N = 3(\/%111) [36]. Thus, from (5.1.7) and (4.2.3), we

can easily get the PAPR bounds of this system when K = 1.

get mlax

;

L, if L is even
PAPR(SM_pSK(t>> S
1. (L—1++2)?, if Lisodd,
WML if L is even
PAPR(sy_qam(t)) < < \/f{“
\%‘%'(L—Mr\/ﬁ)?, if L is odd.
Generally, if we define
N-1L-1
Ap(2) = Z Zal(k) dp 2", (5.1.8)
n=0 =0
then S(z) in (4.2.1) can be written as
K-1
S(z) =Y Ap(") - 2~ (5.1.9)
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Let P, be the right-hand side of (5.1.7), i.e. [Sy(2)]* < Py. Com-
paring (5.1.8) with (5.1.3), we can find that|Ay(2)|> = |So(2)|* < P.
Since al(k) of each spreading process k is the same of either an M-
PSK or an M-QAM modulation symbol in (5.1.8), we can get from
(5.1.3) and (5.1.7) that

Ap(z) < Py

for every k. By the Cauchy-Schwarz inequality,

K—1
1S(2))* = Ap(25)2*
k=0
K-1 K-1
< [Ap(")[P - 4P
k=0 k=0
K-1
< K- Z P
k=0
= KZ2.

where |z] = 1. Accordingly, together with (4.1.5) and (4.1.6), we

can simply get the overall PAPR bounds given in Theorem 1.
O

Remark 1 : From Theorem 1, we found that the PAPR bounds
depend on the number of active users L and the number of the
modulation symbols K of each user in an OFDM symbol, regardless

of spreading factor V.



CHAPTER 5. THEORETICAL ANALYSIS 47

5.2 PAPR bounds using Golay complementary

sequences for spreading and coding

In this section, we study the PAPR bounds of coded MC-CDMA
systems where Golay complementary sequences are used for both
spreading and coding. In the following, we adopt both QPSK and
16-QAM Golay complementary sequences of length K = 2™ as the
codewords to encode each transmitted data.

Theorem 2. Assume a coding scheme by QPSK Golay comple-

0) (1) (K-1)

mentary sequences. That is, the lth user'sdataa; = (a; ', a; ", ..., q
is a QPSK complementary sequence of length K. Then, the PAPR

bound of the system is

2L, if L is even
PAPR(s(t)) < (5.2.1)

%.(L_1+\/§)2, if Lis odd.

L-1 N-1
Proof. Note that Ag(z) = > al(k)Dl(z), where Di(z) = > din2",

=0 n=0
0<k<K-—1. Then, from (5.1.9),

S(z) = - (ial(k)Dl(zK)> . 2"

)
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K1
where Gy(z) = 3 al™2* . Then,
k=0

L-1
1S(=)] = |Di(2%) - Gi(2)]
1=0
L—1
< |Dy(27)] - |Gi(2))
1=0
L1
< : K
< Jmax |Gi(2)] ZZ; |Dy(2™)]
where
L-1 . VN - L, if L is even
Z |Dy(27)] <
1=0 \/N.(L_1)+\/2N, if L is odd

and G(z) here is a form of the associated polynomial of the ith
user’s coded symbol. Since a; is assumed to be a QPSK Golay
complementary sequence of length K, we can find |Gj(2)| < V2K
from (3.1.4). Thus,

V2K -v/N - L if L is even

15(2)| <
V2K - /N - (L —1++/2) if Lis odd.
Therefore,
2K - N - L? if L is even
1S(2)|* <

2K - N - (L —1++/2)? if Lis odd.



CHAPTER 5. THEORETICAL ANALYSIS 49

max |S(z)|?

Then from PAPR(s(t)) = “Z<7— in (4.2.3), we can obtain the

QPSK Golay complementary sequences coded PAPR bound of (5.2.1).
O

Likewise, we can derive the PAPR bounds when encoding each
transmitted data as 16-QAM Golay complementary sequences.

Theorem 3.Assume a coding scheme by 16-QAM Golay Comple-
mentary sequence. That is, the [th user’s data a; = (al(o), al(l), e al(K_l))

is a 16-QAM complementary sequence of length K. If a; € A, then
the PAPR bound of MC-CDMA signal is

3.6L, if L is even
PAPR(s(t)) < , (5.2.2)

36 . (L—14+/?2)% if Lisodd

If a; € B, then,

2L, if L is even
PAPR(s(t)) < : (5.2.3)

2. (L=1++v2)?, ifLisodd

Proof. From above, we know that
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0<I<L—1

L1
1S(z)] < max |Gi(2)] - Y |Dy(2"))|
1=0
where

L-1 VN - L, if L is even

1=0 VN - (L —1)++2N, if Lis odd

and Gy(z) is a form of the associated polynomial of the [th user’s
coded symbol. As shown in Chapter 3, if we let a; be a 16-QAM
Golay (A) sequence of length K, then |Gy(2)| < V3.6K; if we let a
be a 16-QAM Golay (B) complementary sequence of length K, then
|Gi(2)| < V2K. Consequently,

if a; € ./4,
3.6K-N-L? if L is even
1S(2)* <
3.6K -N-(L—1++/2)? if Lisodd.
if a; € B,
2K - N - L? if L is even
1S(2)* <

2K - N - (L —1++/2)? if Lis odd.

Then from (4.2.3), we can get the PAPR bounds of (5.2.2) and
(5.2.3).
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O

Remark 2 : Theorems 2 and 3 reveal that if a;, 0 <[ < K — 1,
is a codeword from QPSK or 16-QAM Golay complementary se-
quences of length K, the PAPR bound does not increase along with
K anymore. The bound depends on the number of active users L
only. In particular, if we compare Theorems 1, 2 and 3, when a; is a
QPSK Golay sequence or a 16-QAM Golay sequence in set B, then
the theoretical PAPR bounds of coded MC-CDMA in (5.2.1) and
(5.2.3) are identical to that of uncoded MC-CDMA when K = 2 in
(5.1.1). For large K, we can therefore achieve the PAPR reduction

by employing the coding schemes.



Chapter 6

Simulation Results

In this section, we show our simulation results to demonstrate the
theoretical PAPR properties of uncoded and coded MC-CDMA sys-
tems. Various values of spreading processes K and spreading se-
quence lengths N = 2™ for our simulation are summarized in Table
6.1.

In our simulation, we have tested 10° OFDM symbols to measure
the 99.9% PAPR or PAPRg, where Pr[PAPR > PAPR,| = 1072, for
both uncoded and coded MC-CDMA systems. For uncoded cases,
we generated each active user’s uncoded QPSK or 16-QAM mod-

ulation symbols randomly. For coded cases, we randomly selected

Table 6.1: Simulation parameters

] | uncoded | coded \
K 1.2 1816
N 8,16,32 8,16,32

Subcarriers(K x N) | 8,16,32,64 | 32,64,128,256,512

52
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each codeword from the whole set of QPSK and 16-QAM Golay
complementary sequences. Considering the code rates as shown in
Table 3.1, we constrain the maximum length of the codewords to 16
so that the system can maximally support 512 subcarriers.

Figures 6.1, 6.2, 6.3 and 6.4 show the uncoded QPSK and 16-
QAM 99.9% PAPRs for K = 1 and 2, respectively, with respect to
the successively increased active user number L, along with the un-
coded theoretical PAPR bounds for comparison. When K increases,
it is shown that both theoretical PAPR bounds and 99.9% PAPRs
increase accordingly. In addition, these figures show that the 99.9%
PAPRs and theoretical PAPR bounds do not increase when N in-
creases. They just depend on the number of active users L only.

Figures 6.5, 6.6 and 6.7 show the coding case that each active
user’s transmitted symbols are encoded as QPSK Golay sequences,
16-QAM Golay sequences (A) and (B) of length K = 16, respec-
tively. The simulation results confirm that both PAPR bounds and
99.9% PAPRs of coded cases indepent of the spreading factor N.

In order to clearly demonstrate the coded PAPR bounds and
99.9% PAPRs have no dependency on the spreading factor K, in
the following, we start to compare the 99.9% PAPRs of the un-
coded cases when K = 2 together with the 99.9% PAPRs of coded
cases with various values of K. Figure 6.8 displays 99.9% PAPR
of uncoded and coded MC-CDMA with N = 16. In uncoded MC-

CDMA, each user transmits two QPSK modulated symbols in an
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16 ; ; ! ! ) )

ol ............. T R —+——PAPR hound i
r : ) —&—99.9% PAPR N=3

—%—09.9% PAPR N=16

——99.9% PAPR N=32 |

5 i i i ; a i
5 10 15 20 25 30 35
active user number L

Figure 6.1: PAPR theoretical bound and 99.9% PAPRs of uncoded QPSK MC-
CDMA (K=1)
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—#—99.9% PAPR N=A
—%—99.9% PAPR N=15
—%—99.9% PAPR N=12
g | 1 i i | |
5 10 15 20 25 0 35

active user number L

Figure 6.2: PAPR theoretical bound and 99.9% PAPRs of uncoded QPSK MC-
CDMA (K=2)
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Figure 6.3: PAPR theoretical bound and 99.9% PAPRs of uncoded 16-QAM
MC-CDMA (K=1)
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PAPR (dE)
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| 1 i i | |
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active user L

Figure 6.4: PAPR theoretical bound and 99.9% PAPRs of uncoded 16-QAM
MC-CDMA (K=2)



CHAPTER 6. SIMULATION RESULTS o8

OFDM symbol, whereas each user transmits QPSK Golay sequences
of length K =4, 8 and 16 in coded case. It is clear that the 99.9%
PAPRs of uncoded and coded cases well follow the theoretical PAPR
bound. In addition, the 99.9% PAPRs of uncoded and coded cases
are almost identical. The results demonstrate that for various K of
coded cases, their 99.9% PAPRs are almost identical to that of the
uncoded case with K = 2, where QPSK modulation is employed. As
predicted by their theoretical bounds, the PAPR of coded case has
no dependency on the number of K, which implies that the coding
scheme equivalently reduces the PAPR for large K.

Figure 6.9 shows the PAPR bound and 99.9% PAPRs of coded
MC-CDMA with N = 16. In coded MC-CDMA of this figure, each
user transmits 16-QAM (A) Golay sequences of length K = 4,8
and 16 respectively. From this figure, we can find that the coded
99.9% PAPRs well follow the theoretical PAPR bound. At the same
time, their 99.9% PAPRs of various K are of no big differences. It
demonstrated that 16-QAM (A) Golay sequences coded MC-CDMA
has no dependency on the spreading process K.

Figure 6.10 shows the 99.9% PAPRs of uncoded and coded MC-
CDMA with N = 16. In uncoded MC-CDMA of Figure 6.10, each
user transmits two 16-QAM modulated symbols in an OFDM sym-
bol. In coded MC-CDMA of this figure, each user transmits 16-
QAM (B) Golay sequences of length K = 4,8 and 16 respectively.
In Figure 6.10, for various K of coded cases, their 99.9% PAPRs are
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Figure 6.5: PAPR theoretical bound and 99.9% PAPRs of QPSK Golay se-
quences coded MC-CDMA (K=16)

almost identical to that of the uncoded case with K = 2. Conse-

quently, Figure 6.10 numerically confirmed that the PAPR of coded

case has no dependency on the number of K.
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Conclusions

In this thesis, we presented theoretical PAPR bounds of uncoded
and coded downlink MC-CDMA systems by employing Golay com-
plementary sequences for spreading and/or coding. The simulation
results numerically demonstrate our theoretical PAPR bounds. We
found from the simulation results that the 99.9% PAPRs of uncoded
and coded MC-CDMA well follow their theoretical trends, respec-
tively. For the uncoded case, the PAPR depends on the number
of active users L and the number of spreading processes K. For
the coded case, the PAPR depends on the number of active users
L only. Compared to the uncoded cases, coded cases effectively
reduce the PAPR of downlink MC-CDMA system as predicted in
theoretical analysis. In this way, we can achieve low PAPR of coded
MC-CDMA system with a large number of subcarriers at the cost
of code rate loss. However, as Figures 6.1, 6.2, 6.3, 6.4, 6.5, 6.6 and

65
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6.7 show, when the active user number L increases, our theoretical
PAPR bounds are not tight enough to keep track of the numerical
99.9% PAPRs in both uncoded and coded cases. We will focus on

developing tighter bounds in our further researches.
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