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Abstract

The traffic on cellular data networks is growing rapidly in the world, leading to high demand for
mobile communication spectrum. Thus, the traditional static spectrum regulation policies caused
spectrum scarcity problem in wireless communication systems. Dynamic spectrum access (DSA)
has been motivated as a solution for this problem. DSA utilizes the licensed radio bandwidth by
dynamic spectrum sharing among multiple systems. Cognitive radio (CR) is a potential enabling
technology for DSA that allows secondary system (SS) to operate in the existing licensed
spectrum without harmful interference. CR technology shares the spectrum between the so-called
primary user (PU) and secondary user (SU) in various paradigms. Indeed, there are three main
platforms of primary/secondary spectrum sharing: interweave, underlay and overlay modes. In
interweave CR, which is the origin of CR, the SU utilizes the unused primary system (PS)
spectrum, which is called holes or white spaces. This requires spectrum sensing techniques in
order to avoid SU degrading the performance of PU. Several spectrum sensing schemes have
been proposed to efficiently find PS holes to be used for CR communications at the SU. In
underlay CR, the SU transmits simultaneously with the PU in the same frequency band under
power constraints. In that case, the interference should not be passed a predefined threshold
value. In overlay CR, some apriori information of the PU at the SU transmitter is required to

mitigate the interferences at the primary receiver.

Although global system for mobile communication (GSM), which is the European standard for
second mobile generation (2G), has now become old technology and the research community is
rather focusing on fifth generation (5G), this thesis addresses a real problem in some countries
that could not cope with technological advances due to multiple social, political, and economical
reasons. More precisely, the spectrum assigned to Palestine is very limited due to the restrictions
imposed by Israel through Oslo agreement®. The mobile operators in Palestine are still based on
GSM.

In this thesis, we propose to investigate the relevance of applying overlay CR to expand the
spectrum of GSM. Particularly, a fourth generation (4G) mobile system based on orthogonal
frequency division multiplexing (OFDM) is suggested for the SS whereas a 2G GSM mobile

' Oslo agreement: Protocol on Israeli-Palestinian cooperation in economic and development
programs, signed in 1993.



system based on Gaussian minimum shift keying (GMSK) is considered for the PS. The OFDM
based 4G technology, which is widely used in the standard systems, is considered as a potential
candidate for spectrum overlay technology for spectrum sharing. The interference expression due
to the SS at the PS receiver and the interference expression due to the PS at the SS receiver are
firstly derived. Then, to eliminate these interferences, a precoding technique based on zero
forcing beamforming (ZFBF) is inserted at the SS transmitter, while a postcoding is introduced
at the SS receiver. In addition, zero forcing (ZF) and minimum mean square error (MMSE)
equalizers are employed to equalize the frequency selective fading channel at the GSM receiver.
The comparative simulation study we carried out with existing CR based on OFDM system for

both the PS and SS illustrates the performance efficiency of the proposed CR system.

Keywords— Spectrum scarcity, overlay CR, GSM, OFDM, interference cancellation, precoding

and postcoding.
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1.1. Overview

In this chapter, we present several generations of the mobile communication system.
Also, we explain the fundamental of cognitive radio (CR) as a solution for spectrum
scarcity problem in wireless systems. Particularly, we propose various solutions based
on CR platforms for spectrum scarcity in Palestine cellular network. In addition, we

address the contribution and the outlines of the thesis.

1.2. Evolution of Cellular Systems

The development of mobile systems generations are started with the wide spread
success of cellular idea. The first generation (1G) of mobile system is based on analog
technology where frequency modulation (FM) and frequency division multiple access
(FDMA) techniques are used. It was introduced in 1980s for voice communication and
started with advanced mobile phone system (AMPS). AMPS use 30 KHz channel
bandwidth occupying the band from 824-894 MHz [1-3].

The second generation (2G) mobile system was introduced in the late of 1980s. It
provides high speed data communication as well as voice transmission since it is based
on digital transmission. The multiple access technique used in 2G is the time division
multiple access (TDMA) and code division multiple access (CDMA) [2][4]. A very
widely used standard for this generation is the global system for mobile communication
(GSM)*. The GSM standardized by European telecommunications standards institute
(ETSI) in 1990. Although originally designed for operation in the 900 MHz band, it is
adapted for 1800 MHz with 25 MHz band in each direction of communication (uplink
and downlink). The GSM supports 8 time slots for every 200 KHz radio channels.
Another standard of 2G is the interim standard 95 (1S-95). 1S-95 is popular in North
America and uses CDMA [3][4].

The second generation networks provide very low data-transfer rates. The 2.5G and
2.75G are evolved from 2G standards such as GSM and 1S-95. The GSM standard is
upgraded with two technologies, General Packet Radio Service (GPRS) and Enhanced
Data rate for GSM Evolution (EDGE). They provide much higher data rates compared
with the 2G systems [1][3].

1 GSM is considered in this thesis; more details are presented in the next chapter.
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The third generation (3G) mobile system provides backward compatibility for 2G and
2.5G and it is implemented in 2001. The 3G standard is categorized under two projects.
The first one is the 3G partnership project for wideband CDMA standard (3GPP)
compatible with GSM and the other is the 3G partnership project for CDMA-2000
standard (3GPP-2) compatible with 1S-95. 3GPP standard involves wideband code
division multiple access (WCDMA)?. The channel bandwidth in this standard is 5SMHz
with data rate up to 2Mbps. 3G provides enhancements over previous networks such as
enhanced audio and video streaming; higher data speed; video-conferencing support;
wireless application protocol (WAP) browsing at higher speeds and TV through the
internet support [3-5].

The fourth generation (4G) mobile communication system is released in 2010 without
backward compatible with previous generations. 4G provides high quality audio/video
streaming over end to end Internet Protocol (IP) at a very rapid speed which is known
as mobile ultra-broadband internet access [5][6]. Indeed, 4G uses the orthogonal
frequency division multiplexing (OFDM)® as multiple access technique. The OFDM
technology uses orthogonal subcarriers to reduce the interference caused by frequency
selective fading channel. In addition of interference mitigation, OFDM increases the
data rate in 4G. The second technology used in 4G standard is multiple input multiple
output (MIMO) where multiple antennas are used at the transmitter and the receiver to
improve the performance of the bit error rate (BER) and the data rate. The 4G standards

mobile system provides data rates greater than 200 Mbps [6].

In the next section, we present the information about existing cellular network

generation in Palestine. In addition, we show the challenges that are faced.

1.3. Palestine Cellular Mobile System- Jawwal Case Study

Jawwal is the leading mobile operator in Palestinian territories (West Bank and Gaza
sector). It is based on GSM-900 generation and has only 5 MHz band [7]. According to
GSM-900 standard, it offers 25 MHz bandwidth for each of the uplink and the
downlink. Each bandwidth is divided into 200 KHz radio channels yielding 124
physical channels and one channel is reserved for synchronization. The 124 physical

2 WCDMA is also called universal mobile telecommunication system (UMTS).
> OFDM is considered in this thesis; more details are presented in the next chapter.



channels are usually numbered from 1 to 124 and are called absolute radio frequency
channel number (ARFCN). Thus, Jawwal has 24 ARFCNs which are the last 24
channels in the GSM-900 band, i.e., from 101 to 124. These 24 ARFCNs are divided
into traffic channels (TCH) and broadcast control channels (BCCH). Therefore, high
channels reuse factor to accommodate the high population density. In [8], an evaluation
and enhancement study for Jawwal frequency plan in 2011 in Jenin city, which is
located in the north of West Bank. According to this study, the BCCH reuse plan for
Jawwal cells in Jenin is shown in Fig. 1.1. It is noted that 8 BCCH are reused between
57 Jawwal GSM cells of Jenien city. This results in very often frequency reuse for a
given BCCH. Therefore, high level of interference on the BCCH carrier which results
in poor quality of service (QoS ) and high drop rate for those cells. To avoid this
problem, one can increase the number of BCCH. However, this comes at the cost of

reducing TCH due to the limited number of channels available to Jawwal.

The traffic reuse plan for Jawwal network is shown in Fig. 1.2. It shows the heavily
reuse factor. It should be noted that, the interference in control channel is more critical
compared to interference in traffic channel. The GSM specification states that carrier to
interference (C/I) ratio must be larger than 9 dB. However, Ericsson recommends using

C/1>12 dB as a planning criterion [8].
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Figure 1.1: BCCH reuse plan for Jawwal GSM cells in Jenien city [8].
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Figure 1.2: TCH reuse plan for Jawwal GSM cells in Jenien city [8].

The study used two approaches to evaluate the network performance, namely key
performance indicators (KPIs) and drive test. KPIs are statistical data that are processed
and displayed to give us a meaningful picture about GSM cell behavior. The drive test
is a professional tool preinstalled on a laptop. It is used to record a log file that contains
data extracted from mobile station (MS). Based on that study at that time, the initial
evaluation of the network showed that about 0.76% of the initiated connections are
dropped. Also, about 7.76% of the collected samples from the drive test lie in the worst
level in terms of signal quality and signal strength [8]. The authors of this study have
proposed optimization solutions that manage to reduce the average TCH drop rate from
0.76% to 0.62%. In addition, the percentage of sample in the best level is increased
from 65.5% to 76.8% while the percentage of samples in the worst level is decreased
from 7.76% to 5.16%. Despite these efforts, the effective solution for the mobile
networks in Palestine is to increase the spectrum bandwidth and upgrade the network

towards high level of mobile generations.

The effective solution for the mobile networks in Palestine is to increase the spectrum
bandwidth and upgrade the network towards high level of mobile generations. But this
solution is not allowed at least till now. We can take the advantage of the innovative
technologies that enhance the efficiency usage of the available spectrum. Millimeter-
wave (mmW)* is a promising technology for future cellular communication systems.

The wide bandwidths of mmW signals provide a solution of spectrum crowding as

* Millimeter wave spectrum is defined as the band between 30 and 300 GHz.
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discussed in the survey in [9]. Dynamic Spectrum Access (DSA) and the spectrum
refarming are other solutions for the problem of spectrum scarcity. In [10], a novel
solution is considered to provide GSM connectivity within an LTE carrier through an
efficient overlay dynamic spectrum refarming. In this approach, the operators can
migrate their GSM spectrum to LTE while still providing some GSM connectivity to
their low data rate customers. CR is a key enabling technology for DSA that allows
secondary system (SS) to operate in the existing licensed spectrum without harmful
interference [11]. An overview of CR is discussed in the next section.

1.4. Cognitive Radio (CR) Overview

CR is a form of wireless communication in which a transceiver can intelligently detect
which communication channels are in use and which are not. Indeed, the unlicensed
/secondary users (SUs) can access licensed spectrum without cause any interference to
the licensed/primary users (PUs). The concept of CR was first originated by Dr. Joseph
Mitola at defence advance research products agency (DARPA) scientist, and the result
of that concept is becomes a standard called IEEE 802.22 [12][13].

Frequency spectrum scarcity is currently one of the most challenges for the
deployment of 4G wireless networks. CR provides a promising solution to the spectrum
scarcity and system capacity problems that allow cognitive communication with
minimal impact on existing users [14][15]. CR is highly intelligent radio systems; it is
an evolution of software defined radio (SDR), which is a radio communication system
where components implemented in software by a programmable processing device
rather than hardware implementation. SDR gives CR more flexibility in choosing
communications options to address these challenges. There are two features that
distinguish a CR from a traditional radio: the cognition capability and the

reconfigurability [14].

The CR network has three main paradigms: interweave, overlay, and underlay. In
interweave CR paradigm, the SU can transmit only on a spectrum band where the
PU is not active, and has to move onto different bands over time. Interweave platform
takes advantage of temporary frequency voids, referred to as spectrum holes that are
unused by the licensed primary system (PS) [16]. This requires spectrum sensing
techniques in order to avoid SU degrading the performance of PU, several spectrum

sensing schemes have been proposed to efficiently find PS holes to be used for CR



communications at the secondary [17]. The cognition capability of a CR is defined as

cycle of three components as shown in Fig. 1.3.

Spect{'l.l..lll Access |

Dec and »
Adaptiu
— N —

3

Spectrum
 ——] Analysis

Figure 1.3: CR cycle.

Spectrum sensing is the ability to measure the parameters related to the radio channel
characteristics, availability of spectrum and transmit power, interference and noise,
and user requirements and applications. It is necessary for the CR system to
continuously sense the spectrum occupancy. CR system utilizes the spectrum on a
non-interference basis to the PU. Spectrum analysis uses the sensed radio
environment parameters to infer the existence of spectral opportunities in the
surrounding radio. Based on spectrum sensing, CR analyzes the situation of several
factors in the external and internal radio environment, such as radio frequency
spectrum used by neighboring devices, user behavior and network state, and finding
the optimal communication protocol and changing frequency or channel
accordingly [11-15]. Spectrum decision is the ability of CR to decide the set of
transmission actions to be taken based on the outcomes of the spectrum sensing and
analysis procedures. The decision for the best available spectrum band is based on
different criteria such as, probability of error, capacity, path loss, interference, PU

appearance probability, etc.

The underlay paradigm allows SU to operate if the interference they cause to PU is
below a given threshold in which the SU cannot significantly interfere with the
communication of PU. In that case, a SU can spread its signal over a very wide
bandwidth such that the interference power spectral density (PSD) is below the noise
floor at any PU location [14][18].

In overlay paradigm, the SUs overhear the transmissions of the PUs, and then use
this information along with sophisticated signal processing and coding techniques to

maintain or improve the performance of PUs, while also obtaining some additional

7



bandwidth for their own communication. The interferences to PUs are reduced or
completely eliminated by using sophisticated coding interference cancelation
techniques, such as zero forcing beam forming (ZFBF) [19], interference alignment
(1A) [20] and dirty paper coding (DPC) [21].

Underlay CR can only be used when there is a strong primary signal, whereas overlay
CR is more appropriate for weak primary signals [14]. Fig. 1.4 shows the architecture
of the three different platforms of CR [12].

Interference

PSD PSD
= 0~ W — - PU | PU PUJr PU T}?sho 1d
SU B
—
@

Spectrum Spectrum

®)

PU+S8

PSD / \
m ) M )
J» —_
Spectrum
©

Figure 1.4: CR platforms: (a) interweave; (b) underlay; (c) overlay.

1.5. Motivation of the Thesis

The situation of the Palestinian mobile network is critical due to the following reason:
The number of communication channels allowed by the regulation authorities is limited
to 19% of the global bandwidth generally allocated to a country to perform GSM. In
spite of the efforts of the engineers to optimize the radio planning, it is frequent that the
voice communications are interrupted. These interruptions are due to the inter and intra
channel interference caused by the massive reuse of the channel communications.
Moreover, the high population density makes this problem worse. CR technology has
emerged as a promising solution to many wireless communication problems including
spectrum scarcity and underutilization. The aim of this study is to assess the feasibility
of superimposing a secondary network on the primary Palestinian GSM network using
the principle of CR. This would make it possible to shift part of the GSM
communications to the secondary network. This way, it would be possible to limit the

channel reuse, and consequently to limit the inter and intra channel interference.



We can propose solutions for this problem from several viewpoints. The three CR

paradigms, interweave, underlay and overlay, can be considered in different scenarios

to improve the efficiency in the GSM-900 spectrum scarcity as follows:

1)

2)

In interweave CR; the SS determines the so-called white space or hole in the
existing spectrum. A television white space (TVWS) can be discussed as a good
example in this regard. TVWS is a portion of spectrum in the very high
frequency (VHF)® and ultra high frequency (UHF)® bands which is not utilized
based on time and location. Until relatively recently, all television broadcasting
in Palestine employed analogue terrestrial transmission stations, and all
household television receivers were analog based. Currently, Palestinian
authority works on a plan that all broadcasters analogue system turn to digital
system. The digital TV transition means extra free space in the TV band will be
available due to the higher spectrum efficiency of digital TV. TVWS provides a
spectrum opportunity but it introduces a number of technical challenges like
spectrum sensing, requirement of new wireless physical and media access
control (MAC) layer designs [22]. Recently, there has been a large amount of
interest in expanding the broadband wireless network spectrum with CR
technology using the new TVWS [23].

According to agreement between Palestinian and Israeli sides, the 3G licensing
is obtained and Palestinian telecommunication companies may be started to
release 3G services in the near future with another two 5 MHz bandwidth, one
of them is shared with Israeli operator. The 3G cellular mobile system uses the
CDMA technology as channel access method. The features of CDMA, which is
a type of broadband system based on the spread spectrum technique, are suitable
with the idea of underlay CR in which the power level of the transmitted signal
can be reduced to become less than the power level of the background
noise [18][24]. Thus, the CDMA signals are harder to interfere with the narrow
band signals such as GSM system. In that case, an underlay CR model can be
considered where the GSM-900 is the PS and the 3G based on CDMA is the SS.

> VHF: is the range of radio frequencies that belong to the domain between 174 MHz
to 216 MHz.
® UHF: is the range of radio frequencies that belong to the domain between 470 MHz
to 862 MHz.



In this system, SUs are allowed to share the channel simultaneously with PUs
under interference power constraints. The underlay CR in GSM band achieves
the target of increasing the network capacity and aid in reducing the problem in
Palestine. In this scheme, the power limit for secondary transmission limits the
SS for short rang communication.

3) Another proposed solution with spectrum leakage in Palestine is the 4G cellular
mobile, which is based on multicarrier communication as a secondary
transmission system in the GSM-900 band. Therefore, an overlay CR model can
be considered where the GSM-900 is the PS and the 4G based on OFDM is the
SS. Overlay paradigm allows for co-existence between secondary and PUs in
the same band without power limit for secondary transmission. Instead of
interference power constraints, a precoding can be defined to cancel or mitigate

the interferences at the PS [15]. In this thesis, we consider this solution.

1.6. Thesis Contribution

In this thesis, we propose to apply the idea of overlay CR using 4G-OFDM as SS to
expand the GSM spectrum [25]. In that case, two scenarios are considered, the first one
is the overlay CR using OFDM in the GSM band and the model is compared with a
second scenario overlay CR where the primary and secondary systems are based on
OFDM technology. Therefore, we formulate the mathematical expression of the
interferences due to the SU at the PU receiver and due to the PU at the SU. Then, we
study how to use ZFBF to cancel these interferences. More precisely, a precoding can
be inserted at the SU transmitters to cancel the interference at PU receiver. Since we
cannot change the existing system or PS, the interference from PU at SU can be
cancelled by insertion a postcoding at the SU receiver. The MATLAB simulation

performance of the two scenarios are measured based on BER.
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1.7. Thesis Outlines

The thesis is organized as follows:

In the first chapter, we provide a review of mobile communication generations. Also,
we present a study on GSM network in Palestine that illustrates the crucial challenge
of available cellular spectrum. In that sense, we discuss in details the CR definition
and platforms as proposed solution of spectrum scarcity.

In the second chapter, we provide the physical and data link layer specifications of
GSM system in the band 900 MHz (GSM-900) as PS. In addition, we present in
details the fundamental of OFDM technology and system modelling. Also, MATLAB

simulation results for the two systems in terms of BER are discussed.

In chapter 3, we discuss different interference cancellation techniques that used in
overlay CR to mitigate the interference caused by spectrum sharing between PS and
SS. Among these techniques, we focus on ZFBF in which multiple antennas should be
used to lead beams to a wanted user. The interference equations are derived and we
propose solutions to eliminate these interferences. Then, we present MATLAB

simulation results based on measuring the BER for:

1. CR system where the OFDM is used in PS and SS.
2. CR system where the GSM-900 is considered as PS and OFDM is the SS.

Finally, chapter 4 addresses the conclusion of the thesis and provide some suggestions

and perspectives for future works.
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2.1. Overview

The access to information and communication technologies varies a lot from one
country to another. Indeed, some countries have already deployed the fourth
generation (4G) network whereas others are still with the global system for mobile
communication (GSM), which is the case in Palestine.

In this chapter, we review the fundamental of cellular mobile communication system
including the channel characteristics and equalization. Then, we present the system
model of the GSM and the 4G mobile communication based on OFDM technology.
Also, we present simulation results for the two systems in terms of probability of

error.

2.2. Cellular Communication Systems

Cellular systems accommodate a large number of mobile subscribers over a large
area within a limited frequency spectrum. In a cellular network, the problem of
spectral congestion and user capacity is solving by dividing the total area into smaller
areas called cells. The cells are usually roughly circular, but are easier to model as
hexagons. Each cell has a number of determined channels. The available channels are
divided into set of cells to form a cluster. The frequencies used in a given cell area are
simultaneously reused non-adjacent cells in other clusters. For example, a typical
cluster has seven cells as shown in Fig. 2.1. Cells that have the same channel
frequency are called co-channel cells; they cause co-channel interference. The
available channels can be reused many times necessary as long as the co-channel

interference is kept below acceptable levels.

Figure 2.1: Cellular system concept.
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The mobile station represents a transceiver in the cellular system and the transmission
media is the wireless channel. The wireless channel incorporates a number of
stochastic effects including thermal noise (or additive noise), fading and interference.
Fig. 2.2 shows the general model of the fading channel.

x(t) ———srh(E)

| + + » r(t)
| \TJJ

:(t}

Figure 2.2: Fading channel model.

The received signal r(t) can be expressed as:
r(t) = h(t) = x(t) + z(t) (2.1)

where (*) is the convolution product, x(t) is the transmitted signal, h(t) is the channel
impulse response and z(t) is the additive white Gaussian noise (AWGN) with zero

mean and variance o2.
In that case, (2.1) can be written in matrix as:
r=Hx+z (2.2)

where x is the transmitted symbols vector, H is the channel matrix and z is the additive

white noise vector.

In the following subsections, we present a review for mobile channel characteristics, the

different classifications of the channel, and an overview of mobile channel equalization.

2.2.1. Channel Characterization

The wireless channel suffers from the multipath problem which causes the so-called
fading'. Multipath effect is a phenomenon in which versions of the signal reach the
receiver from different paths due to the propagation mechanisms. Thus, at the receiver
antenna there is a collection of direct and other multipath copies (components of the

transmitted signal) and each component has different delay, phase and amplitude. The

! Fading is the fluctuation of the signal strength as it propagates through wireless
channel.
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impulse response of the fading channel is random time-varying in which they generate
random changes in the amplitude, delays and phase of multipath component. The

standard time-variant channel impulse response is:

Lyp

h(®) = ) an(D)e TP O5(t — 7,(1) (2.3)

n=1
where L, is the number of multipath components, a,(t) is nt™ multipath amplitude,

@, (t) is n*™* multipath phase shift and 7, (t) is n* multipath delay time.

The statistical nature of the channel can be categorized into many distributions such as
Rayleigh, Rician and Nakagami [1]. In this thesis, we consider Rayleigh fading channel
model which has proven useful in rich scattering environments to describe the envelope
distribution of the received signal. The effect of multipath propagation causes two main

problems in wireless system:

1. Delay spread: the time between the first arrival component and the last arrival
component of the transmitted signal at the receiver due to the different
propagation delays for each component is called spread time delay. The
analogous parameter of delay spread in frequency domain is the coherence
bandwidth of the channel, which is defined as the range of frequencies that are
strongly correlated when they pass through the channel.

2. Inter symbol interference (ISI): when the maximum delay spread is greater than
symbol time, the components from different signal overlap and interfere with
each other. It is called ISI. At the receiver, the combinations of the overlapped
components are added constructively or destructively due to the relative phase
shift between multipath signal components. This causes rapid fluctuation in the
received signal power. Fig. 2.3 shows overlapping between two copies of the

transmitted symbol, S, at the receiver due to ISI.

In addition to multipath problem, the mobile channel face a serious challenge depends
on the speed of the mobile, Doppler frequency shift. It is the apparent change in
wavelength of the transmitted signal when there is relative movement between the
transmitter and the receiver. On the one hand, when the transmitter and or the receiver

are moving toward each other, the frequency of the received signal is higher than the
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transmitted signal. On the other hand, when they are moving away from each other the

frequency of the received signal is less than the transmitted signal [1][2].

Path 1 Si-1 ‘ - ‘ Si41 |

Path 2 11 | — | Si+1 |

Figure 2.3: ISI between two copies of the transmitted signal.

Doppler shift can cause significant problems if the transmission technique is sensitive to
carrier frequency offsets (CFO)? or the relative speed is high. The analogous to the
Doppler frequency in time domain is called coherence time which is characterized the

time varying nature of the dispersive channel.

Depending on the time and frequency characteristics of the wireless channel, there are

four types of fading channel:

e Slow or fast fading based on Doppler spread and coherence time.
e Flat or frequency-selective fading based on time delay spread and coherence
bandwidth.

On the one hand, in a fast fading channel, the channel impulse response changes rapidly
within the symbol duration of the signal. Due to Doppler spreading, signal undergoes
frequency dispersion leading to distortion. However, in a slow fading, the rate of the
change of the channel impulse response is much less than the transmitted signal. The
channel is considered to be slow faded if the channel almost constant over at least one

symbol duration.

On the other hand, flat fading occurs when the bandwidth of the transmitted signal is
less than the coherence bandwidth of the channel or equivalently if the symbol period,

T,, of the signal is more than the root mean square (RMS) delay spread of the

2 CFO is a deviation in the transmitted frequency due the velocity of the mobile.
16



channel, o, then the fading is flat fading. A rule of thumb for a channel to have flat

fading is if * < 0.1.

Frequency selective fading occurs when the signal bandwidth is more than the
coherence bandwidth of the mobile radio channel. In this type, the channel introduces

ISI. To overcome the ISI problem, an equalizer should be used at the receiver.

2.2.2. Channel Equalization

Mobile communication systems require signal processing techniques that improve the
connection performance. Equalization, diversity and channel coding are channel
impairment improvement techniques. Equalization compensates ISI created by
multipath fading within time dispersive channels. An equalizer is a filter at the mobile
receiver that overcomes the average range of expected channel amplitude and delay
characteristics. Diversity is another technique used to compensate fast fading and it is
usually implemented using multiple antenna system. Channel coding improves mobile
communication link performance by adding redundant data bits in the transmitted
signal. There are two categories of symbol by symbol equalizers, linear forward
equalizers and nonlinear decision feedback equalizers. On the one hand, a linear
forward equalizer consists of a transversal filter with adjustable tap coefficients, zero
forcing (ZF) equalizer and minimum mean square error (MMSE) are two types of linear
forward equalizer. On the other hand, the nonlinear decision feedback equalizer (DFE)
is proposed to mitigate noise enhancement. To eliminate the IS, the estimated symbols
are fed back through the feedback filter of the DFE. However, this introduces error
propagation which can seriously degrade the performance of the DFE and complicate
analysis of its performance. DFE and other nonlinear and adaptation equalization

techniques are proposed and discussed in [2].

In the following section, we present in detail the physical and data link architecture of

the second generation (2G) cellular system, GSM-900.

2.3. GSM-900 System Architecture

GSM is a 2G digital cellular technology used to transmit voice and data services.

GSM was proposed by European telecommunications operators and manufactures in
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the early of 1990s. It operates in the 900 MHz frequency band, and then it is upgraded
into another two frequency bands 1800 MHz and 1900 MHz [26].

2.3.1. Channel Access

In this work, we consider GSM based on 900 MHz (GSM-900), which is the main
frequency band used in Palestine. In that case, GSM-900 system uses the frequency
bands 890-915 MHz for the uplink and 935-960 MHz for the downlink. Depending on
frequency division multiple access (FDMA), each band is divided into 125 channels
with a bandwidth of 200 KHz. Every subscriber needs two channels, uplink channel
to transmit services and downlink channel to receive services. As 2G is based on time
division multiple access (TDMA), every channel is time shared between eight

subscribers. Therefore, every 200 KHz channel carries services of 8 subscribers [27].

2.3.2. Network Layers

The GSM-900 network is divided into three basic subsystems: mobile station (MS),
base station subsystem (BSS) and network switching subsystem (NSS) as shown in
Fig. 2.4.

"

Ediipment]

Mobile Station (MS) Base Station Subsystem (BSS) Network Switching Subsystem (NSS)

Figure 2.4: GSM Network Architecture [27].

2.3.2.1. Mobile Station (MS)

The MS is used by GSM subscriber. It includes two elements, the GSM mobile phone
set, i.e., mobile equipment, and the subscriber identity module (SIM). The main

functions of the MS are to transmit, receive, encode and decode voice transmissions.
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The SIM card provides authentication, information storage, and subscriber related
information [8][27]

2.3.2.2. Base Station Subsystem (BSS)

The BSS provides a wireless connection between the subscriber, MS, of a limited area
and the NSS through air interface. The BSS consists of one or more base transceiver
station (BTSs) and one base station controller (BSC). The BTS includes all radio and
transmission interface equipment needed within one cell. The BTS communicate with
MS of the users. In that case, one frequency is used to transmit signals to the MS and
one to receive signals from the MS. In addition, BSC is the central part of BSS. It
controls and monitors the operation a set of BTSs. BSC communicate with BTS via a
so-called Abis interface [26][27].

2.3.2.3. Network Switching Subsystem (NSS)

NSS acts as an interface between wireless and fixed public switched telephone
network (PSTN). It consists of switches and databases that manage and control the
GSM network functions such as handovers® between BSS’s, worldwide user
localization, user accounts, call charges, and management of roaming which enables a
MS to automatically access the services when travelling outside the geographical
coverage area of their home network on the same SIM card. The main components of
the NSS are [27]:

1. Mobile switching center (MSC), is an exchange that represents the core of the
GSM network. MSC performs many functions such as: coordinates setup calls
between GSM users, controls several BSCs, handover between BTSs and
BSCs, etc.

2. Home location register (HLR), a database to store and management
permanent data of subscribers.

3. Visitor location register (VLR), a database to store temporary information

about subscribers. It is needed by MSC in order to serve visiting subscribers.

* It is the process when the MS transfers from channel to another without turning-off
the call.
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The operations and maintenance center (OMC) is connected to all equipment in the
NSS and the BSC. The implementation of OMC is called the operation and support
system (OSS), which monitors and controls the GSM network [8].

2.4. GSM-900 Physical Layer

In this section, we show the system model of the GSM-900 system including the
mathematical models of the signals in the transmitter and the receiver. A block
diagram of a GSM transceiver system is shown in Fig. 2.5. In the following

subsections, we explain each process of this model for transmitter. It should be noted

that an inverse of process is considered for the receiver.

Source Interleaving/ GMSEK
Coding - -odi Burst Assembling Modulation

De-interleaving/ GMSK
Burst Disassembling | Demodulation

Figure 2.5: GSM-900 transceiver.

2.4.1. Source Coding

The speech signal from the MS is converted from analog to digital using analog to
digital converter (ADC). The sampling rate in ADC is 8000 sample/s and every
quantization level is encoded into 13 bits. Thus, the data rate is 104 kbps. Hence, the
bit rate of eight subscribers on each channel, i.e., 200 KHz, is 832 kbps. This bit rate
is high to transmit over 200 KHz channel. Therefore, source coding or speech coding
should be introduced in order to overcome this problem using coding algorithms, such
as linear prediction coding (LPC) [26]. In that case, the speech signal is divided into
number of segments. Each segment has duration of 20 ms and 160 samples of speech

signal. The segment is encoded into 260 bits. Therefore, the bit rate becomes % =

13 kbps.
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2.4.2. Channel Coding

In GSM-900 system, the channel coding is one of mechanisms used to enable
detection and correction of transmission errors. GSM-900 system uses a combination
of several channel coding procedures: besides a block code, which generates parity
bits for error detection, a convolutional code generates the redundancy needed for
error correction. The generated segment, i.e., 260 bits, from source coding process is

encoded using channel encoder to produce 456 bits as shown in Fig. 2.6.

A convolutional encoder with a code rate of R =1; is applied on 182 bits, among

these 182 bits, the 50 most significant bits are parity encoded by adding 3 redundancy
bits through block coder. After parity encoding, the resulting 53 bits are combined
with 132 bits, and a tail sequence of four zeros are added to the block. The total
number of bits is 189, and this block is sent to convolutional encoder and the result is
composed of 378 bits. The 78 non-protected bits must of course be added to these 378

bits, leading to a coded block length of 456 bits. The data rate now becomes —2‘;5;5 =

22.8 kbps.
30 53
3 Block 3
. 378
260 132
+

bits . {UUDU}

20 4 bits ———> —— 456 bits

>

Figure 2.6: GSM channel encoder.

2.4.3. Interleaving and Burst Assembling

Interleaving is a process that used to prevent the original data from the channel
effects. In this process, the 456 bits from channel encoder is divided into eight blocks,
each block has 57 bits. The burst is formed from two interleaved blocks from two
different 456 bits segments [27].

The GSM-900 frame contains 8 time slots on one radio frequency or channel. The

time duration of each slot is 0.577 ms. Each time slot contains 156.25 bits with 8.25
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bits are used as guard period between consecutive slots. The structure of normal GSM

burst is shown in Fig. 2.7.

The burst structure contains two encrypted blocks of 57 bits; each block carries
digitized data or information. The tail of the burst has 3 bits set to zero and placed at
the beginning and the end of a burst as synchronizing fields. The two flags bits are
used to indicate whether the burst carry user or control traffic. The so-called training
sequence, i.e., 26 bits, is used to estimate the channel effect. The guard period of

length 8.25 bits is used to prevent the overlap between time consecutives slots. Thus,

156.25 bits
0.577 msec

transmission corresponds to a channel utilization of 1.35 bits/Hz over the 200 kHz
channel bandwidth [28].

the system transmits at a bit rate of = 270.834 Kbps. This resultant bit

2 Flag bits e
HH___
/ \ -"""H-..\___\_H_
T
Tail . Training Tail
3 57 26 57 3 3.23

156.25 bitsin 0.577 ms

Figure 2.7: Normal GSM burst structure.

2.4.4. Digital Modulation

The aim of digital modulation is to transfer a digital baseband data bits over an
analog band pass channel. The analogue signal designed to match the transmission
requirements of the medium and reduce the out of band power to mitigate the

interference in the wireless channel [27].

GSM-900 system uses a special digital modulation technique called Gaussian
minimum shift keying (GMSK). GMSK modulation is based on the minimum shift
keying (MSK), which is a form of continuous-phase frequency-shift keying with

modulation index m = 0.5 [29]. In MSK schemes, the signal envelope is kept
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constant and the phase varies in a continuous manner. This ensures that MSK signals
are compact spectrum. Indeed, there are no sharp changes in the signal envelope at

high frequency components. The transmitted MSK signal is written as follows:

s(t) = Accos(2nf.t + (b)) (2.4)

where A, is the amplitude of the signal, £, is the radio frequency of the carrier and

the phase ¢(t) contains the information and it is given by:

o(t) = m Z d(k)p(t — kT) (2.5)
k=0

with the modulation index m, the data d(k) € {+1}, and p(t) related to the pulse

shape of the modulation scheme.

2.4.5. GMSK transmitter

GMSK is attractive digital modulation scheme due to its excellent spectral and power
efficiencies [26]. It is used in many wireless communication systems. The baseband
implementation of GMSK modulator is based on the quadrature modulator as shown
in Fig. 2.8. The non-return to zero (NRZ) signal, which is obtained from a binary
sequence {0,1} and comprised of d(k) € {1}, is passed through a Gaussian filter
[30]. The impulse response of the Gaussian filter, g(t), is given by:

g = %e‘(“ﬂz (2.6)

NRZ signal Ganssian Filter cos(w,t) |~ —
' 9(®) ‘

Figure 2.8: GMSK modulator.
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where a = ntf8 ﬁ and S is the bandwidth of the Gaussian filter.

The NRZ signal can be written as:

Xz (£) = z d(k)rect(t — kT) 2.7
k=0

where T is the period of the NRZ symbol, and rect(t) denoted for the rectangular

signal, it can be written as:

T
rect(t) = {1 It < 2 (2.8)
0 otherwise

The response of the filter to the rectangular NRZ signal can be defined as follows:

q(t) = g(t) * xygrz(t)

T/2

a
= | L@y
= e T
| &
-T/2
a(t+y)
L j e~ gy (2.9)
N '

a(t—i)

In that case, (2.9), can be written in terms of the error function (erf)* as following:

q(t) = %[erf (— aT (% - %)) +erf (aT (% + %))] (2.10)

A GMSK is adapted by the European GSM-900 system. In GSM-900 system, the
normalized bandwidth of BT is 0.3, which is a trade-off between bit error rate (BER)
and out-of-band interference, i.e., both the side lobe power level and the width of the
main lobe can be reduced by introducing a baseband Gaussian-shaped filtering of

rectangular pulses before modulation [26].

“Itis defined as: erf(t) = = [ e ™" du.
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The impulse response, q(t), over different values of ST product is shown in Fig. 2.9.
The normalized power spectral density (PSD) of GMSK at different values of BT is
shown in Fig. 2.10. The BER exponentially increases due to the reduction in signal

power if BT drops below 0.3.

The result of Gaussian filter is then integrated in order to compute the phase, ¢(t).

The integrated phase is given by:

o(t) = g; d(k) p(t — kT) (211)
where:
t—kT
p(t) = f q(t)dt (2.12)

— 00

This phase determines the I-channel and the Q-channel signals by using the following

equations:
s1(t) = cos(p(1)) (2.13.q)
so(®) = sin(p(0)) (2.13.b)
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Figure 2.9: Gaussian response filter with different values of ST.
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Figure 2.10: Power spectral density of GMSK with different values of ST.

The baseband form of the signal s(t), takes the form of quadrature signal®. In that

case, given (2.11), the baseband signal x(t) of s(t) can be written as follows:
x(t) = ej§0(t)
— o7 Zra(k)p(t=kT) (2.14)

However, GMSK is not linear because of the phase modulation and Gaussian
filtering. Therefore, a linear approximation of GMSK is preferable and can be realized
with a usual 1/Q-Modulator for PSK or QAM.

Laurent approximation showed that any binary continuous phase modulation (CPM)
signal with a modulation filter duration L can be expressed as the sum of 2:-1 PAM
signals [29][30]. Applying this result to GMSK with BT = 0.3, L = 3, and L basis
functions, ¥, (t), in which each basis is weighted by a complex coefficients, 4,,(k),

we can write the approximated transmitted GMSK signal as:

3
x(t) = I74n0) y, (¢ —KT) (2.15)
2,2.

> The term quadrature means that the phase of a signal is in quadrature or 90 degrees
to another one.
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It found that the basis 1, (t) contains 99 % of the total GMSK pulse energy [29]. The

following linear approximation of x(t) can be rewritten as:

X(©) = )y Polt — k) (2.16)
k
where
& T
Yo(t) = sin(z (1 — p(t —iT)) 0<t<3T (2.17)
0 1—0[ 2
and
y(k) = /22040 (2.18)

2.4.6. GMSK Receiver

In a GSM-900 system, the training sequence of a known pattern which has good
autocorrelations is located in the middle of the burst. This training sequence is used
by the equalizer to create the channel model. The mobile channel impulse response is
finite and approximately time invariant for the length of one GSM burst, i.e., there is
no fast fading degradation during one slot [26][29]. If we know the impulse response
of the channel, we can recover the transmitted data. The coherence bandwidth® is
approximately equal 30 KHz [29]. The GSM-900 signal bandwidth is 200 KHz.
Therefore, the received signal results in a serious 1SI problem. To mitigate the effects
of ISI, an equalizer must be used. The general GMSK receiver structure is shown in
Fig. 2.11.

Recall that the GSM burst contains 148 bits. The discrete received symbol, r(n), for

the discrete transmitted symbol, x(n), is:

Ly

r(n) = Zx(n “ DR +2z(n)  n=0,1,..147 (2.19)

i=0

® Is a measure of the range of frequencies over which the channel fading can be
considered flat.
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where h(n) is the discrete form of h(t) which is the convolution of the pulse shaping
function p(t) and the channel impulse response with length L, + 1. In addition, z(n)

is an additive white Gaussian noise.

. Channel ) Matched :

z(n) Channel
Estimator

Figure 2.11: GMSK receiver structure.

The channel estimation uses the K known training symbols x;.(n),
n=20,...,K—1, and the received training symbols ry.c(n) =r(60+10),l =
0,...,K —1, to estimate h(n), n = 0,...,L,. For the GSM-900, the number of
multipath taps, L,, is usually 5 and K is 26 symbols [29]. The received and the

transmitted training sequences are related as follows:

Ters = Xersh +2 (2.20)
where 145 = [15(0) ... 1(K—D]7,,z=[2(0) .. z(K—-1]", h=
[A(Ly) ... h(0)]T and the matrix X,.¢ containing the training sequence with

known symbols x;, (n) according to (2.19) and it is given by:

xtr.s(o) xtr.s(l‘p)
Strs = : : (2.21)
Xers(K—1) - X s(K — Lp -1)
In order to estimate h, one can use the minimum least square error as follows:
”i = (Sg".sstr.s)_lxgﬂ.srtr.s (222)

where XH__ is the Hermitian transpose of X, .

It should be noted that, the GSM system uses slow frequency-hopping spread-
spectrum (FHSS) with 217 hops per second as a diversity mechanism. Mobiles and

base stations are capable of hopping from frequency channel to another frequency
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channel each frame, following a specified hopping pattern, to compensate the effect of
fading [8].

The GSM receiver must involves insertion of a filter to remove the effect of
frequency-selective distortion. To accomplish this goal, the Viterbi equalizer is
typically implemented. The Viterbi equalizer is maximum-likelihood sequence
estimation (MLSE) equalizer where the implementation of this equalizer is based on
the Viterbi decoding algorithm [31].

The MLSE equalizer, proposed by Forney, is optimally minimized the probability of a
sequence error by tests all possible data sequences, rather than decoding each received
symbol by itself, and chooses the data sequence that is the most probable of the
candidates [31].

The GSM system is required to provide mitigation for distortion due to signal

dispersions of approximately 15-20 ps. Recall from Fig. 2.7, the bit duration is

577 us

Togs = 3:69us. Thus, the Viterbi equalizer used in GSM has a memory of 4-6 bit

intervals. For each L, bit interval in the message, the function of the Viterbi equalizer
is to find the most likely L, bit sequence out of the 2Lo possible sequences that might

have been transmitted [32].

Several equalization algorithms are proposed in literatures for GSM systems. The
channels of time division multiple access (TDMA) systems such as GSM introduce
multipath interference. Two approaches to achieve equalization are considered
by [33]; an equalizer based on the Viterbi Algorithm (VA) and a decision feedback
equalizer (DFE). The performance of MMSE-DFE is compared with maximum
likelihood sequence estimation (MLSE) for the GSM system as in [34].

Zero forcing (ZF) equalizer is used as equalization scheme for GSM with multiple
antennas, the demodulation of the equalized GMSK signal is done by an
implementation of the VA employing decision metrics based on the amplitude of the

equalized signal [35].

In this work, we use two linear equalization schemes; ZF and minimum mean square

error (MMSE). ZF and MMSE equalizers are introduced in the next two subsections.
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2.4.6.1. ZF equalizer

The process of ZF aims to find a set of filter coefficients, c(n), that achieve the

following equation:

h(n) *c(n) = &§(n) (2.23)

where §(n) is the unit impulse signal.

The ZF equalization result in the following signal:

rze(n) = c(n) * x(n) * h(n) + c(n) * z(n)

=x(n)+ b(n) (2.24)

with b(n) = c(n) = z(n) is additive white noise with 67 = o2.

The generation of c(n) coefficients is done by toeplitz matrix, which is a representation

of convolution operation. Let the number of channel taps, Ly, is five taps as the case in

GSM system [29], then the channel coefficients can be written as follows:

h= [h1 hz h3 h4, hs] (225)

The number of equalizer coefficients (or weights), L., should be greater than or equal

the number of channel taps, i.e, L, = L,. If we have five taps ZF equalizer, then the

equation, h(n) * c(n) = &§(n), can be converted to multiplication matrix as follows:

0
L0

The equalizer coefficients, ¢, can be determined as follows:

00 0 0 o
hy O 0 0 0
h, hy 0 0 |l 0
h; h, hy O [cz] 0
hy h; h, hyilcsl=1I1 (2.26)
hs hy hy hy H 0
0 hg hs hg|s 0
0 0 hs hy 0
0 0 0 hsl -0-
c=(H)'é (2.27)

where H is the (L, + L. — 1) x L, toeplitz matrix that containing the channel

c(L,)]"and&=[0 0 0 0 10 0 0 0]".

coefficients, ¢ = [c(1)
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It should be noted that the matrix H is not necessary a square matrix, so that the inverse

can be done through Pseudo inverse process.

2.4.6.2. MMSE equalizer

Our task is to design a finite length equalizer, c(n), with 2K + 1 taps such that its

outputis written as follows:

rumse (M) = c(n) *r(n) (2.28)
where r(n) = x(n) * h(n) + z(n).
We can optimize ¢(n) to combat the ISI and the noise using MMSE. In particular, the
linear MMSE criterion corresponds to choosing c(n) that will minimize the mean

squared error (MSE) between the decision statistic, ryysg(n), and the desired

symbol, x(n), defined as:

K

MSE = E[Ge(n) — Tuws ()] = B || () = )" c(rcn— ) (2:29)

==K

Minimizing the MSE in this fashion leads to minimizing the contribution due to I1SI and
noise at the correlator output, which is clearly a desirable outcome. By invoking the
orthogonality principle, this optimization problem is solved by taking the taps

{c()N}3E$ Tsuch that the error, x(n) — ryuse (1), is orthogonal to the signal r(n — 1),

|l| < K;thatis:

K

E|[ x(n) - z c(yrm=0 |rmn=pl=0 (2.30)

j=K

Due to linearity of the expectation, we obtain:

K

> CGIEIr( = D1 = )] = Elx()r(n - )] (23D

j=—K
Let we define the following:
p = E[x(n)r(n—j)] = h(=1 0<I<K (2.32.a)
2

R=Elr(n—0r(n—)1 = ¢m(l =) +550U =) (2:32.0)

31



where ¢, (1 — j) is the channel autocorrelation.
In that case, (2.31), can be written in matrix form as follows:

¢cR=p (2.33)
where ¢ denotes the column vector of 2K + 1 coefficients of the equalizer.

The equalizer taps can now be found by:
c=R1p (2.34)

In the next section, we present in details the OFDM based 4G as a secondary system
used in our contribution.

2.5. OFDM system

Orthogonal frequency division multiplexing (OFDM) is a multiple access technique
that considers for a 4G standard. In the following subsections, we present an overview
of OFDM technology as well as the OFDM system model.

2.5.1. Fundamentals of OFDM multicarrier system

The OFDM is a multicarrier technique that converts the sequential high data rate stream
into multiple parallel low data rate streams. These parallel streams are used to modulate
different orthogonal subcarriers and they simultaneously transmitted by single antenna.
The motivations behind emerge the OFDM technology in communication system over

single carrier system are:

1. High transmission data rate.

2. Maximize the bandwidth efficiency by selecting a special set of orthogonal
carrier frequencies.

3. Increase the robustness against frequency selective fading and narrowband

interference.

The applications of OFDM technology have been extended from high frequency radio
communication to telephone networks, digital audio broadcasting, and digital television
terrestrial broadcasting. The advantages of OFDM, especially in the multipath
propagation, interference and fading environment, make the technology a promising

alternative in digital broadcasting and communications [5].
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The orthogonality between subcarriers is a key feature in OFDM indicates that there is a
precise mathematical relationship between the frequencies of the carriers in the system.
Thus, it is possible to arrange the subcarriers in an OFDM signal so that the sidebands
of the individual subcarriers overlap and the signals are still received without adjacent
carrier interference. The minimum space frequency between two successive subcarriers
that used to apply orthogonality condition can be given as:

Af = (2.35)

1
T
where T; is the OFDM symbol time.

It should be noted that the OFDM system suffers from two main serious problems;
carrier frequency offset (CFO) and high peak to average power ratio (PAPR). On one
hand, CFO causes inter carrier interference (ICI) and lead to frequency mismatch
between transmitter and receiver oscillators, i.e., frequency synchronization problem.
On the other hand, OFDM consists of multiple sinusoids summed together, which it can
create a huge PAPR, since this large peaks introduce a serious degradation in
performance when the signal passes through a nonlinear high power amplifier [36][37].

Fig. 2.12 shows the spectrum of an OFDM signal which is a sinc’ function. Since the
spectrum of an OFDM signal is not strictly band limited, the multipath propagation
introduces an ISI. To eliminate the ISI, we add a guard interval (GI) between successive
OFDM symbols. The Gl is inserted in the form of the so called cyclic prefix (CP)® to
avoid higher spectral components results from sudden change of waveform. In that
case, the OFDM signal is cyclically extended and therefore the ICI is
eliminated [5][36].

The general block diagram of the conventional OFDM transceiver is shown in Fig.
2.13.The system model of OFDM shows that the inverse fast Fourier transform (IFFT)

is applied at the transmitter side and the fast Fourier transform (FFT) is applied at the

” The sinc function is defined as sinc(x) = 228

X
® It is a copy of the last samples of each OFDM symbol is inserted at the beginning of
each OFDM symbol [2].
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receiver side. The CP is used to overcome ISI and ICI, but it also adds an overhead that

reduces the bandwidth efficiency. This CP is removed at the receiver side.
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Figure 2.12: OFDM spectrum.
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Figure 2.13: OFDM transceiver system model.

The transmitted passband OFDM signal can be defined as follows:

(o) NC

x(t) = Z le(m) e/2MmE= g (¢t —IT) (2.36)

l=—c0om=1
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where N, is the number of subcarriers, X;(m) is the I** information symbol at the m*"
subcarrier, T is the sum of the length of OFDM symbol (Ty) and the length of the Gl

(Ty),i.e, T =Ts + T, g,(t) is the rectangular pulse waveform of the symbol given as:

(1 Ty <t<Ty
9 = {0 t< =Tyt >T, (237)
In addition, £, is the frequency of the m®" subcarrier is given by:
m—1
fm = T (2.38)
S

In the following sections, we describe the transmitter model, the channel model and the

receiver structure of the OFDM system.

2.5.2. OFDM transmitter using IFFT

Implementation of OFDM system needs a modulator for each subcarrier, which is
become difficult and more expensive for hardware implementation when the number of
subcarriers increases. Digital signal processing solves this problem by using the Fast
Fourier Transform algorithms. OFDM transmitter can be easily implemented by using

IFFT process as shown in Fig. 2.14.

C(m A C:(m . A
Y |

E_J'Zfrfir Z x;@.i} ::

X (Nc - 1:]

I B B
=
i

H:(Nc_ﬂ
" — J /

Figure 2.14: Equivalent generation of OFDM signal using IFFT.
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IFFT generate N, orthogonal subcarrier frequencies in which every subcarrier is used to

carry one symbol data source. The transmitted block can be written as follows:

1 jorkn

xl(n):ﬁz X,(k)e " Ne 0<n<N.—1 (2.39)
¢ k=0

where x;(n) is the IFFT of the signal X;(k) and X,(k) denote the [*" transmit symbol at

the kt"subcarrier, = 0,1,2, ..., .

The transmitted signal x;(n) passes through the wireless channel, which introduces

signal distortion and additive noise.

2.5.3. Channel model

The transmitted OFDM signal is assumed to go through a frequency selective fading
channel. In addition to fading, the signal also contaminated by an additive white
Gaussian noise (AWGN) as shown in Fig. 2.15. One advantage of the OFDM system,
it is possible to convert a wide band frequency selective fading channel into many
frequency flat fading subcarriers.

An OFDM system is very sensitive to CFO, which may be introduced in the radio
channel, so accurate frequency offset synchronization is essential. The orthogonality of
an OFDM system is only preserved when the receiver and the transmitter use the same
frequency. Thus, the receiver has to estimate and correct the carrier frequency offset of

the received signal [37].

———————————

xp(n)e---1 Fading E’“‘, 7 (n)
: ! : channel :

OFDM ]_/ E h(n) . f OFDM
TRAMSMITTER T RECEIVER
z;(m)

AWGN

Figure 2.15: Fading channel with AWGN modeling for OFDM system.
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2.5.4. OFDM Receiver using FFT

The receiver operations are essentially the reverse of those in the transmitter. The

received signal of the [*"* symbol can be written as follows:
n(n) = h(n) * x,(n) + z,(n) (2.40)

where h(n) is the channel fading impulse response and z; (n) is the additive noise.

The signal r;(n) is passed through FFT process after the guard interval being

removed [36]. Thus the output signal, R;(k) = FFT{r;(n)}, is expressed by:

N.—1
.
R = Y nwe ™™
n=0
Ne=1 , o
ol
= z Z h(m)x;(n—m) + z;(n) e N¢
n=0 \m=0
Ne-1 oo N.—1 .
Zh(m)xl(n mye”’ , +ZZl(n)e TN (2.41)
n=0 m=0

kn

Let we define that Z; (k) = 2 o Zl(n)e Z"Nc then the R; (k) can be written as:

NC [o'e)
.. kn
Ri() = Z Z hm) Z X ™ e 4 2,0
n=0
. Ne-1 o N.—1 .
= Z h(m)e 2"V Z X, e e N + 7, (k)
¢ n=0 m=0 u=0
Ne-1 oo N1
1 —jZn% j27rﬂ —j2 nk—n
= Z h(m)e Ne X, (w) e Nee ""Net+ 7Z,(k) (2.42)
€ u=0 m=0 n=0
At this point, we have two factors:
a.
N.—1
1 u=k
N = —k) =
Z) =ou-k) =3 L% (2.43)
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d .. _km
H(k)= > h(m)e "N (2.44)
In that case, R;(k) will be written as:
1 No—1
R =3 ZO H, () X,(K) + Z,(K) (2.45)
Hence, ¥ " H, (k) X,(k) = NH,(k)X,(k). Thus,
Ri(k) = H,(k)X;(k) + Z,(k) (2.46)

After the FFT process, the system should equalize the received signal. The OFDM
equalizer is simple and it just divide the received signal on the spectrum response of the

channel. The estimated received signal, assuming normalized H;(k), can be written as:

X,(k) = Ri()H," (k) = X,(k) + Z,(k)H," (k) (2.47)
If the additive noise power is zero, i.e, Z;(k) = 0, then we have:
X, (k) = X,(k) (2.48)

In the next section, we present simulation results based on BER for GMSK based GSM
and OFDM based 4G.

2.6. Simulation Results for GSM and OFDM systems

In this part we show some of simulation results including GMSK spectrum and BER
and the performance of GMSK based GSM system in AWGN and fading channels as
well BER performance of quadreture phase shift keying (QPSK) and the OFDM
system. The probability of error or BER is the number of bit errors divided by the total
number of transferred bits during time interval is used to measure the performance of
communication system. The theoretical bit error rate of GMSK in AWGN channel,

P;usk, 1S given by:

2yE}

Peusk = Q (2.49)
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where Q(.) is the Q-function with Q(x) = 0.5 (1 — erf( ad )), b s the bit

sqrt(2) No
energy to noise energy value and y is a constant related to 3-dB bandwidth bit duration
product (BT) of the Gaussian filter by:

N {0.68 for GMSK (BT = 0.3) (2.50)

~ 10.85 for MSK (BT = o)
The theoretical probability of bit error of GMSK in Rayleigh fading channel, which is

the average of the P sk, IS given by:

— 1 yI
Peusk = z

(2.51)

where Pg sk is the probability of error for GMSK in Rayleigh channel and I' = % is

0

the average signal-to-noise ratio.

GMSK is type of two level modulation schemes. In this work the performance of
Gaussian Minimum Shift Keying (GMSK) modulation is compared with that of QPSK
and QAM modulation scheme. GMSK is used in GSM-900 as digital mapping while
QPSK is usually used in OFDM. The theoretical BER for QPSK in AWGN, Pgpsx, and

Rayleigh channels, Pypsk, can be written as:

2E,
Popsk = Q N (2.52)
0
_ 1 r

2.6.1. Performance of GMSK and QPSK

Fig. 2.16 shows the spectrum power level in dB versus frequency normalized to bit rate
for GMSK, BPSK and QPSK. The GMSK spectrum shows that the side lobes have

weaker power compared to side lobes in BPSK and QPSK.
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Figure 2.16: Power spectrum versus normalized frequency to bit rate for GMSK,
BPSK and QPSK.

Fig. 2.17 shows the BER performance for GMSK and QPSK in AWGN and Rayleigh
fading channels with y = 0.68. It is observed that QPSK outperforms GMSK
modulation in terms of bit error rate in two channels. This degradation in performance
of GMSK due to spread the modulating NRZ bit over several bit periods. This gives
rise to induced ISI. It can be shown from Fig. 2.9, as BT decreased, the ISI is increased
since the frequency shaping pulse of Gaussian filter has a duration greater than bit
period T. However, a smaller value of ST results in a more compact power density
spectrum since the Gaussian pre-modulation baseband filter suppress the high
frequency components in the data. Hence, there is a trade off in the choice of ST. In
bandwidth limited systems, smaller BT product is required to achieve more bandwidth
efficient. For example, the GSM uses GMSK modulation having a ST product equal to
0.3 Hz/(bls).

2.6.2. BER of GMSK based GSM-900

Fig. 2.18 shows the simulation results for BER performance of GSM-900 system in
three channel scenarios, AWGN, Rayleigh flat fading and Rayleigh frequency selective
fading channels. The simulation results are compared to theoretical probability of error.
In the case of selective fading, we consider five independent time invariant multipath

and ZF equalizer at receiver side.
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o BER for GMSK and QPSK in AWGN and multipath Rayleigh channel
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Figure 2.17: BER for GMSK and QPSK in AWGN and Rayleigh channels.
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Figure 2.18: BER of GSM-900 in AWGN and Fading channels.
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2.6.3. BER of QPSK based OFDM system

In this section, we show the BER for OFDM system where we have 64 subcarriers and
the length of CP is 16 and QPSK as modulation scheme. The BER based simulation

results is measured under AWGN channel and Rayleigh fading channel and compared

with theoretical equations of QPSK modulation as shown in Fig. 2.19.
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Figure 2.19: BER of OFDM in AWGN and Fading channels.
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In this chapter, we have investigated the signal modelling for GSM and OFDM based

4G. In that case, we have studied the performance of OFDM and GSM in terms of

BER. For GSM receiver, we have used two equalizer techniques, ZF and MMSE. In the

next chapter, we study the relevance of applying overlay CR using 4G-OFDM as SS for

efficient utilization of the existing GSM spectrum. In that case, we use the zero forcing

beamforming (ZFBF) as interference cancellation technique at SS.
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3.1. Overview

The cognitive radio (CR) is a technology that revolutionizes the wireless spectrum shortage
by utilizing advanced radio and signal processing to support new wireless users or
secondary users (SU) operating in the existing spectrum that is used by primary users (PU).
There are three main ways to access to the channel in CR [38][39]:

1. Underlay: The CR system is assumed to know the acceptable interference level of
the PU. Cognitive user or SU can transmit simultaneously with PU as long as
interference is below an acceptable limit.

2. Interweave: it was the original of CR. Cognitive user, SU, uses the spectral
whitespace when the PU is not using them. Thus, secondary system (SS) avoids
collisions with the primary system (PS).

3. Overlay: In that case, the SS simultaneously transmits with the PS while mitigating
the interferences, by taking into account that some a priori information of the PU is
known at the SU transmitter. Sophisticated encoding techniques can be defined to
cancel or mitigate the interferences at the PU receiver from SU transmitter and the
interference from PU transmitter at the SU receiver.

Our proposed system is based on an overlay CR platform where the global system for
mobile communication (GSM) is considered as PS and 4G based on orthogonal frequency
division multiplexing (OFDM) system is the SS. Fig. 3.1 shows our contribution in this

thesis.

hyq (1)

GEM
Transmitter

hoq (2 hya (1)

' hay (2)
QFDM OFDM
Transmitter ¥ Receiver

Figure 3.1: CR based on GSM-900 for PS and 4G based on OFDM for SS.
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The received signal at the antenna of the GSM-900 receiver is given by:
1 (8) = hy1 () * xp(8) + hay (8) * x5(6) + 2(¢) (3.1)

where the index "1" refer to GSM system (primary) and "2" for the OFDM system

(secondary) in all variables, x,(t) is the transmitted signal from GSM and x,(t) from

OFDM and z(t) is the additive white noise with zero mean and variance 2.

One can be notice that the interference term in (3.1), h,, (t) * x,(t), should be cancelled in

order to do no effect on PU.

3.2. State of the Art on CR

As mentioned in chapter one, CR has been introduced by Mitola in 1999 as an extension to
software radio [11][12]. The CR technology with its three paradigms has been investigated
widely in the literature [38].

The feasibility of an overlay CR system in which the SU is a cellular network coexistent
with a TV system in the same frequency band is introduced by [40]. In [15], an overlay CR
technology was integrated into 4G cellular networks for the sharing of TV spectrum.
In [24], a hybrid transmission system that exploits both overlay and underlay is proposed
using multicarrier code division multiple accesses (MC-CDMA) due to its interference
rejection and diversity exploitation capabilities.

The achievable rate of an OFDM-based CR system sharing the spectrum with an
OFMDA-based PS is studied in [41]. The authors propose a rate loss constraint (RLC)
instead of conventional interference power constraint in order to protect the primary system
from secondary interference. The merits and challenges of cognitive radio based on OFDM
technology is investigated in [42]. The authors present some of the requirements for CR
and explain how OFDM can fulfil these requirements.

CR based on OFDM has drawn many interests in designing efficient radio resource
allocation schemes. Most of the existing works considered the cognitive scenario under
perfect knowledge of system state. In [43], a transmitter architecture for OFDM-based

overlay CR has been proposed to reduce the spectral leakage of SU. The power spectral
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density of the proposed scheme has been calculated and compared with other spectral

precoding schemes.

A comparison of two types of multicarrier communications: conventional OFDM with
cyclic prefix (CP) and filter bank multicarrier (FBMC) based CR networks in terms of the
averaged channel capacity, which depends on the resource allocation strategy adopted by
the CR system is proposed in [44]. Simulation results show that FBMC can achieve higher

channel capacity than OFDM.

A hybrid CR where a filter bank multicarrier (FBMC) is used for the SU whereas the PU
are based on OFDM was proposed in [19]. The relevance of the FBMC/OQAM over
OFDM for the secondary user in a hybrid overlay multiuser CR system was investigated
where the zero forcing beam forming (ZFBF) as interference cancellation method was
considered. Simulation results confirmed that the FBMC based CR is superior OFDM in
terms of the spectral and bit error rate efficiencies. The bit error rate performance of OFDM
CR transmission over 900 MHz GSM band with frequency hopping in urban area and rural

areas are simulated in [45].

In the following section, we present the model of the GSM as PS and OFDM as SS.

3.3. System Model for PS and SS

The mathematical models for GSM and OFDM systems were presented in chapter 2. In this

chapter, we show the system model used in our contribution.

3.3.1. GSM based PS

The discrete transmitted GMSK signal of the (2.4) can be written as follows:

s(n) = ACCOS(ZTl'fCTl + (p(n)) (3.2)

where A is the amplitude of the signal, f. is the radio frequency of the carrier and the

discrete phase ¢ (n) contains the information is given by:

o) =3 > d(D) pln— iNy) (3:3)

l=—00
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with the data d(i) € {£1}, p(n) related to the pulse shape of the modulation scheme and

N, the number of sample in a bit period.

Fig. 3.2 shows the GMSK receiver which consists of equalizer and GMSK demodulator.
Recalling Fig 2.11, the equalizer consists from matched filter and channel estimator and the
detector is just two channel (I-channel and Q-channel) Gaussian filter. The received

baseband signal at the input of GMSK receiver can be written as:
r(n) = x,(n) x h(n) + z(n) (3.4)

where x,(n) is the primary baseband signal of s(n), i.e., x,(n) = /™, h(n) is the
impulse response of the frequency selective fading channel and z(n) is the additive white

noise with zero mean and variance o?2.

In modulator, the time varying phase function ¢(n) is used to generate the inphase and the
quadrature components of the GMSK signal. The process occurred on GMSK demodulator
in order to completely regain the information signal of bit stream. The equalized signal,
y(n), is decomposed into I/Q components which are the the same components that were
generated in the modulator. The decomposed 1/Q channels are filtered by the Gaussian

filter, g(n). The discrete Gaussian response of (2.8) can be written as:

o=t (-arfp-Yrar(ar(eed)] 6o

2

where a = ntf8 oL

B is the bandwidth of the Gaussian filter and T is the bit duration.

d ! ! I [ component
i . ) Q-com ponent

Figure 3.2: GMSK receiver.
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The next process is phase computation for filters symbols from the result of I-channel and
Q-channel signals to detect bit data with level 0 or 1. An equalizer is a digital filter that is
used to mitigate the effects of inter symbol interference (ISI) that is introduced by a time
dispersive of the channel as discussed in chapter 2. In this work, we use the two linear
equalization schemes; zero forcing (ZF) and minimum mean square error (MMSE). The ZF
algorithm has less computational complexity and simple structure compared with MMSE.

However, the performance of MMSE is superior to ZF in terms of minimizing the error.

3.3.2. 4G-OFDM based SS

An OFDM system is considered to be a good candidate for CR where individual carriers
can be switched off for frequencies occupied by a licensed user or interfering
subcarriers [15][41].

OFDM is adapted as one of the best transmission scheme for CR systems. The features and
the ability of the OFDM system makes it fit for the CR based transmission system. OFDM
provides spectral efficiency, which is most required for CR system. This is because the
subcarriers are very closely spaced and are overlapping, with no interference. Another
advantage of OFDM is that it is very flexible and adaptive. The subcarriers can be turned
on and off according to the environment and can assist CR system dynamically. Also,
OFDM can be easily implemented using the Fast Fourier Transform (FFT), which can be
done by digital signal processing using software [41]. In our contribution, we propose the
OFDM technology based 4G as secondary system in order to expand the GSM mobile

network spectrum. The transmitted OFDM signal can be defined as follow:

x = [x(_ch) - x(=1) x(0) .. X(NC -1 (3.6)
CP :
with
() = —— z X(k)e"z"lfv_? 0<n<N,—1 (3.7)

where L., is the length of cyclic prefix (CP) extension and N, is the number of OFDM

subcarriers.

48



3.4. Interference Cancellation techniques for Overlay CR

Several interference cancellation techniques exist in order to compensate for the

interference generated by cognitive radio system such as [39]:

1.

Dirty paper coding (DPC), firstly proposed by Costa [21], DPC enables the effect
of interference to be cancelled subject to the interference being known at the
primary transmitter. In this scheme, the primary and secondary system can
cooperate by sharing the information.

Interference alignment (1A), firstly proposed by Maddah Ali [46], IA is a linear
precoding technique that attempts to align interfering signals in time, frequency,
or space. The main idea of IA is to align the transmission of signals from different
transmitters such that all the unwanted interference at each receiver overlaps with
each other. This allows a transmitter-receiver pair to communicate interference
free over the remaining interference free dimensions [20][46].

Vandermonde frequency division multiplexing (VFDM), VFDM allows two
radios to operate while sharing the band with no interferences [47]. It is used only
and only if OFDM is considered in the primary system. VFDM exploits the
unused resources created by frequency selectivity and the use of guard symbols in
block transmission systems at the primary system, such as OFDM. VFDM
ensures interference cancelation irrespective of the primary and secondary
systems transmitted data or power allocation.

Zero forcing beamforming (ZFBF), is one of the powerful interference
cancellation techniques in multiple antenna systems. In order to apply ZFBF,
which is considered as a spatial signal processing, multiple antennas should be
used to lead beams to a wanted user. It hence increases the SNR while forming
nulls at the unwanted users to avoid the interferences. This beamforming can be
generated in both the transmitter and the receiver by using the appropriate
precoding and postcoding, respectively. This kind of coding is linear and has a
low implementation complexity compared with other interference cancellation

techniques [48]. Therefore, ZFBF is considered as an attractive technique to be
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used in MIMO systems. Moreover, ZFBF becomes a “good” choice in the field of
CR [49][50].

5. Block diagonalization (BD): is one approach for linear precoding in the multiuser
multiple inputs multiple outputs (MIMO) broadcast channel. BD is a
generalization of ZFBF for multiple antennas transmission to each user. One of
the limitations of the BD is that the sum rate does not grow linearly with the
number of users and transmit antennas at low and medium signal to noise (SNR)
ratio regime, since the complete suppression of multiuser interference is achieved
at the expense of noise enhancement. Also it has poor performance under

imperfect channel state information [36][51].

However, each technique requires a priori knowledge at the SU. Thus, in DPC the
exchanged messages at the PU side have to be known. In 1A, a priori information about the
PU channels must be known by the SU. ZFBF is low complex compared with other
techniques. Also, it maximizes the signal to noise power (SNR) due to spatial diversity.
This motivates us to use ZFBF to be performed at the SS. In the following subsections,
ZFBF is considered for two scenarios for an overlay CR where GSM-900 is considered for
the PU and OFDM for the SU. In addition, a comparative study with 4G OFDM CR for
both the PS and the SS is carried out.

3.5. Overlay CR based on GSM-900

In this section, we evaluate the relevance of the proposed hybrid overlay CR where the
primary system is considered GSM-900, which uses Gaussian minimum shift keying
(GMSK) as a modulation technique. The secondary system is a 4G system based on OFDM
as shown in Fig. 3.3. In that case, the primary system and the secondary system are
considered to be a single-input single output (SISO) system and multiple-input multiple
output (MIMO) system, respectively. We derive the interference expression due to SS at
the PS receiver as well as the interference expression due to PS at the SS receiver. To
cancel the interferences, a precoding based on ZFBF is considered at the SS transmitter,
while a postcoding is employed at the SS receiver as will discussed in the following

subsections.

50



Primary System

xp(n) rp ()
| T GSM
Receiver

GSM
Transmitter

AR WAAD

s L] AIAO
I\j:.-'j
ot
g

T.b.'g_._-:{nj :r: (n) l

Secondary System

Figure 3.3: Hybrid overlay CR based on GSM as PS and OFDM as SS.

3.5.1. Interference cancellation at PS receiver
In this scenario, the transmitted symbols at SS transmitter are precoded before
transmission. The received signal at the GSM receiver is corrupted by interference from

secondary system since they transmit in the same band.

ZFBF is considered as a spatial signal processing and can be implemented priori in the
transmitter or posteriori in the receiver. The key of interference cancellation at PS receiver
is the use of a precoding in the secondary system transmitter. In this model, we propose to
use precoding after the process of IFFT in OFDM system. In order to apply a precoding
technique to mitigate the interferences, we consider a multiple input single output (MISO)
at secondary system. Thus, the secondary data is transmitted over several numbers of
antennas. Fig. 3.4 describes the precoding scheme for interference cancellation at PS

receiver side.
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Figure 3.4: Interference cancellation at PS receiver.

It should be noted that the number of antennas at SS transmitter, N, is related to the
number of multipath taps, L,,, where the number of antenna is at least greater than number

of multipath taps by one, i.e, N, = L,, + 1. The received signal r,,(n) can be expressed as:

(1) = hy(n) % 5, (1) + D () x50 (1) + w(n) (3:8)
a=1

where x, (n) is the transmitted signal of the primary system (GSM-900), and x, , (n) is the
transmitted signal of the secondary system (OFDM) on the at* antenna. Also, h,(n) is the
channel effect on the x,,(n), hgy, o(n) is the channel effect on the x, ,(n) and w(n) is the

additive white noise at the primary receiver.

The interference due to SS transmission in the band of the PS is represented by:

(1) = ) hopa(n) * g (n) (3.9)
a=1

The at™ signal from SS, under the assumption that all the symbols to be equal on each

antenna, can be written as:

Xs.a (n) = zgx;(n) (3.10)
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where z, is the preceded data or beamformer of at" antenna and x,(n) is the OFDM
symbol with N, subcarriers, it is related to digital data X;(1m) according to IFFT process as

follows:

xs(n) = \/1? Z Xs(m)ejznrln"_zl (3.11)

Thus, the interference can be written as:

N¢ Lp—1

i) = ) ) hopa(m) zgxs(n = k) (3.12)

a=1 k=0

In GSM system, the number of taps in multipath fading channel, L,, usually equal to 5,
therefore the minimum required number of antenna is N, = 6. With these two values we

get:

i(n) = z1[Rhsp,1(0)x5(n) + hgp 1 (Dxs(n = 1) + - + hgp 1 (D x5 (n — 4)]
+ Z [hsp,z (O)XS(TL) + hsp,z(]-)xs(n - 1) + et hsp,z (4)3(5(1’1 - 4)]

+ Zy, [hsp,Nt(O)xs(n) + hsp,Nt(l)xs(n -1D+-+ hsp,Nt (4)xs(n — 4‘)] (3.13)

In that case, i(n) can be rewritten in a matrix form as follows:
i = zHgpx (3.14)

where
ZzZ = [Z1 ZZ ZNt] (315)

In addition, H, is the N; X L,, matrix that contains all the channels interfering:

hsp,l(o) hsp,l(Lp - 1)

Hg, =

P (3.16)

hSP:Nt(O) hSP:Nt(Lp_l)

The L, X 1 vector x, contains the transmitted secondary data as follows:
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T
xs = [xs(n) x(n—1) .. xs(n — (Ly, — 1))] (3.17)
The beamformer, z, vector is designed to set (3.14) to zero, i.e., the interference is

cancelled. In that case (3.14) is written as:

ZHgxs =0 (3.18)
Since the data should not be zero, then we should find Z that satisfies the following:

HEzH =0 (3.19)
where pr and zHare the Hermitian matrices of the Hg, and z, respectively.

The nontrivial solution of this equation can be done through the singular value
decomposition (SVD) property of the channel matrix Hﬁ’p where N, = L, + 1. It is well

known that the SVD of matrix H‘;’p can be written as:

HE, =UuzvH (3.20)
where
U and V are orthogonal matrices, U = Hi,Hs, and V = Hg, HY,.

X is L, X N, pseudo-diagonal matrix contains the positive Eigen values of pr it can

written as follows:
r=|: i (3.21)
Using SVD, by multiplying H‘sqp with V,, the g™ rightmost column of V, where

q > L, +1,s0we get:
HlV,=0=z" =V, (3.22)
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3.5.2. Interference cancellation at SS receiver

In this scenario, the received symbols at SS receiver are postcoded. The received signal at
the OFDM receiver is corrupted by interference from primary transmitter since they
transmit in the same band. In this model, we consider a multiple input multiple outputs
(MIMO) at secondary system. Thus, the secondary data is transmitted over several numbers
of antennas. Recalling Fig 3.3, the secondary received signal at the j** antenna can be

written as:

Nt
) = D b () * x0q () + 14 (0) + Wi () (3.23)
q=1

where

hgs,q (n) is the channel gain that is affected on the signal of the q®" transmitter antenna at

the jt" receive antenna, w’ (n): is the additive noise at the j" receive antenna and i{;S(n)

is the interference from primary transmitter on the secondary receiver at the j¢" receive
antenna.

We can write the total interference of the PS on SS as following:

Ny

ipe(m) = ) i},(n)

j=1

Ny
= B £ 1,
j=1

Ny Lp—1

= z Z h{;s(m) x,(n —m) (3.24)

j=1 m=0

It is clear, i,,(n), can be written in matrix form as:

ips = Hpsx, (3.25)
where
has(0) - his(L, —1)
Hy, = : : (3.26)
Ny Ny
hpe(0) -+ hys (L, —1)

and x, = [xp(n) xp,(n—1) ... xp(n -L, + 1)]T.
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We look to force the interference to be zero at the SS receiver. Thus, we should making
something at the OFDM receiver to cancel this interference since we cannot do anything
at the primary transmitter (GSM system). In that case, we should generate a

postcoding, z,s, on the SS received signal as shown in Fig. 3.5 in order to cancel the
interference, i.e., i,s = 0.
Therefore, ZFBF at SS receiver is also applied here and we can write the following:
lps = ZpsHpsxp (3.27)
z,sHpsx, = 0 (3.28)

Since the data should not be zero, then we should find z,, that satisfies the following:
zysH,s =0 » Hzfl =0 (3.29)

The nontrivial solution of this equation can be done through the SVD property of the
channel matrix H,‘;’s where N, = L, + 1 as discussed in last section. It is well known that

the SVD of matrix H,’,fs can be written as:
Hj, =uzvH (3.30)

Using SVD, by multiplying Hgs with V,, the q" rightmost column of V, where
q > L, +1,s0we get:
HyV,=0=zp, =V, (3.31)

r(n) ¥s(n) OFDM Y, (k)
Zps .
Figure 3.5: Postcoding at SS receiver.

It can be shown from Fig. 3.5, y,(n), can be written as:
ys(n) = Zpsrs(n) (3.32)

In matrix form, y,, can be written as:
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Vs = ZpsHgoXs + Zpslys + Zp W (3.33)
It should be noted that the term z,si,s will be cancelled based on SVD design for z,

The postcoding vector, z,s, 1 X N, complex values vector. Thus, we can multiply jth

receive signal with a component of this vector, zps,] =1,...,N,. For sake of simplicity,
let we assume that x;(n) = {x, (n)}gil, then we can write the received signal on j*

antenna after postcoding process as:
Nt
W) = x%,(0) % ) Zhohleg () + 2hei) () + 2wl () (3.34)
q=1

Define y,(n) = i L1 Vs (n) then:

Ny Ne
3o ) = Y 1) % ) 2l g () | + i) + w(m)
j=1 q=1
Ny Ng
= x,(n) *ZZZ hjsq(n)+v(n) (3.35)
j=1q=

Ny

i1 z)s ps(n) is the cancelled interference term, i.e., it is the same as

where i,;(n) = X

Z,siys. The additive noise w(n) = i W J(n) and v(n) = Ips(m) + w(n).

721 Zps

The received signal after FFT can be written as:

Yo (k) = X;(k)Hgs(k) + V (k) (3.36)
where
H, (k) = FFT Z Z z)shi, ()
j=1q=

and V (k) = FFT{v(n)}.
The equalized signal, X,(k), can be implemented by ZF equalizer and it can be written

as.
R,(k) = Y, (k)HZ, (k) (3.37)
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3.6. Overlay CR based on OFDM

In this section we evaluate the relevance of the overlay CR where the primary and
secondary systems are based on 4G-OFDM. The interference expression due to SS at the
PS receiver is derived. However, the interference cancellation due to PS at the SS receiver
is the same as discussed in section 3.5.2.

A precoding based on ZFBF is considered at the SS transmitter as shown in Fig. 3.6. The

received signal at the primary receiver is given as follows:
r,(n) = x,(n) * hy,(n) +i(n) + w(n) (3.38)

where x,(n) is the transmitted primary signal, h,,(n) the channel response between
transmitter and receiver of the primary side, w(n) is the additive noise with zero mean

and variance o2 and the interferences i(n) is defined as:

Nt

i) = )" x(n) « gy (n) (3.39)

a=1

where x&(n) is the secondary transmitted OFDM signal of the a®® antenna and h¢,(n) is

the channel between the at™ antenna of SU and PU receiver.

r,(n)
A 4
j’p,k
i (n)
Y P
-
o s
. t
rs‘v’(n) : > Xox
Y B
-
r

Figure 3.6: Overlay CR based on OFDM at PS and SS.
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The received signal after FFT of the PU receiver with N, subcarriers can be written as

follows:

Ry = Xp(K)Hpp (k) + FFTi fw(n)}ge ™t + 1(k) (3.40)
where X, (k), Hy, (k) and I(k) are the FFT of the x,,(n), h,,(n) and i(n), respectively.

Indeed, I(k) can be written as:

) Ne=1 Ng .
1(k) = Z Z[ 4(n) » b ()] 2" (RC)
VN &2
Ne—1 Ng Lp-1
]21'm(k)
z z Z ¢(n — D% (e (3.41)
n 0 a=1 I=
The secondary OFDM transmitted signal x%(n) = — ZN‘ L xa(m)e”” (Nc), thus (k)
can be written as:
Nc—1 Ny Lp—1N.-1 y
1K) = a(m)e”™ (g, (e W
n 0 a=1 =0 m=
Nc—l N¢ Nce—1 Lp—1

¥ Z Z 2, Kiem Z g, (e )y o) o o)

n=0 a=1 m=0

= i 2 X3 (m)HS (m) 2 jamn(T (3.42)
a=1 m=0

-k
By recalling that "< " e 2 )—S(m k), one has:

N¢ Ne-1

10k) = —z z X&(m)HE (m) 8(m — k) (3.43)

a=1 m=0

Assume that A& spe(M) = Hg,(m)S(m — k). Thus, I(k) can be expressed as:

N¢ Ne-1

1) =3y D XSG, (m) (3.44)

a=1 m=0

To perform the ZFBF on (3.44), let us set all the symbols to be equal, i.e., X;(m) =
X&(m). In addition, by considering Ng. which represents the neighboring subcarriers that

mostly affect on the k" PU subcarrier and by introducing the ZFBF zZ [19], one has:
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N¢ k+Ngc

1 —~
W =5) D, @K m) =0 (3.45)

a=1m=k—-Ngc

In that case (3.45) can be rewritten in a matrix form as follows:

(Hspi-2k)" X5 =0 (3.46)
where
X, = [X;(k — Ng¢) .... Xs(k + Ngo)]” (3.47)
Hg, i is the channels interfering matrix with the k" PU subcarrier:
A}k = Ne¢) -+ Hgp(k — Ngc)
Hgpy = : : (3.48)
A3e(k + Nsc) -+ Hop (k + Nc)
and z, = [z} 22 ...z, |" is the beamformers.
The ZFBF precoding should be selected to achieve the following:
Hgpp 2 =0 (3.49)

The nontrivial solution can be done through the SVD of the matrix Hgy,; when
N¢ > (2Nge + 1) [19]. It is well known that the SVD of matrix Hﬁ’p,k can be done as
(3.20), (3.21) and (3.22) in section 3.5.1.

3.7. Simulation Results

The aim of this study is to apply the idea of CR technology in second mobile generation
(GSM-900) which is still operate in Palestine with shortage bandwidth. The proposed
solution for this spectrum scarcity is built an OFDM system as SS over GSM-900 network
as PS with the same GSM band. Simulation performance is measured in terms of BER for:

1. CR system where the OFDM is used in primary and secondary sides, we call it
(OFDM-OFDM CR).

2. CR system where the GSM-900 is considered as PS and OFDM is the SS, we call it
(GSM-OFDM CR).

The two cases are compared with theoretical BER for QPSK and GMSK in Rayleigh
fading channel. The BER performance is measured in PS receiver and SS receiver for both

cases.
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In this section, we considered a CR scenario where the PS is based on GSM and OFDM
for the SS. Then, we compare it with a CR system based on OFDM for both the primary
and the secondary systems. In OFDM system, we assume N, = 64 subcarriers are all
used and the CP length is set to L., = 16. Both are known by the SU. A QPSK
modulation is used in the OFDM system whereas GMSK modulation is used for GSM
with bandwidth bit period product of 0.3. In addition, the channels are first assumed to be
perfectly known. The number of channel paths in GSM signal is assumed to be L, = 5.
According to the constraints L, + 1 < N, and L, + 1 < N,, we choose the number of

antenna at each secondary transmitter and receiver to be six.

Fig. 3.7 shows the BER performance of GSM —OFDM CR system with two equalizer
technique for GSM system. It can be shown that the BER performance under using
MMSE equalizer is better than using ZF equalizer especially where the E, /N, is greater
than approximately 12 dB. The variation in performance between ZF and MMSE is

related to the features of MMSE in which the MMSE equalizer minimize the noise

power.
10° ¢ _ _
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H\,_ —%— GSM (ZF)-OFDM CR
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Figure 3.7: BER of GSM-OFDM CR system where the GSM receiver is based on ZF and

MMSE.
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Fig. 3.8 shows the BER results for GSM-OFDM CR compared with the OFDM-OFDM
CR. One can notice that the performance of CR system where the PS is OFDM is better

than when it is considered as GSM system with ZF equalization scheme. In that case, the

bit error rate of OFDM-OFDM CR is superior to GSM-OFDM CR when % IS

0

approximately great the 10 dB. However, when the GSM receiver is based on MMSE

equalizer the performance of the two CR configuration is approximately the same.

10

BER
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—H&— GSM (MMSE)-OFDM CR
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Figure 3.8: Comparative study of overlay CR based OFDM-OFDM and GSM-OFDM
where the GSM receiver is based on ZF and MMSE equalizer.

'
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In the previous two figures, the channels between PU and SU are assumed to be known.
However, in practice the theses channels need to be estimated and tracked in order to
design the ZFBF. In the following figures, we investigate the sensitivity of the proposed
system regarding the channel estimation error. In other words, the BER results for GSM-
OFDM CR compared with the OFDM-OFDM CR, in the presence of channel estimation

errors H, where a 10% error on the channel is introduced as follows:
H, =H + 0.1eH (3.50)

where ¢ € (0,1) is a random variable.
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The BER performance for GSM (ZF)-OFDM CR, GSM (MMSE)-OFDM and OFDM-
OFDM CR with and without channel estimation error (CEE) is shown in Fig. 3.9, 3.10
and 3.11, respectively. It can be noticed that the BER increased when the channel is
estimated. However, the sensitivity of the three systems for 10% error in channel is

relatively low.
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Figure 3.9: BER performance for GSM (ZF)-OFDM CR with and without CEE.
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Figure 3.10: BER performance for GSM (MMSE)-OFDM CR with and without CEE.
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Figure 3.11: BER performance ff)brn\cl;)F[c[i)Bli/l-OFDM CR with and without CEE.
Fig. 3.12 shows the BER performance for GSM-OFDM CR compared with the OFDM-
OFDM CR, in the presence of channel estimation errors H, where a 10% error introduced
on the channel. It can be noticed that the performance of CR system where the PS is
OFDM s better than where it is GSM system with ZF equalization scheme. However,
with MMSE equalizer the performance of the two CR configuration is approximately the

same. As shown in the figure, the technique is robust to channel estimation error.

Fig. 3.13 shows the simulation results for postcoding at SS receiver for GSM-OFDM CR
and OFDM-OFDM CR with and without channel estimation error. In the case of CEE,
we consider 10% error in the estimated channel. It can be shown that the results for two
systems are approximately the same and it is reasonable since we have the same receiver

(OFDM receiver) in two cases.
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Figure 3.12: Comparative sensitivity of the proposed systems in the presence of the CEE.
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4.1. Conclusion

Cognitive radio (CR) provides a promising solution to the spectrum scarcity and system capacity
problems for wireless communication systems. Palestinian mobile networks are still using the
GSM with very limited bandwidth. In this thesis, we present a solution for spectrum scarcity

using the concept of overlay CR.

We have investigated the relevance of applying the concept of overlay CR on the 2G GSM band.
GSM is considered for the primary user (PU) and 4G based on OFDM is used for the secondary
user (SU). In that case, performing the zero forcing beamforming (ZFBF) at the secondary
system (SS) is used to cancel the interference at GSM receiver. Also, we proposed an
interference cancellation at SS receiver. Therefore, we can expand the GSM network based on

our assumptions and analysis.

The bit error rate (BER) performance of the proposed overlay CR system is compared with an
overlay CR based on OFDM for both primary system (PS) and SS. The comparative study we
carried-out confirms the BER efficiencies of the proposed system. In addition, it verifies the

robustness of the proposed method to channel estimation errors.

4.2. Future Work

In order to develop this research, we suggest the following ideas for future work:

1) Replacement the 4G based on OFDM as a SS with modern wireless communication
technologies such as filter bank multicarrier (FBMC), universal filtered OFDM (UF-
OFDM)?, generalized OFDM (GOFDM), etc.

2) As ZFBF depends on the channel, we assume that the channel is known. In practice, the
channels between PU and SU need to be estimated and tracked. One contribution on this
research is to study different channel estimation techniques such as Kalman-filter (KF)
based methods such as extended KF (EKF), unscented KF (UKF), etc.

t Also known as universal filtered multicarrier (UFMC), is a recent technology close to OFDM.
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3) We discuss in chapter one three viewpoint to solve the scarcity of GSM-900 spectrum

4)

5)

and we concentrate in this thesis on the idea of overlay CR. We suggest studying the
performance of the other two viewpoints and comparing with this idea.

We use the ZFBF as an interference cancellation technique at the SS. Other techniques
such as dirty paper coding (DPC), interference alignment (IA), block diagonlization
(BD), etc., can also be investigated.

Expand the contribution to a network with multiple users. In this case, one should be

careful with number of antennas at SS and the interference cancellation technique.
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Acronyms and Abbreviations

1G: First Generation

2G: Second Generation

3G: Third Generation

3GPP: 3G Partnership Project

4G Fourth Generation

5G: Fifth Generation

ADC: Analog To Digital Converter

AMPS: Advanced Mobile Phone System
ARFCN: Absolute Radio Frequency Channel Number
AWGN: Additive White Gaussian Noise

BCCH: Broadcast Control Channels

BD: Block Diagonlization

BER: Bit Error Rate

BSC: Base Station Controller

BSS: Base Station Subsystem

BTS: Base Transceiver Station

CDMA: Code Division Multiple Access

CEE: Channel Estimation Error

CFO: Carrier Frequency Offsets

CP: Cyclic Prefix

CPM: Continuous Phase Modulation

CR: Cognitive Radio

DARPA: Defence Advance Research Products Agency
DFE: Decision Feedback Equalizer

DPC: Dirty Paper Coding

DSA: Dynamic Spectrum Access

EDGE: Enhanced Data Rate For GSM Evolution
EKF: Extended KF

ETSI: European Telecommunications Standards Institute
FBMC.: Filter Bank Multicarrier

FDMA: Frequency Division Multiple Access
FFT: Fast Fourier Transform
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FHSS:
FM:
Gl:
GMSK:
GOFDM:
GPRS:
GSM:
HLR:
IA:

ICI:
IFFT:
IP:
IS-95:
ISI:
KF:
KPIs:
LPC:
MAC:

MC-CDMA:

MIMO:
MISO:
MLSE:
MLSE:
MMSE:
mmW:
MS:
MSC:
MSE:
NRZ:
NSS:
OFDM:
OMC:
OSs:
PAPR:

Frequency-Hopping Spread Spectrum
Frequency Modulation

Guard Interval

Gaussian Minimum Shift Keying
Generalized OFDM

General Packet Radio Service

Global System For Mobile Communication
Home Location Register

Interference Alignment

Inter Carrier Interference

Inverse Fast Fourier Transform

Internet Protocol

Interim Standard 95

Inter Symbol Interference

Kalman-Filter

Key Performance Indicators

Linear Prediction Coding

Media Access Control

Multicarrier Code Division Multiple Accesses
Multiple Input Multiple Output

Multiple Input Single Output

Maximum Likelihood Sequence Estimation
Maximume-Likelihood Sequence Estimation
Minimum Mean Square Error

Millimeter Wave

Mobile Station

Mobile Switching Center

Mean Square Error

Non-Return To Zero

Network Switching Subsystem

Orthogonal Frequency Division Multiplexing
Operations And Maintenance Center
Operation And Support System

Peak To Average Power Ratio
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PS: Primary System

PSD: Power Spectral Density

PSTN: Public Switched Telephone Network

PU: Primary User

QosS: Quality Of Service

QPSK: Quadreture Phase Shift Keying

RLC: Rate Loss Constraint

RMS: Root Mean Square

SIM: Subscriber Identity Module

SISO: Single-Input Single Output

SNR: Signal To Noise

SS: Secondary System

SU: Secondary User

SVD: Singular Value Decomposition

TCH: Traffic Channels

TDMA: Time Division Multiple Access

TVWS: Television White Space

UF-OFDM: Universal Filtered OFDM

UHF: Ultra High Frequency

UKF: Unscented KF

UMTS: Universal Mobile Telecommunication System
VA: Viterbi Algorithm

VFDM: Vandermonde Frequency Division Multiplexing
VHF: Very High Frequency

VLR: Visitor Location Register

WAP: Wireless Application Protocol

WCDMA: Wideband Code Division Multiple Access
ZF: Zero Forcing

ZFBF: Zero Forcing Beam Forming
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Notations

r(t):
h(t):
x(t):
z(t):
s(t):
A,

fe:

@(t):
g(o:
BT

T:

xynrz ()
rect(t):
q(t):
erf(t):
s;(t):
So(t):
x(t):
p(0):

P (0):
L:

A, (k):
Ly:
Xer.s(M):
Ter.s(1):
K:

h:

d(n):

Received signal.

Impulse response of a channel.

Base band transmitted signal for GSM or OFDM.
Additive white noise signal.

Pass band transmitted signal.

The amplitude of the transmitted signal.

Radio (carrier) frequency.

Continuous phase containing the information.
The impulse response of the Gaussian filter.

3-db bandwidth bit duration product.

Symbol period.

NRZ signal.

Rectangular NRZ signal.

The response of the filter to the rectangular NRZ signal.
The error function.

I-channel signal.

Q-channel signal.

The baseband form of the signal s(t).

Pulse shaping function.

Basis functions of the approximation form of GSM signal.
Number of basis ¥, (t).

Complex coefficients of the basis ¥, (t).

Number of multipath number.

Transmitted training sequence symbols.
Received training sequence symbols.

Number of training symbols.

Estimation channel vector.

Delta (impulse) function.
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c(n): Equalizer taps.

E[. ] Expectation or mean of the signal.
Gnrn(n): Autocorrelation of the channel.
Af: The minimum space frequency between two successive subcarriers.
Ts: OFDM symbol time.
gp(®): Pulse shaping of OFDM signal.
Ty: Length of the guard interval.
fm: Is the frequency of the m*" subcarrier
x(n): IFFT of the signal X; (k).
X;(k): FFT of the signal x;(n).
N,: Number of subcarriers.
r,(n): Is the I*"* Received OFDM signal.
R, (k): Is the FFT of the r;(n).
H;(k): Is the FFT of the channel impulse response h(n).
Peusk: The theoretical bit error rate of GMSK in AWGN channel.
%; Is the bit energy to noise energy value.
0
y: Constant related to ST.
Poysk: The theoretical bit error rate of GMSK in Rayleigh channel.
Popsk: The theoretical bit error rate of QPSK in AWGN channel.
Pypsk: The theoretical bit error rate of QPSK in Rayleigh channel.
x, (£): Is the primary signal.
xs(t): Is the secondary signal.
s(n): Discrete form of the s(t) Signal.
pn): Discrete form of the ¢(t) Signal.
N;: The number of antennas at SS transmitter.
N, The number of antennas at SS receiver.
h,(n): The channel effect on the primary signal.
7, (n): Received primary signal.
Xs,q(M): The transmitted signal of the secondary system (OFDM) on the a*"
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rsj (n):

h_{s,q (n):

w! (n):

i) (n):

i (n):
X (k):
10k):

Antenna.

Is the channel effect on the x; 4 (n).

Interference from SS on PS.

Is the preceded data or beamformer of a* Antenna.
Precoding vector.

Matrix of fading channel from secondary to primary.
Secondary signal vector.

Hermitian of the matrix.

The secondary received signal at the j** Antenna.

Is the channel gain that is affected on the signal of the g transmitter
antenna at the jt" receive antenna.

Is the additive noise at the jt* receive antenna.

Is the interference from primary transmitter on the secondary receiver
at the j* receive antenna.

Matrix of fading channel from primary to secondry.
Interference vector from PS to SS.

Primary signal vector.

Postcoding vector.

The received signal on j** Antenna after postcoding process.
Equalized signal at SS.

FFT of the interference i(n).

Is a random variable € (0,1).
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