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Abstract
Performance Enhancement Techniques for Variable Spreading
Factor OFCDM Systems

(©Lamiaa Khalid, 2007

Master of Applied Science
Electrical and Computer Engineering
Ryerson University

In this thesis, we investigate the effect of Carrier Frequency Offset (CFO) on the per-
formance of downlink Variable Spreading Factor (VSF) OFCDM systems when subcarrier
grouping is used. An analytic expression of the SINR is derived for downlink VSF-OFCDM
with CFO for the case of maximal ratio combining receiver. Numerical results show that,
when the total spreading factor is fixed, the VSF-OFCDM system with higher frequency
domain spreading factor is more sensitive to CFO than that with lower frequency domain
spreading factor. Due to the adverse impact of the CFO on VSF-OFCDM systems, we
propose a correction scheme based on the maximum likelihood principle. We derive the
likelihood function for VSF-OFCDM system with CFO and use a gradient algorithm to es-
timate and minimize the effect of CFO in a tracking mode. Our results show that the BER
performance in the low SNR environment can be improved significantly with few number of
iterations for different spreading factors. We also propose a threshold-based group-adaptive
modulation algorithm used with an adaptive subcarrier allocation technique for downlink
VSF-OFCDM to increase the spectral efficiency for a given target BER. The proposed algo-
rithm provides an increase in spectral efficiency without increasing the total transmit power
for different spreading factors with and without coding.
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Chapter 1

Introduction

The Fourth Generation (4G) of wireless communications systems, also known as Beyond
Third Generation (B3G) systems, have sparked much interest in the recent years. Among the
foreseen future applications the 4G system is predicted to bring to users are high streaming
video, multimedia and internet access. Higher data rates, an increase of capacity in the
radio link and seamless mobility across heterogeneous access networks are some of the most
recognized traits for 4G [1]. Many-believe that one of the strongest aspects of 4G involves
the merger of cellular and wireless technologies rather than being an entirely new standard
[2]. The most agreed upon traits for 4G by researchers is that the air link will be packet-
switched under the Internet Protocol (IP) [3]. To achieve the performance required of the
4G systems, new technologies related to multiple access, adaptive modulation and coding
must be developed to be used in conjunction with the previous technologies.

4G systems are likely to employ improved multiple access schemes to achieve the expected
throughput of 100Mbps and 20Mbps in the downlink and uplink of a cellular system, respec-
tively [3]. 4G is expected to rely heavily on Orthogonal Frequency Division Multiplexing
(OFDM) based techniques [4]. OFDM is currently used in some of the wireless network stan-
dards such as 802.1.13, 802.11g and 802.16 (WiMAX) to provide high data rates. OFDM

uses parallel transmission of data symbols on orthogonal subcarriers to reduce the trans-



mission rate and increase the symbol duration thus enabling data transmission with very
low Intersymbol Interference (ISI). Some variations of OFDM which allow multiple access
are Multicarrier Direct Sequence CDMA (MC-DS-CDMA) [5], Multicarrier CDMA (MC-
CDMA) [6,7] and Orthogonal Frequency and Code Division Multiplexing (OFCDM) [8]. In
MC-DS-CDMA the data symbols are serial-to-parallel converted and spread using a spread-
ing sequence in the time domain which provides flexible datg rates and reduces the Multiple
Access Interference (MAI). MC-CDMA is essentially an OFDM technique where the indi-
vidual data symbols are spread using a spreading code in the frequency domain. The main
advantage of MC-CDMA is the frequency diversity gained by transmitting over subcarriers
experiencing independent fading.

OFCDM which is based on MC-CDMA, is being studied as the most recent candidate for
4G. In OFCDM, data streams are segmented into multiple substreams and spread over suc-
cessive symbols in the time domain and over successive subcarriers in the frequency domain,
thus combinihg time and frequency domain spreading. The main advantage of OFCDM is
the diversity gained as symbols are replicated in time and across several frequency subcar-
riers. The Variable Spreading Factor (VSF) OFCDM, which changes the Spreading Factor
(SF) in both the time and frequency domain, was proposed in [9-11]. NTT-DoCoMo, a ma-
jor Japanese mobile provider, had successfully conducted a 100Mbps downlink and 20Mbps
uplink experiment in an indoor environment, using experimental 4G mobile communications
system employing the VSF-OFCDM technologies [3]. In OFCDM, the total spreading factor
SF, is expressed as SF = SFy;,, % SFjreq, where SFy;p,. and SFfreq represent the spreading
factors in the time and frequency domain respectively. By employing the VSF in OFCDM,
the appropriate SF;,, and S Freq can be adaptively changed according to the cell structure,
channel load and radio link conditions such as delay spread.

Introducing VSF-OFCDM as a likely candidate for 4G sparks much research in this tech-
nology with the aim of improving the overall performance of the 4G systems and overcoming

any potential problems. One of the methods of improving the performance of multicarrier



systems is to use adaptive subcarrier allocation techniques which were proven to outper-
form the respective non-adaptive systems in terms of the Bit Error Rate (BER) perfor-
mance [12,13]. An adaptive subcarrier allocation technique was proposed in [14] for the
OFCDM system. It was shown that, using adaptive subcarrier allocation in OFCDM im-
proves the mean BER performance when compared to the respective non-adaptive OFCDM
system.

One of the main drawbacks of multicarrier systems is the problem of Carrier Frequency
Offset (CFO) which severely degrades their performance [15-17], and VSF-OFCDM systems
are no exception. There are two main adverse effects caused by carrier frequency offset. The
first is the reduction of the desired signal amplitude since the signals are no longer sampled
at their peaks and the second is the generation of Intercarrier Interference (ICI) resulting
in interchip interference between and within codes [18]. In this thesis, we enhance the per-
formance of a VSF-OFCDM system with adaptive subcarrier allocation through providing a
detailed analysis of the effect of CFO on VSF-OFCDM systems using BPSK modulation and
investigating the different types of ICI and the expected performance degradation. We then
propose a compensation technique iﬂ the tracking mode based on the Maximum Likelihood
(ML) estimation principle [19,20].

The demand for high data rates in future wireless communications has made it essential
to investigate methods of achieving high spectral efficiency since the spectrum is considered
a valuable commodity. Adaptive modulation proposed by Hanzo and Torrance [21] can
help maximize the data rates over wireless channels. This is accomplished by adapting the
modulation levels to the changing channel conditions and thus making use of spectrally
efficient modulation schemes. In this thesis, we aim to improve the spectral efficiency of the
VSF-OFCDM system by an adaptive modulation algorithm that is performed on groups of
subcarriers to maintgin the BER below a certain performance threshold. This algorithm
switches the modulation level between BPSK, QPSK, 8PSK and 16QAM depending on the

estimated Signal to Interference and Noise Ratio (SINR) for each group.



1.1 Thesis Contributions

The key contributions of this thesis can be summarized in the following points:

e We analyze in details the types and amount of interference caused by the carrier

frequency offset in VSF-OFCDM when subcarrier grouping is used [22].

e We derive a closed form expression for the total SINR for a VSF-OFCDM system in
the presence of the different types of interference. To the best of our knowledge, this
is the first detailed analysis for VSF-OFCDM with carrier frequency offset [22].

e We evaluate the BER performance degradation under various carrier frequency offsets

for different time and frequency spreading factors [22].

e We propose a carrier frequency offset correction scheme for VSF-OFCDM in a tracking

mode based on the maximum likelihood estimation principle [23].

o We evaluate the BER performance enhancement with the proposed correction scheme

for different spreading factors [23].

e We propose a threshold-based group-adaptive modulation algorithm for VSF-OFCDM

systems to increase the spectral efficiency for a predefined target BER [24].

e We evaluate the performance of our adaptive modulation algorithm in terms of the
spectral efficiency of the VSF-OFCDM system with and without coding to meet dif-

ferent target BER requirements [25].

o We assess the improvement in spectral efficiency of the VSF-OFCDM system when

adaptive subcarrier allocation is employed [25].

1.2 Thesis Organization

This thesis is organized as follows



In chapter 2, the advantages of multicarrier modulation and the description of the
OFDM systein and its variations are presented. This includes a description of MC-DS-
CDMA systems, MC-CDMA systems and the two dimensionally spread OFCDM system.

In chapter 3, we outline in details the system model used in this study. We discuss the
subcarrier grouping strategy that is used in our work. We also provide the system model for
the VSF-OFCDM system. This includes a description of the transmitter and receiver, the
adaptive subcarrier allocation scheme used, as well as the channel model.

In chapter 4, we investigate the effect of Carrier Frequency Offset (CFO) on the per-
formance of downlink VSF-OFCDM systems and propose a scheme for its correction. We
analyze the BER of VSF-OFCDM taking into account the effect of frequency offset when
subcarrier grouping is used. We present the results in terms of the performance degrada-
tion in BER due to CFO. Following this, we propose a CFO correction scheme based on
the maximum likelihood estimation principle. After deriving the likelihood function for the
VSF-OFCDM system with CFO, we use a gradient algorithm to estimate and minimize the
effect of CFO in a tracking mode. The results of using this CFO correction scheme are also
presented in this chapter. |

In chapter 5, we propose an adaptive modulation algorithm for the VSF-OFCDM
system that is performed on groups of subcarriers to increase the spectral efficiency without
sacrificing the BER performance under different spreading factors assuming there is no CFO.
We use a fixed threshold to switch between modulation levels depending on the estimated
SINR of the users in each group. We use coding to decrease the required SINR to achieve
a target BER. The performance improvement in terms of spectral efficiency is presented
for different spreading factors and the results are compared with the non-adaptive OFCDM
system. We also compare the spectral efficiency of the VSF-OFCDM system using adaptive
modulation with and }vithout adaptive subcarrier allocation.

In chapter 6, we conclude the thesis with a highlight on the important results and their

interpretation. Also, possible future work is presented in this chapter.



Chapter 2

OFDM and Multicarrier CDMA

Traditional single carrier modulation techniques give good data rates but their performance
is limited when used in fading channels. Any attempt to mitigate the multipath effects
results in an increased system complexity. The idea of multicarrier transmission has surfaced
recently to be used for combating the hostility of wireless channel. Improved performance in
bad channel conditions, high data rates and efficient use of the bandwidth are the primary
advantages of multicarrier modulation.

In the following sections, we discuss the advantages of using multicarrier techniques and
Orthogonal Frequency Division Multiplexing (OFDM). A description of various multicar-
rier CDMA systems is also discussed. This includes MC-DS-CDMA, MC-CDMA and a
description of OFCDM, which is the focus of this thesis.

2.1 Advantages of Multicarrier Modulation

Mobile radio channels introduce severe multipath propagation due to multiple scattering
from objects in the vicinity of the mobile unit. This scattering introduces rapid fluctuation
of the received signal envelope as well as phase variations. The envelope of the received signal
is typically Rayleigh distributed. Also the motion of the mobile unit introduces a Doppler

shift which causes a broadening of the signal spectrum [26]. The multipath channel can
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also be frequency selective where the fading envelope of the received signal at one frequency
might not be correlated with the envelope at another frequency. This is due to the fact that
the symbol duration might be less than the maximum delay spread. As a result, the received
signal consists of overlapping versions of the transmitted symbols resulting in ISI.

In a conventional serial data transmission, the symbols are transmitted sequentially with
the frequency spectrum of each transmitted symbol occupying the entire bandwidth available.
The delay spread of the channel dictates the symbol duration or alternatively the data
rate that can be achieved to prevent the effects of the ISI. The idea behind multicarrier
transmission is to split the data stream into substreams of lower data rates and transmit
these data substreams on adjacent subcarriers, this can be regarded as a parallel transmission
in the frequency domain, and it does not affect the total bandwidth that is needed. The
main advantage of this approach is that the parallel transmission increases the symbol time
by modulafing the symbols into narrow subchannels which makes them more robust to the
channel delay spread effects and therefore, allows for a higher data rate for a given delay

spread [27].

2.2 OFDM

OFDM is a special form of multicarrier transmission. In OFDM, the available bandwidth is
split into several narrow bands and data can be modulated into different subcarriers centered
at these bands. The use of paralle]l transmission effectively increases the symbol duration
and considerably reduces ISI [27]. By choosing the subcarrier bandwidth to be less than
the coherence bandwidth of the channel, they experience almost flat fading which makes
equalization very simple. The subcarriers used in OFDM systems are orthogonal, to ensure
proper retrieval of data at the receiver end and to minimize interference. The orthogonality of
the subcarriers allows the spectra of individual subcarriers to overlap each other without any

significant interference which allows for more efficient use of the bandwidth. Also, OFDM



is very robust to narrow band interference because such interference can only affect a small
percentage of the subcarriers.

The subcarriers are separated by a frequency of 1 /Ts, where Ty is the symbol duration to
ensure that the subcarriers are orthogonal over a symbol duration (in the absence of channel
distortion). If the channel is slowly time varying, the capacity can be enhanced significantly
by adapting the data rate per subcarrier according to the Signal to Noise Ratio (SNR) of
that subcarrier [28]. 4

The main difficulty in using the parallel data system is the complexity of the equipment
needed for the implementation of the system. This is because OFDM requires very accurate
frequency synchronization between the receiver and the transmitter; with frequency devi-
ation, the subcarriers will no longer be orthogonal, causing Intercarrier Interference (ICI)
which will reduce the system performance [21). The employment of the Discrete Fourier
Transform (DFT) to replace the banks of sinusoidal generators and' the demodulators was
suggested by Weinstein and Ebert in [29], which significantly reduces the implementation
complexity of OFDM modems. This operation is equivalent to multiplying each bit by the
desired subcarrier frequency; however, it ensures exact frequency spacing and phase coher-
ence between subcarriers. The discrete Fourier transform can in turn be implementéd using
a Fast Fourier Transform (FFT) algorithm particularly when the number of subcarriers is
large. The total number of subcarriers translates into the number of points of the FFT. Fig.

2.1 shows a simplified implementation of OFDM using FFT engines.

Cyclic Prefix

Cyclic prefix is a crucial feature of OFDM which is used to combat the ISI introduced by the
multipath channel through which the signal is propagated. The basic idea is to replicate part
of the OFDM time domain waveform from the back to the front to create a guard period.
The duration of the guard period T should be longer than the maximum delay spread of

the channel. Fig. 2.2 shows the cyclic prefix format. At the receiver, certain position within
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Figure 2.1: Block diagram of OFDM system.
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Figure 2.2: Cyclic prefix format.

the cyclic prefix (T;) is chosen as the sampling starting point, which satisfies the criteria
Tmez < Tz < T, (2.1)

where Tnqz is the maximum delay spread of the channel. Once the above condition is satisfied,
there is no ISI since the previous symbol will only have effect over samples within [0, Tiaz)-
Since sampling starts after Tmaz, there is no ISI. The cyclic prefix also aids in synchronization

at the receiver because it can be used to identify the beginning of an OFDM symbol.



2.3 Multicarrier CDMA

Code Division Multiple Access (CDMA) is considered a strong candidate to support multi-
media mobile services because it has the ability to cope up with the asynchronous nature of
the multimedia traffic and can provide higher capacity as opposed to the conventional access
schemes such as Time Division Multiple Access (TDMA) or Frequency Division Multiple
Access (FDMA). By employing Rake receivers, CDMA systems can coherently combine the
multipath components due to the hostile frequency selective channel. The processing gain
due to spreading provides robustness to the multiuser interference. The use of conventional
CDMA does not seem to be realistic when the data rates become very high due to severe
ISI and the difficulty in synchronizing a fast sequence. Techniques for reducing the symbol
and chip rate are essential in this case.

Combining multicarrier OFDM transmissions with CDMA spreading allows us to use the
available spectrum in an efficient way and retain the many advantages of a CDMA system [6].
The use of multicarrier CDMA not only mitigates the effect of ISI but also exploits the
multipath effect. In [30], it was shown that multicarrier CDMA suffers slightly in the presence
of interference as opposed to DS-CDMA whose perf:ormance decreases significantly in the
presence of interference. Hence, this combination of OFDM-CDMA is a useful technique for
4G systems where variable data rates are needed as well as reliable communication systems.
Prasad and Hara [31] compared various methods of combining the two techniques, based
on spreading operation that takes place either in time or frequency domain. The OFDM
with spreading in time or frequency domain only is known as Multicarrier DS-CDMA (MC-
DS-CDMA) and Multicarrier CDMA (MC-CDMA), respectively. The multicarrier system
with two dimensional spreading was proposed in [8,32], where spreading is employed in both
time and frequency domains simultaneously. This is known as Orthogonal Frequency and
Code Division Multiplexing (OFCDM). Fig. 2.3 illustrates time domain, frequency domain,
and two dimensional spreading schemes respectively in multicarrier systems. It can be seen

that instead of placing the spread chips in only time or frequency domain, the 2-D spreading

10



locates the chips in blocks on the time-frequency grid. Basically, frequency domain spreading
introduces ffequency diversity, whereas time domain spreading mainly provides flexibility of

different data rates.

n* OFDM symbol

frequency / . frequency
requency

mt* subcarrier

AN

£
1] "‘ I
— time “ I — time
SFyme time SFime
(a) (b) (c)

Figure 2.3: Different spreading schemes in multicarrier systems: (a) spreading in time do-
main (MC-DS-CDMA) (8x1) (b) spreading in frequency domain (MC-CDMA) (1x8) (c) 2-D
spreading (OFCDM) (4x2).

Spreading

Spreading the information symbols to be transmitted with the aid of orthogonal codes is the
basis of supporting multiple access capabilities of multicarrier CDMA. systems [7]. Instead
of transmitting each complex symbol delivered by the modulator separately on a specific
subcarrier as in the OFDM modems, its influence is spread over several subcarriers with the
aid of orthogonal multichip spreading codes. The advantage of employing orthogonal codes
for performing the spreading is related to the resultant simple receiver design. A prominent
class of orthogonal codes, which are often used in CDMA systems is constituted by the family
of orthogonal Walsh codes. The operation of spreading with the aid of these codes can be
implemented in form of a fast transform, which takes advantage of the recursive structure
of the codes, similar to the FFT [21].

Walsh-Hadamard sequences are bipolar spreading sequences that are used for channel
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separation in DS-CDMA. They are orthogonal sequences with zero cross correlation in ideal
conditions and are easy to generate. However, the correlation between sequences can increase
due to delays or shifts between them due to practical conditions. The Walsh-Hadamard
sequences of length N where N = 2"; n = 1,2,..-, are often defined recursively using

Hadamard matrices Hy, with

g L[ 22)
2 — e— y .
V2| 41 a1
and,
1 Hy Hy
Hay = 7 . (2.3)
2\ Hy —-Hy

Some of the important properties of the Walsh code include
e Zero cross correlation between the codes,
o The scaled inner product of each code is 1,
e The number of 1’s and -1's are equal in each code sequence.

For the despreading operation, since the Walsh code of the user is not known at the receiver,
a search operation is done where the received symbols are correlated to the Walsh codes
and the codes with maximum correlation with the received symbols are chosen. Due to
their very regular structure, Walsh-Hadamard sequences are characterized with very poor
auto-correlation properties. In real systems, this is alleviated by the use of scrambling
codes on the top of Walsh-Hadamard sequences. These are normally very long codes having
very distinctive peaks at zero in their auto-correlation functions. In addition to improving

synchronization properties, scrambling also helps in reducing Multiple Access Interference

(MAI),
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2.3.1 MC-DS-CDMA

The MC-DS-CDMA system spreads the serial-to-parallel converted input data stream us-
ing the CDMA spreading code, which corresponds to spreading in the time domain, and
then modulates a different subcarrier with each of the spread data streams. The subcarriers
are orthogonal to each other with minimum frequency separation [5]. MC-DS-CDMA can
provide a performance improvement over DS-CDMA systems that operate in wideband chan-
nels, because the narrowband subchannels are resistant to ISI. They are also very effective in
providing multiple access with very low MAI This occurs because the coherence time of the
channel is generally much larger than the duration of the transmitted symbol which allows
the Pseudo-Noise (PN) codes to retain orthogonality. The main drawback of MC-DS-CDMA |
is that fading may corrupt the transmission since only one subcarrier is used during each
transmission interval. The transmitter block for MC-DS-CDMA is shown in Fig. 2.4 for
user k, where Gap denotes the processing gain, and the spreading code for user k is given
by ¢T® = [T®) J® ... ,cg(;;L]rand each chip belongs to the set {1,—1}. The receiver
block is shown in Fig. 2.5 where the despreading is done in the time domain after the FFT
followed by low pass filtering and demodulation.-The figures are adopted from [31].

T T

ri C G
c N0 .

.« o @ I_‘ Time
k) .
C: cGuo i
L
k)
(o4 .
Serial o | *
Data stream paraliel b . ) (k)
™ converter o IFFT z Syo )
L]
L]
cT(k) .

Figure 2.4: MC-DS-CDMA transmitter.
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2.3.2 MC-CDMA

Data stream

MC-CDMA implements frequency domain spreading via orthogonal codes; thus, several
users transmit over the same subcarrier. In MC-CDMA, a fraction of the symbol corre-
sponding to a chip of the frequency domain spreading code is transmitted through a different

subcarrier [6,33].

In [31], it was shown that MC-CDMA outperforms MC-DS-CDMA in terms of downlink
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Figure 2.5: MC-DS-CDMA receiver.
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Figure 2.7: MC-CDMA receiver.

BER performance. The reason is that the MC-CDMA scheme can always use all the received
signal scattered in frequency domain compared to the MC-DS-CDMA scheme thus providing
frequency diversity although it requires a much complex receiver.

The main drawback of MC-CDMA systems is that an excessive amount of multiple
access interference may be experienced when transmitting through a frequency selective
channel. This occurs because the PN sequences lose orthogonality if the amplitude level
of the PN chips is altered during the symbol period. Since each subcarrier experiences
independent fading, and each subcarrier is multiplied by one chip from the PN sequence,
a loss of orthogonality is common. As a result, the performance of MC-CDMA systems
degrades with high channel loads due to the excessive MAI [10].

The transmitter block for MC-CDMA is shown in Fig. 2.6, where Gj¢c denotes the

F(k)y F(k F(k
R FB) .. F

F(k) —
*) = ARAl

processing gain and the spreading code for user % is given by ¢ e
The data stream is first serial-to-parallel converted into parallel sequences because it is crucial
for multicarrier trz‘msmission to have frequency non-selective fading over each subcarrier [31],
then, the data is spread over the frequency domain, where each sequence is mapped onto
G umc subcarriers. An exact inverse of the transmitter is performed at the receiving end. The

FFT is performed to demodulate the signals followed by the despreading as shown in Fig.
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2.7. The figures are adopted from [31}.

2.3.3 OFCDM -

In OFCDM, data streams are segmented into multiple substreams and spread by the spread-
ing sequence, which is the combination of an orthogonal short channelization code and the
cell-specific long scrambling code using short Walsh-Hadamard codes and long PN codes.
Each chip of the resultant sequence is allocated to the successive OFCDM symbols in the
time domain (called time domain spreading) and to the successive subcarriers in the fre-
quency domain (called frequency domain spreading). The Variable Spreading Factor (VSF)
OFCDM, which changes the Spreading Factor (SF) in both the time and frequency domain,
was proposed in [9]. The total spreading factor SF), is expressed as SF = SFime X SFfreq,
where SFyime and SFjre, represent the spreading factors in the time and frequency domain
respectively. In VSF-OFCDM, although the data rate is reduced by 1 /SF due to replication,
compared to the non-spreading cases like OFDM, the total data rate is increased by intro-

ducing the code multiplexing of different users with different orthogonal short channelization

codes.
—» 2D > —> _
Serialto | » . Parrelle! . Digital to
Data parallel lS;:_readmgd * |Mmuttiplexer| * IFFT * | to serial _»Addrgg;:hc_’ analog
stream™| converter | ¢ [NUMeAaNGf o mux) | * * lconverter pCP converter
s/p) | o |TequenY |, . . | ®s) (CP) (DIA)
»| domain > N 5
Y
channel
<4 De- < l—1 <
S LN 1 P oy B o e P B e B e
<+ in time and < FFT paralle i <
sg':;am cor;pv/esrter * | trequency | ° Multiplexer : * | converter [€] prefix | €] converter
®59) | o] domain |¢° | ©P (CP) (AID)

Figure 2.8: OFCDM block diagram.

The modulation and demodulation of OFCDM are almost identical to those in OFDM.
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The difference lies in data spreading by means of spreading codes. A block diagram for the
FFT based OFCDM system is shown in Fig. 2.8. At the transmitter, the data streams are
serial-to-parallel converted and then fed into different subcarriers, applying code spreading
and Inverse Fast Fourier Transform (IFFT) to generate OFCDM signals. After IFFT, the
signals undergo parallel-to-serial conversion and Cyclic Prefix (CP) addition. At the receiver,
the CP is first removed and then each subcarrier corresponding to the received signal is
coherently detected with FFT, followed by code despreading. After that, parallel-to-serial
conversion is performed, and the data is recovered.

Since OFCDM employs time and frequency domain spreading simultaneously, it experi-
ences the favorable qualities of both MC-CDMA and MC-DS-CDMA systems discussed in |
the previous sections. The use of frequency domain spreading allows the system to ben-
efit from frequency diversity, while time domain spreading allows for flexible data rates
and multiple access with low interference. As a result of these benefits, OFCDM has been
shown to provide more favorable BER performance than MC-CDMA and MC-DS-CDMA
systems [8,34].

Since the overall received signal quality employing two dimensional spreading through
a multipath fading channel depends on the tradeoff relationship between the increasing
frequency diversity effect and the impairment of code orthogonality, there are particular
time and frequency domain spreading factors that are the most favorable under various
conditions. As a result, in VSF-OFCDM, the parameters SFi;me and SFy.e, are adaptively
controlled as per the cell structure, the channel load and the radio link conditions.

For a fixed SF, the authors in [10,11] propose to prioritize the time domain spreading.
The reason is that within a frame duration, which is typically in the order of 0.5-1.0 msec,
channel variation in the time domain is slight whereas the channel variation in the frequency
domain increases due to frequency selective fading. Also, time domain sbreading leads to
lower intercode interference level. Frequency domain spreading is applied mainly for low

data rate and low channel loads in order to gain frequency diversity gains.
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In the next chapter, we will discuss in details the system model for the VSF-OFCDM

system used in our work as well as the rationale behind some of the assumptions made in

our analysis.
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Chapter 3

VSF-OFCDM System Model

In this chapter, we outline in details the system model used in this study. First, we discuss the
subcarrier grouping strategy that is used to maximize the frequency diversity and minimize
MAI. Following this, we provide the system model for the VSF-OFCDM system. This
includes a description of the transmitter and receiver, the adaptive subcarrier allocation
scheme used in our work, as well as the channel model used in the analysis and the Monte

Carlo simulations.

3.1 Subcarrier Grouping

In [14], the authors proposed the use of subcarrier grouping to improve the performance of
the OFCDM system. Using this strategy, the total number of subcarriers M, is divided into
several small, non-contiguous groups. In particular, the total spectrum is divided into G
groups; each group g has M non-contiguous subcarriers that are equally spaced throughout
the spectrum, where, the spectral separation of the subcarriers in the same group is identical
to the total number c.)f groups. Fig 3.1 shows an example of the subcarrier grouping strategy,
with three subcarrier groups. |

Since the subcarriers in each group are separated equally throughout the bandwidth, the

frequency spacing is likely to be larger than the coherence bandwidth of the channel. This
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Figure 3.1: Subcarrier grouping with 3 subcarriers groups.

ensures that the fading on all subcarriers in the same group is uncorrelated, allowing the
system to achieve the maximum benefit from frequency diversity. Also, since the number of
subcarriers in each group is small, the amount of MAI caused by frequency domain spreading

is minimized [14].

3.2 VSF-OFCDM System Model

3.2.1 VSF-OFCDM Transmitter

An OFCDM system with K simultaneous users is considered. The total spectrum (M.
subcarriers) is divided into G groups; each group has M non-contiguous subcarriers that are
equally spaced throughout the spectrum. A block diagram of the VSF-OFCDM transmitter
is shown in Fig. 3.2. Each data symbol in the OFCDM system is spread in the time
domain with N chips, where N is equal to S Fiime, and in the frequency domain with SFreq
chips which are equal to the M subcarriers in each group g. Therefore, totally SF =
SFyime X SFyreq spread chips per data symbol are involved in the 2-D spreading. The 2-
D code assigned to the k** user is denoted as [cT®), P, where cT*®) is the time domain
spreading code of length N and cF®) is the frequency domain spreading sequence of length
M.

At the transmitter, the bit stream of the k** user during the jth signal element, b%, is

first encoded, then mapped into symbols by the data modulator. The resultant symbol
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Figure 3.2: VSF-OFCDM transmitter.

sequence is then processed by the symbol interleaver [35). The symbol interleaver has the
same performance as the bit interleaver in OFCDM systems, but the former is simpler. A
symbol interleaver is employed to separate successive symbols to non adjacent subcarriers to
randomize the deep faded symbols due to frequency selective fading. Therefore, the frequency
diversity can be achieved in frequency domain to improve the performance. Interleaved data
symbols are then Serial-to-Parallel (S/P) converted into G substreams. After S/P conversion,
2-D spreading is carried out, where each data symbol is first spread into chips in time domain
with the spreading code ¢c™®) and then the time-domain spread signal is duplicated into M
copies and each copy is multiplied by a chip of the frequency domain spreading code ),
The spread signals from different users are added together by the multiplexer. An adaptive
subcarrier selector block is then used that allows subcarriers to be selected adaptively based
on the channel conditions. The parameters used by this block are determined by the adaptive
subcarrier allocation algorithm {14] discussed later in section 3.2.3. The resultant signals are

then up-converted into the selected subcarriers using an L point IFFT, where L > M, and
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the value of L is a power of 2. The subcarriers are located in the middle of IFF'T points
and zeros are padded at each side of the M. points. After IFFT, the OFCDM symbol
is obtained. Then, a guard interval is inserted between OFCDM symbols.to prevent ISI.
Finally, the complete OFCDM symbol passes through a pulse shaping filter, which gives rise
to the baseband transmitted signal.

Therefore, assuming BPSK modulation, the transmitted éignal for the k** user can be

written as

s®(t) = V2 Z Zb(k) v FE) cos wl,gt) T,(';?p (jN +n)Ty), (3.1)

lg Jl
G g=1

where P is the transmitted power on one subcarrier. The bit stream of the kP user on the
gt" group during the j** signal element, b§ g), is equal to £1. ¢ T( ) is the nt* chip in the time
domain spreading code on the I** subcarrier and c ) is the l”‘ chip in the frequency domain
spreading sequence of length M during the 4 transmitted symbol. The parameter v; ( ) =1,
if the Ith subcarrier of the g** group is assigned to the k** user by the adaptive subcarrier
allocation algorithm [14]. If the I** subcarrier of the g*" group is not assigned to user k, user
k does not transmit data over this subcarrier and vj(.f;?g = 0. p(t) is the waveform of the pulse

shaping filter and it is defined on the interval [0, T}, where T is the chip duration of the

time domain spreading code, and it can be written as

1, GN+n)T,<t<(GN+n+1)Ty
P(t— (N +n)T,) = U ) ( (3.2)

0, elsewhere.

wy,, is the frequency of the I** subcarrier of the g'" group and it can be written as

2m(g + (1 - 1)G)
T, ; (3.3)

Wig = We +
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where w, is the carrier frequency and 1/T, is the frequency spacing between two adjacent

subcarriers.

3.2.2 Multipath Channel Model

In order to consider a realistic radio propagation channel, we must include the effects of the
multipath propagation. Before introducing the impulse response of the channel used in our

analysis, we will discuss briefly the effect of multipath on the received signal.

Small Scale Propagation Models

Small scale propagation models predict the fluctuations in the received signal strength. The
received éignal is composed of several time delayed versions of the transmitted signal. These
signals add at the receiver with different phases as a result of different propagation delays.
Fading is classified into different types. Based on the multipath time delay spread, fading
can be flat or frequency selective aﬁd depending on Doppler spread, they can be fast or slow -
fading since the Doppler spread is a measure of the spectral broadening caused by the.time
rate of change of the mobile radio channel. Flat fading occurs when the bandwidth of the
signal is smaller than the bandwidth of the channel. It is sometimes known as slowly varying
channel or narrowband channel. In flat fading, the delay spread is also less than the symbol
period. Flat fading channels are modeled as Rayleigh or Ricean distributed channels.

When the delay spread is greater than the symbol period, there are multiple versions of
the transmitted signal at the receiver and the received signal is attenuated and differs in
phase. This is called frequency selective fading where the bandwidth of the signal is greater
than the bandwidt_h of the channel which results in ISI. These‘ channels are widely known as
wideband channels and are modeled as Two-Ray Rayleigh models [36].

Factors contributing to small scale fading include multipath propagation, mobile velocity,

and the transmission bandwidth of the signal.
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Doppler Effect

Fading is also caused by the Doppler effect. When dealing with any kind of waves, a receiver
movement in relation to the source of the wave will distort the perceived frequency of that
wave. Doppler shift is the frequency shift in the received signal caused due to the relative

motion between the transmitter and the receiver. This phase change is given by [37]

fD = %fc COS(Q), (3'4)

where fp is the Doppler shift in frequency, v is the velocity, ¢ is the speed of light, f. is
the carrier frequency, and 4 is the angle between the transmitter and the receiver. If the
signal bandwidth is much greater than the Doppler spread, which is deﬁned as the difference
between the largest and the smallest Doppler shifts, then the effect of the Doppler spread is
negligible at ’ché receiver.

The coherence time of the channel, Ty, is the time duration over which the channel
impulse response is essentially invariant. The relation between the Doppler spread and the

coherence time of the channel is given by [37]

0.423
fos’

Top, = (3.5)

where fpg is the Doppler spread.

The Channel Model

In our analysis, we assume that the channel is slowly varying with respect to the OFCDM
symbol duration, T,. This is a valid assumption because the Doppler spread is generally
much smaller than the subcarrier bandwidth. We also assume that the chip duration (T¢) is
equivalent to the RMS delay spread of the channel. Therefore, each subcarrier experiences

independent, frequency non-selective fading and the channel is modeled as a Rayleigh fading
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channel. A simple way to model the Rayleigh fading effect is the quasi-static assumption
where the channel is assumed to be constant over a block period of time which in our case is
the chip duration T¢. In this model, we generate a Rayleigh random variable and a complex
exponential with a uniform phase and multiply it with the transmitted signal and then
compensate for this distortion at the receiver. Hence, the impulse response of the channel

for the k™ user and the I** subcarrier of the g™* group can be described as {26]

3 e
W (t,5) = ag (1, 5 %s), (3.6)

where ag;) are independent identically distributed (i.i.d.) Rayleigh random variables for the
k* user on the I** subcarrier of the g** group during the 4" transmitted OFCDM symbol.
The phase, ¢>f’kg), is a uniformly distributed random variable over the interval [0, 27), which
is independent for each symbol, subcarrier and user. Furthermore, the channel fading and
phase shift variables are considered to be constant over a chip duration Tt.

The received signal is a sum of all the K users’ signals transmitted during the jt* signal
element. These signals are all corrupted by independent fading conditions, as well as Additive

White Gaussian Noise (AWGN). Consequently, the received signal is expressed as
K
r(t) =Y sM ()« KO () + n(t), (3.7)
k=1

where h®)(t) represents the total impulse response across all subcarriers for user k, n(t) is
the AWGN with zero mean and double-sided power spectral density No/2 and (x) denotes

the convolution process.

3.2.3 Adaptive Subcarrier Allocation in OFCDM

Various adaptive subcarrier allocation algorithms were proposed for MC-CDMA and MC-DS-
CDMA systems [12]. Many of these algorithms outperform the corresponding non-adaptive

systems in terms of the BER performance. In OFCDM systems, an adaptive subcarrier
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allocation algorithm was proposed to maximize the overall BER performance under different
spreading factors [14]. In this algorithm, the total spectrum is separated into small groups
of non-contiguous subcarriers to maximize frequency diversity gains and minimize MAI as
mentioned earlier. The users are assigned to subcarriers based on the instantaneous Signal to
Interference and Noise Ratio (SINR) characteristics of each subcarrier such that the average
SINR of the system is maximized while minimizing the interférence caused to other users
simultaneously.

The flowchart for the adaptive subcarrier allocation algorithm is shown in Fig. 3.3 for
the sake of completeness (taken from [14)); the algorithm can be summarized in the following
steps :

Step 1: Determine the fading gain a,(rlf,)g on the mt* subcarrier of' the g** group for all K
users, where k= 1,2,3..., K.

Step 2: Caiculate the SINR 75(,k) of each group g for all K users. At the beginning of

the algorithm, the interference power is null, therefore, SINR simplifies to SNR as:
.k
®) _ 2PN M (o)
’Yg - N b
o

(38)

where M is the total number of subcarriers in group g, NN is the length of the time domain
spreading code and N, is the noise power density.

Step 3: Define the set Q = {8®,8®, . . ., %)} where B*) is the maximum number
of substreams that can be transmitted by the &** user.

Step 4: Find the subcarrier group that has the largest 'yék) for all K users, 'y,(,’f()w, and
record the index of the subcarrier group that produces the largest value for all K users g,(,'f)w.

Step 5: Find the smallest value in the set 'y,(,ﬁ)w denoted by Ymin. This corresponds to
the subcarrier group with the best fading gain, which causes the lowest amount of MAI to
other users. The user with the lowest SINR value is denoted by Emin.

Step 6: Assign user kmin to the subcarrier group g,(ﬁa";"). This effectively assigns the
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Figure 3.3: Adaptive Subcarrier Allocation Flowchart.

subcarrier group with the highest SINR for user ki,. Since it is the smallest value in the

E) e e .
set 7,‘,,.Zz, it minimizes the interference to other users.

S‘tep 7: Recalculate the SINR for the subcarrier group that corresponds to g,‘,f&";"). The
SINR is recalculated by incrementing the number of users occupying group g simultaneously,

K,, to reflect the additional user occupying the subcarrier group g according to the equation:

0 = 2NPLT o (ah)”

97 (K, - )PT.E[(®,)] + N, (3.9)

where E [(aﬁ,’f,)g)z] is the average squared fading gain for the K, users and the M subcarriers
in group g.

Step 8: Decrement the number of available substreams for user k.;,. The process of
assigning substreams to subcarriers continues recursively until all substreams are assigned
to subcarriers. Therefore, if the entire set () = 0, return to Step 1 where the next set of
subcarriers is assigned (the next update period), otherwise return to Step 4.

Throughout the remainder of this thesis, we will consider the VSF-OFCDM system where
different subéar.riers are allocated to different users according to the adaptive subcarrier

allocation algorithm discussed above.
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3.2.4 VSF-OFCDM Receiver

The VSF-OFCDM receiver block diagram is shown in Fig. 3.4. Assuming BPSK modulation,

the received signal is given by

r(t)
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removal k) Rk z
Adaptive X a® > *)
s Sub- M p Z,
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(k)
m
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Figure 3.4: VSF-OFCDM receiver for user k.

PSS Sl st ) 3l G 4T
j g=lk=1  I=1 =t
(3.10)
where K, is the total number of users in group g, by“g) is the BPSK signal for the k** user in
the g** group during the j®* transmitted bit.

Assuming that the guard interval is larger than the maximum path delay spread, there is
no ISI in the received signals. Without loss of generality, we aim to recover the data trans-
mitted to user 1 in group 1. We first convert the received signal into parallel format using
the serial-to-parallel converter and then multiply by the subcarrier allocation coefficients for
user 1, 02?1- This ensures that only the allocated subcarriers are detected at the receiver.

Following this, the signal on each subcarrier is down-converted by the FFT block. We then

correlate the received signal with the synchronized time and frequency domain spreading
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sequences for user 1, [cT®), cFM)], The signal on the m** subcarrier is first correlated with
the synchronized time domain spreading sequence for user 1, cZ®). The output of each time
domain correlator is then multiplied by a chip from the frequency domain spreading code of
user 1, ¢FM), to remove the frequency domain spreading. The output is then combined at
the frequency domain despreader and multiplied by the path weight for the corresponding
subcarrier. The receiver uses the Maximal Ratio Combining (MRC) algorithm to maximize
the SNR at the output of the correlator. In this combining algorithm, the weight given
to the m** subcarrier in group 1 is equivalent to the fading gain on this subcarrier, o ( )

After Parallel-to-Serial (P/S) conversion, the output is demodulated, decoded and sampled

to yield the decision variable for the k** user at the j®* transmitted signal. The decision

variable for user 1 in group 1 is given by

o GNFDTe () P 1) 1)
%j1 = Z Z / Om1Cim CimnT (t) cos(wm,lt + ¢m,1)dt’ (311)
m=1 n—l (IN+n)Te
where q*sﬁ,?l denotes the estimated phase of the mt* subcarrier of group 1 during the jt*
transmitted bit to user 1.
In chapter 4 and 5, we will focus our study on enhancing the performance of the VSF-

OFCDM system through mitigating the effect of carrier frequency offset and applying adap-

tive modulation.
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Chapter 4

Carrier Frequency Offset in
VSF-OFCDM Systems: Analysis and

Correction

In this chapter, we investigate the effect of Carrier Frequency Offset (CFO) on the perfor-
mance of downlink VSF-OFCDM systems and propose a scheme for its correction. First, we
analyze the BER of VSF-OFCDM taking into account the effect of frequency offset when
subcarrier grouping is used. This leads to an analytic expression of the SINR for VSF-
OFCDM with frequency offset when using BPSK modulation for the case of MRC receiver.
Following this, we propose a CFO correction scheme based on the Maximum Likelihood
(ML) estimation principle. After deriving the likelihood function for the VSF-OFCDM sys-
tem with CFO, we Qse a gradient algorithm to estimate and minimize the effect of CFO in

a tracking mode.

4.1 Effect of CFO on VSF-OFCDM Systems

One of the main drawbacks of multicarrier systems is that they suffer a great deal of per-

formance degradation from CFO. Frequency offset causes a loss of orthogonality between
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subcarriers which results in Intercarrier Interference (ICI). The impact of frequency offset on
multicarrier systems was investigated in [15] and [16] for MC-CDMA and group-orthogonal
MC-CDMA respectively, and in [17] for both uplink and downlink MC-DS-CDMA systems.
Recently, there are few papers investigating the effect of frequency offset on OFCDM sys-
tems. In [38], the BER performance of multiple antenna OFCDM systems with imperfections
was studied. In [27], the sensitivity of OFDM-CDMA systems to carrier frequency offset was
investigated for zero forcing and minimum mean square error equalizers. However, no sub-
carrier grouping was considered in their analysis, although this strategy has an impact on
the different types and amount of interference introduced with carrier frequency offset. Also,
the effect of using variable spreading factors on the BER performance of OFCDM systems
was not inves’eigated in their work.

The two major factors that cause carrier frequency offset are the Doppler spread caused
in the channel for a high speed mobile user and the differences between the oscillators in
the transmitter and the receiver. In our work, the effect of the frequency offset is analyzed
by investigating the type and the amount of interference caused by CFO in VSF-OFCDM
systems with different spreading factors when subcarrier grouping is used. We assume BPSK

modulation throughout this chapter so no adaptive modulation is used here.

4.1.1 Bit Error Rate Analysis

In this section, an analytic expression of the SINR for downlink VSF-OFCDM with frequency
offset using BPSK modulation is derived for the case of MRC receiver. The central limit
theorem implies that the contribution of a large number of identically distributed chips
of interference will tend:towards a Gaussian distribution. Therefore, in our analysis, the
standard Gaussian approxi;nation [39] is applied to the interference and noise terms.

The Doppler shift caused in the channel for a high speed mobile user results in a carrier
frequency offset which is different for each subcarrier according to where it is located in the

spectrum. However in a 4G system [3], the maximum Doppler spread is very small with
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respect to the subcarrier spacing, therefore, we can consider the CFO caused by the Doppler
shift a common phenomenon in all the subcarriers [15). We also assume that each subcarrier
experiences independent, frequency nonselective fading. Furthermore, the; channel fading
and phase shift variables are considered to be constant over a chip duration T, as mentioned
earlier.

Taking into account the frequency offset for the kt*, fék), the impulse response of the

channel for the & user and the I** subcarrier of the g** group during the j** transmitted

bit can be described as [26]:
Rt 5) = o (1, )41, (4.1)
Therefore, the received signal with CFO assuming BPSK modulation, can be written as

G K, N
F
= 2PZ Z Zbg’“) Z a,(';) ¢ ,(k) cos(w gt+¢(k) (k)t Z f,“,?p(t — (jN + n)T)+n(t),
i g=1 k=1 =1
(4.2)
Since we consider MRC in our analysis, the decision variable for user 1 in group 1 is given

by (3.11). For simplicity of further calculations, the decision variable can be expressed as
=S4+n+MAI+ICI +ICL + ICI,, (4.3)

where S is the desired signal term; 7 is the noise term; M Al represents the multiple access
interference imposed by the interfering users in the same group of the desired user from
the same subcarriers, where the considered subcarriers are m =1, - ,M; ICI is the self-
intercarrier interference from the other subcarriers of the same group; ICI; is the multiple
access intercarrier interference imposed by the interfering users in the same group of the
desired user, but associated with the subcarriers different from the considered subcarrier
and ICI, is the intergroup interference which represents the intercarrier interference from

subcarriers in other groups. Without loss of generality, these parameters are considered for
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user 1 in group 1 at the j** transmitted bit.

The desired signal term can be written as

1 /P, 1)\2; F(1) FQ
S =7/ b >~ @ L)

m=l (4.4)
OGN+t 1y ) O 4+ g, = GO
X E / (€5 mnCimmlP(t = (IN +n)T,) cos(wg 't + Gy — by )dt.
R

FmnCimmn
'N+n)Tc ,’

The rectangular function, p(t — (jN + n)T¢), has a constant amplitude of unity over T, and

[cf ) F (1)] and ( ) are constants over T¢, they can be taken outside the integral.

Cim Cim
F(l) F(l)]
j,m Jm

since bj(ll) ,
In addition, since the system spreading codes are synchronized at the receiver, [c e

and | ;F,(;)n ff,ll)n] =1 and the desired signal term can be re-written as

Sln —'(!1)&
Pow__\ %) 2o ; 1 W _ o
5=/ 2o Da") S cos (G ot 2l T 60— 401 (49

P

The noise term can be written as

1 ¢« ) F(l) T (N+n+1)Te . A1)
= Z Am,165m Cjm ,n/ p(t— (N + n)Te)n(t) cos(wm,1t + d’m,l)dt- (4-6)
) Yot (GN-+m)Te

The noise term 7 is a Gaussian random variable with zero mean and variance given by

M
o2 =Bl =523 ()" (47)

m=]

The interference term MAI is obtained from (3.11) with the condition that g = 1 and

I =m for k s 1. It can be expressed as

1 /P (k) (V) () FO) F)
MAI:TZ,/E;b Za AT A

(GN+n+1)Te . . . )
X Z /( NAm)T: Cffi)nc;r,ﬁ”)np( - (4N +n)T,) cos(w‘(;')t + ¢fn?1 - ¢'Erlz?1)dt’
JN+n)Te
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" where Kj is the total number of users in group 1.

The MAI term can be re-written as

(w"‘)'rc)
MAI = ,/ b — = i G
k-—2 m—l n=1 (%) (4.9)

x f® T8 oog ((jN +n+ 1/2)w(L)T + qS(k) (1) )

Jym,n73,m,n

According to the central limit theorem, the MAI can be approximated by a Gaussian random

variable with zero mean and variance given by

=

sm2 <w—d—-—(’;)T°> M
e e D (4.10)

2
<w<’°)n) =
2

where ¢(k) and <;3(1) are i.i.d. random variables uniformly distributed over the interval {0,

hoar = No G~ DB [<a<’°>

27). The term [(jN +n+1/ 2)w(k)Tc] only rotates the phase [¢f,f')1 oL ,]; therefore,
Elcos®((GN +n + 1/2)w{ T, + %) = 30 = 4
The self-intercarrier interference term ICIy can be obtained from (3.11) by letting k =1,

g =1 and [ 5 m. It can be written as

ICI, = / 20 Zza(n oD EWFO

m=1 l 1
(_7N+n+1)Tc R
X / D Ty (5N +n)T) cos((w((il) + Wi — Wm,1)t + qﬁ,(ll) - E,ll?l)dt,

p
n=1 Y GN+n)Te dminCilin
(4.11)
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which can be re-written as

. w(l)Tc
1L = 1/ =)
7

dm S5l “imnatin

X a(l) al(ll)cp(l)cp(l)cT(l) FM cos <(jN +n-+ 1/2)(w‘(11) +wiy = W) Te + ¢,(,11) - &f,ll?l>

(4.12)

The ICI, can be approximated by a Gaussian random variable with zero mean and variance

given by

(4.13)

2 w(l)Tc
M , Sin ~dg==
1
UICJ1 -N—'Z( (l)) Z(az(1))

) o 2
m=1 =1 ((wd +WI.1-wm.1)Tc>
I#m

2

The multiple access interference from users in the same group as the desired user, but
associated with the subcarriers different from the considered subcarrier, ICIs, is obtained

by setting k£ # 1, g =1 and | 3 m in (3.11). It can be written as

/ k) F(1) F(k
ICL = = b(k) Erlz)lal(l) J,r(n) Jl( )

k=2 m—l l-—-
N o (GN+n+1)Te () 70 . ) (*) _ 20
x / ChmanCtn Pt = N +n)Te) cos((wy” + win = wma )t + 613 — 38 )at,

(4.14)

which can be re-written as

(k)
pli M M. N o9 sin <w 2Tc)
ICI, = V Z Z Z Z ((w,(jk)-*-wz.z-wm.l)Tc)

—2m--ll 1 n=1 5

o IO TW FETE o <(JN + 1+ 1/2) (W + w1 = wma) T + ¢ - &5;31) .

jim CimmCil  Ciim

(4.15)
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" The ICI, can be approximated by a Gaussian random variable with zero mean and variance

given by -

(4.16)

m=1

) ),
pXM 0 ., sin < - )
s, = N5, =0 3 0 o)

7 |-
((wﬁk)+wx.1—wm,1)Tc) :l

.2

The interference from other groups ICI, can be obtained from (3.11) by letting g # 1 and

can be expressed as

/ G s k M k F(k)
1 F(1
ICI =7 ( )Z ZO‘?(n)lal(,g) J,f(n) Cil

9"2 k— m=1 |=1
GN+n+1)T,
X Z/(J ) _:g)n JTz(’:;)P( ~ (N +n)Te) cos((WS? + wyy — wm1)t+¢(k) ¢(1) )dt,
iN+n)Te

(4.17)

which can be re-written as

(k)

wy ' T
G Kg M M N sin <—¢—2 °)
P ®

ICI, = 5 ZZZZZ% ( (k)+wlq_wm1)Tc)

g=2 k=1 m=1 l=1 n=1 :

x ah oM Wel0) SRl cos ((JN+n+1/2)( )t wig = win 1) T + ¢ — “’).

(4.18)

The ICI, can be approximated by a Gaussian random variable with zero mean and variance

given by

(4.19)

(k)
2 si ’ (w 2 c)

l,g 21"
((w,(i )+‘~'l,q"wm,1)Tc) ]
2

g=2 m=1

If we assume the frequency offset is equal and constant for all users [15,16], therefore,
w¢(1 ) = wq. Also, we can assume the estimated phase for user 1 in group 1 to be ¢(1) =

(N +n+1/2)wsT. + ¢(1)1 [40]. This means that the subcarrier phase estimator determines
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the value of the phase rotation at time (n + 1 /2)T which is the middle of the nt* chip

integration interval. The desired signal term in (4.5) becomes

sin <
5= N/ Epw ( )Z(a) 2

,1
23 (2)m—1

(4.20)

In our analysis, we consider downlink transmission; therefore, we can assume that all

the users suffer equal fading gain and phase shift on each subcarrier [16], which means that

alt) = Qm,g, and we can further simplify (4.7), (4.10), (4.13), (4.16) and (4.19) as follows

M

P sin?(n f,T,) A
2 _ c 4
Opar =N Z(KI ”E(W dec)2 mz_l(am,l) )

P M M (1)’
2, = N —sin? T Cm 2 > ’
g1c apeon (fa C)mz::( 1) ; (faT. + (1 - m)G)?
I#m
P < 2 = (a11)2
forn = NI = 1)-—sin®(nfiTe) ¥ (a ' ’
o1, (K: )47r251n (7fa )m2=:1( m,1) ; Gt (L—m)G)
G M M

2 2
101g N——sm (mfaTy) ZZZ Iy (01,)" (m,1)

5.
9=2 m=1 I=1 <dec +(@-1)+(- m)G)

(4.21)

(4.22)

(4.23)

(4.24)

(4.25)

The signal to noise and interference (SINR) of user 1 in group 1 during the j%* bit can

be expressed as

40 = E?[S]
S Oien + 9icrp, + oicr, + 02’
where
N2P sin®(r f,T;) [ X 2
E2S = S ,: Om 2] .
=y |2 o)
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The probability of error for MRC based on the Gaussian assumption for BPSK modula-

tion can be expressed as -
P.=0Q (@) (4.28)
where Q(.) is the Q function,
Q) = 5 :’ e F da. (4.20)

4.1.2 Numerical Results

The parameters chosen for the VSF-OFCDM system correspond to those expected in a 4G
system [3]. The carrier frequency, f., is 5 GHz and the downlink channel bandwidth is 100
MHz. There are 128 subcarriers and we assume that each subcarrier éxperiences frequency
non-selective fading and that fading is uncorrelated between subcarriers in the same group
as a result of the subcarrier grouping strategy used. In our evaluation, we assume a delay
spread which is identical to the chip duration, T, indicating there is no ISI produced by
the channel. This allows us to use independent, identically distributed Rayleigh variables to
represent the gain of each subcarrier. The maximum difference in Doppler spread beéween
the subcarriers is in the range of 0-5Hz which is very small compared to the subcarrier
spacing. The update period of the adaptive subcarrier allocation algorithm is selected to be
equivalent to the coherence time of the channel to ensure that the channel is constant over
the update period [14]. In OFCDM, each data stream is segmented into multiple substreams
and spread over multiple subcarriers and several OFCDM symbols as mentioned before.
We use an identical data rate for each user in each analysis by transmitting a number of
substreams equal to a multiple of the number of chips in the time domain spreading code
N. In this evaluation, we transmit 2N substreams simultaneously for each user.

The different spreading factors can be used to provide different levels of frequency di-
versity, or to minimize MAI in the event of high channel loads. SFn. is equal to the N

chips in the time domain spreading code and SFy,, is equal to the M subcarriers in each
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Figure 4.1: BER vs. E;/N, with SF=2x16 at different normalized frequency offsets.
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Figure 4.2: BER vs. ‘E}/N, with SF=16x2 at different normalized frequency offsets.

group g. We consider a VSF-OFCDM system with 16 users, having carrier frequency offsets
of 0, 10, 20 and 30% of the frequency spacing between adjacent subcarriers. Each of the

configurations uses a total spreading factor SF =

39

SFiime X SFyreq of 32 to provide a suitable



- performance comparison. We use a total SF of 2x16 to represent a case with high frequency
domain spreading and 16x2 to represent a case with high time domain spreadin_g respectively.
We also use a total SF of 8x4 and 4x8 to represent cases of using moderate levels of time
and frequency domain spreading for VSF-OFCDM systems.

The effect of carrier frequency offset on the mean BER performance with different spread-
ing factors is investigated by using Monte-Carlo simulation with 1000 runs and with the above
mentioned parametric values. Figs. 4.1 and 4.2 show the BER vs. Ey/N, with total SF
of 2x16 and 16x2 respectively. It can be observed from these figures that the degradation
in BER caused by carrier frequency offset is insignificant at very low Ey/N,. However, as
E,/N, increases the OFCDM system makes a transition from being noise-limited to being
interference-limited, and the degree of degradation increases as well. It can also be seen from
the figures that the degradation in BER caused by the carrier frequency offset increases with
higher SF},., because of the fact that more subcarriers are present in each group which
increases the intercarrier interference. As seen in Fig. 4.1, a degradation of the BER perfor-
mance from approximately 0.1 x 1073 to 3 x 1073 occurs when the frequency offset increases
from 0 to 30%. From Fig. 4.2, we can see that, at low SFy.eq, the MAI is the main factor
that causes the performance degradation since there are fewer subcarriers in each group
which decreases the effect of the intercarrier interference due to frequency offset than the
case with higher SFyreq.

Fig. 4.3 shows the BER vs. the normalized frequency offset with respect to the subcarrier
spacing for different spreading factors with E,/N, = 20dB. From Fig. 4.3 it can be observed
that at high Ey/N,, higher SFye, performs better than higher SFiim. for a fixed SF of 32
when there is no frequency offset since the frequency diversity allows the system to achieve
higher absolute performance. However, as the frequency offset increases, higher SFiim. gives
better performance as the effect of the intercarrier interference becomes dominant. From Fig.
4.3, we can also see that, when the frequency offset is higher than 10%, the BER performance

starts to deteriorate for the higher SFy,.,, while the lower SFjy., tolerates a frequency offset
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Figure 4.3: BER vs. normalized frequency offset at E},/N, = 20dB for different SF.

up to 20% of the frequency spacing between adjacent subcarriers. These results suggest
that for a fixed total spreading factor, increasing SF; .. with respect to SFfreq will decrease
the sensitivity of the VSF-OFCDM system to the effect of the frequency offset. Therefore,
increasing SFiime With respect to SFye, for a total fixed SF of 32 will result in an overall
better performance of the OFCDM system in the presence of considerable frequency offset.

Figs. 4.4 and 4.5 show the BER vs. E,/N, with 128 subcarriers having carrier frequency
offsets of 0 and 30% for different number of users with total SF of 2x16 and 16x2 respectively.
It can be observed from these figures that as the number of users increases, the degradation
in performance increases as well for both spreading factors. This is to be expected since the
intercarrier interference terms I/CI, and IC1I, are proportional to the number of users. From
Fig. 4.4, we can see that, fc.)r SF=2x16, the effect of increasing the frequency offset from 0 to
30% for 16 users is almost similar to doubling the number of users from 16 users to 32 users
in terms of the degradation of the BER performance. From Fig. 4.4, we can also see that, as

the number of users increases from 16 to 48 users, the degradation of the BER performance
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Figure 4.4: BER vs. E,/N, with 128 subcarriers and SF=2x16 for different number of users
at frequency offsets of 0 and 30%.
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Figure 4.5: BER vs. E/N, with 128 subcarriers and SF=16x2 for different number of users
at frequency offsets of 0 and 30%.
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due to the increase of frequency offset from 0 to 30% increases from approximately 0.29 x 102
to 8.9 x 1072, In Fig. 4.5, for SF=16x2, as the number of users increases from 16 to 48
users, the degradation of the BER performance due to the increase of frequency offset from
0 to 30% increases from approximately 0.5 x 103 to 10 x 10~3. From these results, we can
see that, the degradation due to increasing the number of users is more pronounced with the

higher SFy., since we have more subcarriers in each group as mentioned earlier.

4.2 CFO Estimation and Correction

Due to the adverse impact of frequency offset on VSF-OFCDM systems as seen in the
previous sectiorn, a reliable estimation of the frequency offset is considered as a basic step
in the coherent demodulation process. The carrier frequency offset estimation process can
be divided into two fundamental steps which are coarse acquisition and tracking. In this
work, we focus on the estimation and correction of the frequency offset in a tracking mode.
For OFDM and MC-CDMA systems, similar algorithm have been proposed in {19,20]. In
this work, a CFO correction scheme based on the Maximum Likelihood (ML) estimation

principle is proposed for VSF-OFCDM systems using MRC receiver.

4.2.1 Likelihood Function

The log likelihood function considered in our analysis is given by [41]

A= -]-VQ_ /T Re{r(7 ()}, (4.30)

where T, is the observation period and it should satisfy T, > 7.
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We can write the received signal in (4.2) as

G Ko N -
=322 Y Z g0l rthatsarrns Z GPp(t = (GN +n)T.) +nlt),

J g=1 k=1 =1

(4.31)

7(t) is the estimate of r(t) and is given by

G K N

T(t) = Z Z Z by”) Zoz F(k) i(an( gt Tt rons) Z cj,(};gp t—(jN +n)Te), (4.32)
i 9=1k=l =1

where ﬁi is the cstimate of the offset frequency f;. A perfect estimation of the fading
amplitude and phase is considered for each subcarrier.

Our objective is to maximize this likelihood function based on thé ML estimation prin-
ciple. We will assume in our analysis that the receiver performs the coarse frequency offset
correction with training sequences before data transmission and we will consider the fre-
quency offset in the tracking process only.

The log likelihood function depends on the data sequence and the number of subcarriers.
The data dependence can be removed by averaging the log likelihood function over all the
possible values of the data and fading parameters. In our case, we will define the dependence
on data and fading parameters during the nt* chip of the j* bit as follows

Ky
dmg =Y Cmgbiaci ™) (4.33)

R Jvm J-m ne

The received signal can now be written as
G M

) =55 dge i(2n(otfa)t+an,) (4.34)

g=1 l=1
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Considering the observation period to be T, the log likelihood function becomes

) T G M - )
—_ —i(27 fm,gt+dm.g) ,—~i(2Tfat
A_NO/O Re{Zde,gr(t)e hmat+émale™S d}dt

g=1m=1
e (459
= N, Z }: dm,g X Re{gm,g},
g=1 m=1
where
T. -
Gy = /0 r(t)eiCrmstémo) =it gy (4.36)
which can be re-written as
G M L, .
Img =) / dy g (BrUa=FmotAtaekdug=4ma) gy, (4.37)
g=1 l=1 0
where
Afi=fa~ fa (4.38)
Therefore, we can write
G M T:
Re{gmg} =Y. / di,508 (2m(fug = frmg + Afa)t + Brg — Pm,g)dt
g=1 1=1 Y0 (4.39)

_ e M Sin(QW(fl,g - fm,g + Afd)Tc + d)z,g - (bm,g) — 5in(¢l,_é - ¢m,g)
- Z Z g 27(fi.g = fing + A fa)

g=1 I=1

By making some mathematical approximations that are valid for low SNR [15], we obtain

the likelihood function for the carrier frequency offset as follows

A= (373 dimg x Re{gmg})*. (4.40)

We remove the data dependence by averaging the likelihood function over all the values
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- of the data and fading parameters d,, ,. After some calculations, we get

T2E[d) 7] CHMEM 1 cos (27 A faT) )
i = o] d , (4.41)
2N2 ;;;; Afd+flg fmg)T 0)2

where A f;T. is the normalized frequency offset error with respect to the subcarrier spacing.
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Figure 4.6: Average value of the likelihood function vs. the normalized frequency offset
error.

Fig. 4.6 shows the normalized mean value of the likelihood function versus the normalized
frequency offset error (AfqTe) with 128 subcarriers. It can be scen from the figure that the
likelihood function reaches a maximum value for Afq7: = 0 and that the acquisition range
is between -0.5 and 0.5 of the subcarrier spacing. The optimum value of ]:i is therefore the
one that maximizes the likelihood function. To find the maximum of this function, a non

linear algorithm is employed as discussed in the next section.
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4.2.2 Correction of CFO

We propose to use the gradient method to maximize the likelihood function. The gradi-
ent method is chosen because it is easy to implement and it requires low computational
complexity.

Averaging on data and fading parameters and then taking the derivative of the likelihood

function in (4.40) with respect to f to obtain the ML estimation, we get

0k 20 & H ORe qm, }
o7, - N2 DD Re{gmg)—amel { .
o=t m=1 (4.42)
20 G X
= ']W Z Re{gm,g} X Pm.g»
0 g=1m=1
where
m,g = aRe{'({m’g"’}- (4.43)
Ofa
By differentiating (4.39), we get
G M Te
pmlg = ZWZ Z [dlvé/ tSin (Qﬂ(flvé - fm,g + Afd)t + ¢la!j - ¢m!g) dtJ ? (4‘44)
§=1 I=1 0

G M
_ [_Tc COoS (27rAdec + ¢l,_<§ - ¢m,g)]
o 2WZ Zdz,g[ 21(fig — fmg + ASa)

g=1 l=1 (4.45)
(27 (frg = fmg + AS2))°
For the estimation of the frequency offset, we use the gradient method and hence,
.f:ir-i-l = f‘::ir + kera ) (4-46)

where k is a positive constant, f:i, and j";, +1 are the estimation of f, at the rt* and (r+ 1)"‘
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- iteration respectively and e, is given by the following expression

G M -

€ = Zl Z Re{gmg} X Pm,g- | (4.47)
po

m=1

4.2.3 Numerical Results

In this section, we use the same simulation parameters as in section 4.1.2. Fig. 4.7 shows
the BER of the VSF-OFCDM system vs. the normalized (with respect to the subcarrier
spacing) frequency offset (fy4T:) for different spreading factors (SF = SFime X SFjreg) at
Ey/N, = 10dB. This figure shows that for example, for a BER of 102, the performance
starts to deteriorate at f47,=0.1, 0.2, 0.25 and 0.3 for a total SF of 2x16, 4x8, 8x4 and 16x2
respectively. This means that if we can mitigate the frequency offset to less than that level
for the different S’Ft,-me and SFjreq, We can improve the system performance significantly.
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Figure 4.7: BER vs. normalized frequency offset at E,/N, = 10dB for different SF.

We first investigate the convergence speed and the sensitivity of the gradient method with
different spreading factors with 16 users simultaneously using the channel. In Figs. 4.8 and

. v
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Figure 4.8: CFO correction results vs. number of iterations for different values of %k and
SF=2x16
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Figure 4.9: CFO correction results vs. number of iterations for different values of % and
SF=16x2

4.9, the number of iterations are plotted versus the square of the normalized frequency offset
error. In Fig. 4.8, we use a total SF of 2x16 which represents a case with high frequency
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“ domain spreading and we change the constant k to be k = 100 x 10~%, k = 5.8 x 10~? and
k =4 x 107°. The same is done in Fig. 4.9 but with a total SF of 16x2 and the constant
k takes the values k = 10 X 1071, k = 1.2 x 107! and %k = 0.8 x 10~!*. From Figs. 4.8
and 4.9, we notice that with different values of the constant k, the algorithm converges to
the same floor of the normalized frequency offset error (A fyT%) which is around 10~8 but at
different convergence speeds. Also, different constants will result in different error variances
after reaching the error floor. This is because different values of k result in different step
sizes of converging to the optimal value (when there is no frequency offset) which affects
the rapidity of convergence. If the constant is too large, the algorithm will over-adjust the
frequency around the correct value. Smaller values of k will result in smaller error variance
but the algorithm will require more iterations to converge to the of)timal value. Similar
figures can be obtained for the different spreading factors for different values of k. From
Figs. 4.8 and 4.9, it is clear that different SF in the time and frequency domain will require
different step sizes to converge at the same speed.
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Figure 4.10: BER performance improvement with different number of iterations and
SF=2x16
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Figure 4.11: BER performance improvement with different number of iterations and
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Figs. 4.10 and 4.11 show the BER vs. the number of users with 128 subcarriers and
initial normalized frequency offset (with respect to the subcarrier spacing) of 0.3 for different
number of iterations with total SF of 2 x 16 and 16 x 2 respectively. The BER is calculated
using equations (4.21)-(4.28) together with the results of the normalized frequency offset
error after a fixed number of iterations obtained from Figs. 4.8 and 4.9, for a total SF of
2x16 and 16x2 respectively. The value of the constant k is appropriately adjusted such that
after the sarhe number of iterations, the frequency offsets converge to the same value in all
the cases. It was shown in section 4.1.2 that, when the total spreading factor is fixed to 32,
the OFCDM system with higher SFy,, is more sensitive to frequency offset than that with
lower SFfreq. This effect can be séen in Figs. 4.10 and 4.11, where lower SFy., converges
faster to the optimal value. The figures show that within only 20 iterations, we are close to
the optimal value when the normalized frequency offset can be minimized to the case with
negligible offset, which significantly improves the BER performance for different number of

users and different spreading factors.
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Chapter 5

Adaptive Modulation for a
VSF-OFCDM System

Adaptive modulation increases the data rates in wireless transmission over fading channels
by adapting to the changing channel conditions and making use of spectrally efficient mod-
ulation schemes [42] . Adaptive modulation is also a way to improve the tradeoff between
spectral efficiency and BER. This is done by exploiting the fading dynamics of the Rayleigh
channel. Periods of low fade, or high gain, will improve the instantaneous SNR, allowing
higher rate modulation schemes to be employed with low probability of error. Periods of
high fade will lower the effective SNR, and therefore low rate modulation should be used to
make transmission more robust. Various selection algorithms have been proposed for adap-
tive systems to decide between modulation schemes based on the channel conditions [43].
In this chapter, we propose an adaptive modulation algorithm for the VSF-OFCDM system
with adaptive subcarfier allocation to increase the spectral efficiency without sacrificing the
BER performance under different spreading factors assuming there is no CFO. We use a
fixed threshold to switch between the modulation levels depending on the estimated SINR
of the users in each group. In multicarrier systems, subcarriers are often grouped together

and adaptation is performed on the entire subcarrier group to reduce the computational
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complexity and signaling overhead [44]. Since the adaptive subcarrier allocation algorithm
is implemented on subcarrier groups, it lends itself to group-adaptive modulation. The pro-
posed algorithm provides an increase in spectral efficiency than using BPSK only, without

increasing the total transmit power.

5.1 Proposed Adaptive Modulation Algorithm

We propose a threshold-based adaptive modulation algorithm for downlink VSF-OFCDM
system that switches between the different modulations levels depending on the estimated
SINR for each group. The SINR is estimated at the receiver and is reported to the transmitter
through a feedback channel and rate selection is done at the transmitter. The modulation
level is selected such that it maintains the BER below a desired performance threshold.
To have a constant estimated channel SINR for all the OFCDM symbol durations, we use
the same assumption of a slow fading channel, which is necessary to ensure that channel
conditions do not change drastically over a symbol duration. In the proposed algorithm, the

same power is allocated to each subcarrier under a given total transmit power.

Substreams allocated Determine Determinc the p
" or all
in groups according minimum SINR highest modulation t‘::g:‘l’:igfsa:rz up will
to the adaptive » for the substreams » leve! with threshold * " be transmitted using
subcarrier allocation allocated ina value < the minimum hi dulation level
technique group SINR this modulati
3

Go to the next group

Figure 5.1: Proposed Adaptive Modulation Flowchart.

The flowchart for the proposed algorithm is shown in Fig. 5.1; the steps for the algorithm
are as follows:

Step 1: For each group, determine the substream with minimum SINR to ensure that
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- the level of modulation used will be suitable for transmitting all the substreams in this group.
Step 2: Compare the minimum SINR in each group with the threshold lev_eI for different
modulation techniques; these thresholds are calculated according to the desired BER.
Step 3: The highest modulation level with a threshold value lower than the minimum
SINR calculated for a certain group is chosen and all substreams in this group are transmitted

using this modulation level.

5.2 Performance Analysis

In our analysis for using adaptive modulation in VSF-OFCDM systems, we consider two per-
formance metrics: spectral efficiency and BER. The modulation schemes chosen for adapta-
tion in this work are BPSK, QPSK, 8PSK and 16QAM. We consider maximal ratio combin-
ing (MRC) receiver to give more weight to subcarriers that experience more favorable fading
characteristics as mentioned before. Without loss of generality, if we aim to recover the data
transmitted by user 1 in group 1, the SINR (71(11)) is calculated from (4.26) by setting f3 =0
since we consider perfect estimation and correction of the frequency offset. Hence, we can

write the SINR as

2
o _ _ 2NPL Y (o)
W ,
" (K - 1)PTLE[®, ] + N,

(5.1)

The bit error rates using BPSK, QPSK, 8PSK and 16QAM modulations [45] for each

user k in group g during the j** transmitted symbol is given by

Popsk(1{) = Q ( 2’7,(-,};)) ) (5.2)
Popsk(7{) = Q ( % ) ; (5.3)

2 (k)
Pspsk (’YJ,g )= §Q sm 279 | (5.4)
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3 ;
Puaan0ff) = J0(for D). 65)

To evaluate the mean BER of adaptive modulation Pidaptive(7) we use

P _ Persk(7) Nppsk + Popsk(7) Nopsk + Fapsi () Nepsi + Pisgart(v) Niggans
adapti‘ue(’Y) - j Nt ol .
(5.6)

where 7 is the SNR, Nepsk, Nopsk, Nspsk and Nigoanr are the number of substreams
transmitted using BPSK, QPSK, 8PSK and 16QAM respectively and Ny is the total
number of substreams for all users, Pepsk(7), Porsi(7), Persk(7), Piggan(v) are the
mean bit error rates for BPSK, QPSK, 8PSK and 16QAM respectively calculated from
(5.2)- (5.5) by averaging over all users, subcarriers and transmitted symbols.

In order to éccommodate a lower target BER without increasing the required SINR,
we use Forward Error Correction (FEC) coding. The varieties of FEC codes include Reed-
Solomon codes, BCH codes, convolutional codes and turbo codes. We use BCH codes in our
analysis. BCH codes [41] constitute an efficient class of linear codes and have the capability
of detecting and correcting symbol errors. A BCH (n, k) code is a block code that has a
total of n encoded symbols and % original information symbols that is capable of correcting
up to I(< n) errors. The corresponding coding rate is R, = k/n. A good approximation of

the BER P after decoding is given by [37]

1 - Nar i n—i
Pb_;z-i;lz(i)Pe(l-Pc) : (5.7)

Further approximation of this formula is given by [46]

B = PCQ( l;ge), , (5.8)

where P, is the BER calculated from (5.2)-(5.5).

In our system, we define the spectral efficiency to be the average number of bitg sent
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- per modulation symbol; therefore, the spectral efficiency is the expected value of log, B (bits
per symbol), where B is the modulation level. In this analysis, we do not takg into account
whether the transmitted bits are received correctly or not. Because we have set the target
BER to a value that we want the system to operate under, the adaptation system will try
to achieve this level of performance.

The spectral efficiency 7 of the uncoded system is calculated as follows:

— nppsk Nepsk +ngpsk Nopsk -+ nspsk Nepsk + nisoant Niegan
N total
Nopsk + 2Ngpsk + 3N1soam
= 1 + R
N, total

(5.9)

where nppsk, nopsk, Nspsk and nigoan are the number of bits per symbol for BPSK,
QPSK, 8PSK and 16QAM respectively.

Equation (5.9) shows that using uncoded adaptive modulation with BPSK, QPSK, 8PSK
and 16QAM, we can obtain spectral efficiency between 1 and 4 bits per symbol. As the
number of substreams using 16QAM increases, the spectral efficiency becomes closer to 4
bits per symbol.

The performance enhancement achieved by using error correcting coding is paid for by
a decrease in spectral efficiency by a factor of R.. Therefore, the spectral efficiency 7cogea Of

the encoded system is calculated by:

Neoded = ch

— (1 - Nopsk + 2Nspsk + 3N16QAM> R..
Ntotal

(5.10)

Equation (5.10) shows that using coded modulation, the spectral efficiency obtained will

depend on the coding gain used.
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5.3 Numerical Results

As mentioned earlier, modulation is adapted on the basis of the estimated SINR for the sub-
streams in each group. The switching levels for using QPSK, 8PSK and 16QAM correspond
to the SINR at which the target BER is achieved. Below these threshold levels, BPSK is
used. The threshold for activating a given modulation mode can be calculated using the
BER expression. For a target BER of 1072, the thresholds were obtained using (5.2)-(5.5).
To accommodate a target BER of 103, without increasing the SINR required to achieve this
BER, coding is used. We use BCH (511, 385) code corresponding to a coding rate R.=3/4
which is capable of correcting up to 14 errors. The threshold values for the encoded case
were calculated using (5.8). Table 5.1 shows the threshold values for the different modulation

schemes.

Table 5.1: Threshold values for different modulation schemes.

Modulation | BERsarget=10" | BERarget=10"%, Re= 3/4
SINR(dB) SINR(dB)
QPSK 7.334 6.435
8PSK 12.064 11.033
16QAM 14.860 14.064

In this analysis, we use Monte-Carlo simulation with 1000 runs to compare the BER
performance of OFCDM with adaptive subcarrier allocation using BPSK, QPSK, 8PSK,
16QAM and the proposed adaptive modulation technique under different spreading factors.
The carrier frequency, f., is 5 GHz and the downlink channel bandwidth is 100 MHz. There
are 256 subcarriers and we use the same assumption as in section 4.1.2 that each subcarrier
experiences frequency non-selective fading and that fading is uncofrelated between subcar-
riers in the same group as a result of the subcarrier grouping strategy used. We assume no
carrier frequency offset between the transmitter and the receiver. We investigate the BER

performance for the uncoded case with a target BER of 10~2 and the encoded case with a
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- target BER of 10~ and coding rate R.=3/4. In this simulation, we evaluate the performance
under different SFiime and SFyreq but with a total fixed SF=32 to provide a suitable per-
formance comparison. We evaluate the performance with 16 users simultaneously assigned
to the channel and N substreams transmitted simultaneously for each user to make the data
rate identical in each analysis.
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;| =—©— 8PSK
| =% 160aM ||
:| =B Adaptive

BER

100 ; ; i i i ;
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Figure 5.2: BER vs. E/No with 256 subcarriers and SF=16x2 with BERy4rger=1072

In Figs. 5.2 and 5.3, we plot the BER vs. E/N,, where E denotes the symbol energy, for
BPSK, QPSK, 8PSK, 16QAM and using the proposed adaptive modulation with spreading
factors of 16x2 And 2x16 respectively. The results show that at high E/N,, we can obtain
a BER of approximately 3.5x1073 and 2.5x10~% with SF of 16x2 and 2x16 respectively.
These results indicate that adaptive modulation improves the BER performance beyond
what 8PSK and 16QAM can provide. This improvement allows the system to experience
higher spectral efficiency than BPSK while achieving a better BER performance than 8PSK
and 16QAM. An increase in the BER with adaptive modulation than the case of BPSK and
QPSK at higher E/N, is expected since no non-adaptive scheme provides better performance

while simultaneously providing better spectral efficiency. From Figs. 5.2 and 5.3, we also
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Figure 5.3: BER vs. E/No with 256 subcarriers and SF=2x16 withBE Ry4rge;=10"2

notice that the performance of adaptive modulation begins by overlapping the BPSK curve
as BPSK is the primary modulation scheme used at low E/N,. At high E/N,, the curves for
8PSK, 16QAM and adaptive modulation hit a performance floor. This performance floor is
due to the interference experienced by the system at high E/N,. It can also be seen from the
figures that the adaptive system BER is better than the target BER, resulting in measured
mean bit error rates lower than the target except for very low values of E/N, (noise-limited
region). This can be explained by the gréup-adaptation regime which was based on the
principle of using the lowest SINR in each group for modulation level estimation, leading to
a pessimistic estimate for the entire group. This is necessary to guarantee that each user
has a BER better than the target. |

Similar results are obtained when a coding rate R.= 3/4 is used with a target BER of
10-3 for different spreading factors. Figs. 5.4 and 5.5 show the BER vs. E/N, for the
proposed adaptive modulation with different spreading factors for the uncoded and encoded

case respectively.
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Figure 5.4: BER comparison curves for uncoded adaptive modulation with different SF for
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Figure 5.5: BER comparison curves for encoded adaptive modulation with different SF for
BERtarget—_—'].O—s and Rc=3/4
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Fig. 5.4 shows the BER vs. E/N, for the proposed adaptive modulation with different
spreading factors for the uncoded case. We notice that at low E/N,, when the total SF' is
fixed, we obtain better BER performance when a higher SFy;,, is used compared to SFy,.q.
This is because more groups are available with the higher SFj;. and in the noise-limited
region, the subcarrier allocation technique is able to assign the substreams to the most
favorable groups while the less favorable groups remain unused. The opposite result occurs
at high E/N, where a higher SFy., provides better BER performance. This is because
the system performance is limited by MAI; therefore, the adaptive subcarrier allocation
technique gives less performance improvement with the higher SF;n,. since the substreams
will have to be assigned to the less favorable groups. In this case the higher SFy.., gives
a better overall performance due to the frequency diversity gained by the system. Similar
results are obtained when a coding rate R.= 3/4 is used with a target BER of 103 as shown
in Fig. 5.5.

The spectral efficiency can be determined by the number of substreams that uses each
modulation scheme. Tables 5.2 and 5.3 show the percentage of substreams using each mod-

ulation scheme for different values of E/N, for the uncoded and encoded case respectively.

Table 5.2: Percentage of substreams using different modulations for BERy4,gee=10"2

E/No(dB) 16x2 SF 2x16 SF
BPSK | QPSK | 8PSK | 16QAM || BPSK| QPSK | 8PSK | 16QAM
-5 100% 0 0 0 100% 0 0 0
5 4% 94% | 2% 0 20% | 80% 0 0
15 2% 22% | 58% 18% 0 16% | 79% 5%
25 2% 17% | 39% 42% 0 11% | 60% 29%

From Tables 5.2 and 5.3, we notice that at low E/N,, most of the substreams use BPSK
modulation. As E/N, increases, the number of substreams using higher order modulation

increases until 16QAM becomes the modulation scheme used more often and BPSK is rarely
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“ Table 5.3: Percentage of substreams using different modulations for BERtarget=10’3 and
R, =3/4

E/No(dB) 16x2 SF 2x16 SF ~
BPSK | QPSK | 8PSK | 16QAM | BPSK| QPSK | 8PSK | 16QAM
-5 100% 0 0 0 [ 100% | o0 0 0
5 1.5% 87% |[115%| 0 3% | 97% | 0 0
15 1% 14% | 47% | 38% 0o | u% |7% | 12%
25 1% 11% | 26% | 62% 0 | 6% |16% | 78%

Spectral efficiency (bits per symbol)

0 5 10 15 20 25
E/No(dB)

Figure 5.6: Spectral efficiency for uncoded adaptive modulation with different SF for
BERtargct=10_2

used. We also notice that as E/N, increases, more substreams use higher order modulation
when using higher SFiim. compared to SFy,.,. This is because for higher SFiim., there are
more available subcarrier groups which provide a better chance of locating subcarriers with
the best fading characteristics. This results in minimizing MAI and maximizing the average
SINR, thus more substreams pass the threshold for using higher order modulation. As E/N,
increases further, the higher SFy,., increases the percentage of substreams using higher order
modulation since in the interference-limited region, higher SFy.., gives better performance

due to the frequency diversity gained by transmitting over several subcarriers experiencing
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Figure 5.7: Spectfal efficiency for encoded adaptive modulation with different SF for
BERtarget=10"2 and R.=3/4

independent fading.

In Figs. 5.6 and 5.7, we plot the spectral efficiency (bits per symbol) vs. E/N, for
the uncoded and encoded case with different spreading factors using the proposed adaptive
modulation algorithm according to (5.9) and (5.10) respectively. We notice that as E/N,
increases, the spectral efficiency improves steadily as the system is able to choose more
efficient modulation schemes. The results show that at high E/N,, we can obtain a spectral
efficiency up to 3.2 and 2.8 bits per symbol for the uncoded and encoded case respectively.
Also, we notice that at low E/N,, the spectral efficiency increases with higher SF;,.. since
more groups are available which maximizes SINR as mentioned earlier. As E/N, increases,
the OFCDM system makes a transition from being noise-limited to being interference-limited
and thus the higher SFy,, gives better spectral efficiency. This can be seen in Fig. 5.7 when
E/N, exceeds 18 dB.

In Figs. 5.8 and 5.9, we compare the spectral efficiency gained by using uncoded adaptive

modulation in OFCDM systems when the adaptive subcarrier allocation technique [14] was
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Figure 5.8: Comparison curves of the spectral efficiency of uncoded adaptive modulation
with adaptive and non-adaptive allocation for SF=16x2.
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Figure 5.9: Comparison curves of the spectral efficiency of uncoded adaptive modulation
with adaptive and non-adaptive allocation for SF=2x16.
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used as opposed to using non-adaptive allocation (with adjacent subcarriers) [34] with 16x2
and 2x16 spreading factors respectively. As seen in Fig. 5.8, the spectral efficiency increased
from 2.6 to 3.2 bits per symbol for E/N,= 25 dB when using adaptive modulation in the
OFCDM system combined with adaptive subcarrier allocation for SF of 16x2. From Fig,.
5.9, we notice less increase in the spectral efficiency with SF' of 2x16 compared to SF of 16x2.
This is because for a fixed total SF, the subcarrier allocation technique is more effective with
higher SFiim. compared to SFy,., as more groups of subcarriers are available to maximize
the average SINR. Also, for higher SFy,.q, the frequency diversity gained by the system
improves the signal power with respect to the noise while the subcarrier allocation technique
increases the interference power proportional to the signal power which makes the subcarrier
allocation technique less effective at higher SFy,., [14]. Similar results are obtained for the
increase in spectral efficiency with the adaptive subcarrier allocation technique when coding
with a rate of 3/4 is used with adaptive modulation in the VSF-OFCDM system for different

spreading factors as shown in Figs. 5.10 and 5:11.
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Figure 5.10: Comparison curves of the spectral efficiency of encoded adaptive modulation
with adaptive and non-adaptive allocation for SF=16x2 and R.=3/4.
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Figure 5.11: Comparison curves of the spectral efficiency of encoded adaptive modulation
with adaptive and non-adaptive allocation for SF=2x16 and R.=3/4.

Although using only higher order modulation can provide more increase in spectral effi-
ciency than adaptive modulation, it degrades the BER performance by increasing the BER
above the target values. This means that adaptive modulation provides a good tradeoff

between spectral efficiency and BER.
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Chapter 6

Conclusions and Future work

6.1 Conclusions

The 4G system can be thought of as an integrated wireless system that enables seamless
roaming between technologies. 4G is expected to support the next generation of mobile
services as well as the fixed wireless networks. It is intended to provide high data rates,
high capacity and low cost services. OFDM and the variations thereof, MC-CDMA and
VSF-OFCDM are predicted to be the most applicable multiple access techniques for 4G
implementation. In this thesis, we focused on VSF-OFCDM systems which employ two
dimensional spreading where the spreading factors can be adaptively changed according to
the cell configuration, channel load and propagation channel conditions. VSF-OFCDM can
achieve the high capacity and high data rates that are expected from the 4G systems.
VSF-OFCDM systems, like other multicarrier systems, suffer from performance degra-
dation due to carrier frequency offset. In this thesis, the BER performance of downlink
VSF-OFCDM using BPSK madulation was analyzed in the presence of carrier frequency
offset. From the numerical resulté, we conclude that, when the total spreading factor was
fixed to 32, the VSF-OFCDM system with higher SFreq is more sensitive td frequency off-

set than that with lower SFy,.,. Also, the effect of the normalized frequency offset on BER
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performance is smaller when the normalized frequency offset is less than 0.1 for the higher
SFjreq and less than 0.2 for the lower SFyq. In addition, our results show that the degree
of degradation due to CFO in the VSF-OFCDM system is also a function of the number of
users.

In this thesis, we showed that the BER performance of VSF-OFCDM can be improved
significantly when the effect of frequency offset is mitigated. We vpresented a maximum like-
lihood estimation of the CFO in a VSF-OFCDM system for the case of low SNR. The results
show that the likelihood function reaches a maximum value when the normalized frequency
offset is zero. Using the characteristics of the likelihood function and the ML principle, a
gradient algorithm was used to minimize the frequency offset for different spreading factors.
The numerical results show that our approach is able to estimate and correct the frequency
offset with a normalized residual error of less than 1078 for different spreading factors. Dif-
ferent spreading factors in time and frequency domain require different step sizes to converge
at the same speed. The results also show that the BER of the VSF-OFCDM system can be
improved significantly for different spreading factors after only a few number of iterations.

The need for higher data rates makes it essential to investigate methods to achieve better
spectral efficiency. Since adaptive modulation provides more efficient use of the spectrum
than the fixed modulation, we proposed an adaptive modulation algorithm for VSF-OFCDM
to achieve higher spectral efficiency for a given target BER. The adaptive modulation algo-
rithm was performed on groups of subcarriers and fixed threshold levels were used to switch
between the different modulation levels depending on the estimated SINR for each group.
The performance of adaptive modulation for a target BER of 102 was investigated. Coding
rate of 3/4 was used for a lower target BER of 10~3. The proposed algorithm provides a
spectral efficiency up to 3.2 and 2.8 bits per symbol for a target BER of 10~2 for the uncoded
case and 10~2 for the encoded case respectively without increasing the total transmit power.
Our results show that higher spectral efficiency is obtained when adaptive modulation is used

with adaptive subcarrier allocation than with non-adaptive allocation for different spread-
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ing factors. However, better results were obtained for the spectral efficiency when a higher
SFime was used compared to SFy,.q, as the subcarrier allocation technique is more effective

with higher SF;ne.

6.2 Future work

Based on this work, the following are open areas and potential research directions that might

be interesting to pursue in the future

e We estimated the carrier frequency offset in a tracking mode with a small acquisition
range due to the particular form of the likelihood function for a multicarrier system. It
is worthy to investigate other techniques that can be used to increase the acquisition

range.

o We assumed downlink transmission in our analysis. This work can be extended to

study the impact of frequency offset for the case of uplink transmission.

e We assumed uncorrelated subcarriers within each group. The effect of non-zero sub-

carriers correlations within a group would also be of interest.

o We assumed constant transmit power when using adaptive modulation. Another pos-

sibility is to study adaptive modulation that uses variable transmit power levels.

o Combining adaptive modulation with adaptive coding is another possible area of in-

vestigation.

e We used fixed threshold to switch between the different modulation levels. It would
be interesting to investigate methods of adaptively changing the switching levels to

further optimize the performance.
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