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Abstract
With the ever-increasing demands for the broadband mobile communications, it is 
becoming more and more difficult to accommodate all existing and emerging wireless 
services and applications due to the limited communication resources particularly 
radio spectrum. In addition, system parameters of wireless communications often 
need to be adapted due to the variation of channel characteristics and user demands. 
Cognitive communication is emerged as an effective technique, particularly to improve 
the utilization rate of limited communication resources adaptively according to the 
change in its operating conditions and requirements. To handle these challenges 
efficiently and reliably in cognitive radio scenario, cyclic prefix (CP) of the OFDM 
system is precoded in this thesis using pseudo-random sequence. This signaling link 
can effectively carry transmission parameters and system adaptation information. 
In first part of the thesis, mutual interference minimization and transmission power 
adaptation enabled by the additional signaling link are also investigated.

In order to make use of this precoded cyclic prefix (PCP) signaling link, an 
efficient demodulation scheme is needed to reduce the implementation complexity. 
Therefore, a low complexity signaling demodulator along with a multipath combining 
technique to further improve the performance in real communication scenario like in 
multipath channel is proposed in the thesis.

The final aspect of this thesis is the investigation of a robust communication sys
tem using digital television (DTV) transmitter identification watermark signal which 
is also a modulated pseudo-random sequence. The previous study on PCP signal
ing is thus extended to an emergency communication system using DTV watermark. 
It is found that watermark based communication system is more robust than the 
DTV broadcasting and can reach a much wider coverage with significantly increased 
network reliability, which is suitable for national emergency situations.

Keywords-Pseudo-random sequence, PCP-OFDM, Cognitive radio, Power con
trol, Signaling demodulator, D TV watermark, Emergency communications.
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Chapter 1 
Introduction

1.1 M otivation
In recent years, wireless communication has become an integrated part of modern 
society and more importantly our day-to-day life vastly depends on various commu
nication services. Prom house-hold to socio-economic applications, communication 
services exist everywhere, prevailing human life in a stringent manner than ever. 
Due to these overwhelming demands for wireless applications, precious communica
tion resources particularly radio spectrum have become scarcer and more expensive. 
However, very often licensed users who have exclusive access right to the spectrum 
are not using it efficiently. As a result, there is a vast portion of the spectrum are left 
unused depending on time, geographical location etc.

The extremely low spectrum utilization rate leads to studies on how to allocate 
spectrums more efficiently so that some opportunistic access for the unlicensed user 
can be accommodated. The unlicensed users with the capability to access these oppor
tunistic spectrums is usually referred as cognitive radio (CR) and the communication 
process is termed as cognitive communication [1].

Cognitive radio has the capability of adapting its operation according to change 
in environment and the users’ requirements. But due to the opportunistic access re
quirement, i.e., spectrum sharing between licensed and unlicensed user, new dilemmas 
are in the frame, in terms of spectrum access mechanism, power control, interference 
management among primary and secondary etc. These dilemmas open up newfan
gled research problems for cognitive communication systems which axe substantially 
different from conventional wireless communication systems. It should be noted that 
secondary users need to communicate in a way such that it does not hamper effective 
communication for primary or licensed users.
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Along with these challenging problems, the fast changing communication chan
nel makes the CR design even more complicated. To cope up with the variable 
users’ requirements and change of channel characteristics, it is therefore essential to 
adjust the system parameters of the CR accordingly to make the communication pro
cess more effective and reliable. This process requires some sorts of negotiations or 
handshaking capability between the users so that they can adjust their parameters 
according to the changes in the environment. However, in the present situation, it 
is challenging to find spectrum for CR users’ communication, let alone a dedicated 
signaling link to adjust the system parameters among the users. To have an effective 
cognitive communication between users, as well to adjust the system parameters ac
cording to the user demands, channel characteristics, quality of service (QoS) require
ments, it is outmost necessary to establish spectrum efficient signaling link among 
the CR users. Therefore the first part of this thesis is motivated by these require
ments and devoted to enable an efficient signaling link so that CR users can adjust 
the system parameters according to their requirements. It should be mentioned here 
that orthogonal frequency division multiplexing (OFDM) is the best candidate for 
cognitive radio system due to its sensing and spectrum shaping capabilities together 
with flexibility and adaptability [2]. Therefore the signaling link presented in this 
thesis is derived by precoding the cyclic prefix (CP) of OFDM symbol that can be 
effectively applicable for cognitive communication systems such as for power control 
and interference minimization purposes.

Once the cyclic prefix is precoded according to the change in system parame
ters using pseudo-random sequence and to be able to get this system parameters at 
the other users, an efficient demodulator is needed to decode this information. So 
the second task of the thesis is to develop a low complexity precoded cyclic prefix 
(POP) signaling demodulator for this adaptive PCP-OFDM system. Since the overall 
complexity of the PCP-OFDM system is a major concern, it is necessary to have an 
efficient and low complexity demodulator for PCP signaling demodulator.

The last part of this thesis deals with a robust communication system using 
DTV watermark signal suitable for emergency situations. One interesting feature 
of Advanced Television Systems Committee (ATSC) system is that it uses pseudo
random sequence i.e., large set Kasami sequence embedded into DTV signal for iden
tification of each transmitter in broadcasting scenarios [3]. This transmitter identi
fication (TxID) watermark signal is more robust than the DTV signal due to large
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autocorrelation peak and can reach over a wider coverage area. Therefore TxID sig
nal can be used to make people aware more effectively with greater reliability during 
emergency situations.

The emergency communications bring several challenging requirements such as 
greater coverage area, coexistence among different communication systems, robust 
transmission in harsh communication environment, reliability, fast responding etc. 
[4]. These technical requirements reveal the fact that the establishment of emergency 
communication infrastructure is very challenging and rigorous attention is needed on 
important factors which depend on possible scenarios and warning systems. How
ever, presently deployed various emergency communication systems using different 
platforms are not able to communicate with each other i.e., the problem lies in the 
sense of interoperability among these platforms [5]. On the other hand, interoper
ability also raises the question of reliability of the whole network because different 
platforms are having different reliabilities. That’s why, even if the interoperability 
is achieved among different platforms which still necessities a substantial amount of 
research, the reliability of the thereafter network would be a major concern.

1.2 Research Objective
Power control is a major issue for cognitive radio networks due to the unplanned 
transmission coverage from unlicensed users. The unlicensed or CR users, by no 
means, are allowed to create unacceptable interference to primary or licensed user due 
to unnecessary transmission power. However, in practice, the primary users receives 
interference from secondary user due to this not well-controlled transmission power. 
One reason behind this problem is that the secondary users do not have the proper 
idea about how much power should be radiated to guarantee a certain performance 
threshold for any particular communication. The other reason is the reliability and 
accuracy of the spectrum sensing decision made by the secondary users.

Another major challenge in the OFDM based CR design is the subcarrier power 
allocation. Due to the time varying nature of channel and requirements from users, it 
is necessary to change the subcarrier power allocation from time to time for optimal 
system performance. The CR receiver can only operate properly when this subcarrier 
power allocation information is retrieved.
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Therefore it is obvious that a signaling link is required to send these transmission 
power and subcarrier power information to the corresponding CR receiver, which is 
very difficult to set up in CR environment where even the access for secondary users 
is not guaranteed. Again, with the application of OFDM to cognitive radio brings 
new aspects to the system design. To address the challenge in this thesis, the notion 
of PCP-OFDM system is exploited where CP is precoded to carry different system 
parameters. The first objective of this thesis is to develop a transmission power control 
and subcaxrier power allocation scheme using this PCP-OFDM system for cognitive 
radio networks. In this case, PCP will have real and imaginary parts where real part 
will be precoded to carry transmission power control information and imaginary part 
will be precoded to carry subcarrier power allocation information. As a result of this 
power control, it is possible to minimize the mutual interference to the primary and 
other CR users through this technique.

As the CP is precoded using Kasami sequence which provides a very large code 
space, we need an efficient demodulator to retrieve the information carried by PCP. 
The conventional approach to demodulate a PCP is to use optimal matched filtering 
approach. However, the implementation of this approach is very complex and it also 
increases the overall complexity of the PCP-OFDM receiver. Therefore effort is also 
given to derive an efficient technique to demodulate PCP signaling while keeping the 
same identification error rate performance at reduced implementation complexity.

The final topic of thesis is aimed to develop a robust communication system 
for emergency situations using TxID watermark signal. Due to the robustness of 
TxID signal, it can cover a much wider service area than the DTV signal with very 
low error rate. Therefore, TxID signal is employed in the proposed communication 
system which can be used effectively during national emergency situations.

1.3 Contributions
The first part of this thesis presents a spectrum efficient technique to manage trans
mission power and subcarrier power allocation for CR systems. Transmission power of 
cognitive radio plays a major role for mutual interference to primary users and other 
secondary user as well. On the other hand, with the change of channel characteris
tics and user demands, it is essential to re-allocate the subcarrier power to have an 
efficient and effective communication system. Therefore in the first part of the thesis,
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an effective power control and subcarrier power allocation scheme is proposed using 
PCP-OFDM system for CR networks. The system parameters such as transmission 
power control and subcarrier power allocation information are precoded using pseudo
random sequence and send to the CR transmitter side. Then the transmitter adapts 
its operation based on this information for the forthcoming communications among 
the users. Therefore this approach enables an effective communication technique 
tailored for cognitive radio system where secondary user does not hamper primary 
users’ communications. The other obvious benefit of this technique enables to avoid 
potential mutual interference to the primary user. This observation is verified us
ing probability density function (PDF) of the mutual interference and interference 
perceived to primary user.

The second major contribution of this thesis is the proposal of a low complex
ity PCP signaling demodulator. The proposed signaling demodulator provides much 
lower complexity than other approaches but maintains the same identification per
formance. As the PCP is basically precoded using Kasami sequence, the key idea 
here is to develop a demodulation scheme following the same procedure of Kasami 
sequence generation. It helps us to substantially reduce the overall complexity of 
PCP-OFDM receiver for CR radio systems. Complexity of this signaling demodu
lator is compared in terms of number multipliers required. To further improve the 
performance in a multipath channel, a multipath combiner based on maximum ratio 
combining (MRC) considering unequal noise component for each multipath signal is 
proposed. It is found that performance of the proposed signaling demodulator can 
be improved to a great extent using this multipath combiner.

The final contribution of this thesis is the investigation of a robust communica
tion system using DTV TxID watermark signal. It is found that TxID signal is more 
robust than DTV signal and can be reached over a wider area with very low error 
rate. This observation has led to develop a robust communication system which can 
be used during national emergency situations. A few areas in London, ON, Canada 
are studied and shown that watermark enabled communication system is more robust 
in terms of coverage, reliability, number of the nodes/stations required etc.
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1.4 Thesis Outline
The rest of thesis is organized as follows. Chapter 2 describes the overall technical 
backgrounds those are needed to understand the subsequent chapters of this thesis. 
In the first section, a brief description of OFDM system, including its advantages and 
disadvantages and role of cyclic prefix are presented. After a brief introduction to 
PCP-OFDM system, generation of Kasami sequence is discussed for the precoding 
of transmission parameters of cognitive radio, followed by precoding technique for 
signaling information. Demodulation of the OFDM data signal and PCP signaling 
is illustrated afterwards. A discussion on power allocation technique i.e., both the 
transmission power control and subcarrier power allocation is presented for cognitive 
radio system. Finally, ATSC DTV broadcasting model including some features of 
this technology are discussed.

In Chapter 3, investigation on PCP enabled transmission power control and 
subcarrier power allocation for cognitive radio communication is discussed in details. 
The corresponding transmitter and receiver structures for PCP-OFDM system are 
shown and discussed. Probabilistic analysis for mutual interference is presented for 
the proposed technique, followed by simulation results for this study.

In Chapter 4, a low complexity PCP signaling demodulator is depicted and 
discussed in details. Also the comparison with other approaches is carried out in 
terms of implementation complexity of demodulators. Later in this chapter, analysis 
on identification error rate and a multipath combiner based on MRC is discussed fol
lowed by the simulation results for the evaluation of the performance of the proposed 
demodulator in different channel scenarios.

In Chapter 5, a robust communication technique is proposed using DTV TxID 
watermark signal. The performance of this communication system is analyzed in 
terms of demodulation error rate. Then the coverage for this communication tech
nique is predicted for few DTV stations in London, ON, Canada area. In addition, 
coverage analysis and reliability of this communication technique is compared with 
other emergency communication systems.

Finally, in Chapter 6, several conclusions are drawn based on the presented 
studies of this thesis and some important future works are discussed at the end.



7

Chapter 2
Theoretical Background

Three major research topics with quite different background have been investi
gated in the thesis. In this chapter, the related technical information needed to better 
understand the thesis are discussed. Topics covered in this chapter includes the ba
sics of OFDM system, precoded cyclic prefix(PCP)-OFDM, generation of precoded 
cyclic prefix, demodulation of PCP. Some background on power allocation problem 
in cognitive radio and basics of ATSC DTV broadcasting system are also introduced.

2.1 Orthogonal Frequency Division M ultiplexing 
(OFDM ) System

Orthogonal frequency division multiplexing (OFDM) has shown to be a very effective 
technique to combat multipath fading in wireless communications. Over the last two 
decades, OFDM has gained immense popularity in many communication applications 
such as digital subscriber loops (DSL), wireless local area networks (WLAN), digital 
video broadcasting- terrestrial (DVB-T) etc. [2]. OFDM is also considered as the 
primary transmission technology for the upcoming fourth generation cellular and 
mobile radio system such as in long term evolution (LTE) [6].

With the increase of data-rate for broadband transmissions, the corresponding 
symbol duration of modulated signal decreases. Traditional communication systems 
using single carrier modulation suffers from inter symbol interference (ISI) which is 
caused by the dispersive nature of wireless channels, thereby needing more complex 
equalization. OFDM transmits data in parallel by modulating set of orthogonal 
subcarriers. With this process, entire frequency selective fading channel is divided 
into many narrow band subchannels where the fading essentially can be considered as 
flat. Since the high-bit-rate are transmitted in parallel with longer symbol duration 
and due to use of cyclic prefix (CP), ISI problem is mitigated. As a result, the channel
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Figure 2.1: Spectrum efficiency of OFDM system.

effect for each subcarrier can be simply modeled as a complex gain and a one tap 
frequency domain equalizer with reduced complexity can be used.

Unlike the frequency division multiplexing (FDM) technique, OFDM also pro
vides high spectrum efficiency due to closely-spaced orthogonal sub-carriers as shown 
in Fig. 2.1. In addition, motivated by the water-pouring capacity of a frequency 
selective channel, adaptive transmission techniques i.e., different modulation scheme 
and transmission power for each subcarrier can be used to increase the overall band
width efficiency of the system. In a nutshell, OFDM system provides the following 
major advantages for wireless communications:
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•  As the subcarriers axe allowed to overlap each other, it makes efficient use of 
the available spectrum.

• OFDM divides the channel into narrow band subchannels where the fading is 
flat, therefore it is more resistant to frequency selective fading.

•  Due to the use of cyclic prefix, it eliminates ISI and inter carrier interference 
(ICI) in wireless dispersive channel.

•  In OFDM system, channel equalization is much simpler comparing to adaptive 
equalization techniques for single carrier systems.

•  It is possible to use maximum likelihood decoding with reasonable complexity.
•  Modulation and demodulation of OFDM system is computationally efficient due 

to widely used FFT techniques.
•  It is comparatively less sensitive to sample timing offsets than single carrier 

systems.
However the advantages of OFDM system, as mentioned above, come at the 

expense of the following major disadvantages:
•  The OFDM signal has a noise like amplitude with a very large dynamic range, 

therefore it requires RF power amplifiers with a high peak to average power 
ratio.

•  It is more sensitive to carrier frequency offset and drift than single carrier sys
tems.

2.1.1 Mathematical Representation
Let us consider that each OFDM symbol is specified by an iV-point time-domain 
vector x, obtained via an IFFT of the complex data vector X  of size N. Then at the 
transmitter side, each OFDM symbol in the time domain can be expressed in vector 
form as

x =  F $X , (2.1)
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where Fjy =  is the inverse Fourier transform matrix with its (n, k )th entry which 
is given as ^exp {j27mk /N } a n d  (-)H denotes conjugate matrix transposition.

At the receiver side, data are recovered by performing FFT with the same size 
N  on the received signal as follows

X  =  FjyX,

With its (n, k )th entry given as

(2.2)

2.1.2 Cyclic Prefix
The cyclic prefix is a crucial feature of OFDM which combats with the effects of real 
communication scenario like multipath. In OFDM system, ISI and ICI are avoided 
by introducing a guard interval at the beginning of an OFDM symbol, which is 
basically a duplicated copy of the last part of that same OFDM symbol [2], The 
cyclic prefix still occupies the same time interval as guard period in frequency division 
multiplexing (FDM) system, but it ensures that the delayed replicas of the OFDM 
symbols will always have a complete symbol within the FFT window. As shown in 
Fig. 2.2, it makes the transmitted signal periodic in nature. The idea behind this is 
to convert the linear convolution between signal and channel response into a circular 
convolution. This makes the FFT of the circular convolution of signal and channel 
response equivalent to the their multiplication in the frequency domain.

Figure 2.2: An OFDM symbol with cyclic prefix.

In order to preserve the orthogonality property, the maximum channel length 
should not exceed the duration of the guard interval time. There will be no ISI 
since the previous symbol will only have effect over samples within its CP. By doing 
this, orthogonality among the subcarriers is guaranteed, so there will be no ICI as 
well. Therefore, CP provides two important advantages, first by occupying the guard 
interval, it removes the effect of ISI, and by maintaining orthogonality it completely
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removes the ICI. The use of OFDM in modern wireless communication systems is 
basically motivated by these advantages.

2.2 Precoded Cyclic Prefix(PCP)-O FDM
The precoded cyclic prefix(PCP)-OFDM symbol is basically the same as that of tra
ditional OFDM system, except that the cyclic prefix is now replaced by a precoded 
pseudo-random sequence [7]. Consequently, each OFDM symbol is protected by two 
identical neighboring PCPs when there is no change of system parameters. In ad
dition, the duration of each PCP-OFDM symbol becomes N  + P  samples, where N  
is the size of the FFT and P  is the duration of the cyclic prefix, respectively. As a 
result, it creates a series of OFDM symbols oi N  + P  samples protected by cyclic 
prefix similar to that of conventional OFDM system. The idea of the PCP-OFDM 
symbol is illustrated in Fig. 2.3.

Precoded Cyclic 
Prefix OFDM  Symbol Precoded Cyclic 

Prefix

Figure 2.3: Precoding the cyclic prefix of an OFDM symbol.

In PCP-OFDM, the new cyclic prefix is combined from two Kasami sequences 
[7], consisting of real and imaginary parts. These real and imaginary parts will be 
precoded to send the system parameters such as power control information, sub
carrier power profile information, modulation and coding schemes etc. as well as the 
identification of the transmitter. Note that the same PCP is used as the cyclic prefix 
for all the forthcoming OFDM symbols unless there is a change in the transmission 
system parameters. Large set Kasami sequences is used to precode the CP in this 
thesis. The reason to choose large set Kasami sequence is that it has a large code 
space compared to other available bounded code set such as Gold code, small set of 
kasami sequence etc. Due to this large code space, it can represent a wide variation 
of system parameters for CR.

Precoded CP is inserted before the original data carrying OFDM signal and 
transmitted as follows

x ' = [cp(0),cp(l),--- , c p ( p -  l ) ,x ( 0 ) ,x ( l ) , - - x ( N  -  1)]T . (2.3)
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However, in order to demodulate the information carried by PCP, a PCP sig
naling demodulator is needed in the PCP-OFDM receiver. Also, the complexity of 
the PCP signaling demodulator should be low enough so that the overall PCP-OFDM 
receiver complexity can be kept at minimal level.

2.3 PC P-O FD M  in Cognitive Radio
Radio resource like wireless spectrum is looming a great challenge for future wireless 
communication system. Spectrum is traditionally assigned by governmental agencies 
to the licensed users on a long term basis. Although the fixed spectrum assignment 
policy generally served well in the past, the dramatic increase in demands for wireless 
communications in recent years poses a sheer challenge due to spectrum overcrowding 
[8, 9]. In the meantime, recent studies reveal that conventional spectrum allocation 
approach is very inflexible and utilization rate can be as low as 10% [10] depending on 
time and space variation. Therefore, improving spectrum utilization rate is essential 
to support future overwhelming wireless demands.

Figure 2.4: Simplified block diagram for PCP-OFDM in CR system.

The ever-increasing demand for precious radio spectrum along with the in
efficient usage of licensed band has led to the advent of the cognitive radio (CR) 
technology, which aims to provide opportunistic spectrum usage to unlicensed users 
and thus lead to the co-existence and interference control problem among heteroge
neous systems. Cognitive radio is a revolutionary technology enabling flexible and 
efficient usage of spectrum by providing opportunistic access to unlicensed users (of
ten referred to as secondary or CR user). This technology is aiming to increase the 
spectrum efficiency by exploiting unused spectrum (often referred to as spectrum hole 
or white space) that is licensed to primary users [1, 11]. A cognitive radio is aware of 
the surrounding environment through spectrum sensing and measurements. It also
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uses its previous experience to plan future actions and adapts itself to improve the 
overall communication quality and responds to user’s variable needs. To achieve this, 
physical layer of a cognitive radio needs to be highly flexible and adaptable as well.

OFDM is one of the most widely used technologies in current wireless commu
nication systems which has a great potential in cognitive radio communications. It is 
understood that OFDM will play an important role in realizing cognitive radio concept 
by providing a scalable, and adaptive modulated air interface. Also OFDM offers a 
great flexibility in this regard as it has a large number of parameters for adaption. The 
transmission parameters those can be changed according to the change in the charac
teristics of environment include bandwidth, FFT size, modulation, transmit power, 
subcarrier power allocation, and number of subcarriers etc. used for any particular 
communication. Although OFDM has the potential to meet the above requirements 
for CR, it needs a dedicated signaling link for negotiation between transmitter and 
receiver to achieve the real-time adaptation. To address this challenge, PCP-OFDM 
system was employed to provide an in-band signaling link in between CR transmitter 
and receiver. As it is purely a physical layer approach, it does not need to access to 
higher layer protocols which is very important for CR which requires fast adjustments 
of its parameters to follow up with the time varying communication environment.

2.4 Generation of Kasami Sequence for CP 
Precoding

As the system parameters of PCP-OFDM are precoded by large set Kasami sequence, 
generation of large set Kasami sequence is discussed briefly in this section.

Let u and u' form a preferred pair of binary m-sequence vectors of degree n 
with period L — 2n — 1, where u is a binary maximal sequence vector and u' = u[q] is 
a decimation of u with q — t[n\ =  1 +  2(n+2)/2. In addition, for g =  s[n] =  1 +  2n/ 2, 
u" =  u[s(n)] forms another maximal sequence with period L\ =  2n/ 2 — 1. Then we 
have a set of Gold sequences [12]

G(u, u') =  {u, u ', u ® u ' ,u ®  Du1, u © D2u', ..., u 0  DL~l u'}, (2.4)

where D denotes the operator which shifts the code phase of a sequence vector cycli
cally by one unit, and © denotes the exclusive-OR operator. Furthermore, a set of
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Figure 2.5: Cross-correlation values for large set kasami sequence of degree n =  6.

cover sequence for the shorter sequence can be defined as

C{u") = 0L | J [D i-1c\ = {Cj, j  =  0 , Li}, (2.5)

where Op is an all-zero sequence with length L\ |J  denotes the union of sets; and 
c =  [cq, c i , ..., C£_i] is the repetition of u" by 2n/ 2 +  1 times. Then the large set of 
Kasami sequence K '{u ), composed of sequences u, u' = u[t(n)], and u" =  w[,s(n)j, is 
given by

K'{u) = G(u, u') I J
Li
IJ { D i - l c ® G { u , u ' ) } ( 2 .6)

J =1
It is noted that the code set sizes of G(u, u') and C(u") are Sq = L - 2  = 2n + 1 
and, Sq = L \ + 1 =  2n/ 2, respectively. Hence, the code set size of complete set is
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Figure 2.6: Autocorrelation value (first sample) for large set kasami sequence of
degree n — 6.

M ' = Sc  x SG =  2n/2(2n +  1).
Likewise M-CSK modulation [13], in order to modulate the CP with the large 

set of Kasami sequence, we need M  — 2^n/ 2 different input waveforms. But the 
code set size obtained from the Kasami set has a larger code set size. Thus we need a 
reduced code set size of Kasami sequence in order to modulate CP with this sequence.

To do this, Gold set obtained from u and u' can be redefined as follows,

[G(w, t/)"| =  {u ,u @ u \u @  D u', u © D ^u ',...,u © DL~^u'}, (2.7)

where \G(u, u')] is the set of Gold set reduced by one sequence. Therefore, the



Chapter 2: Theoretical Background 16

Figure 2.7: Cross-correlation values for large set kasami sequence of degree n = 16.

reduced set of Kasami sequence is given by,

K'(u)=\G(u,u') 1U
Li
U  {Dj 1c® \G (u ,u ')  ]} 
3=1

(2.8)

According to that, the code set size of the reduced Kasami set, K{u) is M  = 
S c  x Sq =  2n/ 22n =  2^n/ 2, which gives us required number of signal waveforms to 
modulate CP.

Fig. 2.5 shows the cross-correlation property of large set Kasami sequence for 
degree n =  6. Here cross-correlation values take on five discrete levels of {-17,-9,- 
1,7, 15}. Again, Fig. 2.7 shows the cross-correlation properties of a 16-bit large set 
Kasami sequence and the discrete levels of cross-correlation values take in the set 
{-513,-257,-1,255,511}.
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2.4.1 Precoding of the Signaling Information
In PCP signaling link, Kasami sequence is used to modulate the cyclic prefix. One 
essential property of Kasami sequence is its excellent autocorrelation and cross
correlation properties [12]. In addition, Kasami sequence provides a large family 
of orthogonal codes that can be used to encode a large number of control infor
mation. For mod(n, 4) = 2, where n is the degree of Kasami sequence, large set 
of Kasami sequences with a sequence length of L =  2n — 1 has a sequence vector 
size of M  = 2n/ 2+1(2n +  1) [12]. Therefore precoded cyclic prefix would have M  
different inputs. With the M  possible sequences, it is therefore possible to transmit 
log 2M  ~  1.5n bits of control signaling information. This approach is similar to coded 
shift keying. The input data sequence can be denoted as d = [do> d\, • • • , di.5n- i ] , 
where d{ € {0,1}. Each data sequence of control signaling information is thus associ
ated with one unique Kasami sequence. For example, large set Kasami sequence with 
n = 6 provides 512 different options for transmitting power control and subcarrier 
power allocation information which is used in our analysis and simulations.

However, complexity of the detection algorithm is proportional to the size of 
kasami sequence code set. When the length of the CP is increased, corresponding 
code set size for the Kasami set is also increased which requires a more complicated 
detection process.

2.5 Demodulation Approach for PC P Signaling
The first step of the PCP-OFDM receiver is to recover the system parameters carried 
by the PCP, which will be investigated in details in the following chapters. The 
conventional method to demodulate a PCP sequence is to correlate the incoming 
PCP sequence with a set of local sequences stored in the library as shown in Fig. 2.8 
[14]. Therefore, the optimum demodulator for detecting PCP sequences is optimal 
matched filter, which is a bank of correlators and each one is corresponding to one of 
the sequences in the Kasami code set. The PCP sequence is then determined based 
on the largest correlation peak between the incoming PCP sequence and correlator 
banks (local reference).
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Figure 2.8: Conventional optimal matched filter based PCP sequence demodulator.

To demodulate the precoded CP, correlation based on matched filtering ap
proach shown in Fig, 2.8 is carried as follows

1 L ~ lRm(r) =  ^ 2  r(n  -  r)cr(n), (2.9)
n= 0

where Cr is either the real or imaginary part of the reference complex CP sequence 
stored at the local receiver. The decision is taken based on the maximum correlation 
value as follows,

Rm = max{-Rm(r)}, m e M, r  =  1, • • • , P, (2.10)

where M  denotes the total number of sequences. The corresponding local precoded 
CP leading to the maximum correlation value (Rm) will be selected to decide about 
the transmission system parameters.
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2.6 Dem odulation of OFDM Signal
IIn order to recover the transmitted OFDM symbol, ISI from the preceding CP needs 
to be computed and subtracted from the received signal. At the same time, when only 
N  samples of the received signal are used for the demodulation process and due to 
the elimination of cyclic structure, ICI also needs to be canceled for proper reception 
as shown in Fig. 2.9.

Precoded Cyclic 
Prefix

Precoded Cyclic 
Prefix

Transmitted Siganl

t i
h

Channel ^

/ Precoded 
j  Cyclic Prefix

n .  Precoded 
j  ^ S ^ c l ic  Prefix

Received Signal

Figure 2.9: PCP-OFDM signal over a channel.

Following Fig. 2.9 the received signal can be written as

r = Cx +  CpCp +  w, (2-11)

where C is the channel seen by the OFDM symbol, Cp represents the tail end of the 
channel impulse response, and cp represents precoded CP sequence with L samples. 
It can be shown that C + Cp = C ^/. Details of C, Cp and C ^i can be found in [15]. 
Then substituting (2.2) into (2.11) and applying Fourier transform results

FCcylF ^ X  = F ( r - C Tcp) + FCTF̂X(2.12)

where Cpcp is the ISI and F C pF ^X  is the ICI term. However, to remove the ICI, 
we need an iterative process because ICI also includes signal X  itself. Therefore, any 
attempt to remove the ICI is based on the temporary decision of this signal and can 
be written as follows

X(a+l) _ D - l F (r _ cTCp) + D _1F (2.13)
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where superscript a is the iteration index and D =  F C ^ F ^ .

2.7 Power Allocation in Cognitive Radio
2.7.1 Transmission Power Control
Basically power control is a mechanism to select the transmit power in a communica
tion system to achieve a performance goal constrained on various system parameters 
such as capacity, coverage etc. Power control is very important issue for wireless com
munication devices specially for hand-held devices where the power is constrained by 
battery life. Therefore, efficient use of power is highly sought in modern communi
cating system. Since both CR and primary users transmit in side by side band and 
their access scheme may be different from each other, unnecessary transmission power 
causes mutual interference which is a major limiting factor for CR communication 
system [16]. Therefore controlling total transmission while maintaining the required 
performance could greatly improve the overall performance i.e., more users can be 
afforded which will eventually increase the overall capacity of the network.

2.7.2 OFDM Subcarrier Power Allocation
Traditionally transmission power is allocated on each OFDM subcarrier based on 
channel condition for a particular communication system while maintaining con
straint on total transmission power as shown in Fig. 2.10. When the channel is 
known through channel estimation and/or channel prediction, it is always good prac
tice to adjust the power allocation on subcarriers for improved system performance. 
However, due to the mutual interference introduced by CR transmission depends on 
the spectral distance with respect to the primary user’s spectrum [16], it is under
stood that power allocation on each subcarrier should also consider the quality of 
service (QoS) requirement for any particular communication system.

Power allocation in OFDM-based cognitive radio is emerged as an important 
topic for CR. To allocate subcarrier power optimally, subchannel power constraint 
based algorithm [17], water-filling algorithm considering mutual interference while 
maximizing the capacity of the secondary users [18] etc. were proposed. Beside 
these, QoS constrained power allocation for OFDM system is proposed in [19]. This 
time-variant control information needs to be sent to the other CR users. Again in
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A

Number of subcarriers

Figure 2.10: Allocated power on each subcarrier depending on channel condition.

cognitive scenario, it is not always possible to guarantee the access for the secondary 
users, let alone dedicated signaling link to convey this information.

2.8 ATSC DTV System M odel and Its Features
As modulated pseudo-random sequence is used to enable the proposed emergency 
communication system using digital television (DTV) station that is presented in 
Chapter 5, a brief introduction of North American ATSC DTV system model and its 
data frame structure including watermarking technique is given in this section.

Nowadays, digital television (DTV) is gaining increasing popularity due to the 
exceptional transmission quality and enormous flexibility offered to both television 
broadcasters and consumers. In congruent with this, the U.S. TV broadcast industry
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already made the digital transition [20] and that in Canada by August 31, 2011. 
Also few countries in Europe already made the transition. Basically, DTV networks 
are comprised of a plurality of transmitters, each broadcasting the same signal using 
either multiple frequencies or one frequency (single frequency network).

Video

Audio

Figure 2.11: DTV broadcasting model.

The Digital Television Standard describes a system designed to transmit high 
quality video, audio, and ancillary data (different kinds of control data) over a single 
6 MHz channel. The system can deliver reliably about 19 Mbps of throughput in a 6 
MHz terrestrial broadcasting channel and about 38 Mbps of throughput in a 6 MHz 
cable television channel. This means that encoding a video source whose resolution 
can be as high as five times that of conventional television (NTSC) resolution requires 
a bit rate reduction by a factor of 50 or higher. To achieve this bit rate reduction, the 
system is designed to be efficient in utilizing available channel capacity by exploiting 
complex video and audio compression technology.

A DTV broadcasting model is shown in Fig. 2.11. In DTV, source coding 
and compression is done as a method to reduce the bit rate, which is also known as 
data compression, and appropriate for application to the video, audio, and ancillary 
digital data streams. The purpose of the source coder is to minimize the number 
of bits needed to represent the audio and video information. The digital television 
system employs the MPEG-2 video stream syntax for the coding of video and the 
digital audio compression (AC-3) Standard for the coding of audio [21].

The other aspect of DTV is service multiplex and transport which refers to the 
means of dividing the digital data stream into packets of information, the technique 
of uniquely identifying each packet or packet type, and the appropriate methods of
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Figure 2.12: Data, frame structure for ATSC DTV broadcasting System.

multiplexing video data stream packets, audio data stream packets, and ancillary data 
stream packets into a single data stream. In developing the transport mechanism, 
interoperability among digital media, such as terrestrial broadcasting, cable distri
bution, satellite distribution, recording media, and computer interfaces, is a. prime 
consideration. The digital television system employs the MPEG-2 transport stream 
syntax for the packetization and multiplexing of video, audio, and data signals for 
digital broadcasting systems.

RF Transmission section does the channel coding and modulation. The chan
nel coder takes the data bit stream and adds additional information that can be
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used by the receiver to reconstruct the data from the received signal which, due to 
transmission impairments, may not accurately represent the transmitted signal. The 
modulation (or physical layer) uses the digital data stream information to modulate 
the transmitted signal. The modulation subsystem offers two modes: a terrestrial 
broadcast mode (8 VSB), and a high data rate mode (16 VSB).

Apart from the features mentioned above, transmitter identification is one of 
distinctive features of ATSC DTV broadcasting system which enables the broadcaster 
to monitor the operating status of each transmitter. More importantly, it helps the 
broadcaster to optimize the various adjustments of network parameters. It is inserted 
as a well-buried watermark to the original 8-VSB modulated DTV data signal and 
fitted into DTV standard according to the data frame size. The ATSC data frame is 
shown in Fig. 2.12. The watermark signal which is used in this case is large set Kasami 
sequence of degree 16. A typical requirement for the TxID sequence is the number 
of available orthogonal codes. This is because each sequence can only be assigned to 
one transmitter in the covering area of the transmitter regulating authority, may be 
nation-wide or region-wide. Therefore it is chosen to use large set Kasami sequence 
as watermark signal which provides a large code space.

It is noted that synchronous transmission of DTV signal and embedded water
mark is not mandatory. However, synchronization between the DTV signal and the 
embedded watermark signal can reduce the amount of computation for transmitter 
identification. In order to achieve the synchronized transmission between the DTV 
signal and the embedded TxID sequence, each 16-bit Kasami sequence has to be 
truncated by 639 symbols such that four truncated codes can be embedded into DTV 
field, as indicated in Fig. 2.12. Alternatively, three full-length Kasami sequences 
can be used while the last sequence can be truncated by 4 x 639 symbols to achieve 
synchronous transmission.

Due to the large cross-correlation peaks of the watermark signal (Kasami se
quence), it is found that embedded watermark signal is much more robust than the 
original DTV signal, covering a wide area. However, it is obvious that in case of 
demodulation of the watermark signal, dominant interference will come from in-band 
DTV signal which is significantly stronger than the TxID watermark signal.
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2.9 Chapter Summary
In this chapter, related technical background and literatures to understand the thesis 
are discussed. Starting with basic OFDM system, the use of CP in OFDM, in
troduction to PCP-OFDM and its uses in cognitive radio are also presented. The 
demodulation technique for PCP signaling is then introduced. In addition, power 
allocation in cognitive radio and some important features of North American ATSC 
DTV standard is briefly discussed.
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Chapter 3
Power Allocation and Interference 

Analysis for Cognitive Radio
3.1 Introduction
Very often unnecessary and uncontrolled transmission power from secondary user in 
a cognitive radio network plays decisive role in contributing mutual interference to 
the primary and other secondary users as well. Therefore, degradation of the primary 
services caused by spectrum sharing with secondary networks is mostly determined by 
mutual interference from secondary networks which also limits the number of active 
users at any given time in the CR network.

In this chapter, we have investigated an interference minimization and subcar
rier power allocation technique for OFDM-based CR through precoded cyclic prefix 
(PCP) using complex pseudo-random sequence. The idea of this proposal is enabled 
by establishing a new signaling link for CR transmitter-receiver coordination based 
on the modulation of complex precoded CP as shown in Fig. 3.1. The real part of 
the PCP will be used to establish a total transmission power negotiation signaling 
between local transmitter and remote receiver. The local transmitter power will be 
determined based on the required performance of the remote receiver. The remote 
receiver will evaluate its error rate performance, and then convey the required trans
mission power adjustment information to the corresponding transmitter by precoding 
the CP of the OFDM symbol to be transmitted. As a result, local transmitter power 
will always be kept at the required level with guaranteed error rate performance 
for remote receiver. Consequently, mutual interference resulting from the secondary 
network to the primary users will be minimized.
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---------  Transmission power control information
---------Subcarrier power profile information

Figure 3.1: Control information transmission technique using PCP.

At the same time, imaginary part of the precoded CP will be used to carry a 
subcarrier power allocation profile selected from a set of predefined profiles which can 
serve as a suboptimal solution. Due to in-band information for the total transmis
sion power and subcarrier power profile, unlike the conventional method, we do not 
need any extra signaling link to transmit these information, giving rise to improved 
bandwidth and power efficiency. The other inherent advantage for the proposed inter
ference minimization technique is that the adaptation is purely at the physical layer 
and hence it does not incur any further delay to the network accessing higher layer 
that ultimately leads to a quickly adaptable CR network.

The chapter is organized as follows. PCP signaling transmitter structure and 
corresponding receiver structures are presented in Section 3.2 and Section 3.3, respec
tively. The Power control strategy i.e., total transmitter power control and subcarrier 
power profile allocation scheme is discussed in Section 3.4. In Section 3.5, mutual 
interference analysis carried out. Simulation results for this technique are presented 
in Section 3.6 and the chapter is summarized in Section 3.7.

3.2 Control Signaling Transmitter Structure
The PCP signaling transmitter block diagram is shown in Fig. 3.2. The difference 
with the conventional CP-OFDM system is that in PCP-OFDM system, precoded
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CP is inserted instead of CP. The function of the programmable gain controller is to 
adjust the transmission power following a step-wise procedure.

Figure 3.2: Precoded CP-OFDM based remote (or local) CR transmitter.

Let us consider each OFDM symbol at the output of Fig. 3.2 is specified by 
an iV-point time-domain vector x, obtained via an IFFT of the complex data vector 
X  of size N. Therefore each OFDM symbol in the time domain can be expressed in 
vector form as

X  = FjyX, (3-1)
where is the inverse Fourier transform matrix with its (n, A;)th entry
given as ^exp {j2nnk/N } /y/'N 'j, and (-)H denotes conjugate matrix transposition. 
As discussed in Chapter 2, PCP is then inserted before OFDM signal and transmitted 
as follow

x ' = [cp(0), cp(l), • • • , cP {P -  1 ), x(0), z(l), • • • x (N  -  1)]T. (3.2)

However, due to the loss of cyclic structure, special demodulation and interfer
ence cancelation procedure for OFDM symbol is required as discussed in Section 2.6. 
At remote receiver, the PCP will be exploited to retrieve the system transmission 
parameters.
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3.3 Control Signaling Receiver Structure
The task of the receiver design here which is different from conventional OFDM 
system, is to identify the PCP sequence used in the received signal. An efficient 
demodulation technique for PCP is discussed in the next chapter or simply PCP 
can be demodulated using optimal matched filtering approach based on correlation 
procedure [14]. An iterative demodulation technique as discussed in 2.6 can be used 
to recover the transmitted data symbol. The control signaling receiver structure is 
shown in Fig. 3.3.

Figure 3.3: Precoded CP-OFDM based local (or remote) CR receiver.

Here we assume a slow varying channel with P  taps and then the received signal 
vector r can be written as

r =  H.x' +  w, (3.3)
where w is the additive white Gaussian noise (AWGN) vector with variance having 
the same size as r, H  is the channel matrix with a size of (N  + 2L — 1) x (N  +  L) 
and with worst case scenario, we have P  =  L. Here L is the length of PCP.

3.4 Power Control Strategy
As the power allocation to subcarriers is dependent on total transmission power for a 
given transmission, they are inter-dependent to each other. Therefore power control 
strategy basically consists of both the two fold tasks of total transmission power con
trol and subcarrier power allocation which are discussed in the following subsections.
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3.4.1 Total Transmission Power Control
In this subsection, total transmitter power control technique will be discussed. Once 
the transmitted signal is received at remote CR receiver side, the performance of the 
current communication will be determined by evaluating signal to noise ratio (SNR) 
of that received signal at the demodulator output. To ensure guaranteed performance, 
the CR will then decide the target performance needed for particular QoS requirement 
and other factors related with the applications. However, the target performance can 
also be determined using received signal constellation based on particular modulation 
scheme. The next step relates the estimation of target SNR to achieve the desired 
performance. The necessary power adaptation information can be obtained based on 
the decision of the corresponding power required to achieve this target SNR. As QAM 
is used as our modulation scheme, the subsequent analysis will be carried out based 
on this modulation technique.

For widely used A-QAM modulation, the symbol error rate (SER) for fc-th 
subcarrier of an OFDM signal is given by [22],

where P  ̂ is the average signal power and indicates the channel response for 
subcarrier k. Therefore, the overall SER for a total of N  subcarrier is followed by,

Let us denote the target performance as Se p  and when it is known to the 
remote CR, corresponding target SNR can be determined easily as they follow one- 
to-one mapping relationship shown in equation (3.4). Then the target SNR (jtm ) 
needs to be determined to achieve the QoS constrained performance. If we take the

(3.4)

(3.5)

difference between equalized output {Xjf) and corresponding decision {Xj.) as the 
noise level, the SNR for each subcarrier can be approxiated by,

Ik = 10 log (3.6)
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Then the SNR gap to reach target performance is A'yk = 77^  — 7 Again, the 
overall SER after SNR adjustment will be verified using (3.5).

Basically, the task here is to send a gain factor, G (P; =  G  x P[) through the 
use of PCP so that the local CR is able to adjust the required transmission power, 
Pi based on this signaling information.

The power adaptation information, which is equivalent to the SNR gap between 
the actual transmission power and target power to achieve the desired performance, 
will then be precoded according to the steps required to adjust the power of the 
local transmitter. A precoded CP is selected using a one-to-one mapping between the 
precoded CP and SNR gap i.e., required power to be adjusted. This power adaptation 
information is then sent to the local receiver through the remote transmitter as shown 
in Fig. 3.1. To be more precise in controlling the power adaption information, we 
can use 50 steps through the use of 50 pseudo-random sequences as an example. In 
this process, the first 25 pseudo-random sequences will be set to indicate the decrease 
of the power with a step of 0.1 dB. Similarly, the other 25 pseudo-random sequences 
will indicate the increase in power with the same step size.

Please note that the necessary increase or decrease in total transmission power 
can be made even in a single step adjustment. However, large variation of the trans
mission power within a short time is not desirable for wireless transceivers due to 
the use of programmable gain controller (PGC), since most PGC circuit needs some 
time to estimate the power of the received signal. Therefore it is essential to follow a 
step-wise procedure to set the transmitter power to the desired level as required by 
the remote receiver. Instead of adjusting the total transmission power to the desired 
level in one step, the procedure must follow a reasonable small step size. Again, the 
determination of the step size should also take into account the channel coherence 
time. In case of a static or slow varying wireless channel, very small step size can be 
used to adjust the transmission power.

3.4.2 Subcarrier Power Profile Selection
As discussed in Section 3.1, the subcarrier power profile information will be carried by 
the imaginary part of the complex PCP and corresponding subcarrier power profile 
will then be chosen from a set of predefined profiles. In this process, to determine
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the optimal power allocation constrained on the system SER performance (Se k) cor
responding power allocation problem can be formulated as follows [19],

F* = arg min{ E f =1 S,.k )

s-t. Ef=i Pk =  Pi,

(3.7)

where P* is a vector of optimally allocated power on each subcarrier while maintaining 
total transmission power constraint, Pj. is the power on each subcarrier, and P/ is the 
total adapted power for a CR l. As the constraint is a linear function, the formulation 
in (3.7) is a convex optimization problem, which can be solved using the Lagrange 
multipliers.

The corresponding Lagrangian function for (3.7) can be obtained as follows [23],
N N

n = £ s e,* +  * £ ( f l f c - f l ) .  (3.8)
k= 1 k= 1

where A is the Lagrange multiplier. The corresponding constraint equations can be 
obtained by taking the derivatives of Lagrangian function and equating them to zero 
as follows,

gpk =  St k  ~  A = °. k = l , 2 , . . . , N  (3.9)

and

K  =  -  Fi = ° ' (3.10)
k= 1

where S* denotes the derivative of SER with respect to Pj~ for each subcarrier and 
also indicates the optimal power allocation (P0j . ) under this constraint. When the 
total adapted power and optimal power allocation based on (3.7) is known to the 
remote receiver, the subcarrier power profile will be selected from a set of profiles 
using these information.

To decide which power profile should be selected, we follow an iterative search 
method to find the best one from a predefined set of profiles, provided that optimal 
power allocation is known. The proposed algorithm is described in the following steps:
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Step 1: At first, we need to normalize the optimally allocated power and power 
profiles in the set to make any valid comparison; and this is given by

(3.11)

and
(3.12)

where Pmik denotes m-th normalized profile in the set.
Step 2: Then to select a profile that is best matched with the optimal power 

allocation, mean squared error (MSE) will be carried among the profiles as follows,
N

Em(p) =  £ [ { £ ( £ » . * - - f t . * ) } 2]' (3.13)
fc=l

where Em (p) is the MSE error for the m-th profile.
Step 3: The subcarrier power profile with the lowest MSE error will be selected 

and corresponding pseudo-random sequence will be chosen as the imaginary part of 
CP to send this information to local CR.

Clearly, subcarrier power profile selected using this proposed method can serve 
as suboptimal scheme as it is selected from a limited profile set by comparing with the 
optimal scheme using the MSE criteria. Then the total adapted power is multiplied 
with the selected profile to redistribute power to all the subcarriers.

3.5 Interference Analysis
In this section, we study the effect of transmitter power control on mutual interference 
for primary users in CR communication. For this purpose, the interference model 
presented in [24],[25] is adopted. We assume that CRs are capable of sensing the 
presence of primary users. So if any primary user is detected in the CR neighborhoods, 
no transmission is initiated from the CR premises. Regarding this, a distributed CR 
network where active communicating nodes follow a Poisson point process with a 
CR radio density \ u and a probability of transmission pu is considered. The set of
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transmitting users then also follows the same distribution with density parameter 
A =  Aupu [25]. The following assumption are made for our interference analysis:

• The secondary users are intelligent enough to do spectrum sensing and mea
surements to detect the existence of any primary user.

•  The secondary users can move anywhere but not allowed to transmit when a 
primary user is detected.

• At the time of deployment, each secondary user is assumed to be assigned equal 
transmission power before starting any communication process.

•  Mutual interference among the secondary users is assumed minimal. So the 
power adjustment for each secondary user depends only on the QoS requirement 
and distance between the users.

• For the propagation environment, we have assumed a rich scattered environment 
where the path loss constant is assumed four.

Primary user 

Secondary user

Figure 3.4: Mutual interference problem in CR communication.
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Let us consider the power of the aggregated interference from the secondary users to 
a primary user is oo

r  = 'Y^g{vi)Ph (3.14)
1=0

where Pi is the adapted transmitting power and g{v{) be the path loss power gain at 
a distance v from the transmitter which follows g(v) = l / v a [25], for cognitive radio 
l. Let us take Ta be interference power received from active users in a radius of a and 
characteristics function Ta is given by,

<t>ra = (3.15)

where E  denotes the expectation operation. In addition, using conditional expecta
tion (3.15) can be written as.

4>v B(w) E(E(ejwTa\l))
(e~X™2 (Xna2)1)^ o o fa-\7ra21 \„„2\l

l\ E { e ^ Ta\l). (3.16)

According to the nature of Poisson distribution, within the area 7ra2, the dis
tance between the secondary users will follow uniform distribution as Jf[25]. Then 
as discussed above, assuming that the CR is able to sense the environment at any 
location and hence without defining an interference region, after some manipulations 
the characteristics function for this modeling follows [24]

oo

0 r M  =  exp (jXnu ij p fP (p)j [ g ~ 1{v)]2ejwvpdpàv). (3.17)
p 0

As the power adaption information is unknown to other users, it is very difficult 
to decide the statistics of fp(p). To simplify this case, we assume that the interference 
among CR users is minimal. In order to maintain some guaranteed performance based
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on this assumption, for any CR l it follows

li Pi
a22^ k= l a k 

Pt -9(vi) ±  APj
ENk= 1 a2k

(3.18)

Using (3.4) and simplifying for 4QAM, Pp can be written as Pp = EfcLi Pk = 
EfeLi 5{Q_ 1 (5'e,fe/l-5)}2cr̂  and A Pi is the amount of power adjustment. Hence 
adapted power becomes a function of distance between CRs and QoS requirements 
which makes it easier to characterize.

For the chosen propagation model with a pathloss exponent of a  =  4, the 
characteristic function in (3.2) can be written as,

oo

(fr(u) = exp(jXnu J p f p ( p ) J  v~ l ^ e ^ vpdpdv). (3.19)
p  0

Then the PDF of T becomes
oo

fvidP) = ^  J  (fr{uj)e~^du)
— OO

= (3.20)

where z — and £ = fp >/pfp(p)dp [24]. As discussed above, probabilistic distri
bution of the adapted power, fp(p) depends on the distance between users whereas 
the distance itself follows uniform distribution [25]. For simulation purpose, we have 
computed it numerically assuming the same CR network that is considered for in
terference analysis in Fig. 3.8. After decoding the power adaption information by 
local receiver, the local transmitter will adapt its power according to the signaling 
link information.

Again, total interference power in (3.14) can be written as,

r = rT ±  Ar, (3.21)
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where Ty and A r are the interference due to the transmitter power before adjustment 
and interference due to the amount of power adjusted, respectively. Again, to analyze 
the overall interference in a network (3.14) can be re-written as

R
r  =  £ s M ( P r ± A P , ) ,  (3.22)

Z=1

where R  denotes the total number of radios in CR network.
However, as discussed above, due to the limitation of PGC and step size chosen, 

it may not be possible to adjust the total power as required by the remote receiver. 
Therefore when the amount of power adjustment is very small or not exactly ad
justable, the total perceived interference power follows,

R
r  =  5 > ( f | ) [ i 5T ± { ( / x F ) ± i P l}l, (3.23)

1=1
where I  and F  indicates the chosen step size and the number of full steps needed to 
adjust the required power (AP/), respectively whereas 5P[ indicates the adjustment 
error due to the chosen step size. Then the global interference f G perceived at 
primary user is given by

r G =  T +  ST

= Tt ±  AT +  <$r, (3.24)

where 5T indicate the interference that is introduced due to SPp Note that in order 
to maintain guaranteed performance, remote CR receiver should always approach to 
the next integer step when precodes the power control information.

The other important aspect that should be mentioned here is that the profiles 
in the predefined set could be selected based on the channel forecasting for that 
particular region. As the profile set is sufficiently large, thus it would be able to 
accommodate a large varieties of channel characteristics.
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Table 3.1: Brazil D channel model-Multipath 1
C hannel p aram eters C hannel tap s

1 2 3 4 5 6
Delay 0.15 0.63 2.22 3.05 ,5.86 5.93

Attenuation 0.1 3.8 2.6 1.3 0 2.8

Table 3.2: Brazil C channel model-Multipath 2
C hannel param eters C hannel tap s

1 2 3 4 5 6
Delay 0 0.089 0.419 1.506 2.322 2.799

Attenuation 2.8 0 3.8 0.1 2.5 1.3

3.6 Simulations Results and Discussions
To evaluate the performance of the proposed scheme, numerical simulations have been 
carried out. An OFDM system with a FFT size of 256, having a CP length of almost 
1/4 of the symbol duration (63 samples for Kasami sequence degree of 6) is considered. 
4QAM is chosen as the modulation scheme. For the channel modeling, both AWGN 
channel and two multipath channels as shown in Table 3.2 (Multipath channel 1 
- Brazil D) and Table 3.1 (Multipath channel 2 - Brazil C) [26] are considered to 
evaluate the system performance.

Fig. 3.5 and Fig. 3.6 indicate the performance of the power control and sub
carrier power profile information signaling link, respectively. The performance of the 
signaling links is evaluated according to the optimal matched filtering approach as 
discussed in Chapter 1. Also, the demodulator that is discussed in the next chapter 
can be used for this purpose. It is seen from Fig. 3.5 that performance of the power 
control signaling link is better than that of the subcarrier power profile link, spe
cially in AWGN channel. As only few sequences are needed to indicate the necessary 
change in the transmission power adaptation process, the performance of total power 
adaptation signaling is more robust in comparison to that of the subcarrier power 
profile signaling link.

To characterize and simulate the interference in CR network, a network having 
uniformly distributed secondary users with different number of active communicating 
pairs at any given time is assumed. Since it is assumed that interference among the
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Figure 3.5: Error rate performance for transmission power control signaling link.

secondary users are at minimal level and in order to maintain target performance, 
power adaption is then becomes a function of distance between the communicating 
pairs. From this assumption, the parameter related with power adaptation (() is 
calculated numerically to simulate the PDF using eqn. (3.20). At the same time, 
total amount of interference power perceived to a primary user is also calculated 
based on analysis presented in Section 3.5.

Fig. 3.7 shows the PDF of mutual interference power, with and without power 
adaption to the secondary users, while varying user density A. Here solid and dashed 
line indicate the PDF of interference power, with and without power adaptation, 
respectively. The amount of reduced interference experienced by a primary user due 
to power adaption of CRs can be characterized using this PDF. It is seen that when 
power control is applied, the tail of the PDF is greatly reduced indicating more
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Figure 3.6: Error rate performance for subcarrier power profile signaling link.

controlled interference which is highly desirable for CR networks.
Fig. 3.8 shows the interference minimization to the primary users using pro

posed power control mechanism. In this simulation, we have assumed the same CR 
network discussed above. Adaptive power control is applied to the distributed nodes 
to maintain a target performance and resultant interference is found using eqn. (3.14) 
while varying the total number of active users in the network. It is seen that this 
power control mechanism can effectively minimize mutual interference to the primary 
users and the amount of interference minimization increases with the increased num
ber of active users in the network. As the overall interference is minimized, more 
users can be deployed in the network while maintaining same required performance. 
Note that this technique can also be applied to a secondary network itself to minimize 
the overall average interference perceived among the secondary users.
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Mutual interference

Figure 3.7: Mutual interference power PDF variation with user density A.

3.7 Chapter Summary
An OFDM system with PCP for carrying transmitter power control and subcarrier 
power allocation information in CR environment is investigated in this chapter. With 
the PCP enabled signaling link, a transmission power negotiation is established be
tween the neighbor CRs. As a result, mutual interference to the primary and other 
secondary users can be effectively minimized. Beside this, subcarrier power profile se
lection algorithm is presented which can also serve as a suboptimal solution. Control 
information can be sent at the same time without incurring additional spectrum and 
extra delay to the network which is very important in cognitive radio environment. 
Simulation results show the robustness of the signaling link in different channel see-
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Figure 3.8: Interference minimization for the primary users using PCP signaling.

narios including multipath channels. In addition, interference minimization algorithm 
is validated through the observation of PDF for mutual interference with reduced tail. 
Therefore it is obvious that with this interference minimization technique, interfer
ence to primary users can be kept at minimal level and as a result more CR users can 
be deployed which will increase the overall capacity of the CR network.
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Chapter 4
Demodulation of PCP Signaling

4.1 Introduction
In cognitive radio (CR) networks, it is very difficult to set up a dedicated control 
channel to exchange system transmission parameters among CRs where the commu
nication environment changes very fast. To deal with this problem, precoded cyclic 
prefix (PCP)-OFDM system provides a flexible and efficient technique, specifically 
designed for cognitive radio communications to carry time-varying signaling param
eters, which clearly meets the need for a dedicated control channel and makes the 
overall communication spectrum efficient. Note that as discussed in Chapter 3, PCP 
is combined from two Kasami sequences as its real and imaginary parts, providing 
efficient technique of sending system control parameters among CRs. In order to 
make use of these signaling parameters, a reliable and efficient PCP demodulator is 
required for low implementation complexity and processing delay. The conventional 
approach of PCP demodulation is to correlate the incoming PCP signal with all the 
possible local reference sequences available in the library based on exhaustive search 
method or optimal matched filtering approach as discussed in Chapter 2 [14]. Ac
cording to this approach, a separate correlator is needed for each sequence in the 
library and therefore the implementation complexity is very high. Due to its high 
implementation complexity, conventional optimal matched filter is not suitable for 
practical implementation.

In [13, 27], a three-stage approach is proposed for demodulating PCP sequence 
which has substantially reduced implementation complexity in terms of number of 
correlators and multipliers but still the practical implementation is too complex. On 
the other hand, as it is a signaling link, the demodulator for this purpose must 
be robust such that signaling information is demodulated with high accuracy. In
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this chapter, a low complexity PCP signaling demodulator is proposed which can 
substantially reduce the implementation complexity compared to other demodulators 
discussed above while providing the same performance. The idea is to partition the 
demodulation technique according to the generation of PCP i.e., Kasami sequence 
which comes with substantially reduced complexity.

The rest of the chapter is organized as follows. Conventional demodulation 
approach is discussed in more details in section 4.2. The principle and architecture 
of the proposed demodulator are presented in Section 4.3. In Section 4.4, multipath 
combining algorithm for the proposed demodulator is discussed. PCP detection error 
is analyzed in Section 4.5. Simulation results for validating and assessing the per
formance of the proposed techniques are presented in Section 4.6 and the chapter is 
summarized in Section 4.7.

4.2 Conventional Demodulation Approach
In conventional PCP-OFDM system receiver, as the PCP code set size is increased, 
the corresponding hardware implementation of PCP signaling demodulator becomes 
unprecedentedly complex. The best available demodulator for demodulating PCP 
sequence is optimal matched filter, which is a bank of correlators and each one is 
corresponding to one of the sequences in a code set as shown in Fig. 2.8. The signaling 
information is then demodulated based on the largest correlation peak between the 
received PCP segment and correlator banks. Obviously, it suffers the disadvantages 
due to the fact that the implementation complexity increases linearly with the increase 
of the code set size. More specifically, when the code set size is M, the number of 
correlators requires is in the order of M, i.e., O(M).

On the other hand, for a code set size of M  and sequence length L, hardware 
complexity in terms of multipliers is given by,

Fomf = M  x L. (4.1)

Again in [27], where the demodulation is partitioned into three stages, offers a 
much lower complexity than the optimal matched filter. For this demodulator, the 
required number of correlators is (^(M1/ 3) and corresponding number of multipliers
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is given by
Ttsd  = L + SpL + SP(3L — 1). (4.2)

where Sp denotes the required number of correlators and equals to 2n/ 2. It is obvious 
that three-stage approach outperforms optimal matched filter but the complexity is 
still very high.

4.3 Proposed Demodulator
As discussed above, conventional optimal matched filter suffers the disadvantage due 
to the implementation complexity which increases linearly with the increase of the 
corresponding degree of Kasami sequence i.e., PCP. Therefore finding an efficient 
identification scheme is an important issue for PCP-OFDM system and it should be 
able to provide the same performance as the optimal matched filter with a reduced 
implementation complexity. To do this, we propose to use an identification scheme 
as shown in Fig. 4.1. The detection approach provides the same performance as the 
conventional optimal matched filtering approach at a significantly reduced implemen
tation complexity. In addition, a multipath combiner is also included to enhance the 
performance in multipath channel condition as shown in Fig. 4.4. In paper [27], im
plementation complexity of that identifier is still higher and there was no combining 
technique introduced to enhance the performance under multipath condition.

To understand the proposed demodulator, the generation of large set Kasami 
sequence is first discussed very briefly, as it would give us the necessary intuition 
to understand the proposed identification scheme. It is discussed in Chapter 2 that 
large set Kasami sequence is the exclusive-OR outcome of the three elementary code 
sequences [12]. Let us define these three sequences as u, u', and u", where u and u' 
form a preferred pair of binary m-sequence and V{u') and C(u") can be constructed 
as follows

V{u') = {0L, ur, Du', D2u',..., DL~lu'} 
= vd{d = 0,...,L}, (4.3)

and
C{u") =  0L U D3~l c = { Cj j  = 0,..., L i} , (4.4)
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Figure 4.1: Proposed signaling demodulator for PCP-OFDM system.

where 0/, is an all-zero sequence with length L — 2n — 1 ; |J  denotes the union of sets 
and u" has a period of L\ =  2n/ 2 — 1. u is the initial sequence with no variant.

To determine the transmitted PCP sequence, except u which is unique, we need 
to find out the corresponding elements of V (u') and C(u") in the received signal before 
we are able to decide which sequence has been transmitted. Thus in the proposed 
identification scheme, these three code sequences are correlated with the received 
PCP segment sequentially to determine those elements of V(u') and C(u"). In this 
approach, we have first taken into account the elementary code sequence u which is 
unique, then u" and finally u'. Note that this order of sequence is optimal since the 
number of correlators in this case is determined by the set of sequences obtained from 
u" which is much smaller than v! as in (4.3) and (4.4). On the other hand, set of 
sequences obtained from v! is a shifted version of the original decimated sequence 
and hence we can do a sliding operation over a length of 2L — 1 to correlate with all 
sequences in this set.

Let y = [yo, y\ , ..., Vl ~\] denotes the received PCP sequence segment, which 
contains interference from the OFDM signal, channel impact and also noise. Then 
the proposed demodulation scheme can be described by the following steps,

At first, the received sequence segment y is multiplied by the antipodal version 
of the basic sequence, x iu) and the corresponding output sequence is given by

A* =  yi x x(w*), * =  0,..., L -  1. (4.5)
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Figure 4.2: Comparison of number of multipliers for the proposed PCP demodulator
(logarithmic scale).

The vector A is then passed through a correlator of length L + L\ — 1, composed of a 
repeated version of the third code sequence u". This operation is equivalent to pass 
A through different shifted versions of the third code sequence given as follows

Li
zj = n  icj \ l  x (4-6)

3= 1

In the next step, correlation is carried out between these outcomes, zj and 
second decimated sequence u'. Here the number of correlators required is given by 
Cc = L l + 1 and each correlator corresponds to an elementary code sequence of 
C{u"). Therefore zj is passed through a correlator of length 2L — 1 corresponding
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Figure 4.3: Comparison of number of multipliers for the proposed PCP demodulator
(expanded view in linear scale).

to u' to evaluate the correlations between each element of Zj and x (vd)i d = 0 , ..., L. 
The correlation can be done as follows

h+ 1

Mj,d(Q) = v (<?)Lzj ( d -  ?)• (4-7)
q=i

Further, each correlator selects the local maximum among the peaks p j^ , d = 
0,..., L and then passes pj parameters and the related argument dj to next stage.

Then the global maximum among p j , j  = 0,..., is determined. The identifi
cation sequence is determined according to the argument j  and the related dj using 
corresponding exclusive-OR operation, u © Cj © v^.

From the above discussions it is manifested that with this proposed identifi
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cation scheme, it is possible to identify PCP sequence with a significantly reduced 
implementation complexity. As discussed above, the complexity in terms of correla
tors for conventional optimal matched filter is in the order of M  whereas proposed 
scheme requires only 2n/ 2 +1  =  M 1/ 3 correlators. For example, for Kasami sequence 
degree n =  6 and considering a complete set, conventional optimal matched filter 
for PCP-OFDM system requires 512 matched filters, whereas proposed scheme will 
require only Sp = 2n/ 2 =  8 correlators to identify the same PCP sequence. However, 
the number of correlators required for the proposed demodulator and the demodulator 
discussed in [13, 27] is same.

Again, hardware complexity i.e., multipliers required for the proposed demod
ulator is given by,

r  pro = 2 L +  L\ — 1 +  Sp(3L — 1). (4.8)
Fig. 4.2 shows the comparison of complexity in terms of multipliers in log scale 

for proposed scheme and other demodulators. Fig. 4.3 shows an expanded view in 
linear scale to better realize the difference in complexities for different schemes. It 
is seen that number of multipliers required for proposed demodulator is significantly 
less than that of other demodulators.

4.3.1 Proof of Optimal Performance
As discussed , Kasami sequence is the exclusive-OR operation of the three code se
quences it, u' and u". In order to proof that the performance of the proposed demod
ulator is also optimal, we need to essentially prove that in the process of identification 
of one sequence, this demodulator also compares all the sequences available in the 
code set, which is a clear indication of optimality.

Let us consider the multiplication of the incoming signal with sequence u is 
given by 77 (n) =  r(l).u(l) where l = 1 ,2 ,. . . ,  L. The output of the next stage i.e., 
multiplication with the third code sequence Cj is given by r<i(l) =  r\(l).Cj{l). At the
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last stage, this outcome r2(l) is correlated with vd as follows,

(4.9)

where m  indicates a sequence in the set and meM. Eqn. (4.9) is the equivalent opera
tion of the optimal matched filtering operation which indicates this demodulator also 
provides optimal performance i.e., it also correlates with all the available sequences 
in the process of identifying one sequence.

4.4 M ultipath Combining Algorithm
When the amplitudes for the multipath signals are close in magnitude and there is 
no line of sight (LOS) component, combining multipath could significantly improve 
the performance of the proposed demodulator. Again, sometimes because of the 
sparse nature of the channel and long duration of the PCP sequence, it is not efficient 
to compute the correlation functions over the whole channel duration. Therefore 
applying combining algorithm where only selected paths are included to make the 
decision can significantly improve the performance. The flow diagram for the proposed 
combining technique is shown in Fig. 4.4.

Let us consider a multipath channel h = [ho, h i , . . . ,  hp_i] with P  taps. A 
straightforward way for detecting a sequence is to use correlation peak corresponding

1 LRc = J ^ 2 r2{n)vd{n -  l)
^  1=1
1 L

1=1 
1 L

1=1 

1 L
= l  0  -  o^  Z=1 

1 L= 7  $^[r(n){u(n) © Cj(n) © vd(n -  /)}] 
L l=i
1 L= - ^ r ( n ) h i m(n -  l),

1=1
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Figure 4.4: Multipath combining algorithm for PCP-OFDM system.
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to the strongest path. Since the signal components from other multipaths will be 
interference to the detection process, therefore the variance of noise component for 
the m-th path becomes

- am 1 _/2+  as
P ( t

~  ~2 I ®m,r
_  P  t
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( 2

2 1, °Vn,r

P - 1

-2 E  M 2p=0,p^m
(4.10)

where cr^ r and cr| is the variance of AWGN (real part) and the OFDM signal, 
respectively.

In the proposed combining algorithm, multipath signals are combined using a 
modified version of maximum ratio combining (MRC) technique. To implement the 
optimal combining, the SNR for each path has to be estimated. SNR and the variance 
of AWGN in the received PCP segment are evaluated using simple SNR estimation 
method [28]. Note the difference in the traditional MRC antenna combining is that 
the variance of noise component for each antenna input is roughly the same, while 
the noise component in eqn. (4.10) can be substantially different for each multipath 
signal.

In order to choose the multipath signals to be included in the combining process, 
an iterative search is studied. The combining process starts with the single strongest 
path. Additional multipaths are weighted and combined with the strongest path one 
by one in the order of its SNR. Every time when a new path is included, the SNR in 
the combined signal will be evaluated. However, if SNR threshold (7^ )  is set for a 
particular channel condition, the SNR in each signal should satisfy eqn. (4.11) to be 
included in the combining process:

71 > 1th, (4.11)

where l € p. There may be some weak paths, by including which the SNR of the 
combined signal may not be significantly increased and this threshold setting avoids 
the inclusion of such paths. This approach follows the selection combining process. It 
should be noted here that the performance of the combining largely depends on the
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channel condition at any particular instant. However, this threshold may be changed 
depending on the channel conditions and identification error performance required 
for any particular communication system.

4.5 Identification Error Rate Analysis
In order to analyze the identification error rate (IER), at first analysis will be car
ried out with the assumption of an AWGN channel. Then the identification error 
performance in the presence of multipath channel along with multipath combining 
mechanism will be considered.

Let us consider the correlation peak is denoted as A + na, where A  is the auto
correlation peak of a PCP sequence and na is the associated interference for that 
autocorrelation function at first sample instant. When a PCP sequence of L samples 
is used, ideally the autocorrelation peak will be L. If there is a total of M  PCP 
sequences, for the rest of M  — 1 cross-correlation functions at first sample instant, 
B c +  nc will take values centered on five discrete levels given as follows [12]

{—t(n), —s(n), —1, s(n) — 2, t(n) — 2}, (4.12)
re+2 Iwhere t(n) =  1 +  2  ̂ , s(n) =  £ [i(n) +  1] and nc is the interference for the cross

correlation function at first sample instant. Both na and nc axe considered Gaussian 
distributed since they are summations of sufficiently long interference samples as a 
result of the autocorrelation and cross-correlations. However, the correct detection 
of the PCP sequence in the presence of one cross-correlation function with a peak 
of Bc + nc should meet the criteria A  — Bc > na + nc. Hence we can obtain the 
probability density function (PDF) of this random variable Y  > na + nc as follows

fN 1M f N 2(y ~  n l)dnl

-I—no

(y-nj )2 
2an dn\
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d 2al dn\

—oo
1 —2S-e 4crrc,2crn-v/7r (4.13)

where <7n is the standard deviation of AWGN. Thus the probability of getting an 
erroneous decision for one correlation is given as follows,

oo
Pe,c{na +  nc > A  — Bc) — J

A-Br
2an^

oo
dy

=  \p io n [  - ——/= e d/7 2an\/ir

=  Q

A-Br. 
\[2on

A - B c
\[2on ) (4.14)

where /  =  —M—. As the total number of sequences is large, it is almost impossible \J2onto find out the exact occurrence probabilities of different cross-correlation peaks an
alytically. Therefore, in our analysis, we assume that the occurrence probabilities for 
five different cross-correlation peaks are equal. So, the average probability that the 
decision is erroneous in presence of one correlation is given by,

1 5Pe = 7  ^   ̂Pe,c{na +  nc > A  — Bc). (4.15)
C —  1

The corresponding probability of getting a correct decision can be written as

1 - P e , (4.16)

Therefore, probability of making false detection in presence of the rest of the 
M  — 1 sequences is given by,

pt =  [i -  (i -  a ) M_1]. (4.17)
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On the other hand when the multipath combining is applied at the beginning of 

the demodulator, both the autocorrelation and cross-correlation peak will be increased 
but the SNR in the combined peak will be higher than the case without combining 
which results in an improvement of performance in terms of identification error rate. 
After applying the weight for each multipath signal x\, ..., xp, the combined signal
is given by

x  =  a\x\ + 020:2 +  ... +  apxp, (4.18)
where a\, a2 , ..., ap denote the weight factor for each multipath and given by ap = 
[[29], App. A]. As signals are co-phased and added together coherently, the combined 
signal will have the same characteristics to those of individual multipath components. 
As it is a linear combination of the multipath signals, noise in the combined signal 
will follow Gaussian distribution as well.

Let us consider that P  paths are added together, so the ideal autocorrelation 
peak would be P  times that of a single autocorrelation peak i,e.,PA. However due 
to the presence of noise, actual autocorrelation peak would be PA + n'a where noise 
component n'a is given by

<  = W ^ 1 +  It”2 + ■ "+  } | n»' (4'19)
As n'a is a linear combination of Gaussian distributed noise n\, n-2 , ..., np, clearly 

it will also follow Gaussian distribution.
Again, cross-correlation peak for this combined signal would be P B c+n'c, where 

n’c denotes the resultant noise in the cross-correlation peaks which will follow Gaus
sian distribution. Therefore condition for getting a correct decision after multipath 
combining follows

36

PA  +  n'a — P B C + n'c > 0
=>PA — P B C > n'a +  nfc. (4.20)

Following similar approach as in (3.20), the PDF of the variable Y ' > n'a +  n'c 
for making a correct decision is

1
5fy>(v 0 = (4.21)
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Therefore probability of getting an erroneous decision for one correlation after 
combining multipaths is given by,

Pe,cWa + n'c > P (A -  Be)} = j
P ( A - B C)

-A771 dy'

= Q [ P { A - B C) \
X \ / K  J

Therefore probability of getting a correct decision is given by,

(4.22)

(4.23)

where P'e indicates the average probability of getting an erroneous decision over five 
cross-correlation peaks. So the overall probability of making a false detection for the 
rest of M  — 1 sequences in presence of a multipath channel with combining follows

H  =  [ ! - ( ! -  Pi)M7  (4.24)

However, in order to evaluate the performance of the overall system, the impact 
of the PCP signaling link failure also needs to be determined. It should be noted here 
that the error probability for the OFDM symbol is dependent on the probability 
of error for PCP signaling link. Even if the demodulation of PCP signaling link is 
successful, there will be error for the OFDM symbol as usual. Considering these two 
situations, the overall error probability for OFDM symbol is given as follows,

Po =  Pt,K X P ser +  (1 — Pt,u) X Pser 
M —l

= m TIY 5 Z  [ i 1 ~  “  P e,/t)M _ 1 }  X P'ser
K = \

+  |(1  — P e , K * X Pser}] > (4.25)

where Pser and P 'Ser is the symbol error probability (SER) for OFDM data carrying 
signal when PCP detection is correct and incorrect, respectively. It is seen from (4.25) 
that if the identification error is low enough, total system error probability becomes 
as low as the conventional CP-OFDM system.
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However, in order to get a reliable signaling performance, a hold-and-demodulation 
scheme can be followed. If the demodulated PCP signaling carries different informa
tion from the present system parameters, demodulation can be hold and wait for the 
demodulation of next PCP for confirmation purpose. If it finds that next demodu
lated PCP gives the same information as the previous one, it may accept and trust 
the information carried by the demodulated PCP. But if the next demodulated PCP 
carries different information than the previous one, it should wait for another PCP 
demodulation. Based on the next demodulation and if it matches with the previous 
one, it can make the decision for the adjustment of system parameters. It should be 
noted that total decision time should be justified with the channel coherence time.

4.6 Simulation Results and Discussions
To simulate the proposed scheme, as in Chapter 3 one OFDM symbol having 256 
subcarriers is considered and for the PCP design with n = 6, corresponding PCP 
duration is L = 2n — 1 =  63, which is almost one-fourth of an OFDM symbol.

For the channel modeling, we have considered one multipath channel as in Table 
3.2 shown in Chapter 3, in addition to AWGN channel, while the channel length is 
smaller than the PCP duration to avoid ISI.

The performance of the proposed demodulator is evaluated in the above men
tioned channel scenarios in terms of identification error rate (IER). It is seen from Fig. 
4.5 that proposed PCP demodulation scheme provides the same performance as the 
optimal matched filter irrespective of channel scenarios. For this simulation, we have 
considered all the sequences available in the set for Kasami sequence degree n =  6 
i.e., 512 sequences but in an efficient way so that the implementation complexity is 
significantly reduced. Also, theoretical and simulation results are almost matched.
In the theoretical analysis, in addition to the assumption that cross-correlation peaks 
occur with equal probabilities, the impact of OFDM data carrying signal, specially 
ISI on PCP is not considered. These reasons may cause the performance gap between 
the theoretical and simulation results.

Fig. 4.6 shows the comparison of the performance for the proposed demodulator 
while different number of sequences available in the code set. In this case, we have 
assumed three different scenarios for n =  6 i.e., when 512 (full code set), 256, and 
128 sequences are available in the family. As expected, with the lesser number of
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Figure 4.5: Identification error rate performance for the proposed demodulator
(PCP length L=63).

the sequences in the family, there is lesser probability of error. However, in any case, 
the demodulator provides the same performance as the optimal matched filtering 
approach. It should be mentioned here that for larger PCP length, IER performance 
will be improved for the same SNR level due to the availability of larger decision 
peak, although the code set size is increased.

To further improve the performance of the proposed demodulator in multipath 
scenario, we have used a technique to combine the multipath signals that can make the 
decision process much robust in real communication scenario as in multipath cases. 
Depending on the nonzero components in the multipath channel, we will have differ
ent received versions for the same received signal. Therefore instead of selecting the 
strongest multipath among all the received versions for the same transmitted PCP, 
few stronger multipaths are combined with optimum weights coefficient according
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Figure 4.6: Comparison of IER performance with different code set sizes.

to maximum ratio combining with unequal noise components in each branch. This 
approach improves the performance of the proposed demodulator to a great extent 
indicating the robustness of this demodulator in real communication system. How
ever, it is found that after combining the first few strongest paths, the performance 
is not that much improved because in that case the combined path becomes much 
stronger than other paths from the multipath channel. It is seen from Fig. 4.7 that 
performance is significantly improved when two most strongest paths are combined, 
comparing to that of the no peak combining case. But the improvement in perfor
mance when three most strongest paths are combined is not that significant when 
comparing to the case of combining two most strongest paths. As seen from figure, 
this observation is more pronounced for the case of combining three and four paths. 
It should be also noted that the performance improvement depends on the relative
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Figure 4.7: Performance improvement using peak combining technique, 

attenuation among the multipath components.

4.7 Chapter Summary
Efficient design of PCP demodulator with low implementation complexity is very im
portant for flexible spectrum sharing in cognitive radio communication. This chapter 
presents an improved PCP demodulator which provides reduced implementation com
plexity, while providing the same performance as the optimal matched filter and that 
of three-stage approach. The identification error rate for this demodulator is sim
ulated. It is observed that theoretical and simulation results are almost matched. 
With different number of available code sequences in the set, it is found that the 
identification error rate is relatively lower when few sequences are compared. It is
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also presented that performance of this proposed demodulator can be significantly 
improved in multipath channel scenarios using multipath combining technique. On 
the other hand, impact of PCP link failure on the system performance is analyzed 
and the average error probability is also derived.
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Chapter 5
Robust Data Transmission using 

DTV Watermark Signal
5.1 Introduction
In the last few decades, the world has seen more disastrous situations than ever caused 
by various environmental, social and political movements, and even man-made. In 
the recent history, September 11 attacks in the United States of America (2001), 
devastating Tsunami in Asia-Pacific (2004), Hurricane Katrina in the United States 
of America (2005), and cyclone Nargis in Myanmar (2008), only few of many others, 
remind us the outmost necessity of reliable emergency communication system to lessen 
the sheer magnitude of the disaster the world has seen. The situation is even worse 
in remote areas which are not covered by modern communication systems such as 
land or cellular communications. Therefore, it is extremely important to have an 
effective emergency communication system to make mass people aware in the advent 
and during national emergencies, including people living in distant rural areas.

Several ad-hoc based emergency networks such as enhanced communication 
scheme combining centralized and ad-hoc networks (ECCA) [30], sensor network 
based emergency communication system [31], integrated cellular and ad-hoc relay
ing system [32] etc., have been investigated in literature. The key advantages of 
these ad-hoc based emergency networks are self-organized and fast reconfigurable. 
However, on top of conventional power constraint and delay problem, due to limited 
coverage, a large number of communicating nodes are required and hence reliability 
is a major problem in these networks.

On the other hand, infrastructure based emergency networks consist public 
switched telephone network (PSTN) access network, cellular networks, satellite net
works and other broadband communication systems. For example, TErrestrial Trunked
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RAdio (TETRA) [33], integration of IEEE 802.11 and 3G networks [34], HUGHES 
broadband satellite communication [35] etc. are able to provide emergency commu
nication during disastrous situations. However, the crucial problem for the infras
tructure based emergency communication system is the requirement of a great deal 
of interoperability among existing communication systems. Although to solve in
teroperability issue, different measures have been taken through the development of 
IEEE 802.21 standard body, they are still under evaluation [36]. However, all the 
major concerns such as interoperability and reliability are co-related and driven by 
the limited coverage of existing emergency communication systems.

In this chapter, we propose to use modulated TxID watermark signals as a 
technique to send alerting message to the people during emergency situations. It is 
found that data transmission based on modulated TxID watermark signals are much 
more robust than the 8-VSB modulated ATSC DTV broadcasting, providing us the 
opportunity to have a robust data distribution technique with extended coverage. 
As we are almost at the verge of a fully-fledged DTV broadcasting, this extended 
coverage ensures that even the people living at the rural distant areas would be 
able to receive the emergency alerting message before and/or during the disastrous 
situations. In addition, as the interoperability is still a far-reach issue and with this 
proposed technique a greater coverage area is obtained, it obviates the interoperability 
issue along with the higher reliability of the overall communication network.

The rest of this chapter is organized as follows. The overview of this emergency 
communication model is presented in Section 5.2. The TxID watermark data insertion 
procedure is discussed in Section 5.3. Synchronization technique for the proper recep
tion of TxID watermark is briefly analyzed in Section 5.4. The demodulation of TxID 
watermark signal and error performance analysis for emergency data is presented in 
Section 5.5 and 5.6, respectively. Section 5.7 describes the signal propagation model 
for the coverage prediction and analysis for this communication technique is carried 
out in Section 5.8. Overall reliability of the emergency communication network with 
comparison to some other existing systems is studied in Section 5.9 and finally, the 
chapter is summarized in Section 5.10.
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i ~i TxlD Watermark Signal

t / s s s s / a  ATSC Field SYNC  

ATSC DTV Signal

Figure 5.1: ATSC DTV signal with modulated TxlD  watermark.

5.2 Emergency Communication System  Model
DTV broadcasting has gained immense popularity over the last few years. Following 
this way, the U.S. TV broadcast industry already made an all-digital transmission 
and that in Canada by August 31, 2011. At the end of 2011, North America will 
have an all-digital DTV broadcasting opportunity and few other countries such as 
The Netherlands, Finland have already made the transition.

The Advanced Television System Committee (ATSC) DTV standards are en
tirely different from the conventional analog TV signals and have many new features 
e.g., allowing higher-quality images, sound, and more programming choices etc. [21]. 
One interesting feature of the ATSC system is that a unique pseudo-random sequence 
will be assigned for each DTV transmitter as a RF watermark. Since the identifi
cation sequence is embedded into original DTV signal as a watermark as shown in 
Fig. 5.1 and the strength is very low compared to the original DTV signal, the 
pseudo-random sequences must be long enough so that the peaks obtained from the 
correlations associated with background DTV noise can be detected.

The emergency communication system in this chapter is enabled by this newly 
introduced feature of transmitter identification watermark to DTV broadcasting sys
tems. According to our proposal, modulated T xlD  watermark signals will be encoded 
to send the emergency alerting message to the people during disastrous situations. 
The corresponding transmitter and receiver structure are shown in Fig. 5.2 and Fig.
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5.3, respectively. The sequence can be detected based on matched filtering approach 
discussed in [14] or the demodulator presented in Chapter 4. Once the watermark 
signal is decoded, the terminal user will be able to get the emergency messages sent 
from either the government or private authorities. As a result, we can use existing 
DTV infrastructure which clearly obviates the need for new infrastructure and thus 
cost-effective than most other emergency communication systems currently available.

Figure 5.2: TxID enabled emergency communication system transmitter.

Figure 5.3: TxID enabled emergency communication system receiver.

5.3 TxID Watermark Emergency Data Insertion
In this section, TxID watermark emergency data insertion into DTV signal and cor
responding detection algorithm will be discussed. Let us take DTV signal from i-th 
transmitter before and after the injection of the pseudo-random sequence (large set 
Kasami sequence of degree 16) x^(n) is d{(n) and d((n), respectively. Note that each
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DTV transmitter would have a unique TxID sequence X{, thus it is always recog
nizable even within the coverage of other stations. The injection of the transmitter 
identification sequence into DTV signal being modulated by the emergency alerting 
data ad, results

d'i(n) =  di(n) + pxi{n)ad{i), (5.1)
where p is a gain coefficient to control the injection level. The injection level of the 
TxID watermark signal can be different from transmitter to transmitter. It will be 
convenient for the emergency data demodulation process if the gain is set to the same 
level for all the transmitters [3]. The insertion ratio (IR) can be defined as follows

IR = lOloglO ( /? .E {x? (n )} \ 
E{d?(n)} I ' (5.2)

However, 8-VSB DTV signal energy is E{df{n)} =  21. Again, BPSK modulated 
watermark signal energy is E {x f (n)} = 1. Hence for a given IR, injection level can 
be determined as

P =  “\ j  iq-IR /10’
After passing through channel hi, the received signal from the z-th transmitter,

r{ is
n (n ) =  d'i(n) ® hi + nj(n), (5.4)

where n^(rz) is the noise at the input of the z-th receiver. The overall received signal, 
r(rz) is then given by,

T
r (n) = K ( n) ® hi + ni(n )] > (5-5)

i = 1

where T  is the total number of DTV transmitters in the broadcasting area.

5.4 Synchronization of TxID Watermark Signal
Synchronization is very important for proper demodulation of the alerting message, 
due to its low signal strength and long duration. For this purpose, one PN-511 SYNC 
field is reserved in each field of ATSC signal shown in Fig. 2.12. Traditionally, a time
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domain sliding correlation approach is used to achieve synchronization which is equal 
to the length of PN-511 (511 samples) shown in Fig. 5.4. However, in presence of 
frequency offset and sampling clock error, the time domain synchronization becomes 
very difficult to achieve in low SNR condition. Alternatively, PN-511 in the frequency 
domain can be used to achieve synchronization. The obvious advantage of using 
frequency domain synchronization is that just taking the magnitude of the correlation 
peak, these frequency and sampling clock offsets can be alleviated.

5.4.1 PN-511 Based Time Domain Approach
In this simple process, correlation will be carried out between PN-511 signal of first 
and the second incoming ATSC field. As the subsequent adjacent signal will have 
the same amount of time offset, this process is able to identify the starting point of 
the incoming signal. Let us consider that the received signal segment with PN-511 is 
given by r which consists of l data frames. The correlation which is N  samples apart 
(length of one complete ATSC data frame) is carried out as follows,

511

Rt(n) = ^  r(n)r(N  +  n). (5.6)
n —1

In this case correlation is carried out along with the adjacent frames. And 
synchronization is decided based on the maximum correlation value. Fig. 5.5 and 5.6 
show the time domain and its squared correlations samples.

5.4.2 PN-511 Based Frequency Domain Approach
In frequency domain approach, correlation will be carried out in the frequency domain 
between the PN-511 of first incoming single and the adjacent one. As the subsequent 
adjacent signal will have the same frequency and sampling clock offsets, only taking 
the magnitude of the correlation value will help to alleviate these offsets. Following 
the similar approach as in time domain, the correlation between adjacent PN-511 is 
carried out as follows,

511

R f(n ) = F ~ 1{r(n)}.F~^{r(N  + n)}.
n=l

(5.7)
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Figure 5.4: Time domain correlation peaks for local PN-511 (local reference).

The correlation value obtained in this case is a complex number. However, 
by taking the conjugate of the correlation value and multiplying, we can have real 
correlation value as

Rf  = R 'fR 'f. (5.8)
Similarly decision is taken based on the maximum correlation value but fre

quency and sampling clock offset is now removed. Fig. 5.7 and 5.8 show the frequency 
domain and its squared correlations samples for synchronization purpose.

Therefore synchronized reception can be achieved using the frequency domain 
approach where synchronization performance is kept the same because of the sharp 
correlation peak as shown in Fig. 5.8 (even stronger than time domain squared peak)
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Figure 5.5: Time domain correlation peaks using PN-511.

and at the same time we can alleviate the frequency and sampling clock offsets by 
taking only magnitude of the squared correlation peak.

5.5 TxID Watermark Emergency Data Detection
The TxID watermark signal i.e., the emergency data will be demodulated based on 
the correlation process. Using this approach, cross-correlation between r(n) and Xj(n)  

will be evaluated at the receiver side to find out the emergency data from the j -th
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Figure 5.6: Time domain squared correlation peaks using PN-511.

transmitter as follows,
N -1

Rrxj(m) = ^ 2  r(n)xj(n -  m) 
n=0

Tv-ir t
= ^ 2 \  ® hi +  ni(n )n=0 ¿=1

N—l

-En=0
5 2  ( d i ( n ) +  p X i ( n ) a d ( i ) }  ® h i  +  n i i n )  
i = 1

Xj (n — m)
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Figure 5.7: Frequency domain correlation peaks using PN-511.

T
=  pa^Rx-xj ®  hj  +  'y ^ pRxi'Xj ®  hi 

N - 1 T
+  E E  \di{n) 0  hi +  ni(n)\ Xj(n — m), (5.9)

n = 0 ¿=1

where N  is the length of the pseudo random sequence X j ( n ) which is used as TxID 
watermark signal. With the orthogonal property of the selected pseudo-random se
quence, Rxjxj can be approximated as a delta function. The second and third terms 
in the above equation are only noise-like sequences from the in-band DTV signals 
of the same transmitter and other neighboring transmitters. Therefore, the received
channel response hj from the j-th  transmitter can be approximated from Rrx, and 

J 3
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x 10

Figure 5.8: Frequency domain squared correlation peaks using PN-511. 

is given by

Rrxj {m ) =  Aa^hj +  noise
=  A hj + noise, (5.10)

where A  is a constant determined by Rxjxj and the gain coefficient p. The received 
channel response hj from the j- th  transmitter can be determined as RXjXj and p is 
also known. Then the decision about a particular TxID enabled emergency signal, a^ 
can be determined based on the correlation output obtained in (5.10). However, the 
demodulator discussed in Chapter 4 can be beneficial to use for the demodulation of 
the emergency data due to its low implementation complexity.

In the subsequent sections, the analysis will be carried out with the assumption
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of an AWGN channel. As the TxID watermark signal is long enough and most of the 
times DTV antenna stature will be higher than that of the average terrain or obstacle 
height, it is reasonably a valid assumption.

5.6 Error Rate Analysis for Emergency Data
The error rate analysis presented in this section is similar to the analysis carried out 
in Section 4.5 but it is in the light of TxID watermark signal. Let us consider, the 
correlation peak is denoted as A + n \ , where A  is the auto-correlation peak of a TxID 
emergency sequence and n\ is the associated interference for that autocorrelation 
function at first sample instant. When a TxID emergency sequence of N  samples is 
used, ideally the autocorrelation peak will be N. If TxID has a total of M  watermark 
signals, for the rest of M  — 1 cross-correlation functions at first sample instant, Bc+n2 

will take values centered on the following discrete levels

{ - t(n ) , —s(n), -1 , s(n) — 2, t(n) -  2} ,

where t(n ) =  1 +  2 2 , and s(n) =  j  [t(n) + 1]. is the interference for the cross
correlation function at first sample instant. Both n\ and n^ are considered Gaussian 
distributed since they are the summations of sufficiently long interference samples as 
a result of the autocorrelation and cross-correlations. However, the correct demod
ulation of the TxID encoded emergency data sequence in the presence of one cross
correlation function with a peak of Bc+ n 2 should meet the criteria A — Bc > n\ +U2- 
Considering the probability density function of a new random variable Y  > n \+  n2, 
for the evaluation of probability of making false detection and following similar anal
ysis in Chapter 4 gives us

fy(y) / fN 1M f N 2(y ~ n i)dni

(y-n\ )2 
2an dn\

5 (5.11)
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Figure 5.9: Comparisn of theoretical and simulated error rate for emergency alerting data.

where on is the standard deviation of the noise from dominant in-band DTV signal 
and AWGN, given by

°n = N (aDTV +  ^AWGn )- (5.12)
Similarly the probability of getting an erroneous decision in presence of one 

correlation is given as follows,

P'An i  +  n 2 >  A -  Bc) =  Q • (5.13)
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Figure 5.10: Theoretical error rate for emergency alerting data with different number of
sequences in the correlation process.

Letting ¡3 = (AZBc), (5.13) can be further simplified asv 2crn

Pe,cin 1 + n 2 > A - B c) = Q(f3)

= \  ~  \ e r S { T ^  (5'14)
As the sequence length is very long, it is quite impossible to find out the exact 

occurrence of different cross-correlation peaks. Therefore, in our analysis, we assume 
that the occurrence probabilities for five different cross-correlation peaks are equal. 
So, the average probability that the decision is false in presence of one correlation is
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given by,
1 x ^fé  =  r  ¿ J  fe,c(” l +  «2 > A - B c). (5.15)

c = 1

The corresponding probability of getting a correct decision can be written as

Pe. =  1 -  P e, (5.16)

Therefore, probability of making false detection in presence of the rest M  — 1 
sequences is given by,

p et =  [ i - p f  ')
=  [1 -  (1 -  Pe)M' ~ \  (5.17)

where M ' is the number of sequences compared in the demodulation procedure which 
is generally less than the complete set of sequences, M. Fig. 5.9 shows the theoretical 
and simulated error rate for emergency alerting data for a sequence set of 200, those 
are compared in thé correlation process. The performance gap between theoretical 
and simulation results may come from the fact that in the theoretical analysis, it 
is assumed the occurrence probabilities for each cross-correlation peak is equal. In 
simulation it is found that each cross-correlation peak occurs with different probabili
ties. However, at the higher insertion ratio (IR), the theoretical and simulated results 
are matched due to the fact that the autocorrelation peak for watermark signal is 
much stronger than the corresponding cross-correlation peaks, making the decision 
less erroneous. The emergency data error rate performance indicates that very low 
error rate i.e., robust data communication can be achieved using the TxID watermark 
signal, which is crucial for emergency situations.

Fig. 5.10 shows the theoretical error rate for emergency data while varying the 
number of sequence comparing in the correlation process. It is seen that as the number 
of sequences compared in the demodulation process is increased, the error rate is also 
increased, but the increase is not linear. Thus it is expected that when larger number 
of sequences will be compared, the increase in error rate will be insignificant.
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5.6.1 Performance Evaluation Criteria
According to the ATSC DTV standard, the reliable reception of DTV signal at the
terminal user requires a carrier to noise (C/N) ratio of 15dB [37] at the threshold of
visibility (TOV) which is assumed as BER =  3 x  10~6. However, in our comparison
with other systems, we have considered signal to noise ratio (SNR) as the reference
parameter. It is well known that in DTV transmission a pilot is added at 310KHz
frequency to facilitate the synchronization issue [21]. Thus to find the equivalent SNR
of that C/N ratio, we need to determine the power carried by the pilot.

If we take Rs as the symbol rate for DTV transmission, then the average signal
power in a 8-VSB system is 21i?s [21]. Thus energy for a single pulse is Es = 21.
A DC offset, a =  1.25V is added to the 8-VSB signal to generate the pilot tone.2Therefore, the ratio of pilot power to the average signal power is r = ^  ~  7.44%. 
Hence, the SNR for 8-VSB signal can be written as,

SNR =  C /N  — 10 log a2
=  13.061 dB. (5.18)

According to standard, one complete ATSC DTV field contains 259584 symbols. 
Hence if the TxID watermark is embedded 30dB below the DTV signal, the equivalent 
signal to interference ratio (SIR) is then 101og(259584) — 30 =  24.14dB and for a 
BPSK modulated system this corresponds to a BER ~  10-68. But the requirement 
for TOV is much less than that, only BER =  3 x 10-6 . In other words, for BER 
at TOV, it can be found from Fig. 5.10 that TxID watermark is almost 30dB more 
robust than the DTV signal, giving the insight that TxID data can be received in a 
much larger area than that of DTV coverage. However in case of multipath channel, 
if we consider a loss of around 3dB, still TxID is 27dB stronger than the DTV signal. 
In this chapter, we have made use of this key concept of using TxID watermark signal 
to enable emergency communication.

5.7 Coverage Prediction
The next step is to analyze the coverage for the proposed emergency communication 
technique. To predict the coverage for the proposed technique, Hata-Davidson model 
is considered which is an extension of Okumura-Hata model [38] with some flexibilities
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in the range of propagation distance, antenna height at the base station with a broader 
frequency range [39]. The range of input parameters for Hata-Davidson model are 
shown in Table 5.1.

Table 5.1: Range of input parameters for Hata-Davidson model
Frequency range, / m H z 30-1500MHz

Base station antenna height, h \ 20-2500m
Receiving station antenna height, h2 l-10m

Propagation distance, d km l-300km

Table 5.2: Area dependent parameters for Hata-Davidson model
Type of area l(h2) k
Open 4.78(log f MHz)2 -  18.33 log f MHz +  40.94
Suburban (1.1 log fMHz - 0 .7 )h2 

-  (1.56 log f MHz -0 .8 ) 2 [l°g ( /M Hz/28 ) ]2 +  5-4

Medium-small
city

0

Table 5.3: Propagation distance dependent parameters for Hata-Davidson model
Distance L(h2, dkm) (dkm)
dkm < 20 0 0

20 <  dkm < 64.38 0.62137(dfcm -  20)[0.5 +  0.151og(hi/121.92)] 0
64.38 < dkm < 300 0.62137(4m -  20)[0.5 +  0.151og(/*i/121.92)] 0.174(4m -  64.38)

According to the Hata propagation model, the loss in dB scale is given by

L Hata =69.55 +  26.16 log f M H z ~  13.82/ii -  l(h 2)
+ (44.9 — 6.55 log h \)  log dkm  — K , (5.19)

where the parameters l(h2) and K  depends on type of areas tabulated in Table 5.2.
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Figure 5.11: Propagation path loss using Hata-Davidson model in different type of areas.

Then the Hata-Davidson propagation loss follows [39]

L H D  = IJHata "b l ,  dforn) ~  — ^fcm)
-  SzU m Hz) -  SaU m Hz-, dkm )> ( 5 -2 0 )

where L and S\ are distance correction factors extending the range to 300km and are 
shown in Table 5.3.

The other factors such as S2 (hi,dkm) is the base station antenna height cor
rection factor, SzUm Hz) and S^(Jm Hz  ̂dkm) 3X6 frequency correction factors which 
are not used in our analysis. The path loss, according to Hata-Davidson model for 
different types of areas is shown in Fig. 5.11.

To analyze the coverage, a DTV station in South Huron (near London), ON, 
Canada area is considered and the parameters are obtained from DTV allotment
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Figure 5.12: Received power for a DTV station at South Huron area near London, ON,
Canada with a transmitter power of 3.5kw.

table provided by Industry Canada and shown in Table 5.4 [40]. Please note that as 
the suburban areas in Tokyo (as experiment for Hata-Davidson model was conducted 
in this area) generally reflects the propagation characteristics of North American 
typical urban areas [38], in coverage analysis South Huron, Canada is considered as 
a suburban area for this propagation loss modeling.

Once the path loss is known, the received power is determined by

Pr (dBm) =  Pp( dBm) — Ljjd { dB). (5-21)

The loss of received power with the propagation distance is shown in Fig. 5.12 for 
the DTV station mentioned above.

As the analysis is based on the SNR of received signal and to obtain the variation
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Figure 5.13: Variation of SNR with the propagation distance for a DTV station at South
Huron area.

of SNR with distance, we need to know the corresponding noise power. The well- 
known noise model to determine the noise in the TV bandwidth is given by [21],

N  = —174 +  101og(A/), (5.22)

where N  is the noise power and A/  is the effective TV bandwidth which equals 
5.38MHz and hence noise power becomes -106.7dBm. The corresponding variation of 
noise with respect to distance for that DTV station in South Huron area is shown in 
Fig. 5.13.

The coverage is then predicted based on the SNR requirement for the system 
as discussed in subsection 5.6.1. It is seen from Fig. 5.13 that for the DTV station 
at South Huron, the 8-VSB DTV coverage at 13.061dB maintaining TOY is approx-
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Figure 5.14: Extended emergency coverage obtained using modulated TxID watermark
signal at South Huron area.

imately 81km. On the other hand, as the TxID is found to be at least 27dB more 
robust than the DTV signal i.e. requirement of SNR for maintaining TOV is now 
about -13.94dB, it could be reached at approximately 141km, providing the extended 
coverage for emergency communications.

5.8 Coverage Analysis
By the virtue of TxID watermark signal enabled emergency communication, basically 
we have obtained two fold advantages. The first advantage is that it can provide 
extended coverage as discussed in previous section. Next it is found that the proposed 
system can also provide overlapped coverage with other stations without bringing any 
extra cost. The eventual advantage obtained by the overlapped coverage is that even
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Figure 5.15: Overlapped emergency coverage obtained using modulated TxID watermark
signal at South Huron and Stratford area.

if one station fails during disastrous situations, the nearby station will be able to 
provide emergency service to a considerable coverage of that failed station which is 
indeed very important in emergency situations.

Fig. 5.14 shows the extended coverage obtained by this proposed emergency 
communication technique with respect to DTV coverage at South Huron near London 
city, Ontario. It is also obvious from this map that an appreciable extended coverage, 
approximately 60km is obtained using TxID watermark signal.

Next another region is considered, namely Stratford area nearby London city 
to show the overlapped coverage with that station. The parameters for this DTV 
station is shown in Table 5.5 [40]. Similarly, it is found that maintaining TOV at 
the required SNR, the DTV coverage is approximately 44km whereas that of TxID
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Table 5.4: Parameters for DTV station at South Huron area
Channel 14

Frequency, f M H z 473MHz
DTV station antenna height, h \ 197.6m

TV antenna height, h<i (assumed) 9.2m
DTV transmitter power, P p 3.5kw

Table 5.5: Parameters for DTV station at Stratford area
Channel 46

Frequency, f M H z 665MHz
DTV station antenna height, h \ 100m

TV antenna height, h<i (assumed) 9.2m
DTV transmitter power, P p 0.3kw

emergency coverage is approximately 99km. Prom Fig. 5.15 it is obvious that with 
the assigned transmission power they marginally overlap each other in terms of DTV 
coverage but largely overlap each other when the TxID coverage is considered.

According to the report published by United Nations, currently more than 
three billion people are living in rural areas [41]. On the other hand, the quality of 
services offered by existing communication systems in rural areas, characterized by 
low densities of populations, is well below than that offered by operators in urban 
and suburban areas [42, 43]. In those cases, TxID enabled extended coverage can 
provide emergency alerting services to rural people which is not generally available 
from other existing systems due to cost of radio coverage and trunking.

5.9 Network Reliability
In this section, the network reliability along with some other relevant advantages ob
tained by the proposed emergency communication technique is mainly discussed. The 
first and foremost advantage is the extended coverage than other existing homoge
nous and/or heterogenous emergency communication technique. As it will be using 
existing DTV infrastructure, the inherent advantages obtained by this technique is 
the cost-effectiveness. At the same time, other existing systems will require a large 
number of stations to have the same TxID watermark enabled emergency coverage.
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Figure 5.16: Number of cellular stations required for typical TxID equivalent emergency
coverage.

Fig. 5.16 shows the number of cellular stations required to have typical TxID emer
gency coverage. It is observed that a large number of cellular stations are required 
to have TxID equivalent coverage, which ultimately brings the concern of network 
reliability.

To make viable, reliability of any communication network needs to be considered 
with proper attention. By definition, reliability is the ability of a network to perform 
a designated set of functions under certain conditions for a specified period of time
[44] and it also depends on the total number of units performing in a communication 
system. As for the other system to have the same TxID enabled emergency coverage, 
the required number of nodes/stations in the network would be much larger and 
therefore weakness in the network infrastructure is inevitable. For the purpose of 
analysis, a wireless ad-hoc based emergency communication system is considered.
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Ad-hoc nodes in a communicating state

Figure 5.17: Comparison of reliability between wireless ad-hoc based and proposed
emergency communication technique.

Let T  be a random variable representing lifetime of a communication node, then 
for any specified time t, reliability R(t) and unreliability F(t) can be defined as

R(t) — P (T  > t), t>  0, (5.23)

and

F (t) = P (T  < t)  = 1 -  R(t), t > 0, (5.24)

where P (T  > t) denotes the probability that communicating node performs the desig
nated task for the specified time t. To have the same coverage as the proposed TxID 
enabled communication technique, total number of ad-hoc nodes can be determined 
using Fig. 5.16. However, not all the nodes are connected in a particular communi-
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cation process. A few of them are active to send the collected data to the destination 
while the others axe inactive.

Let us take there are S  nodes involved in a certain communication state q and 
P (xs) denotes the probability of successful communication between nodes. If the 
nodes are randomly distributed, the reliability for this state is given by [45],

Rq =  P(x i , X 2 , . . . , X S )

= P(x l)P (x 2 \x l) ■ ■ ■ P (xs \x l , x 2 , • • •, XS - 1 )- (5.25)

However, if the nodes are independent of each other, then the reliability for 
state q is as follows,

Rq = P(x l)P (x2 ) . . .P ( x s)- (5.26)

Again, if there axe a total of Q states within the specified time, the overall 
network reliability is

Q
R  = I I  R<i- (5.27)

ç=l
But for TxID enabled emergency communication system, most of the times 

very few, one or two stations are involved. Hence even with the same probability of 
success, the reliability of the proposed emergency communication system would be 
much higher than that of the ad-hoc based emergency network.

Fig. 5.23 shows the comparison of radiabilities between proposed technique 
and wireless ad-hoc based emergency communication system. Here, P (xs) indicates 
the probability of successful communication, which is assumed equal for both ad- 
hoc nodes and DTV station. We have assumed that two DTV stations are involved 
in the emergency communication. Similarly, comparison of reliability with other 
communication system such as IEEE 802.16 wireless mesh network considering fading 
model can be assessed using similar approach in [46]. However, network reliability 
also depends on the physical strength of the telecommunication tower [47]. As the 
DTV transmitter uses a much stronger tower, it will be less vulnerable to disastrous 
situations than most other existing techniques which makes the system more viable 
in emergency situations.
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5.10 Chapter Summary
In a nutshell, in this chapter a DTV TxID watermark signal enabled robust commu
nication technique which is suitable for national emergency situations is proposed. 
The corresponding emergency alerting transmitter and receiver structure is devel
oped. It is observed from the analysis that this technique can provide a much larger 
coverage than other existing emergency communication systems. With the extended 
coverage, it is now possible to send the emergency alerting data to the people living 
in outskirts, even in rural areas. Again, due to the overlapped coverage among DTV 
stations, the coverage area of any failed station can be provided emergency service by 
nearby stations. Beside these, corresponding theoretical error rate analysis for emer
gency data is carried out and compared with the simulations. Finally, performance of 
the proposed technique is evaluated in terms of communicating station requirement, 
network reliability and shown to have better suitability than other existing emergency 
communication systems.
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Chapter 6 
Conclusion

In this thesis, the first attempt has been made to enhance the flexibility and ef
ficiency of cognitive radio communication in hostile environment. Using PCP-OFDM 
system, it is possible to send system transmission parameters such as transmission 
power control and subcarrier power allocation information concurrently. Therefore 
mutual interference from CR network to primary users is controlled effectively while 
maintaining the required system performance. In addition, an efficient signaling de
modulator is also investigated to retrieve the PCP signaling information. The lat
ter part of the thesis proposes a robust communication technique based on DTV 
broadcasting technology, which is suitable for national emergency situations. Major 
contributions of this thesis are summarized as follows.

•  Precoded CP or PCP enabled signaling link provides an effective and spectrum 
efficient technique to carry system transmission parameters for CR communi
cation. It helps to maintain smooth operation of the cognitive communication 
where system parameters are changed more frequently and adjusted according 
to change in the environment. An iterative demodulation technique for OFDM 
data demodulation can be followed where the effect of PCP can be taken out 
and therefore performance of OFDM data demodulation remains same.

•  An effective technique to control transmission power is proposed where the 
adjustment is constrained on required system performance for other users in 
the network. Therefore, unnecessary transmission power is controlled while the 
performance is still maintained. Following this technique, the overall mutual 
interference to the primary users can also be minimized. In addition, more users 
can be accommodated which will certainly increase the overall capacity of the 
CR network.
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•  An subcaxrier power allocation scheme is investigated which can provide subop- 
timal solution and this information can be sent without requiring any dedicated 
signaling link. As this adjustment is done at purely physical layer and there
fore higher layer access is not necessary, this technique can provide sufficiently 
fast adjustment of subcarrier power allocation which is highly desirable for CR 
environment.

•  A low complexity PCP signaling demodulator is proposed which can substan
tially reduce the overall implementation complexity. The proposed demodulator 
provides the same performance as the optimal matched filter but with reduced 
implementation complexity, keeping the overall complexity of the PCP-OFDM 
receiver minimal. With the use of a multipath combining technique, further 
performance improvement is achieved.

•  Watermark signal which is embedded into original DTV signal is found to be 
much more robust than 8-VSB data carrying signal and therefore can be reached 
over a wider coverage. This key concept of DTV broadcasting technology is 
used to propose a robust communication system which is suitable for national 
emergency situations.

•  Due to the increased coverage of DTV watermark enabled communication tech
nique, number of stations required to provide similar emergency coverage is 
significantly less than other emergency communication systems such as wire
less ad-hoc networks. As less number of stations are required and more robust 
communication network is used than conventional emergency communication 
systems, the proposed emergency communication system provides significantly 
increased reliability.

6.1 Future Works
These are several interesting areas which are worthwhile for future studies:

• In this thesis it is assumed that channel is known through estimation and mul
tipath combining technique is also based on this assumption. Therefore it is 
meaningful to evaluate the multipath combining technique as well as perfor
mance of signaling demodulation with improper channel estimation.
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•  Another important research topic is to find out the position of multipath channel 
taps. As only the paths with SNR higher than certain threshold will be included, 
knowing the channel taps will greatly reduce the computational complexity for 
the multipath combining process.

•  The complexity of PCP-OFDM receiver is a major concern comparing to con
ventional OFDM system. Therefore future effort would be given to reduce the 
complexity of the PCP signaling demodulator so that overall PCP-OFDM re
ceiver complexity can be reduced further.
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Appendix A
Derivation of weight factors for 
optimal multipath combining

Let us consider that average power for each multipath signal is Pavg• Weighting 
each multipath with a weight coefficient of a i ,02, ...,ap and for P  branches having 
unequal noise component N \, N2, . . . ,  Np, total SNR is given by,

_  p (aifcj +  a2h2 +  • • • +  aphp)2 
7i aV9 a%Ni +  a%N2 +  . . .  +  a$Np ' ( ’

Now taking partial derivative of the total SNR with respect to weight coefficients 
ai, 02, • ■ ■ , ap follows

dp(lt)  flP(71) p  (a l ^ l  +  02^2 +  • • ■ +  aphp)2 
d a id a 2 ...d a p daida2 . . .  dap |  aV9 N \ +  a \N 2 +  . . .  +  a2Np

_  p  _d_ j  {a\h\ +  a2h2 +  . . .  +  aphp)2

= P,

D _d_ j (aihi +  Q 2^2 +  • • • +  aphp)2 \  
aV9&n \  a \N 1 +  a2N2 +  . . .  +  a%Np J +  "

_d_ j  (a\hi + a2h2 + ... + aphp)2 \ 
aV9 dap \  a2N1 + a2N2 +  . . .  +  a2Np J

(a2N i + a2N2 + .. .  + a2Np){aih\ + a2h2 +  aphp)2h\ 
(a2N\ + a \N 2 + .. .  + a2Np)2

{a\hi + a2h2 + ... + aphp)2.2aiNi 1 
(a2Ni +  a2N2 + ... + a^Np)2 J +

J (a2N i + a2N2 + . . .  + a2iVj)(aihi + a2h2 + aphp)2hp 
+  (a2Ai +  a2A2 +  . . .  +  a2A g 2

(■a\h\ +  a2h2 +  . . .  +  aphp)2.2apNp 
(a2Ni + a2N2 +  . . .  +  a2Np)2 (A.2)
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Again, in order to achieve maximum SNR, numerators of above equation (A2) 
need to be zero separately. Hence by letting numerator of first part to be zero and 
after some simple re-arrangement, we get

P a v g { { & i -Ni -fi 0 , 2 ^ 2  -fi . . .  -fi a^Np)(a\h\ +  02 -̂2 -fi aphp)2h\ 
—  (aih\ - f i  02/12 +  • • • +  aphp)^ .2a\N{\ =  0 
=$■  a^N\ -fi (¿2N2 -fi . . .  +  a,pNp)2hi
— (oq/iq -fi 02/12 -fi ■ • • -fi aphp).2a\N\. (A.3)

Putting a\ =  -ĵ -,02 =  j^ - ,.. . ,  ap =  jjr  in the above equation we get,

=  « W 1 ) h l  +  i ^  +  - - -  +  { f y h r ] -2 { W 1 ) N i - (A'4>
Resulting from (A.4), each term in the numerator of (A.2) becomes zero. There

fore, the right hand side of (A.2) is zero as well which indicates that the total 
SNR in the combined signal is maximum for these chosen weight factors. Thus 
a\ =  -jyL, 02 =  , Op =  axe the optimal weight coefficients for MRC with p
branches having unequal noise components N2 , . . . ,  Np. In general, the optimal 
weight coefficients for branches with unequal noise powers are given by,

(A.5)
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