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The wireless communication standard has gone to the era of Long Term Evolution which
is also known as LTE. The requirements for transmission speed and communication qual-
ity become more and more rigorous and the number of wireless communication devices
is increasing rapidly. The available spectrum for mobile wireless communication is get-
ting congested. Therefore, more efficient spectrum utilization should be taken into con-
sideration within the future development. New methods need to be implemented to in-
crease the efficiency of spectrum utilization.

To confront this obstacle, orthogonal frequency division multiplexing (OFDM) was de-
veloped in 1990’s and has been widely deployed in the LTE networks. Multicarrier code
division multiple access technique (MC-CDMA) combines code division multiple access
(CDMA) with OFDM to acquire advantages from both sides. With the continuous in-
crease of mobile applications, the power consumption of mobile terminals is also increas-
ing significantly. Then device-to-device (D2D) communication, which is a short distance
communication technique from one device directly to another one, was invented. The data
of users will be transmitted between devices directly without relying on the base station.
D2D communication decreases the load of the base station, reduces the terminal power
consumption, and improves the spectral efficiency. Due to these merits, D2D has become
a significant research topic and various new related applications for D2D have been de-
veloped and tested in realistic circumstances.

This thesis applies MC-CDMA into D2D communication and studies different detection
schemes for MC-CDMA. The OFDMA cellular user signals appear as significant sources
of interference to D2D communication. Three alternative detection schemes are investi-
gated: equal gain combining (EGC), maximum ratio combining (MRC) and linear mini-
mum mean square (LMMSE) equalization. MC-CDMA performance with these detection
methods is evaluated based on MATLAB simulations using relevant channel and inter-
ference models to find out the best alternative for different D2D scenarios. At the end of
this thesis, a conclusion is drawn of which MC-CDMA detection scheme will be a better
choice for D2D communication according to the BER performances based on the simu-
lation results on MATLAB.
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1. INTRODUCTION

Since the first generation of wireless communication standards (1G) was formulated in
the 1980s, the evolution and improvement of related technologies have been in the fore-
front of telecommunications research. A 1G system is generally an analog network using
frequency division multiple access (FDMA) [1]. Such kind of system is difficult to be
popularized due to the problems of spectrum efficiency, interference, and security. Fur-
thermore, different countries could not reach an agreement on 1G global standard.

The first global system for mobile communication (GSM) network was deployed in Fin-
land in 1992, which marked the start of the second generation of the communication sys-
tems (2G) era [2]. It turned out a digital system applying time division multiple access
(TDMA) and Gaussian filtered minimum shift keying (GMSK) modulation. Security was
enhanced by introducing PIN code and new encryption algorithms.

The original idea of spread spectrum (SS) was proposed in 1940 and widely applied in
the area of military communications [3]. In the 1990s, SS based code division multiple
access (CDMA) techniques were adopted and developed for the third generation of com-
munication systems (3G), due to its advantages of larger system capacity, higher spectrum
multiplex ratio, powerful ability against multi-path fading, soft handover, and so on [4].

Long term evolution (LTE), developed by 3rd generation partnership project (3GPP), was
introduced as the fourth generation of communication systems (4G). It utilizes orthogonal
frequency division multiplexing (OFDM) to obtain high spectrum efficiency [5]. Besides,
many technologies have been developed for system performance enhancement at both
link level and network levels. On the other hand, there are still some problems to be solved
in OFDM, such as Peak-to-Average Power Ratio (PAPR), worse orthogonality under fre-
quency offset and excessive timing offsets, and high demand on accurate channel estima-
tion.

Multi-carrier code division multiple access (MC-CDMA) is the combination of spread
spectrum and multi-carrier techniques. High spectral efficiency, high data transmission
speed, and strong capabilities of narrow-band interference resistance are its key features
[6]. Obviously, the capacity of MC-CDMA and ISI rejection ability are better than the
conventional single-carrier CDMA system. The addition of CP provides a buffer for the
symbol so that the multipath effect can only have an influence on the current symbol
instead of interfering with next symbol. Consequently, these characteristics turn MC-
CDMA to be a useful element for the next generation telecommunication standard.



Essentially, system efficiency is one of the key criteria of a communication network.
More specifically, the resource (such as spectrum, time, power, and so on) efficiency is
the dominant part of system efficiency. Currently, many schemes have been proposed for
LTE networks to further improve the resource efficiency. Among them, device-to-device
communication (D2D) seems to be one of the promising technologies. D2D communica-
tion has been investigated over several decades [7]. In recent years, research has been
emphasized on how to get D2D integrated into cellular systems (such as LTE networks)
efficiently [8]. Many advantages can be obtained by integration, such as improving the
spectrum efficiency, alleviating the load on the cellular network, decreasing the power
consumption of mobile devices, increasing bit rate, and improving the robustness of in-
frastructures. D2D integration can be either network assisted or autonomous. The study
of this thesis covers only issues of the network assisted D2D integration. In this scenario,
the data communication link is built between terminals (known as user equipment (UE)
in 3GPP), while control links are built between UEs and base stations (BS, or eNode B in
LTE), as well as between UEs.

1.1 Motivations and Objectives of the Research

Authorized radio frequency bandwidth is limited and the requirements about quantity and
quality from users have been being increasing dramatically. It is significant and urgent to
address these problems so that users can acquire better communication experience. Be-
sides exploring new radio resources, the dominated way of solving the problems is to
improve the system efficiency. OFDM technique already provides a splendid contribution
to retrenching spectrum occupation. MC-CDMA makes a further progress in this aspect
under the basement of OFDM. The orthogonality is utilized only between sub-carriers to
obtain more free spectral spaces in OFDM. However, MC-CDMA is a type of multiple
access which could support the transmission of a number of users’ information at the
same time over the same frequency band [9]. Thus, the orthogonality in MC-CDMA is
also applied to multiple users so that the data of a specific user could be recovered with
its own spreading code on the receiver side.

On the other hand, the equalization of the system still needs the information of the channel
estimated accurately to compensate influence from multipath loss and Doppler shift.
Therefore, channel estimation and equalization schemes will affect the performance of
the whole communication system.

D2D technique has become a focus of researching due to its attractive features. It could
offer a reliable communication link between devices and reduce the power consumption
of mobile terminals. Either licensed or unlicensed spectrum can be utilized when estab-
lishing a D2D link. Currently D2D integration is still in the research progress, there are
still challenges which need to be considered, such as mode selection criteria and schemes,
and interference related issues (such as power control and resource management). Thus,



many aspects of D2D integration need to be considered, researched, and improved to
develop it as a mature technique which can be implemented in a wider range.

This thesis evaluates D2D communication at the link level where the channel estimation
and equalization techniques are performed and analyzed with various number of the users
under different signal-to-noise ratio (SNR). The bit error rate (BER) results, which rep-
resents communication connection quality for different detection schemes, provides good
basis to choose the most appropriate detection scheme to be used in future research and
implementation of D2D communications.

1.2 Research Approach

In this thesis work, D2D downlink is mainly implemented in MATLAB. Instead of con-
ventional OFDM, MC-CDMA is used as the basic multiple access scheme for D2D users.
Mainly, the multiple access interference (MAI) has been simulated in both type of links.
Typical WINNER Il A1 model is used for D2D links. As the main contributions of the
thesis, various channel estimation and equalization techniques (including maximum ratio
combining (MRC), equal gain combining (EGC), and linear minimum mean square error
(LMMSE)) are investigated. BER as a function of SNR is obtained as the main output of
simulations and is used to compare and evaluate the system performance under different
detection schemes.

The structure of this thesis is as follows:

Chapter 2: D2D Communication. This chapter presents the background and theory
of D2D communication. Furthermore, D2D integration (into cellular networks) is
discussed, including a general description of the D2D environment and D2D inter-
ference issue. The interference model in D2D scenarios is described. The advantages
and challenges of D2D communications are presented as well.

Chapter 3: Principles of MC-CDMA. The basic idea and characteristics of OFDM
and fundamentals of MC-CDMA are introduced in the theoretical aspect, also in-
cluding the theoretical basis of channel estimation and equalization techniques
which are utilized in simulations.

Chapter 4: System Model. This chapter describes the system models which will be
established in MATLAB according to the desired scenario and parameters in practi-
cal perspective. The details of OFDM symbol, pilot structure, and detections
schemes are explained as well.

Chapter 5: Simulation Results. Simulation results and corresponding discussions are
presented in this chapter. The performance of various detection schemes is compared
under different scenarios.



Chapter 6: Conclusion and Future Work. Conclusions drawn from the research re-
sult and ideas about the future research are discussed and summarized.



2. DEVICE-TO-DEVICE COMMUNICATION

A brief explanation of the D2D communication concept and practical aspects is given in
this chapter which consists of four sections: D2D Concepts and Models, Interference in
D2D Scenarios, Indoor D2D Communication Scenario, and Advantages and Challenges
of D2D.

The cellular system is known as a network with a centralized control. It is famous for
effective wireless resource management and interference control. However, the efficiency
of data transmission through a base station is quite low sometimes. For example, when
two devices are adjacent to each other but located at the boundary of the cell, both the
resource occupation and power consumption are quite high. D2D communication is what
can allow the devices to utilize the cell resources for direct communication to other de-
vices without infrastructures [10]. It is similar to the concept of machine-to-machine
(M2M) communication. Actually, there are already several related technologies, like
peer-to-peer, Ad hoc, Bluetooth, and Wi-Fi Direct...Compared with these techniques, the
D2D concept is more flexible. Its data transmission can be performed under the control
of infrastructure and also without such control. A device which is under the cover of
cellular network can also be utilized as a gateway node for other devices without a
network to get connect with.

2.1 D2D Concepts and Models

The D2D communication is not a new concept and it was already proposed a decade ago.
But D2D in a cellular network is becoming attractive due to its benefits, especially be-
cause 3GPP declaims that the D2D communication is available among LTE devices in
LTE Release 12 [7].

The principle of the traditional cellular network is that the data is sent from the transmit-
ting UE to the receiving UE through the base station of its cell, even in the case that the
communicating UEs are close to each other in the same cell. However, in such cases the
cellular approach leads to high power consumption and low efficiency for the devices
within a short distance from each other. D2D is to enable the direct communication link
between neighboring UEs without forwarding to BS. The power consumption of termi-
nals is much lower in the D2D case compared with the cellular network, due to short
range. Meanwhile, the lower delay can be reached as well.

The D2D model can be classified into two types:



e D2D pair communication (Typical D2D communication model)
e D2D cluster communication
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Figure 2.1 D2D pair model

Figure 2.1 represents the typical D2D communication model, D2D pair model under the

cellular network. The link between UE1 and UE2 is D2D communication whereas the
link between UE3 and BS is a cellular link. The D2D pair connection can be set up under
the control of the BS when the two communicating UEs are close to each other. The BS
allocates and manages resources for the D2D link, connects the D2D connection with
outside networks, if needed, and charges the fee.

@

Figure 2.2 D2D cluster model

Figure 2.2 illustrates D2D cluster model which can be seen as an extension of D2D pair
communication. Several D2D devices form a group in which there is one device selected
as the cluster head to control and relay data within this cluster system. Information is
shared by the UEs in the cluster. The cluster head is also in charge of communicating with
the BS and the rest of the network, as the gateway node.



Two basic functions are carried out in D2D: Discovery and Communication. Currently,
the device discovery is based on cellular network. Each device needs to perform its loca-
tion registration in a central server at first. After location distribution to other terminals
by the central server, the D2D link can be built between two devices if the criteria for
D2D operation are satisfied. But it would be better if the process of location registration
in the central server can be skipped, in which case devices can discover other devices. It
means the device can discover devices autonomously instead of implementing location
registration.

From the spectrum perspective, D2D which utilizes cellular resources in the licensed
spectrum is called inband D2D whereas operation in unlicensed spectrum is outband D2D.
The inband D2D communication can be categorized into overlay and underlay. In overlay
communication, free spectrum is deployed to D2D communication. For underlay D2D
communication, resources occupied by cellular users are utilized again. Although the lat-
ter category can bring interference, it can improves the spectrum efficiency. Therefore,
underlay D2D communication is preferable. The purpose of this thesis is to evaluate the
performance of various detection schemes for the network-assisted inband underlay D2D
communication interfered by cellular users [11].

2.2 Interference in D2D Scenarios

For the establishment of network-assisted D2D [12] communication, the BS will sense
whether there are D2D devices within a cell at first. Once an opportunity for D2D com-
munication is detected, the link will be constructed and BS will deploy specific operating
frequency band and decide the operating power which will not introduce strong interfer-
ence to the cellular UEs. D2D operation can be established on both licensed and unli-
censed frequency bands. Available unlicensed frequency band can be allocated temporar-
ily for communication between nearby devices via the techniques like Bluetooth, WLAN
or Ad hoc. Also LTE operation in unlicensed frequency bands (so-called LTE-U) is under
standardization, and it would be a natural choice for LTE-assisted D2D operation in
shared bands. But working on the unlicensed frequency band cannot provide a stable
service, which is quite important to the business requiring high service quality and some
specific users. On the other side, operation in licensed spectrum ensures the quality of
D2D communication, keeping the interference under control. In any case, cellular opera-
tion in licensed band is always the fallback mode, if D2D operation is not feasible.



Cellular User -

Figure 2.3 Intra-cell interference in D2D communication [13]

Figure 2.3 [13] illustrates the basic interference mechanisms in cellular network inte-
grated D2D operation. The solid lines represent the valid communication connections
whereas the dashed lines represent different interference. Once the D2D transmission is
established, there will be interferences from other active cellular network devices. Be-
sides, D2D communication will bring interference to the cellular network as the D2D
transmissions are causing interference to the cellular uplink transmissions at the BS. The
BS will control the transmission power of D2D communication to ensure the quality of
the cellular network connection after the foundation of D2D link. The transmission power
of D2D communication should be reduced in the case of interfering with cellular UEs’
connections. The power can be increased when cellular connection quality is in a good
condition.

el D/ )

Figure 2.4 Inter-cell interference in network-assisted D2D system




With network’s assistance, the spectrum allocated for D2D operation might be reused by
cellular users within the same cell, but the interference effects are under control by the
base station. Thus, there are no critical interference effects between the D2D and cellular
users. But it is difficult to prevent cellular interference from other cells. Figure 2.4 de-
notes the resulting intercell interference. With the coordination of BS1, there are no crit-
ical interference effects between the D2D pair and UE3. However, BS2 is not aware of
which frequency band is utilized by D2D. Thus, it is possible that the same resources
could be allocated to the D2D pair and UE4 in the adjacent cell. In the figure above, the
length of lines is proportional to the transmission energy. D2D operation is commonly
assumed to be based on Orthogonal Frequency Division Multiple Access (OFDMA) [14]
or the corresponding single-carrier scheme known as SC-FDMA.

From the link performance and interference management points of view, OFDMA and
SC-FDMA can be considered to be equivalent, and either of them is used also for the
cellular uplink as well. Then, in the intercell interference situation of Figure 2.4, UE4
may transmit to its serving BS in the same resources at a huge power level compared with
the D2D link, and the detection of the D2D information fails. One possible way to miti-
gate such intercell interference cases | to use wideband transmission, like MC-CDMA. If
the transmission by UE4 is relatively narrowband, compared to the MC-CDMA band-
width used for D2D, then the processing gain of MC-CDMA helps to significantly reduce
the effect of the interference from the cellular transmission in the same band. Basically,
the cellular interference only destroys a small amount of subcarriers of wideband trans-
mission. The remaining interference-free subcarriers are still available for D2D data. This
is the reason why D2D based on MC-CDMA is proposed within this thesis.

2.3 Indoor D2D Communication Scenario

Three types of D2D scenarios can be classified according to the locations of transmitter
and receiver:

e Transmitter and receiver are located outdoors
e One transmitter or receiver is located outdoors, another is indoor
e Transmitter and receiver are located indoors

This research mainly focuses on the third type that both the transmitter and receiver are
located indoors. Compared with outdoor cases, indoor channels have shorter delay spread,
which leads to milder frequency selectivity in the indoor cases. Thus, it is easier to carry
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out the channel equalization in the indoor cases. Figure 2.5 [15] shows a basic example
of indoor office scenario.

AP, e.g. eight element array
= UE

Rooms: 10x10x3m

Corridors: S5x100x3m

Figure 2.5 Example of indoor office scenario [15]

2.4 Advantages and Challenges of D2D

D2D technique brings diverse advantages. From a technical aspect, D2D communication
provides high data rate and low delay which benefits from short distance direct commu-
nication. Secondly, it is more efficient to build a link between proximity devices rather
than forwarding data through the BS. Thirdly, D2D reduces the load on infrastructure and
possibility of congestion. From the economic perspective, autonomous D2D will create
more business opportunity and new applications with the development of new D2D dis-
covery schemes like promotion push notification in the supermarket, data sharing among
friends, and crucial governmental information broadcasting. For the Public Safety Sce-
narios, the necessary communication could be ensured by enabling the D2D link between
devices specifically under the circumstances when disasters happen or infrastructures
break down.

There are also some challenges which need to be solved if D2D is going to be deployed
in practice. Firstly, D2D communication might bring interference to cellular users as well,
especially in the inband. So interference control is vital through power and resource con-
trol schemes. Secondly, an appropriate modulation format should be considered for D2D.
Currently, the LTE utilizes OFDMA or SC-FDMA. So further research on modulation
format for D2D needs to be carried out for selecting the best choice. Thirdly, D2D can
reduce the power consumption by skipping data transmission through BS. But improper
protocol on D2D discovery may increase the power consumption of devices at the same
time because the protocol can activate devices frequently to discover adjacent UEs.
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3. PRINCIPLES OF MC-CDMA

This chapter prensents the fundamental background of MC-CDMA. It is divided into four
sections. The first section introduces the concept of OFDM, including also the implemen-
tation of OFDM, and the advantages/disadvantages of OFDM. The second section ex-
plains the fundamentals of MC-CDMA deriving from OFDM, including the concept of
MC-CDMA and implementation of MC-CDMA. Its features are presented in the same
section. The third section deals with the channel estimation technique. In this section,
ideal channel estimation and pilot based estimation in the frequency domain are consid-
ered. At last, equalization methods utilized in simulations are described in the fourth sec-
tion, including maximum ratio combining (MRC), equal gain combining (EGC), and lin-
ear minimum mean square error (LMMSE).

3.1 The Principle of OFDM

WCDMA has been developed for 3G networks. However, it cannot satisfy the criteria of
high-speed data transmission due to the existences of Multiple Access Interference (MAI)
and Inter-Symbol Interference (I1SI). One of the reasons causing ISl is what is called mul-
tipath propagation where the transmitted wireless signal arrives at the receiver through
many different ways because of reflection and refraction. On the contrary, OFDM [16],
which currently has been widely applied for high-speed data transmission, has strong re-
sistance to MAI and ISI. It is easier to aggregate spectrum in OFDM than in CDMA.

3.1.1 Concept of OFDM

OFDM is a Multi-Carrier Modulation (MCM) scheme which converts serial high-speed
data signals to parallel low-speed data streams [18]. The available spectrum is separated
into several narrowband subcarriers so that the signal experiences flat fading at each sub-
carrier. The subcarriers are orthogonal and the Inverse Fast Fourier Transform (IFFT) in
the transmitter modulates the parallel data streams to different subcarriers. The orthogo-
nality of subcarriers not only avoids the ISI but also acquires higher spectrum efficiency.
OFDM has the ability to combat with severe channel conditions even without a compli-
cated equalizer. The spectra of conventional FDM and OFDM are illustrated in Figure
3.1
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Figure 3.1 Comparison between conventional FDM and OFDM

Generally, the bandwidth of the channel is larger than a transmitted signal bandwidth.
Thus, the efficiency is poor if the channel is used for transmitting only one set of signals.
The Frequency Division Multiplexing (FDM) is applied for increasing the spectral effi-
ciency. The bandwidth of the channel is segmented into several isolated subbands in the
conventional FDM system. The guard band is also set up between subbands so that the
effective spectrum utilization ratio is low. OFDM is a technique which can overcome this
problem by setting the spacing of subcarriers equal to the reciprocal of symbol duration.
The resulting sinc frequency responses of each subcarrier processes null values in the
adjacent subcarrier frequencies, and the subcarriers are free from ICI.
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Figure 3.2 OFDM transmitter and receiver block diagram

The structures of OFDM transmitter and receiver [19] are compactly illustrated in Figure
3.2. User data from binary sequence generation unite is first converted to QAM symbols,
such as BPSK, QPSK, 16-QAM, 64-QAM... Then N data symbols (transmitted at the
same time) are modulated to N orthogonal subcarriers. This modulation implement in a
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computationally very efficient manner using IFFT. Thus, multiple low symbol rate
streams are transmitted in parallel in the channel instead of transmitting a single high
symbol rate stream. With proper selection of OFDM symbol length, the impulse response
of channel can be viewed as time invariant.

3.1.2 Implementation of OFDM

Figure 3.3 [20] describes the progress of converting user data to OFDM symbols. After
transformation of IFFT from the frequency domain to time domain, symbols can be trans-
mitted through the channel.

Subcarrier symbols | | | | | | | | | | | | User allocation

OFpM symbol [ | [ [ [ [ [ ][ [[TTITEETEEEL T TTTrLT

(length M) Frequency axis ————— o

MN-point IFFT

Figure 3.3 User data converted to OFDM symbol [20]

I

OFDM symbol

in time domain

The IFFT block diagram is illustrated in Figure 3.4.

\ 4
A 4

\ 4
A 4

v

\ 4

X ={Xo, X1, - Xy_1}

IFFT P/S >

A
Serial to Parallel

v

\ 4

Figure 3.4 Implementation of OFDM by IFFT

In OFDM system, X, represents the complex symbol from a data stream and it is modu-
lated to k-th subcarriers by Inverse Discrete-Fourier Transform (IDFT) and demodulated
by Discrete-Fourier Transform (DFT), which can be implemented in computationally ef-
ficient manner by IFFT and FFT algorithms. The IFFT and FFT algorithms in OFDM
system are described:
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Nprr—1 .
1 j2mkn
V, = z Xy e NFFr (3.1
Ngpr =
Nrrr-1 _j2mkn
X = ype NrrFr (3.2)
n=0

In the equations above, X, is a complex symbol in the frequency domain, y,, is the n-th
sample after IFFT in the time domain and Ngy is the length of IFFT and FFT.

3.1.3 OFDM Advantages and Disadvantages

There are several compelling benefits that promote OFDM to be the prime selected tech-
nique in 4G. First of all, a better spectral efficiency is obtained by OFDM. In conventional
FDM schemes, a guard band is inserted between subcarriers and it should be sufficient to
avoid the possible Inter-Carrier Interference (ICI) so that the transmitted signal can be
separated at the receiver side. However, the insertion of guard band decreases the spectral
efficiency heavily. Although the subcarriers are overlapped in OFDM signals, the orthog-
onality between subcarriers can still be preserved so signals can be detected correctly at
the receiver side [21]. Therefore the spectrum occupied by guard band is saved for the
transmission of useful information.

Stronger ability against ISI is another major distinctive advantage of OFDM. Guard in-
terval which is defined as an empty time slot between OFDM symbols was introduced to
maintain the orthogonality and to cope with ISI before CP was invented. The Guard in-
terval is regarded as a buffer for the multipath reflections and it should be set longer than
the delay spread of the channel, which is equal to the difference between longest and
shortest multipath delays. In this case, the multipath reflection component from one
OFDM symbol will not interfere with the next symbol [22]. Nevertheless, ICI is also
generated with the guard interval. CP is proposed as a better solution to address this prob-
lem. It is the replica of the latter samples of the OFDM symbol and it is attached in front
of this symbol such that it ensures the receiver always obtains completed symbol during
one IFFT period [23].

One drawback of OFDM is that it leads to high PAPR compared with the single carrier
system, especially when the number of subcarriers is large [24]. PAPR increases when
the number of subcarriers is raised because an OFDM symbol in time domain is a sum-
mation of several sinusoidal sub-channel signals. Thus, the power of this instantaneous
summation signal power is much higher than average power when many signals have the
same phase. This phenomenon results in stricter and higher requirements to the linearity
of the power amplifier in the transmitter. If the amplifier cannot satisfy the requirements,
the spectrum of the summation signals will be changed and distortion may be brought
into the signals so that the orthogonality between subcarriers is destroyed. Therefore, this
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increment in PAPR makes the design of RF amplifier complicated and the implementa-
tion of the converters between digital and analog signal also becomes more difficult.

OFDM is also quite sensitive towards frequency offset and phase noise which means a
higher bit error rate can happen if there is a frequency offset in OFDM signal under de-
modulation [25]. Rigorous demand towards orthogonality is needed because of overlap
of the subcarriers in the spectrum. But time variability of the practical mobile wireless
channel may lead to frequency offset during transmissions like the Doppler shift, or fre-
quency deviation between carrier frequency in the transmitter and the oscillator in the
receiver, which will destroy orthogonality in OFDM system and introduce ICI. Conse-
quently, strict synchronization is particularly important to maximize OFDM system’s per-
formance [26].

3.2 The Fundamentals of MC-CDMA

From the previous sections, it is understood that OFDM has some unique advantages over
other multiple access schemes. Therefore, it is natural to investigate some variants of
OFDM. One of them combines the idea of OFDM and CDMA. It tries to keep the positive
features of both OFDM and CDMA. The combinations of CDMA and OFDM can be
divided into two types, as

e Frequency domain spread spectrum
e Time domain spread spectrum

MC-CDMA [17] utilizes the frequency domain spread spectrum scheme. It is the key
technology investigated in this thesis.

For one thing, CDMA has the advantages of high capacity and powerful ability against

interference as the core technology of 3G whereas it also possesses a lower data trans-

mission rate which cannot satisfy requirements of next generation telecommunication

standard. For another, the high data transmission rate is exactly the key feature of OFDM.

Based on OFDM and CDMA, Multi-Carrier Code Division Multiple Access (MC-CDMA)
is defined as the combination of these two technique to gain the characteristics from both

sides.

3.2.1 Concept of MC-CDMA

MC-CDMA spreads data symbols of users in the frequency domain. It means every sym-
bol is duplicated and spread, then modulated into multiple subcarriers in the frequency
domain. For the multiple users case, exclusive spreading code is admeasured to each user
in the transmitter. In the receiver, signals in all used subcarriers are weighted and summed
together intelligently according to various schemes to compensate the signal power vari-
ations, and phase shift. Different users’ Information will be recovered by multiplying their
exclusive codes.
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As a multi-access communication scheme, MC-CDMA possesses features of high re-
sistance towards interference. It has also inherited the powerful ability of OFDM to
suppress effects multi-path effect. The high spectrum efficiency can be obtained as well.

3.2.2 Implementation of MC-CDMA

Transmitter Side
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v
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tion | tion <= = Removal

Receiver Side

Figure 3.5 Block diagram of MC-CDMA system

a
v

The block diagram of a MC-CDMA system is shown in Figure 3.5 [29]. The modulated
data (QPSK in the figure) stream is duplicated to N parallel data streams at first. Every
stream is multiplied by one chip of the spreading code in the frequency domain. After
pilot insertion, the spread data is modulated to different orthogonal subcarrier by IFFT.
At the receiver side, channel estimation (mainly subcarrier based) and equalization are
performed before de-spreading operation [27]. In fact, due to the good conditions of D2D
channels, simple schemes can be applied for channel estimation and equalization.

Spread spectrum is one technique that processes the information signal to optimize its
transmission performance. Spread spectrum spreads the spectrum of the original narrow-
band signal to wider bandwidth in order to obtain higher resistance towards multiple-
access interference. Meanwhile, spectral efficiency is optimized because multiple users’
signals can only be recovered by user specific spreading code on the receiver side. For
the same reason, spread spectrum technique is also an effective method for increasing
information security during transmission in the wireless channel. The procedure of spread
spectrum in the frequency domain on the transmitter side is shown in Figure 3.6.
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Typically, there are four types of spread spectrum: Direct Sequence Spread Spectrum
(DS), Frequency Hopping Spread Spectrum (FH), Time Hopping Spread Spectrum (TH),
and Chirp Modulation [28]. Sometimes, these combinations of techniques above may also
be applied like DS/TH, DS/FH/TH...It is more complicated in implementation when
combining, but various features from different techniques can be acquired at the same
time. For example, in DS/TH system, time multiplexing is added into spread spectrum so
that the system can undertake a higher number of users.

DS is chosen as the spread spectrum technique within this research and generally in MC-
CDMA. The principle of DS is to multiply the information signal with uncorrelated sym-
bols (typically binary, sometimes QPSK symbols) which are known as spreading codes
to expand the spectrum of the signal. Thus, the transmission frequency bandwidth is much
larger than the smallest bandwidth that is needed for original signal transmission. Orthog-
onal Walsh-Hadamard (WH) codes, which come from Walsh-Hadamard matrix pos-
sessing binary values of -1 and 1, are applicable in MC-CDMA systems. A dimension of
2™ WH matrix provides orthogonal spreading codes for 2™ users at most and it can be
generated by the recursive algorithm which is described as follows:

C, = Cnyz - Cure ] vn=2m (=1 (3.3)
Cn/Z _Cn/z
1 1
C1 ] [1 Cz ] [1 -1
€= ¢, —G Ca= C; —G 1 -1
1 1

In a single-user MC-CDMA system shown in Figure 3.7, each symbol to be transmitted
is repeated in all used subcarriers, after multiplying by the corresponding chips of the
code. Then IFFT is used to implement the subcarrier modulation, as in OFDM. It de-
scribes the MC-CDMA system with single user and the signal is modulated to N subcar-
riers. a[m] represents the m-th symbol of this user and ¢ , means the k-th chip of spread-
ing code.
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Figure 3.7 Single-user MC-CDMA generation

After the implementation of IFFT or IDFT, the data are converted from frequency domain
to time domain. And they are denoted as the equations below:

Nppr—1
FeT j2mkn
y = Z a-cy - eNrFr (3.4)
k=0
Nppr—1
1 FET _j2mkn
a=— z Cx y-e NFFr (3.5)
Nc
N¢ n=0

Here N_is the length of the spreading code. In multi-user case, another specific spreading
codes c;  is utilized to multiply with the data of the i-th user.

3.2.3 Features of MC-CDMA

The addition of Cyclic Prefix (CP) takes place after IFFT on the transmitter side and it is
the key characteristic of both OFDM and MC-CDMA which reduce the influence from
multipath propagation. Intersymbol interference can be eliminated with the insertion of
CP which is transmitted within the guard interval (GI).

Multipath effect caused by reflection can lead to ISI in wireless communication. Under
the multipath circumstance, the front part of next OFDM symbol may reach to the receiver
side earlier than the end part of the current symbol. Guard Interval (GI) is used to over-
come this problem by adding an empty time period which is supposed to be longer than
the maximal delay spread. The insertion of Gl improves the immunity to reflections and
echoes. It provides a buffer time for avoiding ISI of two adjacent OFDM symbols [30].
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Figure 3.8 Idea of cyclic prefix

As illustrated in Figure 3.8, after addition of guard interval (Ag) aiming to eliminate the
effect of ISI, the total length (T,) of OFDM symbol is the summation between useful
symbol duration (T,) and guard interval which is described in the equation below:

T, =T, + Ag (3.6)

Because the length of CP is supposed to be larger than the maximal delay spread of the
multipath component, it ensures that every component from multipath effect will be re-
ceived as a complete symbol within one FFT window. When the IFFT is processed in a
symbol period, the resulting time sample process is periodic. This helps to maintain or-
thogonality between subcarriers to eliminate ICI.

Actually, DFT algorithm performs circular convolution in time domain, corresponding to
multiplication in frequency domain. With CP insertion, regular convolution (*) can be
used to construct circular convolution (®). If x[n] is extended by duplicating the last v
samples at the beginning:

2[]_{x[n], 0<n<N-1
x[n+ NJ, —-v<<n< -1
It possesses two properties:
fh®x}[n]=(h+*x)[n] for0<n<N-1 (3.7)
FFT
{h ® x}[n] — Hy Xy (3.8)

Assuming N samples Sy, S;, ..., Sy_iare going to be sent across noisy channel, so after
IFFT the signal in time domain is:

§$ =|[s[N —v],..,s[N —1],s[0], ... s[N —1]]
The output after the channel is:

y[n] = [p[N —v],...,p[N — 1],7[0], ... r[N — 1] ]
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After removing CP, r[n] = h[n] ® s[n] + w[n]. According to the properties, R, =
H S, + W, can be acquired after FFT where there is no ICI.

In addition, MC-CDMA possesses robustness for signals transmitted in the frequency
selective fading channel due to duplicating and spreading data over multiple subcarriers.
The processes of Walsh-Hadamard code based spreading and IFFT/FFT transform are
simple to be implemented. Multiple users’ data could be differentiated and added with
each other via orthogonal spreading code to be transmitted together. So the same range
of bandwidth could serve more users at the same time, which improves the spectral effi-
ciency. In the extreme case where the number of orthogonal spreading codes is equal to
the spreading factor (so-called fully loaded case), the spectrum efficiency reaches that of
OFDM. Furthermore, the frequency diversity acquired by spreading data symbols in the
frequency domain provides higher signal gains in receivers so that the probability of re-
covering the interfered original data and the quality of recovered signal are increased.

3.3 Channel Estimation

The channel condition between the transmitter and receiver is complicated. Different with
a wired channel, the wireless channel is unpredictable due to its randomicity. The signal
received from multipath consists of the direct path, reflection paths, and scattering paths.
Frequency selectivity induced by multipath propagation causes different influences on
the signal, depending on its bandwidth. The signal will suffer from strong frequency se-
lectively when its bandwidth exceeds the coherence bandwidth [31]. ISI caused by mul-
tipath delay spread in the wireless channel has limited the data transmission rate. Com-
plicated channel condition also increases the complexity of the receiver. MC-CDMA
could restrain ISI effectively because of the use of CP. However, the multicarrier tech-
nique requires strict orthogonality between subcarriers and synchronization at carrier fre-
quency, FFT window position, and sampling clock levels. Consequently, an accurate
channel estimation in the receiver side is compulsory to ensure good performance of MC-
CDMA system.

Within this research, two kinds of channel estimation implementations are applied:

e Ideal channel estimation
e Pilot-based channel estimation

For the ideal channel estimation, the channel response h(n) used for equalization in the
receiver will be obtained.
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3.3.1 Pilot-based Channel Estimation
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a
v

Binary x'(n)
Source
= i > IFFT =P
QPSK Spread Pilot P/S CP
— > Spectrum :: Insertion L :: > Addition
)
X(k) x(n)
Channel

Figure 3.9 Transmitter block diagram of pilot-based MC-CDMA system

In Figure 3.9 above, users’ data in frequency domain X (k) are transformed into time do-
main x(n) after pilot insertion. The data with CP is denoted as x'(n) . The impulse re-
sponse of the channel is represented by h(n). The expression of the received signal is:

y'(n) =x'(m)®h(n) + w(n) (3.9)

In equation (3.9) w(n) is the Additive White Gaussian Noise (AWGN). AWGN is
added after the signal goes through the channel.
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Figure 3.10 Receiver side of pilot-based MC-CDMA system
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In the receiver, the received signal transformed to the frequency domain by FFT algo-
rithm under research can be expressed below:

Y(k)=X(k)-Hk)+Wk) (k=012..N—1) (3.10)

Here W (k) is the noise at k-th subcarrier in frequency domain, H (k) is the transfer
function of the channel at k-th subcarrier. N represents the total number of subcarriers.
In order to recover the transmitted signal X (k), an estimated channel response H (k)
needs to be acquired by interpolation between adjacent pilot values for all subcarriers
symbols.
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The pilot-based system can be simply classified into two types depending on their allo-
cation pattern [32]:

e Comb type pilot allocation [33]
e Block type pilot allocation [33]

These two types are denoted in Figure 3.11.
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Figure 3.11 (a) Comb type pilot structure (b) Block type pilot structure

For comb type estimator, selected individual subcarriers are occupied by pilot symbols
during the whole transmission time like in Figure 3.11 (a). Channel estimation is imple-
mented at every OFDM symbol. Then interpolation needs to be fulfilled along subcarri-
ers without a pilot. This arrangement is more suitable for channels having mild fre-
quency selectivity but high Doppler shift. Compared with block type pilot allocation,
the comb-type structure is more sensitive to the frequency selectivity. Therefore, the pi-
lot spacing is required to be smaller than the coherence bandwidth of the channel.

Block type estimation is shown in Figure 3.11 (b). In this case, pilot symbols are allo-
cated along the frequency axis. It occupies the entire MC-CDMA symbol so that the
data transmission efficiency will be sacrificed. Such a pilot structure contains all subcar-
riers so there is interpolation only along the time domain and it is insensitive to the fre-
quency selectivity. Although the data rate is decreased due to the occupation of the
whole MC-CDMA symbols by useless information, this kind of allocation still has ben-
efits especially in the channel having high-frequency dispersion and low Doppler shift.
Since there is low Doppler shift within this simulated model, the block type pilot struc-
ture is selected as the channel estimation method in this thesis.
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Figure 3.12 Principle of channel interpolation

Figure 3.12 illustrates the general principle of interpolation in channel estimations.
Channel estimation is a 2D-dimensional issue no matter which category of the pilot
structure is applied [34]. Different interpolation algorithm needs to be implemented
along another dimension except the one fully occupied by pilots. Currently, there is no
interpolation in this simulation model. The same estimation from a pilot symbol will be
used for the next data symbols until the coming of the next pilot symbol.

3.4 Equalization Techniques

Once the channel response is estimated, transmitted signal is able to be recovered by as
follows:
. Y(k)
X(k) = =—— k=012..N—-1
(k) a0 ( )
_ X(k) - H(k) + W (k)
- H(k)

HG) | W)

Diversity is an effective method of combating with frequency selectivity [35]. As a key
feature of MC-CDMA technique, diversity provides multiple copies of the transmitted
data symbols which suffer independent channel fading and these copies can be combined
together intelligently on the receiver side according to specific rules to achieve better
performance in terms of bit error rate (BER). Four categories of diversity are classified
[36]:

e Frequency diversity
e Space diversity
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e Time diversity
e Polarization diversity

Frequency diversity means multiple data replicas are transmitted at a different frequencies.
Multiple antennas are located separately provides space diversity. Time diversity is trans-
mitting data copies over diverse time periods. Multiple duplicates that have various field
polarizations forms polarization diversity. Two kinds of equalization methods, namely
equal gain combining (EGC) and maximum ratio combining (MRC) are mainly focused
within this report. Besides, linear minimum mean square error (LMMSE) scheme is taken
into consideration as well.

3.4.1 Maximum Ratio Combining

Signal going through multiple channels will suffer from fading which is not correlative.
In order to recover original information by received signals, Maximum Ratio Combining
Is to add the signals transmitted through each branch together after multiplying them with
appropriate weights after phase correction [37]. In MRC combiner, N branches signals
will be adjusted into co-phase signals for the purpose of combining these coherent signals.
Alterable gains exist in each branch to do optimum weighting based on the channel re-
sponse. Figure 3.13 shows the principle of the MRC combining algorithm.
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Figure 3.13 Block diagram of MRC

Signal in each branch can be represented by the equation:
Vi(®) = x (D) hy + 1y (8) (3.12)

Here, h, is channel gain and n;(t) represents complex AWGN with equal variance.
Thus the output after MRC combiner is:
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N-1 N-1 N-1
= Z WY (t) = z wrxE () hy + Z win (t)
k=0 k=0

k=0

= xk(t) : z wkhk + le(t) : z Wy (313)
k=0 k=0

The instantaneous power of the combined signal is:

N-1 2
= E[lx . (O?] - wihy (3.14)
k=0
And the power of noise is after combiner is:
% = o Z|wk|2 (3.15)
k=0
Therefore, the SNR can now be expressed as the equation below:
0.2 N—-1 wrh 2
SNR, = — = SNR 4y, - M (3.16)
O-Tl' 2 |wk|

Where SNR,,,,. is the average SNR that is equivalent for all branches. The equation can
be maximized by Lagrange multipliers or Cauchy-Schwarz inequality. Here Cauchy-

Schwarz inequality can be written as:

N—-1 2 N-1 N—1
D o] < lwn?: ) Inl? (3.17)
k=0 k=0 k=0

With the equality satisfied when w,, = ¢ - hy, in which c represents an arbitrary constant
and it is set to 1 to acquire the maximum SNR. Consequently, the maximal SNR after
MRC combiner can be calculated:

N-1

SNRyge = SNRy, - Z |2 = Z SNR, (3.18)

And the gain factor in k-th subcarrier is:

gie = hi (3.19)
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Here hy, represents conjugation of channel response in k-th subcarrier.

Consequently, the weight of k-th branch is in proportion to signal amplitude such that
the weights of signals with higher amplitude will be high as well, reducing the influence
from noise. Although the expense and complexity of implementing MRC combiner is
somewhat higher in comparison with other diversity combining techniques, MRC is still
utilized in plenty of realistic diversity scenarios.

3.4.2 Equal Gain Combining
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Figure 3.14 Block diagram of EGC

It may be complicated and inconvenient to generate various weights for every branch
under some circumstances. Therefore, MRC is not appropriate in some cases. Equal Gain
Combining combiner is implemented as a simple version of MRC. Its primary principle
is to perform the same processes on the signal from each branch and then add them to-
gether [38]. It only corrects the phase instead of adjusting amplitude. In this way, the
combiner can still utilize all signals received from each branch. Even if several branches
of the signal cannot be restored due to distortion, it is possible to restore the signal via the
combination of these branches. EGC corresponds to setting the combiner weights w,, as
wr = gx (k=10,1,2...N — 1). Figure 3.14 denotes the fundamental idea of EGC com-
bining algorithm.

Thus, the received signal is:

N-1 N-1 N-1
y = Z Vi (t) - e 10 = Z X, (t) - hy - e 710k + n(t) -e % (3.20)
k=0 k=0 k=0

The SNR after EGC combiner can be calculated as below:



27

1SNt hy - e—f9k|2

SNREGC = SNRave . N (321)
Thus, the gain factor when EGC algorithm is implemented is:
_ Mk
T (3.22)

Although the performance of EGC is slightly worse than MRC, but the complexity of
EGC combiner is easier to be implemented in comparison with MRC combiner.

3.4.3 Linear Minimum Mean Square Error Detector

Bayes estimation [39] needs to acquire posterior distribution function at first whereas
Maximum Likelihood (ML) [40] estimation can be implemented after obtaining likeli-
hood function. However, these functions are unknown under a huge amount of circum-
stances. Furthermore, ML method can also lead to nonlinearity which results in difficulty
in the calculation. Consequently, equalization methods that don’t require prior knowledge
and easy to solve turn to be more attractive.

As a detection scheme, Minimum Mean Square Error (MMSE) aims to minimize Mean
Square Error (MSE) [41], which is an ordinary measure of detector performance. But the
equalizer designed under MMSE algorithm is complicated and inconvenient to be imple-
mented. Simply assuming the received symbol before the equalizer as below:

Y=H-X+N (3.23)

N is statistically independent to X. The equalized signal which is going to be recovered
can be represented as:

X=G"-Y=GH(H-X+N) (3.24)

Where G is set to minimize the error E(||£ — X||*).

When the noise is AWGN which means it is a zero-mean model, MMSE is equivalent to
Linear Minimum Mean Square Error (LMMSE) algorithm. The system with N subcarri-
ers and a total number of L users are assumed and their data symbol is X; (im). Then a
serial of specific spreading code is generated ¢, = [cm, CL2 o CL,N]- The transmitter
model is shown in Figure 3.15.
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Figure 3.15 MC-CDMA transmitter model

Let’s consider first the downlink multi-users (or multi-code) case where the data trans-
mitted with different spreading codes experience the same channel. Then in the receiver
before detection, MC-CDMA symbol is in the form:

Y=8X+n
chl,l H1C2,1 H1CL,1 n,
H,c Hyc Hyc n
=X, | R x| A x| TR 2] (3.25)
HN Ci,N HN C2.N HN CLN N

Here S denotes the processes of data symbol after the channel but before the noise addi-
tionand S = AC:

/1 = dlag{Hl HZ HN}
C=[cicy..cp]

Here C denotes Walsh-Hadamard code that means each element of C are orthogonal to
others and Hy represent coefficients for subchannels.

It is assumed that the data symbol of L-th user after equalization are in the form of X, =
GH Y. And the linear minimum mean-squared error optimum factor with despreading
w. pthhlch aims to minimize E[|XL opt,LlZ] can be simply expressed as[42][43]:

o2 \
Wh,, =l <ACCTA*+—’;1>
Ox

= cTA*(ACCTA* + SNR - 1)1

= Gopt (3.26)
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This optimum MMSE equalizer is complicated due to the needed matrix inversion. But it
is regarded as a reference while comparing with other simpler equalization schemes. The
receiver WO*{,t,L combines the equalizer coefficient G,,, and despreading code c] to-
gether in equation 3.26.

Within this thesis, per-subcarrier processing of LMMSE algorithm [44] is implemented
for the simulation. For reducing the complicated part of matrix inversion of this optimum
MMSE methods, a simplified version of MMSE receiver is implemented by per-subcar-
riers processing [45] [46]. Its principle is to equalize in each subcarrier and then perform
despreading. So the collection of equalizer coefficients on subcarrier basis is in the form

of Gper = diag{gper’l Iper,2 - gper,N}. The equation can be expressed as:

oMb W
permn |Hn|2052p + O_/%WGN |H |2 + NUEV\;GN
n Lo}
H*
= n N (3.27)
|Hn|2 + L-SNR

When N = L, sp = CX, 04, ~ (k/N)ay, it denotes the fully loaded cases. The beneficial
aspect of LMMSE is that it takes SNR into the consideration which the diversity combin-
ing equalization methods don’t when designing the equalizer. Consequently, LMMSE is
expected to have better system performance and function quality compared with EGC
and MRC.
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4. SYSTEM MODEL

This chapter explains the principal background knowledge which has been taken into ac-
count within this thesis. General comprehension of the system model is presented. The
channel model (D2D WINNER Il Al), the cellular interference model, and the noise
model are described. Furthermore, the description of the pilot allocation for channel
estimation and the definition of symbol error rate which corresponds to the system per-
formance and quality are provided in the chapter.
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Figure 4.1 Simulation flowchart
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Figure 4.1 shows the workflow of the studied system. First of all, a basic framework of
single-user case for this research is established for simulations. Then more users and pi-
lots are added so that different scenarios can be simulated. The simulation results will be
exhibited and discussed in next chapter.

Based on the flowchart, the first block after START is to generate the original data se-
quences and modulate them to complex symbols by QPSK. Then spreading spectrum
block constructs WH codes to duplicate and spread the QPSK symbols to related orthog-
onal subcarriers. In the ideal channel estimation case zeros padding is done directly,
whereas in the pilot symbol based estimation case, pilot symbols are allocated before zero
padding. Multiple-user data multiplied with their specific spreading codes are added to-
gether in next block and the conversion of parallel to serial is performed after IFFT. Then
CP is added so that the data will be ready to be propagated through the channel with
AWGN. OFDMA based cellular interference which can occupy several specific subcar-
riers is generated and transformed to the time domain, then it is summed with the data
after the channel.

In the receiver, CP is removed from the received signal. The data is converted from serial
to parallel in next block and the length is changed to the size of IFFT again to perform
FFT algorithm. Then the zero values padded in the transmitter are omitted. The pilot sym-
bol will be extracted so that the channel response can be estimated. In the ideal channel
estimation case the impulse response of the simulated channel will be used directly for
channel equalization. In equalization block, three categories of algorithms are applied,
including EGC, MRC, and LMMSE described in chapter 3. Then two processes on the
interfered subcarriers are separately carried out, which is either dropping or keeping them
when performing despreading. Finally, the data spread to different subcarriers is com-
bined together to recover the signal. In the output block, BERs for all the cases are calcu-
lated and exhibited in the figures for evaluating and comparing the performance.

4.1 Channel Model

In simulations, we select WINNER Il channel models [47] as the D2D channel models.
More precisely, the indoor office A1 channel model is used. WINNER channel model is
an enhanced version of 3GPP Spatial Channel Model (SCM) developed by the former
Nokia Siemens Networks.

For Al indoor office model, the parameters follow Table 4-1 [48]. The corresponding
power-delay profile and frequency correlation are drawn in Figure 4.2 [48].
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Table 4-1 Scenarios Al: LOS clustered delay line model, indoor environment [48]

Cluster # Delay [ns] Power [dB] AoD [°] | AoA [°] | Ray power [dB]
1 0|5 /10] 0 [-151[-169] 0 0 |-023*|-22.9%
2 10 -15.8 -107 | -110 -28.8
3 25 -13.5 -100 102 -26.5
4 |50 ]55[60[-150]-173]-19.0] 131 | -134 25.1 IR
5 65 -19.2 118 121 322 al<|=
6 75 235 131 -134 -36.5 2|23
7 75 -18.3 116 | -118 313 8|8
8 115 233 131 -134 -36.4 2la|™
9 115 -29.1 146 149 422
10 145 -14.2 102 105 272
1 195 216 -126 129 346
12 350 234 131 -134 -36.4

Normalized Power [dB]
o
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o
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Figure 4.2 Power-delay profile and frequency correlation [48]

The Impulse response and frequency response which exhibit the characteristics of the

channel are illustrated in Figure 4.3.

Visualization: | Impulse Response (IR) s Animation: | Intefam.. Visualizaion:  Frequency Response (FR) & Animation: | Intertram..

Frama count: 1 ‘Sampla index: ;I hd Resume Frame counl: 1 Sampla index. _'| * Resuma
500 500

Bandimited impulse rmsponse = Fraquency respense

) F] 2 o 2
Fraquency (Hz) 10

Figure 4.3 Examples of channel impulse response and frequency response
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The Al channel model is implemented by MATLAB by utilizing rayleighchan function.
The sampling frequency is chosen as 15360000. The impulse response denotes the am-
plitudes of multipath components with different time delays. The reason for using this
channel model is that it represents a typical channel for D2D communication in indoor
scenarios. In such short-distance communication, indoor cases are considered to be more
challenging than outdoor scenarios, due to higher number of reflections. From Figure 4.3
it can be observed that his channel represent relatively mild frequency selectivity, due to
the short delay spread. The shape of its spectrum is relatively flat so that the orthogonality
can be maintained well.

4.2 Interference Model and Noise Model

Besides the multiple access interference (MAI) within the D2D system, we consider the
interference from cellular mode UEs as well. In simulations, we investigate the case of
having only one cellular mode interferer. In general, the cellular mode UE uses OFDMA
or SC-FDMA.. We consider the cases of using 1 Resource Block (RB) and 3 consecutive
Resource Blocks, respectively. Compared to MC-CDMA, OFDMA with low data rate is
a type of narrowband transmission. A set of signal powers of cellular mode UE has been
simulated. That is, it has the power of 3 dB, 9 dB and 15 dB higher power spectral density
(power per subcarrier) than the desired signal at the D2D receiver. In the receiver, two
de-spreading schemes are applied. One is to keep all the spread RBs in the de-spreading
operation. Another is to delete the most interfered RBs exceeding the used threshold level.
The parameters used in the simulations can be found from Table 4-2.

Table 4-2 Parameters of cellular interference

Parameters Cellular mode UE (interference)
Modulation OFDMA OFDMA
Method
Number of Resource 1 3
Blocks
Number of Subcarriers 12 12*3
Occupied OFDM 7 7
Symobls
Power per RB(s) Higher
than Signal (dB) 3 9 15 3 9
Process of RB(s) . .
Dropping RB(s) & Keeping RB(s
in Receiver PPINGRB(S) ping RB(s)

Generally, AWGN is used as the noise model in simulations. AWGN having complex
values is generated in the time domain and added to the received signal. AWGN is the
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basic noise model in which the real and imaginary parts follow the Gaussian distribution
and power spectral density satisfies uniform distribution. The noise is created in
MATLAB by randn function which generates random numbers that follow a Gaussian
distribution based on the dimensions of user data then added to the signal. Figure 4.4
denotes the spectrum of the noise generated in the code with the normalized amplitude.

q Waveform of AWGN within One OFDM Symbol
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Figure 4.4 Spectrum of normalized AWGN

4.3 MC-CDMA Symbol

Link level model for the MC-CDMA based D2D system has been constructed. Some
OFDM related parameters follow the specification of LTE. UE’s data is randomly gener-
ated with the size of 200 bits. QPSK is selected as the modulation method which converts
signal bits to 100 complex symbols. The dimension of WH code is chosen as 64 in the
study and one digit of WH code (chip) is used for one RB in the system. In total, 64 *
12RBs = 768 subcarriers are utilized for data transmitting so that the data will be du-
plicated and spread to 768 subcarriers to acquire diversity. The length of IFFT/FFT trans-
formation (1024) is achieved by zero padding on the two sides of 768 data subcarriers.
After IFFT transformation, the size of CP is determined as 5% of the size of IFFT length.
Thus, ceil(1024 = 5% ) = 52 samples are applied to the system to maintain the orthog-
onality between adjacent subcarriers according to the OFDM and MC-CDMA theory de-
scribed in the third chapter. Main system parameters can be found from Table 4-3.
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Table 4-3 Parameters of system

Parameters Downlink
Number of Channel Instanceg 1000
Number of Users Single User vs. 64 Users
Generated Bits 200
Modulation Type QPSK
Number of Modulated Symbo 100
Dimension of WH Code 64*64
Subcarrier Number for Data 64*12
Subcarrier Spacing (kHz) 15
Overall Bandwidth ( MHz) 15.36
Size of IFFT 1024
Size of CP 52
Sampling Frequency (Hz) 15360000
Pilot Interval 14
Pilt Value ansmited subcanier ymbol energy

4.4 Pilot Structure

The basic pilot structure has been introduced and explained in Section 3.3.1. As it is il-
lustrated in Figure 4.5, pilots are deployed in all subcarriers in the frequency domain.

S
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Figure 4.5 Pilot structure for simulations for single-user case

The transmitted signal contains pilot symbols, i.e., OFDM symbols with pilots only. In
the time domain, the pilot symbols are inserted once per 14 data symbols. Since we con-
sider only the low mobility scenario, the channel is stationary in the time domain so the
pilot symbol density is good enough for obtaining acceptable performance.
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The pilot assignment for multiple users in 3D is illustrated in Figure 4.6.
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Figure 4.6 Frame structure for two users in a 3D model

As it is shown in the figure, data for multiple UEs (gray and red) are spread separately at
first. Same pilot symbols (blue) are allocated all UEs. So in fully loaded case (maximum
number of UEs, which is 64 in this study), the pilot power is 64 times higher than the
pilot power of single UE case.

Interpolation in the time domain is not applied to the simulation for the reason that the
channel is almost time-invariant. Therefore, after pilot symbol extraction and evaluation,
the estimated channel response for the current pilot symbol is utilized for the following
consecutive 13 data symbols before the coming of next pilot symbol. Using more dense
pilot symbols can improve the system performance because channel response can be
tracked more accurately, however, the data transmission efficiency is decreased because
more OFDM symbols are occupied by pilots. Hence, the optimizations on pilot arrange-
ments (based on certain channel estimation scheme) can be considered as a topic for fu-
ture works.

45 Bit Error Rate

Digital bits or symbols of transmitted data stream are likely to be altered after propagating
in the channel or getting distortion and loss. Therefore at the final stage, a criterion for
verifying performance and functionality of the system is to calculate its Bit Error Rate or
Symbol Error Rate (SER) after signal detection.

BER is the ratio between the quantity of erroneous digital bits and a total number of data
bits after detection at the receiver side, whereas SER is the ratio between the amount of
incorrect modulated QPSK symbols and the total number of data symbols transmitted.
Sometimes with binary symbols, SER and BER are equivalent methods. BER is accepted
as the criterion within this research and it is expressed as:

BER — Number of Erroneous Signals in Bit Unit
~ Total Number of Signal in Bit Unit

(4.1)
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5. SIMULATION RESULTS

This chapter exhibits the results of simulation of a MC-CDMA based D2D integrated
OFDMA system in the specified D2D environment. The results without interference
from cellular mode UEs are provided first in Section 5.1. Then the interference from cel-
lular mode UEs is considered in Section 5.2. Primarily, the simulation results of EGC,
MRC, and Optimum LMMSE methods are analyzed and compared in order to find what
kind of detection method is suitable for D2D communication. Then the chosen detection
method is simulated under the circumstance with different cellular interference scenarios.
Furthermore, two different despreading schemes are investigated and compared.

5.1 Performance Comparison of Different Equalization
Schemes

The first group of results is set for comparing these three detection schemes to obtain their
basic performance in the D2D environment. After constructing the system successfully
based on the system model described in Chapter 4, simulations have been carried out for
1000 independent channel instances, each consisting of 100 MC-CDMA symbols for ac-
quiring the average values of BER. Exactly the same set of channel instances is estab-
lished for all tested cases in order to compare the results using different equalization
schemes. The results of using ideal channel estimation are shown in Figure 5.1.

BERs Al Vs Eb / No on Rayleigh Channel with Ideal Channel Estimation

Bit Error Rate
!

\ - Sihge userEGC
\ —t— Sihgk user MRC 4
—— Sihgk user LMVSE
¥ , 3— 64 MuRl userEGC
—a— 54 MuRluserMRC
—7— 64 MuRi userMMSE

F
Eb/No, dB

Figure 5.1 MC-CDMA performance with ideal channel estimation
in single-user and fully loaded cases.



38

In our studies, the ideal channel estimation is used as a reference. As it is shown in the
figure, in the single user case, MRC and LMMSE have rather similar performance, while
both of them reach better performance than EGC. However, in the multi-user case, MRC
becomes the worst scheme as expected. Meanwhile, EGC provides good performance at
low and moderate SNR regions, while LMMSE provides best results at high SNR region.
Among different equalization schemes, it seems that EGC and LMMSE can be selected
as the equalization schemes for MC-CDMA based D2D mode UEs.

The simulation results using pilot symbol based channel estimation are presented in Fig-
BERs Al Vs Eb/ No on Rayleigh Channel with Pilot Channel Estimation

Bit Emmor Rate

F| —a— 64 Muli userMRC
I | —r— 64 MuRiuserMIMVSE

EbNo, dB

Figure 5.2 MC-CDMA performance with pilot symbol based channel
estimation in single-user and fully loaded cases.

ure 5.2. In this case, MRC provides still the best performance among these three detection
schemes in the single-user scenario. However, in multi-user case, LMMSE turns to be the
best choice. Compared with the ideal channel estimation, the pilot symbol-based channel
estimation is the practical scheme. Since there are two D2D modes, the D2D pair mode
and the D2D cluster mode, so the selection of equalization must consider the performance
of both cases. Therefore, LMMSE detection scheme is selected as a suitable method for
the subsequent tests due to acceptable performance in both scenarios.

In the single-user scenario, MRC has better performance because it emphasizes those
subcarriers with high SNR. Meanwhile, in this case there is no multiple access interfer-
ence (MAI) so user orthogonality is not critical. However, MRC cannot work well
anymore with the increment of the number of users since it destroys the orthogonality
between users when multiplying/weighting branches. Nevertheless, LMMSE and EGC
are suitable for MC-CDMA because both of them correct the channel distortion by either
the amplitude or the phase. According to the principle described in Chapter 3, LMMSE
takes also noise into consideration which is regarded to be better than MRC and EGC.
However, dispreading is an operation of averaging the noise effect so the improvement
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of using LMMSE instead of EGC can be less significant than expected. This can be found
from simulation results shown in Figure 5.1 and Figure 5.2.

5.2 Evaluation of Narrowband Interference from Cellular Mode
UEs

The interference from cellular mode UEs is investigated in this section. From the result
of the previous section, LMMSE is chosen to be the equalization scheme for studies in
this section. Furthermore, we will present the simulation results using only the pilot-sym-
bol based channel estimation, since it is more important to emphasize on the performance
using practical schemes.

Two interference scenarios are considered, even though we considered the interference
from a single cellular mode UE only. In the first scenario, the interference bandwidth is
1RB (12 subcarriers), while 3RBs is used for the second scenario. The reason for using
two different bandwidths is to investigate the MC-CDMA’s capability against interfer-
ence of different bandwidths.

In our investigation, we use a simplified version of LMMSE algorithm shown in (3.27)
in Chapter 4. Such an algorithm can obtain the optimum performance only in the single
user and fully loaded cases (when all codes used). However, compared to the optimum
LMMSE solution, the implementation of the simplified version is much simpler.

5.2.1 LMMSE with 1RB interference from a cellular mode UE

The BER performance of MC-CDMA based D2D UEs with 1RB (12 subcarriers) inter-
ference from a single cellular UE is given below.

1RB 3dB Cellular hterference
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Figure 5.3 MC-CDMA performance for 1-user and 64-user cases with
LMMSE equalizer and 1RB interference with 3 dB power
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Figure 5.4 MC-CDMA performance for 1-user and 64-user cases

with LMMSE equalizer and 1RB interference with 9 dB power
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Figure 5.5 MC-CDMA performance for 1-user and 64-user cases
with LMMSE equalizer and 1RB interference with 15 dB power

Three interference power levels have been used in simulation. That is, the interference
power is set to be 3 dB, 9 dB, or 15 dB higher than the D2D signal power when measured
at the RB level. For the single-user case, it is observed that the scheme with dropping the
interfered subcarriers shows better performance than the conventional way where all the
subcarriers are kept in the despreading operation. In case of having 3 dB interference, the
conventional scheme is good enough since the interference power is not high so that the
processing gain obtained by despreading is sufficient. When the interference power is
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increased, the processing gain is not enough anymore in the high SNR range. Therefore,
compared to the effect of suffering a high narrow-band interference, the orthogonality
loss due to the dropping of a single RB is not critical anymore if the spreading factor is
sufficiently large. As shown in Figure 5.4 and Figure 5.5, we can find that the gain can
be obtained by dropping the interference chips. Such a gain can be very significant at the
high SNR region.

In a multi-user case which contains 64 users, it is difficult to observe the gap between two
despreading schemes. There are two reasons for this. First of all, the MAI effect is signif-
icant so that the effect of dropping of a single RB is negligible. Secondly, the MAI effect
is enhanced due to the loss of orthogonality by the chip (RB) dropping. That is, MC-
CDMA acquires not only the orthogonality between subcarriers but also the orthogonality
among multiple users via their specific spreading code. Although dropping the interfered
subcarriers can remove the interference out of the desired signals when implementing
combining, it also causes damage to the orthogonality of multiple users.

5.2.2 LMMSE with 3RBs interference from a cellular mode UE

3RB 3dB Celular hterference
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Figure 5.6 MC-CDMA performance for 1-user and 64-user cases with
LMMSE equalizer and 3RBs interference with 3 dB power



42

3RB 9dB Cellular hterference

107 F T

Bit Error Rate

£ Dropping subcarriers for single user
[ | —— Not dropping subcarriers for single user
r Dropping subcarriers for multiple user
t | —— Not dropping subcarriers for multiple user

-6 | | !
10 -5 0 5 10 15

Eb/No, dB

Figure 5.7 MC-CDMA performance for 1-user and 64-user cases with
LMMSE equalizer and 3RBs interference with 9 dB power

A more severe condition is considered in the section, where the data is interfered by the
cellular UE having three consecutive RBs. Figure 5.6 and Figure 5.7 present the results
for two different interference power levels.

When the interference has 3RBs bandwidth, it cannot be considered as narrowband any-
more if the spreading factor is not sufficiently large. As shown in the figure, the chip/RB
dropping in this scenario has more significant effect than the case of having only 1RB
interference bandwidth. In the single UE case, due to the absent of MAI, the scheme of
dropping interfered chips/RBs can still work better than the conventional scheme. In the
multiple UE case, however, the loss of orthogonality due to the chip/RB dropping be-
comes very significant. So it is better to keep them in the despreading operation, even
when they are heavily interfered.
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6. CONCLUSION AND FUTURE WORK

A MC-CDMA D2D integrated OFDMA cellular network has been studied in the link
level in this thesis. Different detection schemes (channel equalization and despreading)
have been investigated. A link level simulator of a MC-CDMA D2D system (including
D2D channel models) has been built and the BER performance has been evaluated by
simulations. Two kinds of interference, namely multiple access interference from D2D
UEs and narrowband interference from cellular UEs have been considered in the study.

Three channel equalization methods, namely MRC, EGC, and LMMSE schemes have
been tested. Based on the simulation results, we find that MRC is the best choice in the
single user case because it maximizes the SNR after combining SNR. The code orthogo-
nality is not well preserved, but this is not critical since there is no MALI in the single user
case. In multi-user case, MRC will not work anymore due to the damage to the
orthogonality of multiple users. For the multi-user case when MAL is critical, EGC and
LMMSE are appropriate choices. LMMSE possesses a slight superiority compared with
EGC, for the reason that it takes noise into consideration to control the gain factor for
different subcarriers. Due to the despreading operation, however, the performance gap
between LMMSE and EGC is not very significant.

Two despreading schemes, conventional despreading scheme and interfered chip drop-
ping scheme have been investigated and compared. In the presence of cellular interfer-
ence, dropping the interfered subcarriers has a slight benefit in the single-user scenarios
whereas these subcarriers should be kept in a multi-user case if the number of interfered
subcarriers is significant. Removing the interfered subcarriers can increase the BER if the
number of users is low. However, removing of all interfered subcarriers will destroy the
orthogonality among multiple users so that the data of the desired user cannot be recog-
nized correctly. It is worth to know that general intra-cell interference can be avoided by
the resource scheduling so that the dominated interference to D2D mode UEs is from the
cellular mode UEs of neighboring cells. This is particularly important at cell edges. Ac-
cording to simulation results, we can find that MC-CDMA based D2D is rather robust to
narrowband interference, if the receiver algorithms are properly chosen.

As shown in the thesis, the work is emphasized on the study of channel equalization and
despreading schemes. There are still many aspects which can be extended as future works.
First of all, the channel estimation has to be improved with different pilot structures. Sec-
ondly, different channel models should be considered for different scenarios, since in the
thesis, only WINNER A1l channel mode has been used as the D2D channel. Furthermore,
multiuser uplink scenarios should be investigated by simulation as well. In general, we
understand that with the proper design of link level algorithms, MC-CDMA based D2D



44

UEs have the capabilities against critical narrowband interference. Therefore, it is a prom-
ising MA scheme for D2D mode UEs in D2D integrated system, especially at cell edges
if the ICI is significant.
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