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Abstract

Abstract

In this thesis the niulti-polarized Cognitive Radios (CR) are studied. CR 

are proposed as an interesting way to more efRciently use the frequency 

resources. A CR secondary user finds the frequency bands which are not 

utilized by primary users and communicates on them without interfering 

with the primary users. In order to achieve this goal the secondary user 

must be able to detect reliably and quickly the presence of a primary 

user in a frequency band. In this thesis, the impact of polarization on 

the spectrum sensing performances of cognitive radio Systems is studied.

First the depolarization occurring in the wireless channel is studied 

for two cognitive radio scénarios. This is done through an extensive mea- 

surement campaign in two outdoor-to-indoor and indoor-to-indoor scé

narios where the parameters characterizing the radiowaves polarization 

are characterized at three different spatial scales: small-scale variation, 

large-scale variation and distance variation.

Second, a new approach is proposed in modeling of multi-polarized 

channels. The polarization of received fields is characterized froni an 

electrornagnetic point of view by modeling the polarization ellipse. The- 

oretical formulations are proposed in order to obtain the parameters 

characterizing the polarization ellipse based on the signais received on 

three cross-polarized antennas. A system-based statistical model of the 

time-dynamics of polarization is proposed based on an indoor-to-indoor 

measurement campaign. The analytical formulations needed in order to 

Project the polarization ellipse onto a polarized multi-antenna System 

are given and it is shown how the model can be generated.

Third, the impact of polarization on the spectrum sensing perfor

mances of energy détection method is presented and its importance is
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highlighted. The performance of spectrum sensing with multi-polarized 

antennas is compared with unipolar single and multi-antenna Systems. 

This analysis is based on an analytical formulation applied to the results 

obtained from the multi-polarized measurement campaign. The détec

tion probability as a fonction of distance between the primary transmit- 

ter and the secondary terminal and the inter-antenna corrélation effect 

on the spectrum sensing performance are studied.

An important limitation of energy detector is its dependence on the 

knowledge of the noise variance. An uncertainty on the estimation of the 

noise variance considerably affects the performance of energy detector. 

This limitation is resolved by proposing new multi-polarized spectrum 

sensing methods which do not require any knowledge neither on the pri

mary signal nor on the noise variance. These methods, referred to as 

“Blind spectrum sensing methods”, are based on the use of three cross- 

polarized antennas at the secondary terminal. Based on an analytical 

formulation and the results obtained from the measurement campaign, 

the performances of the proposed methods are compared with each-other 

and with the energy détection method. The effect of antenna orientation 

on the spectrum sensing performance of the proposed methods and the 

energy détection method is studied using the proposed elliptical polar- 

ization model.

Keywords

cognitive Radio, Polarization, multi-polarized, multiple antennas, prop

agation channel, spectrum sensing.
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Chapter 1

Introduction

1.1 Introduction to Cognitive Radio Systems

The Radio frequency spectrum is a unique resource and a valuable coin- 

modity shared between different types of wireless devices. Like inany 

other natural resources, the demand for radio frequency spectrum has 

considerably increased during the recent years as the interest of con- 

sumers in high data rate wireless services is growing. In practice, only 

a limited number of wireless devices could operate on the same fre

quency. This limitation highlights the necessity of a careful control and 

management of the frequency spectrum in order to maximize its value 

for a maximum of users. This is the rôle of the national and inter

national regulators who manage and control the spectrum ressource. 

The spectrum regulatory framework is currently based on static spec

trum allocation and assignment. This is published in the International 

Télécommunication Union (ITU) Radio Régulation which contain these 

allocation schemes for each of the three ITU geographical régions [3]. In 

the European Union level, the radio spectrum is governed by the Radio 

Spectrum Policy Group (RSPG), Radio Spectrum Committee (RSC) 

and European Conférence of Postal and Télécommunications Adminis

trations (CEPT). Moreover, at the national level, the radio spectrum 

is governed by the national regulatory agencies who define national fre

quency spectrum allocation table and assign on an exclusively basis the 

radio spectrum to license holders or services for large geographical areas 

and for a long term. In United-States (US) for instance, this rôle is 

played by the Fédéral Communications Commission (FCC).
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Based on the Article 5 of the ITU Radio Régulations [3], and by ob- 

serving the national spectrum assignment databases, it can be concluded 

that the whole radio frequency spectrum has already been licensed to 

existing services and technologies for commercial and public interests. 

This is shown in figure 1.1 where the FCC frequency spectrum allocation 

in the frequency range 900 MHz - 5GHz is presented for the particular 

case of United States (US). We note that only a few frequency bands 

are still available and there is a real saturation of the frequency spec

trum caused by the static frequency spectrum allocation policy that the 

national regulators are following. Prom a technical point of view this 

static frequency assignment makes the Systems design and deployment 

easier as the System uses a dedicated frequency band instead of using 

many different bands in a large frequency range. This is also a good way 

for preventing interférences from other services and to guarantee a good 

quality of service. However as the demand for wireless communications 

services is constantly growing a considérable increase is observed for the 

demand of radio frequency spectrum. Given the static frequency assign

ment policy and the saturation of the frequency spectrum by existing 

technologies, it is becoming more and more difficult to release new fre

quency bands in order to deploy new technologies and we are facing a 

real shortage of the frequency spectrum ressource.

On the other hand, by analyzing the actual utilization of the already 

allocated radio frequencies, we note that these resources are considerably 

underutilized. This is shown in figure 1.2 where the frequency utiliza

tion is presented in the time domaine and for a frequency band from 

0 to 2.5 GHz. We observe that a considérable portion of the allocated 

frequencies are not used for a large period of time. According to FGG, 

the temporal and geographical variations in the utilization of the allo

cated spectrum varies from 15% to 85% [4]. Shared Spectrum Company 

conducted measurements on the frequency occupation between 30 MHz
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Figure 1.1: The National Télécommunications and Information Admin- 
istration’s (NTIA) frequency allocation chart (900 MHz - 5 GHz), USA

to 3 GHZ in six different areas in the US [5]. The average occupancy in 

ail the six areas were found to be only 5.2%. The maximum occupancy 

rate was found to be 13.1 % in New York Gity and the minimum occu

pancy rate was only 1 % in a rural area. In Europe, similar occupancy 

measurements were conducted [6-9] (in Germany, Spain, Netherlands, 

Ireland, France, Czech Republic) where higher average occupancy rate 

values were obtained compared to US but the occupancy rate stays still 

low (e.g. 32 % in Aachen area in Germany and for the band 20-3000
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MHz).

Time (min)

Figure 1.2: Temporal Variation of the spectrum utilization (0-2.5 GHz) 
in downtown Berkeley [1]

Although the fixed frequency assignment policy served well in the 

past, the recent dramatic increase in the access to the radio frequency 

spectrum for wireless services, the limited available fr'equency resources 

and the inefficient utilization of the allocated frequency spectrum, make 

it necessary to define a new communication paradigm to exploit more 

efficiently and opportunistically the frequency spectrum ressource.

In this context. Cognitive Radios were proposed as a more dynamic 

access method to the frequency spectrum. Cognitive Radios provides 

the capability for secondary users to more efficiency utilize the already 

allocated frequency spectrum in an opportunistic manner. By allowing 

a more efficient utilization of the radio spectrum, cognitive radios will 

facilitate the emergence of next génération of wireless services. The term 

Cognitive Radio could be defined as follow [4]:

“Cognitive Radios ” are wireless devices which are aware of their sur- 

rounding radio environment and hâve the capability to adapt their be-
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havior based on the environment in which they operate

The Cognitive Radio concept was first introduced by Joseph Mitola 

and Gerald Maguire as a new way to increase the flexibility of personal 

wireless services [10]. The main objective of a Cognitive Radio is to 

détermine the best available freqiiency spectrum to operate in it. The 

basic idea of Cognitive Radios is to let a secondary network operating in 

the frequency resources already allocated to a primary Network without 

interfering with the communications of the primary licensed users. In 

order to achieve this goal, the secondary user (referred also to as the 

cognitive radio) has to sens the frequency spectrum in order to find the 

portions of the frequency spectrum which are not utilized by primary 

users at a given time and/or space. These unused portions of spectrum 

are referred to as spectrum hole ot white space [11], In case a primary 

user starts using the spectrum hole, the cognitive radio should be able 

to quickly liberate the frequency hole and to transit into a new spectrum 

hole or to stay in the same frequency band but to adapt its transmission 

power level or modulation parameters in order to not interfère with the 

primary user (figure 1.3).

Figure 1.3; Spectrum hole concept

The cognitive capability of a cognitive radio represents its capacity
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to capture and sens informations on the Radio environment in which 

it opérâtes in order to détermine the appropriate communication pa- 

rameters that it has to use [11-13]. The cognitive radio should also be 

reconfigurable. The reconfigurability of a cognitive radio represents its 

capacity to change its transmission parameters at the beginning or dur- 

ing a transmission based on the spectrum characteristics [14]. It allows 

the cognitive radio to be flexible to any changes in the radio environment 

and to be able to dynamically adapt itself to these changes for instance 

by adapting its operating frequency band or its transmission power.

The main functionalities of a cognitive radio could be summarized 

as l)Spectrum sensing 2)Spectrum management 2)Spectrum mobility 

A) Spectrum sharing. These functionalities are described in the following.

1. Spectrum sensing

One of the most important functionalities of a cognitive radio is to 

be able to detect reliably and quickly the presence or not of a pri- 

mary user at a given frequency band. The spectrum sensing could 

be done in a non cooperative way by a single cognitive radio or in a 

cooperative way by several cognitive radios cooperating with each 

other. The main techniques which exist for spectrum sensing are: 

Matched filter détection, Energy détection and Cyclostationarity 

détection [15-18]. As in this work, the problem of spectrum sens

ing is investigated for a multi-polarized antenna System, a more 

detailed introduction on the subject of spectrum sensing is given 

in section 1.2 of the présent report.

2. Spectrum management

Based on the information collected during the sensing step, the 

cognitive radio selects when to start its operation, the frequency 

that it has to use and the corresponding technical communication 

parameters. The main objective here is to transfer a maximum of
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information by respecting the requested QoS and withoiit interfer- 

ing with other licensed or unlicensed users. This is done through 

two steps: spectrum analysis and spectrum decision.

• Spectrum analysis:

Different spectrum holes hâve different properties over time. 

Not only the radio channel changes over time, but the primary 

user activity is also changing over time. It is thus important 

to characterize some parameters which describe these varia

tions. Among these parameters we can mention the following:

- Interférence level: Some channels are more crowded 

than others. Prom the level of interférence on a channel, 

the cognitive radio could adapt its operating power in 

order not to interfère on the primary user.

— Path loss: A cognitive radio could sens and operate on a 

large range of frequency. As the operating frequency in- 

creases, the path-loss becomes more important. For the 

same operating power, the operating range of a cogni

tive radio decreases as the operating frequency increases. 

Similarly, for the same operating power, a lower operat

ing frequency increases the operating range of a cognitive 

radio and could then interféré with further primary users.

— Holding time: It represents the average amount of time 

for a given frequency band that a secondary user could 

use that particular band before a primary user is likely 

to reappear.

• Spectrum decision:

The spectrum bands being characterized, the best spectrum 

bands are chosen in order to satisfy the user QoS and to 

minimize the interférence with licensed users.
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One of the main contribution of cognitive radio Systems is the 

ability to operate simultaneously in multiple frequency bands. 

In fact, by allowing multiple frequency access, a cognitive ra

dio bas access to more frequency resources [19]. Moreover, 

in the conventional transmission on a single frequency band, 

when a primary user starts using a given frequency band the 

communication of the secondary user is interrupted. How- 

ever, the multiple-frequency band transmission is more robust 

in such a case as the communications on the other frequency 

bands are not interrupted [19]. The spectrum management 

framework should support this functionality in order to select 

the set of appropriate frequency bands with the best param- 

eters.

A cognitive radio could also operate on heterogenous bands 

composed of licensed and unlicensed frequency bands. Dif

ferent requirements are needed in the licensed and unlicensed 

bands. While in the licensed bands the cognitive radio is re- 

quired not to interfère on the primary user’s transmissions, 

on the unlicensed bands where ail the users hâve the saine 

access right, other spectrum sharing techniques are required. 

Therefore, during the spectrum decision step, the spectrum 

management framework should take into account the different 

characteristics over the heterogeneous environment.

3. Spectrum mobility

If a primary user starts operating on frequency band, the secondary 

user has to stop its operation on the corresponding frequency band 

and to transit its operation into a new spectrum hole. This op

eration is refered to as spectrum handoff. The transition during 

a spectrum handoff should be doue smoothly and as quickly as 

possible in order to first of ail minimize the interférence with pri-
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mary user and secondly minimize the dégradation of the cognitive 

radio’s current communication. The cognitive radio should then 

constantly look for alternative spectrum holes.

4. Spectrum sharing

Since there is more than one cognitive radio user seeking the avail- 

able frequency holes, sharing mechanisms should be implemented 

in order to avoid interférence arnong cognitive radio users. The 

goal is to find a balance for a cognitive radio between its self-goal 

of transferring informations in the best way and the altruistic goal 

to share the available frequency resources in an equal basis between 

the different cognitive radio users. The sharing mechanism could 

be done either in a centralized or a distributed way. In the central- 

ized case, a central entity Controls the allocation of the available 

frequency resources to the cognitive radio users. This can be done 

by constructing a spectrum allocation map based on the informa

tions on the spectrum, sensed by cognitive radio users and sent to 

the central entity. The distributed spectrum sharing could be con- 

sidered in case where the construction of an infrastructure for the 

central approach is not preferred. In this case, direct coopération 

between cognitive radio users détermine the spectrum allocation 

mechanism.

It has been shown that a cooperative approach for the spectrum 

sharing results in a more efficient utilization of the spectrum and a 

better fairness between users [20,21]. However the cooperative ap

proach nécessitâtes a high amount of information exchanges among 

users [20-23]. As a resuit a trade ofî should be considered between 

the cooperative and the non-cooperative approaches in order to 

minimize the exchange of information between users for a fair and 

efficient utilization of spectrum.
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Depending on the spectrum access technique, the spectruin shar- 

ing could be classified as overlay spectrum sharing and underlay 

spectrum sharing. In the overlay spectrum sharing case, non ac- 

tivity firom a secondary user in a frequency band is tolerated if it 

is occupied by a primary user [22-24]. In the underlay spectrum 

sharing case, the transmission of a secondary user in a frequency 

band occupied by a primary user is tolerated if its transmission 

power does not increase the level of acceptable noise at the pri

mary user receiver [25].

1.1.1 Architecture and Communication in Cognitive ra
dios

Globally, two types of architectures could be considered for the deploy- 

ment of a cognitive radio network:

1. Secondary network deployed on primary network re- 

sources:

This is the classical approach for the architecture of a cognitive 

radio System. In this case the cognitive radio network is deployed 

in the same spectrum resources than an existing primary licensed 

network (figure 1.4). The primary network has an exclusively right 

for the access to the spectrum. Neither the primary base station 

nor the primary users do not hâve any communications with the 

secondary network and no modification is needed on the primary 

network for the deployment of the unlicensed secondary network. 

The secondary network has access to the spectrum resources of the 

primary network in an opportunistic way without interfering with 

the communications of the primary network.

2. Two networks deployed on the same unlicensed bands: 

The cognitive radio approach could also be used in the unlicensed
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Figure 1.4: Secondary network deployed on a primary network’s re- 
sources

frequency bands where no primary licensed network exists. In this 

case the main goal is to make possible the deployment of two or 

more different unlicensed networks sharing the same unlicensed 

spectrum resources in the best efficient way (figure 1.5). The In

dustrial, Scientific and Medical (ISM) band is an exemple of the 

unlicensed band where many different technologies exist and their 

mutual interférence caused by their simultaneous operation in this 

band decreases their overall performances. A cognitive radio ap- 

proach could be implemented in these technologies in order to more 

efficiently share the spectrum and increase the overall QoS. In this 

architecture, there is not any primary network and ail the net

works hâve the same spectrum access right. The cognitive radio 

users detect the signal received from other cognitive radio users. 

Fair spectrum sharing policies and techniques assure the fair and 

efficient co-existence of these different networks in the same fre-



12 Chapter 1. Introduction

quency portion.

Network 2 Network 1
BtM'Statlon Basa-Station

Figure 1.5: Two networks deployed on the same unlicensed bands

The communication in a cognitive radio network has also some par- 

ticularities which are not présent in classical communication Systems. In 

the following, some of these particularities are listed:

• Common Control Channel (CCC)

Similarly to classical communication Systems, in cognitive radio 

Systems, a CCC is needed e.g. in order to establish the communi
cation between the transmitter and the receiver, to establish the 

communication with a central entity or to exchange sensing infor
mation among users.

While in classical communication Systems the CCC is implemented 

on a fixed frequency portion of the spectrum. In a cognitive radio 

approach, as ail the channels are licensed to the primary network, 

a fixed CCC approach is not feasible anymore. As a resuit, other 

techniques should be considered in the cognitive radio case.

• Routing

In cognitive radio networks, in case of a multi-hop communication, 

the available frequency bands may be different from one hop to
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another. Therefore a collaboration should be performed between 

the spectrum decision and the routing. The end-to-end route may 

consist of multiple hops implemented on different spectrum bands.

• The coordination between the sensing and the communication steps

The process of spectrum sensing should be correctly synchronized 

with the communication process. A cognitive radio device can not 

permanently sens the spectrum as this operation is time and en- 

ergy consuming specially in the case where a large portion of the 

spectrum should be sensed. Moreover, during the sensing step, 

the communication should be interrupted which may dégradé the 

System performances. The sensing and the communication steps 

should then be carefully coordinated with each other. The perfor

mances could be improved by considering multiple radios at the 

cognitive radio terminal so that one of the radios exclusively per- 

forms the sensing operations [26]. This solution however, increases 

the cost and complexity of the System.

• Mobility effect on the communication

As mentioned previously, during a spectrum handoff, the com

munication is stopped. The spectrum handoff results in latency 

which could dégradé the communication performances. Moreover, 

a change in the operating frequency results in new channel pa- 

rameters such as path-loss, interférence, holding time, etc. The 

communication protocols should take into account these informa

tions.

1.1.2 Cognitive Radio applications

In the following, some of the potential applications of cognitive radio 

networks are listed.

• Leased network
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Some of the frequency bands allocated to the existiiig technolo

gies are currently under-utilized by télécommunication operators 

while they hâve been acquired with high costs. In order to make 

more profits firom this investment, the existing operators could 

lease these under-utilized resources to some secondary operators 

who work on a cognitive radio approach. The secondary opera- 

tor makes it possible for secondary users to hâve opportunistically 

and dynamically access to the same frequency portion than the 

primary operator without interfering the communications inside 

the primary operator’s network [27].

Local Area Networks (LAN) could be deployed in these underused 

licensed bands in order to avoid working on unlicensed bands like 

ISM bands which are completely congested for now.

• Cognitive mesh network

In a wireless Mesh network, where the traffic is relayed by re- 

lay nodes, high capacity is required if the network density in- 

creases [28]. A cognitive network approach make it possible for 

relay nodes to hâve access to higher frequency resources and to 

satisfy the capacity requirements. By adding temporary or per

manent spectrum to the inft-astructure links used for relaying, the 

capacity and the coverage of wireless Mesh networks could be in- 

creased in case of high trafic load [29,30].

• Military network

The cognitive radio approach could also be used in military net

works where a high degree of security is required in communica

tions. By performing spectrum handolT, the cognitive terminais 

could find the best available frequency bands for their use. More- 

over, in the hostile radio environment of the battlfield, the military
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cognitive radio could randomly adapt its communication parame- 

ters based on the variation in the radio environment.

• Emergency network

The new emergency communication Systems require the capacity 

of transferring a high volume of multimedia trafhc including, voice, 

video and data. In order to handle these data, a significant por

tion of the frequency spectrum is needed. The cognitive radios, 

by their capacity of working on different portions of the unused li- 

censed frequency spectrum, give access to the needed frequency 

resources [31]. Reliable communication with minimum latency 

should however be guaranteed for this kind of applications.

The emergence of wireless Systems with cognitive capabilities are 

attested by the establishment of some standards in this field. IEEE 

802.22 is considered as the first standard on cognitive radio technology 

[32,33]. This standard considers the implémentation of fixed-to-multi- 

point Wireless Régional Area Network (WRAN) on the UHF/VHF TV 

frequency bands between 54 and 862 MHz. Cognitive radio techniques 

are used in order to opportunistically communicate on geographical un

used frequency bands, allocated to Télévision Broadcast service without 

interfering with this service. The main aim of this standard is to bring 

broadband access to populations living in hard-to-reach areas. This 

standard was finalized and published in July 2011 [34].

The standard IEEE 802.11k, considered as a cognitive extension of 

the Wi-Fi is another standard which uses cognitive capabilities [35]. In 

this standard, the traffic is better distributed within a Wi-Fi network by 

choosing the most appropriate Access-Point. Classically, a Wi-Fi user 

with presence of multiple Access Points (APs) will connect to the AP 

with the strongest signal. With the new IEEE 802.11k standard, if the 

AP with the strongest signal is overloaded by other Wi-Fi users, another
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AP with weaker signal but less congested will be chosen.

IEEE 802.11af referred also to as White-Fi, is another standard with 

cognitive radio capabilities. This standard is still under study and would 

enable the implémentation of Wi-Fi technology on the unused TV fre- 

quency bands. As the frequency bands allocated to the TV broadcasting 

services are at lower portions of the spectrum (under 1 GHz), the main 

advantage of this technology would be to increase the coverage area of 

current Wi-Fi networks by keeping the saine transmission power or to 

reduce the transmission power while keeping the same coverage area. 

By enabling an opportunistic access to the TV spectrum, this standard 

would also increase the available frequency resources and would then 

enhance the performance of Wi-Fi Systems.

1.2 Spectrum Sensing in Cognitive Radios

As exposed in the previous section, one of the most important require- 

nient of a cognitive radio is the ability to detect reliably and quickly 

the presence or not of a signal from a primary user in a given frequency 

band. In order to avoid any interférence with the primary users, a reli- 

able détection is primordial. Different techniques exist for the détection 

of primary user’s signal. Each technique has its own drawbacks or ad- 

vantages. The principal aim of ail the detectors is to distinguish between 

two hypothesis:

j H\ : The presence of a signal transmitted from a primary user 
1 Hq : The absence of a signal transmitted from a primary user

(1.1)

The hypothesis Hq represents the opportunity for a secondary user 

to use the available frequency band. Under H\, the primary transmitted 

signal s{t) is received at the cognitive radio receiver antenna over channel 

h and the additive zéro mean white Gaussian noise n{t). The received
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signal r{t) is then given, under the two hypothèses, by:

J Hi : r{t) = hs{t) + n{t)
\ Ho : rit) = n(t)

For most detectors, the détection performance is generally charac- 

terized by the following probabilities:

• Probability of false alarm: PpA = P{decision = Hi\Ho)

It represents the probability of detecting a signal from a primary 

transmitter while there is in fact no primary signal.

• Probability of missed détection: Pmd = Pidecision = Ho\Hi)

It represents the probability of not detecting a signal from a pri

mary transmitter while there is in fact a primary signal.

• Probability of détection: P^ = Pidecision = H\\Hi)

It represents the probability of detecting a signal from a primary 

transmitter while there is in fact a primary signal.

A low Pd will resuit in missing the presence of the primary user with 

high probability which in turn increases the interférence to the primary 

user. As the false alarms increase the number of missed-opportunities, 

a high PpA results in a low spectrum utilization.

1.2.1 Spectrum sensing techniques

The different spectrum sensing techniques could be classified as cohérent 

or non cohérent detectors and narrowband or wideband detectors (Figure 

1.6).
While cohérent detectors requires an a priori knowledge of the pri

mary signal, no a priori information on the primary signal is required 

for the non cohérent detectors. The narrowband and the wideband clas

sification is based on the bandwidth of the spectrum which is sensed.
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Figure 1.6; Classification of spectrum seiising techniques

Some of the most popular sensing techniques are; Match-Filter Dé

tection, Cyclostationary Détection, Compressed sensing and Energy Dé

tection. The classification of these techniques at each class of detector 

is given in figure 1.6. The description of these techniques is given in the 

following;

• Matched-filter détection:

When the information on the primary user signal is available at 

the secondary terminal side, the Matched-filter detector is the opti

mal detector in stationary white Gaussian noise since it maximizes 

the received Signal-to-Noise Ratio (SNR) [36]. In this technique, 

the received signal samples r(n) are correlated with the expected 

transmitted signal samples s{n). The statistic of test is then given 

in the Base-Band représentation by;

AT-l
T = '^r{n)s{n). (1.3)

n=0

Tins value has to be compared with a given threshold in order to 

décidé the presence or not of a primary signal. The main advantage 

of the Matched-filter detector is that it requires low computational 

load. However as a cohérent technique, the matched-filter detector 

requires some a priori informations about the primary user signal.
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If these informations are not accurate the sensing performances 

are degraded. Moreover, in a cognitive radio approach where the 

secondary network has no access to the primary network, this de- 

tector is not feasible.

• Energy détection:

Energy detector is the most popular sensing technique and has 

been widely applied in the past since it does not require any a priori 

knowledge about the transmitted signal and has a low complexity 

[37-39],

This technique consists in computing the energy of the received 

signal. In order to measure the energy of the signal, the output 

signal of the bandpass filter is squared and integrated over an 

observation time. The output of the integrator is compared with a 

given threshold in order to décidé the presence or not of a primary 

signal.

Energy détection is used in chapter 2 of this work. In case where 

the secondary terminal is not aware of the primary transmitted sig

nal and the power of the random Gaussian noise is known at the 

cognitive radio receiver, this technique is the optimal technique 

according to the Neymen-Pearson criterion [15]. The Neymen- 

Pearson criterion is a binary hypothesis testing scheme that max- 

imizes the probability of détection Pd for a given probability of 

false alarm PpA = oi [37]. The decision is based on Likelihood Ra

tio Test (LRT). For a given variable x which follows two different 

statistics under Hi and Hq, the hypothesis Hi is decided if :

L{x)
f{x\Ho)

(1.4)

where the f{x\Hi) dénotés the probability density function (pdf) 

of X under the H\ hypothesis and the threshold A is found ffom:
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Pfa = [ f{x\Ho).dx = a (1.5)
Jx:L{x)>X

Energy détection has some drawbacks. First of ail, it has been 

shown that the number of samples required for the détection is 

inversely proportional to the square of the SNR [40]. Therefore, at 

the very low SNR régions, this technique requires a very high num

ber of samples in order to achieve a good détection performance. It 

means that more time is needed for the sensing. Another drawback 

of Energy détection is that it requires the knowledge of the noise 

variance. In case of uncertainty on the noise variance, the per

formances of energy détection are considerably deteriorated. An 

uncertainty on the knowledge of the noise variance leads to the 

appearance of what is called an “SNR wall” [41]. It represents the 

limit value of SNR under which, the detector is unable to detect.

Another shortcoming is that energy detector can only détermine 

the presence or not of a signal but cannot differentiate the types of 

the signal or for instance, if it is a primary or a secondary signal. 

Finally, Energy detector is a narrow-band détection technique and 

cannot be used to detect in wide range of frequencies.

• Cyclostationary feature détection:

This detector uses the cyclostationary properties of the signais 

transmitted from the primary users [16-18]. Modulated signais 

are in general coupled with sine wave carrier, puise train, hopping 

sequences or cyclic préfixés which results in some embeded period- 

icity. The mean and the autocorrélation of the modulated signais 

exhibit periodicity. This is not the case of the stationary noise. 

Since most of the signais used in wireless télécommunications are 

modulated, this technique differentiate the modulated signal from
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the stationary noise. This periodicity behavior is reflected in a 

particular fimction called spectral corrélation density function.

For this detector, the hypothesis //q and H\ could be expressed 

as:

I H\ : The detected signal is cyclostationary , ,
I Hq : The detected signal is stationary ' ’

This detector is thus robust to the noise variance uncertainty 

and compared to energy detector, achieves better performances 

at lower SNR régions. Moreover, this detector has the ability to 

distinguish different types of received signais based on their mod

ulation and could thus also distinguish between the primary and 

the secondary signais provided that a priori knowledge about both 

signais is available at the detector [16,17].

This detector requires however a high computational load and sig- 

nificantly long sensing time. Because of this complexity, cyclo

stationary feature detector has been less commonly implemented 

than the energy detector.

• Compressed sensing:

The compressed sensing is a technique which facilitâtes wide band 

spectrum sensing. Energy détection and cyclostationary détection, 

uses a set of observation in the band of interest sampled at the 

Nyquist rate by an Analog to Digital Converter (ADC). Due to 

hardware limitations of the sampling rate, only one band at a 

time could be sensed by these techniques. In order to do wideband 

sensing, these techniques should either sens ail the spectrum or to 

hâve multiple RF frontends in order to sens multiple bands. These 

solutions considerably increase the sensing time or the cost and 

complexity of the System. Compressed sensing method is proposed
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as a solution to relax the ADC speed requirement by enabling 

the sampling of wideband signais at sub-Nyquist sampling rate 

[42-44]. By considering sparse wideband primary signais in the 

spectruni, this method is based on a random sampling at a sub- 

Nyquist sampling rate. However such random sampling method 

nécessitâtes the implémentation of new ADC architectures which 

enable random sampling. Moreover, by using compressed sensing, 

because of the limited number of samples, a weak primary signal 

near a strong primary signal may not be properly reconstructed 

and detected in a wideband spectrum.

1.2.2 Some issues in spectrum sensing

Several éléments could reduce the performances of spectrum sensing. 

In fact, the cognitive radio Systems are deployed in a rnulti-path en

vironment where the multi-path fading and shadowing of the primary 

received signais considerably attenuate the amplitude of the received 

signais and could highly deteriorate the sensing performance. These ef- 

fects are occurring in the wireless propagation channel lying between the 

primary transmitter and the secondary receiver. A brief description of 

the wireless propagation channel and its effects on the spectrum sensing 

is exposed in the following.

The wireless propagation channel

In wireless communication Systems, the wireless propagation channel 

refers to as the electromagnetic propagation environment that lies be

tween a transmit and a receive antenna. By exciting a transmit antenna 

with a sinusoidal current, an electromagnetic wave is transmitted from 

the antenna. This electromagnetic wave will interact with the environ

ment surrounding the transmitter and the receiver. When arriving at 

the receiver, the electromagnetic wave induces a current in the receive
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antenna. A baseband signal at the input of a transmitter is linked with 

received signal at the output of a receiver through the baseband channel 

impulse response h{t) :

y{t) = h{t) * x{t) + n{t) (1.7)

where x{t) and y{t) are, respectively, the transinitted and the re

ceived signais and n{t) dénotés the baseband additive noise at the 

receiver. The operator * is the convolution operator. Similarly the 

frequency-dependent transfert fimction H{f)is obtained by applying a 

Fourier transform on both sides of équation 1.7:

Y{f) = H{f)X{f) + N{f) (1.8)

where Y, H, X and N dénoté the Fourier transform of respectively 

y, h, X and n.

When an antenna is excited, it transmits waves in ail directions. The 

different waves go through different propagation paths and interact dif- 
ferently with the surrounding environment before arriving at the receive 
antenna. This results in different waves having different arriving times 
at the receiver. The channel impulse response is then made of different 
propagation paths. This is shown in figure 1.7 where an exemple of the 

measured impulse response is presented. The temporal resolution of the 
impulse response dépends on the bandwidth of the System. The larger 

the bandwidth of the System is, the more précisé the temporal resolution 
of the impulse response will be. A narrow band System refers to as a 
System where the different propagation paths could not be distinguished 
and the impulse response has only one tap. In a wideband System where 

the System has a larger bandwidth, the different propagation path are 
resolved at the receiver and the impulse response is made of many taps.

Different effects could be considered in a given propagation path. 

Beside the effect of the propagation channel on the propagation path, one
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Figure 1.7: Measured channel impulse response

should note that the émission or the réception properties of an antenna 

dépend on the direction of émission or réception of the wave and these 

effects should also be considered for a given propagation path.

The interaction between the transmitted wave and the propagation 

environment dépends on many parameters and may be very complex. A 

deterministic characterization of the propagation channel is thus a very 

difficult if not impossible task. The propagation channel between two 

different moments will not be the same if a change is occurring in the 

environment e.g if someone or something has moved meanwhile. Any 

change in the environment will necessitate a new characterization of the 

propagation channel.

While a deterministic characterization of the propagation channel 

is infeasible, a statistical characterization of the propagation channel 

is a more achievable task. This requires, however, that some channel 

parameters hâve constant statistics over some space or time intervals.
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In contrast to the classical Single-Input Single-Output (SISO) wire- 

less Systems where a single antenna is used at the transmitter and the 

receiver, Multiple-Input Multiple-Output (MIMO) wireless Systems are 

referred to as the communication Systems where multiple antennas are 

used at the transmitter and/or the receiver. The idea behind the MIMO 

Systems is to benefit from the spatial diversity of the propagation chan- 

nel in order to improve the performances of wireless communication 

Systems.

Figure 1.8; Nt x MIMO sub-channels

Let us consider a MIMO Systems where Nu antennas are used at the 

receiver and Nt antennas are used at the transmitter (figure 1.8). The 

MIMO channel impulse response H{t) is in this case given by a matrix 

containing the channel impulse responses between the different antennas 

at the transmitter and at the receiver. The relation 1.7 becomes in this 

case:

Y(t) = H{t)*X{t)-\-N{t) (1.9)

where Y is an (iV/j x 1) matrix containing the received signais at the 

received antennas, X is an {Nt x 1) matrix containing the transmitted 

signais at the transmit antennas and N is an {Nr x 1) matrix containing 

the noise at each of the receive antennas. The matrix H links the different 

éléments of Y with the different éléments of X through the channel 

impulse response between these éléments and is given by:
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/ hii{t) hu{t)
h<2\{t) h22{t)

hlNri^) \
h2NT(t)

hNaNrii) /

(1.10)

th
\ hNn2{t) ■

where hij{t) dénotés the channel impulse response between the j 

transmit and the receive antenna.

By developing équation 1.9, the received signal at the receive 

antenna is obtained by:

Nt
^ * Xj{t) +
3=1

(1.11)

Three different phenomena affect the narrowband wireless commu

nication channel at different scales in temporal or spatial dimension. 

These phenomena could considerably deteriorate the performances of 

spectrum sensing in cognitive radio Systems:

• Small-Scale Fading

In narrowband Systems, the different multi path components are 

added up at the receiver. The superposition of these multipath 

components could be either constructive or destructive as they 

hâve different phases. The phases mainly dépend on the run- 

length of the multipath components and thus to the position of 

the transmitter, the receiver or the interacting objects in the prop

agation environment. For this reason, the amplitude of the total 

primary received signal changes over time or space if any of the 

primary transmitter, secondary receiver or the interacting objects 

are moving. The phenomenon associated with the fading of the 

amplitude of the received signal due to the destructive interférence 

of the multi-path components at the receiver is called small-scale
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fading [45,46]. Even a small movement could considerably efîect 

the signal amplitude. At 2 GHz a movement of less than 10 cm 

can already results in a large change in the signal amplitude. By 

assuming that the multi-path components arrive at the receiver 

from ail directions, and their amplitudes are distributed accord- 

ing to the same statistical distribution, if the channel is sampled 

at different spatial position in a local zone, the channel samples 

will hâve a complexe normal distribution and the amplitude of the 

channel samples will follow a Rayleigh distribution.

• Large-Scale Fading, Shadowing

Another phenomenon which dégradés the performances of spec

trum sensing is the large-scale fading also called shadowing [45]. 

Imagine, for exemple a mobile station moving at constant distance 

with respect to a base station. If the mobile station goes behind a 

large obstacle such as a building there will be a considérable attén

uation of the received signal at the mobile station. This is shown 

in figure 1.9 where the Line-Of-Sight (LOS) direction between the 

Base Station (BS) and the Mobile Station (MS) is obstructed at 

the position b where the power of the received signal is dropped. 

This is due to the fact that the MS is at the radio shadow of the 

obstructing object and the waves going through or around the ob

struction object are highly attenuated. The MS has to move a 

large distance (from a few meters to some hundreds of meters) in 

order to get out of the radio shadow. For this reason this phe

nomenon is also called large-scale fading. Note that shadowing is 

not only due the obstruction of a LOS path but can occur for any 

multipath component. The Shadowing effects are superposed to 

the small-scale fading eflfects and can considerably deteriorate the 

spectrum sensing in cognitive radio Systems. This is illustrated in 

figure 1.10, where the LOS direction between the primary trans-
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initter and one of the cognitive radio receiver is blocked by a large 

object. As a resnlt, the cognitive radio receiver will not detect the 

transmission of the primary transmitter in a given frequency band 

and may start communicating on this frequency band causing in

terférence on its nearby primary users.

Figure 1.9: Illustration of the shadowing principle

• Path-loss The mean amplitude of the received signal is attenuated 

as the distance between the transmitter and the receiver increases. 

This phenomenon is called path-loss. For a given propagation en

vironment, the atténuation is proportionnai to (^) where d is the 

distance between the transmitter and the receiver and n is the 

path-loss exponent. The path-loss exponent dépends on the prop

agation environment (e.g. n = 2 for free-space or 1 < n < 2 for 

indoor corridor or outdoor Street canyon environments). As the 

distance between the primary transmitter and the secondary ter

minal increases, the secondary terminal will be less likely to detect 

the signais from primary transmitter since these signais are atten

uated as a function of distance. This leads to the hidden primary 

user problem. The hidden primary user problem appears when a 

secondary transmitter is located outside the transmission range of 

a primary base-station while a primary receiver is located inside

Position
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Figure 1.10: Illustration of the large-scale fading

tlie transmission range of the secondary transmitter [47]. This is 

illustrated in figure 1.11. In this case, the secondary transmit

ter does not detect the presence of the signal from the primary 

base-station in a given frequency band and will therefore transmit 

in this frequency band causing interférence in the primary user 

situated in its transmission range.

The superposition of the atténuation effects described above could 

considerably dégradé the performance of spectrum sensing in cognitive 
radio Systems and should be taken into account in the design of these 

.Systems. Multi-user and multi-antenna concepts were proposed in or- 
der to overcome the spectrum sensing limitations due to the multipath



Figure 1.11: Illustration of the hidden primary user problem

aspect of the radio channel.

Multi-user spectrum sensing

The coopération between different secondary users could improve the 

spectrum sensing performance [16,48,49]. In cooperative détection, cog

nitive radio users share with each other their observation on the primary 

user signais. As the different secondary users are located in different lo

cations, they expérience different fading. Due to spatial diversity, it is 

unlikely that ail the receivers expérience at the same time multipath 

fading or the hidden primary user problem. This is illustrated in figure

1.9 and 1.11. In figure 1.11 the secondary user 1 does not detect the 

primary transmitter signal in a given frequency band as it is out of the
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transmission range of the primary base station. However the secondary 

user 2 is located inside the transmission range of the primary base sta

tion and is thus able to detect the primary transmitted signais. The 

secondary user 2 could share its observation with the secondary user 1 

so that it avoids transmitting in the given frequency band. In figure

1.9 while the secondary user 1 does not detect the signais from the pri

mary base station in a given frequency band because of the shadowing, 

the secondary user 2 does not expérience shadowing and detects the 

primary base station’s signal. By sharing the spectrum observation of 

the secondary user 1 and 2, the interférence on the primary user by the 

seeondary user 1 is avoided.

By exploiting spatial diversity in the observations of spatially sep- 

arated cognitive radio users, the overall sensing performances are con- 

siderably increased. This improvement could also be analyzed from a 

hardware point of view. Due to small-scale and large-scale fadings, the 

received SNR at the secondary user could be extremely low. The sensi- 

tivity of the cognitive radio receiver should then be very high in order 

to detect these extremely low signais. This will complicate the hard

ware implémentation and will increase its cost. Moreover the sensitivity 

cannot be constantly increased and there is a SNR limit under which 

the sensitivity can not be increased anymore [50]. The sensitivity re- 

quirements and the hardware limitation issues that it causes could be 

considerably relaxed by using coopération among cognitive radio users. 

The cumulative effects of small-scale and large-scale fading could be 

reduced by cooperative sensing. As a resuit the cooperative cognitive 

radio receiver should only be sensitive to the signal atténuation due to 

the path-loss [49] (figure 1.12). The hardware complexity and cost could 

thus be considerably reduced in cooperative cognitive radios.

Cooperative détection can be implemented either in a centralized 

or a distributed way [51,52]. In the centralized approach, the sens-
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Figure 1.12: Sensitivity improvement by cooperative détection [2]

ing informations gathered by ail the users are transfered to a central 

entity which in turn develop and transfer to the cognitive radio users, 

information about the available frequency resources. In the distributed 

approach, the sensing informations are exchanged among the cognitive 

radio users directly or through other cognitive radio users. However, 

coopération créâtes some overheads such as the time and energy needed 

for the coopération.

Multi-antenna spectrum sensing

Multi-antenna sensing lias been proposed as an interesting way to reduce 

channel small-scale fading effects by introducing spatial diversity into 

the spectrum sensing. In the multi-antenna sensing, a set of spatially 

separated antennas are used at the cognitive radio receiver.

The diversity gain is maximum in a multipath environment, if the re- 

ceive antennas are separated such that each antenna expériences uncor- 

related fading processes. It has been shown that in a uniform scattering 

environment with omni-directional receive and transmit antennas, the 

minimum antenna séparation in order to hâve uncorrelated fading on
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each antenna is approximately one half wavelength [45].

The spatial diversity in multi-antenna Systems could be used in or- 

der to reduce the small-scale fading effects. In order to illustrate this 

statement let’s consider two spatially separated antennas. If the re- 

ceived signais at these two antennas are uncorrelated with respect to 

each other, if the signal received at one of them is in a deep fade, the 

probability for the signal received at the other one to be in a deep fade 

is very low. By choosing e.g. the highest received signal, the small scale 

fading effects could be considerably reduced.

Two possible approaches could be used in order to make use of multi- 

antenna diversity;

• Hard combination

The sensing technique is applied separately at the observations of 

each antenna. The overall decision concerning the presence or the 

absence of a primary signal in a given frequency band is obtained 

by combining the decisions obtained for each antenna.

• Soft combination

The signais received at ail the antennas are combined in a way 

to reduce the small-scale fading effects. The decision concerning 

the presence or not of a primary user is obtained by applying a 

sensing technique on the combined signal. Better performances 

are obtained with the soft combining technique if an appropriate 

combining technique is used. Different combining techniques hâve 

been proposed so far in the literature. Some of them are listed in 

the following:

— Sélection Combining (SC) In this technique the antenna with 

the highest SNR will be chosen at the output of the combiner. 

By assuming the sanie noise for ail the antennas, the antenna
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which receives the signal with the highest power will be chosen 

at the combiner output.

- Square-Law Combining (SLC)

Let ri{t) be the signal received on the antenna (by consid- 

ering a total of M antennas). By this technique, the combined 

signal y{t) at the combiner output is given by:

y{t)
M

\ E’-l W
N i=l

(1.12)

— Maximum Ratio Combining (MRC)

Let hi be the channel between the primary transmitter and 

the i^^ cognitive radio antenna. By this technique, the com

bined signal y{t) at the combiner output is given by:

M
y{t) = Y.Kn{t) (1.13)

i=l

The fading effects are best reduced by the MRC technique since it 

maximizes the SNR at the output of the combiner. However MRC 

is a cohérent combining technique which requires the channel in

formations at the cognitive radio receiver. In a cognitive radio 

scénario where there is non-interaction between the primary and 

the secondary networks this technique is less feasible. SLC and 

SC techniques are non-coherent combining techniques and do not 

therefore require informations on the channel between the primary 

transmitter and each antenna of the cognitive radio receiver. Bet- 

ter combining performances are obtained for the SLC technique 

compared to the SC technique [45].

The multi-antenna sensing could be combined with the multi-user 

sensing by having a multi-antenna System at each cognitive radio user.
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The multi-antenna sensing will considerably reduce the small-scale fad- 

ing efïects and coiüd then reduce the number of users needed in order 

to achieve a given performance compared to a multi-user single antenna 

case. Also in case where the deployment of a cooperative infrastruc

ture is not preferred, the use of a multi-antenna System could already 
improve the sensing performances [53-59],

Multi-polarized spectrum sensing

Another way to profit from the channel diversity is to use polarized 

multi-antenna Systems. In polarized multi-antenna Systems, the polar- 
ization diversity is used in order to lower the inter-channel corrélation. 

An advantage of using polarization diversity instead of spatial diversity 

in multi-antenna Systems is that the terminal size could be considerably 

reduced. In a cellular 1.8 GHz GSM scénario for instance, an inter- 
antenna spacing of at least 8cm is required. While at the base station 

the compactness of the terminal may not be an issue, this large spac
ing between antennas will not be feasible in a mobile terminal where a 
compact System is needed. Moreover in order to lower the inter-anteima 

corrélation the inter-antenna spacing should be increased in case of cor- 
related channels. This will increase the terminal size and makes the 
practical implémentation of the systern more difficult [60-67]

This problem could be resolved by using co-located cross-polarized 
linear antennas which will make the System much more compact [60, 
61,63]. In fact it has been shown that low inter-antenna corrélation is 
obtained when using perpendicularly polarized antennas [46,60,61,68].

The use of cross-polarized antennas at the secondary terminal has 

several advantages. First of ail as mentioned previously, the use of a 

multi-polarized antenna System at the secondary terminal let the sec

ondary terminal to be as compact as a single antenna System while 

benefiting from the low inter-antenna corrélation which exists in such
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Systems.

Secondly as the polarization scheme of the multipath components 

arriving at the receiver may be different, by using a set of three perpen- 

dicularly polarized co-located antennas at the secondary terminal ail the 

incident polarizations could be received. We show in chapter 3, that the 

polarization scheme of the received signal could completely be obtained 

by using a set of three perpendicularly polarized antennas.

Multi-polarized antenna Systems hâve also some other particulari- 
ties compared to classical multi-antenna Systems using spatial diversity. 

These particularities could be used in order to improve the spectrum 
sensing performances. We’ll see in chapter 5, how a particular property 

of multi-polarized antenna Systems could be used in order to define a 
new spectrum sensing method.

In this Work, the polarization of electromagnetic waves is used in 
order to improve the spectrum sensing of cognitive radio Systems. This 
study requires the characterization of the multi-polarized channel and 
particularly the study of the polarization of electromagnetic waves in 

the propagation channel.

1.3 Polarization of electromagnetic waves

Let us consider a plane wave propagating through growing z axis. This 

wave could be represented by its two components at x and y axis;

Ê{z,t) = ExCOS{üJt — I3z + <l>x)î'x + EyCOs{ut — Pz + 4>y)ly (1-14)

where Ex and Ey are the electric field components along the x and y 

axis respectively, 4>x and <t>y are the phase of the electric field along x and 

y axis respectively and /3 dénotés the wave number. In case of a plane 

wave, there is no electric or magnetic field component in the direction 

of propagation. The electric and magnetic fields are perpendicular and
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proportional to each other. Both the electric and magnetic fields are 

perpendicular to the direction of propagation.

The two components of E in the plane 2 = 0, could be written as:

Ex(0,t) = ExCos{ujt +(j>x) (1-15)

Ey{Q,t) = EyCOS{U>t + <l>y) (l-16)

The component along the x axis oscillâtes between Ex and —Ex over 

tinie and the component along the y axis oscillâtes between Ey and —Ey 

over time. As a resuit the tip of the electrical field at 2 = 0 moves over 

tinie in the xy plane. The locus traced over time by the tip of the electric 

field in the xy plane is called the polarization of the wave. The System 

of équations in 1.15 and 1.16 represents in fact the parametric équations 

of an ellipse. A plane wave is elliptically polarized.

Equation 1.14 can be expressed in the phasor notation as:

E{z) = Êoe~^^^ (1.17)

where

Êo = Eqx
Eoy

ExcP’^^^ \ 
EayeiO>y )

(1.18)

is a complex vector.
For a wave propagating in any direction 1^, the electric field in a 

spherical coordinate System (figure 1.13) can be written as:

m = ( (1.19)

where /? dénotés the wave vector and Ee and E^f, are complex ampli

tudes.

Several particular polarization cases could be developed from the 

general elliptical polarization case:
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Figure 1.13: Electrical field in the spherical coordinates

1. Linear polarization

In case where Eo — 0, the electrical field is directed along 1^ axis. 

The polarization ellipse is in this case degenerated in a line and 

the polarization is called linear polarization. Equivalently in case 

where = 0, the electrical field will be linearly polarized along 

the le axis. This is described in figure 1.14.

Generally speaking, the wave is said to be linearly polarized if the 

Ee and the E^ components oscillate in phase i.e. if Ee and E^ 

components hâve the same phase (</></, = <j>e)-

2. Circular polarization

If the Ee and the E^ components oscillate in quadrature (</>ÿ = 

</)0 ± |) and hâve the same amplitude (|Ee| = |£^</>|), the wave is 

circularly polarized. This is shown in figure 1.15.

3. Elliptical polarization

In ail other cases, the electrical field is elliptically polarized. The 

major and the minor axis of the polarization ellipse are not nec-
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Figure 1.14: The évolution of the electrical field as a fonction of r and 
for a given time t for a linear polarization

When the wave is approaching to a fixed point, if the ellipse turn 

clockwise the wave has a left-hand elliptical polarization. The po

larization is said to be right-hand elliptical in the opposite.

1.3.1 Représentation of the wave polarization

The wave polarization could be represented by the Jones’ vector. By 

considering the electric field représentation in équation 1.19, the Jones’ 

vector is given by:

AU informations about the polarization of the wave can be obtained 

by the Jones’ vector. The Jones’ vector of a linearly polarized wave

essarily parallel to the le and 1^ axis as shown in figure 1.16.

(1.20)

along the is given by:
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Figure 1.15: The évolution of the electrical field as a fonction of r and 
for a given time t for a circular polarization

Figure 1.16: An elliptical polarization

Eo
0
E

(1.21)

The Jones’ vector of a left-hand circularly polarized wave is given

by;

The linear polarizations

Eo = E 

1
0

1
eJTr/2

and

(1.22)

could be used as basis
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functions in order to represent the Jones’s vector of ail the polarization 

States. Other polarization basis could also be defined siich as the left 
and the right-hand circular polarizations.

Note that other methods exist in order to represent the polarization 
State of a plane wave. We can cite the Stokes vector représentation 

and the Poincarré sphere représentation [69]. These représentations are 
mainly used in radar Systems [70] and will not be used in the présent 

Work.

1.3.2 Antenna and propagation effects on the polariza
tion

Different phenoinena change the polarization of the electromagnetic 

wave transmitted from the primary base station and received at the 

secondary terminal. These phenomena, referred to as the depolarization 

of the electromagnetic wave, hâve different origins:

1. Depolarization due to the antenna

The first change is occurring in the transmit antenna of the pri

mary transmitter. An antenna is an electrical conductor that if 

excited by a time-varying current, will radiate an electromagnetic 

wave. The antennas are generally made in order to transmit or re

çoive on a single polarization. For instance, a Hnear wire antenna 

which is vertically oriented should in theory transmit only on the 

le component. However the real-world antennas can not trans

mit only on one polarization and nothing on the other and there 

will always be some imperfection in the antennas that make them 

transmit also on the perpendicular polarization. For instance in 

the case of a vertically oriented linear wire antenna, the tiny width 

of the antenna croates an insignificant radiation in the 1,^ polar

ization.

2. Depolarization due to the orientation mis-rnatch of the antennas:
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If the transmit and receive antennas ai'e not perfectly aligned in 

order to receive the same polarization, there will be a leakage 

between the different polarizations.

3. Depolarization due to the propagation in the channel:

The interactions of the electromagnetic waves during their prop

agation in the environment surrounding the primary transmitter 

and the secondary receiver change the polarization scheme of the 

transmitted waves. Tins results in a leakage between the different 

polarizations through their propagation in the channel. As the 

interaction of the different multipath components with the envi

ronment is different, this results in different polarization schemes 

for each of the multipath components arriving at the receiver.

1.4 Channel modeling in wireless communica
tions

The physical phenomena that change a transmitted signal through its 

propagation in the wireless channel are modeled by wireless channel 

models. Wireless channel models could be used for different reasons: •

• In order to simulate the signal processing techniques, it is very 

important to hâve a précisé description of the channel. It is very 

difficult and time-consuming to simulate the signal processing tech

niques in a real measurement scénario. Reproductible channel 

models are used in order to implement signal processing techniques 

without having to simulate each time in a real measurement scé

nario.

• Mathematical formulation of the channel could be used in order 

to obtain closed-form expressions of signal processing techniques 

which need a mathematical formulation of the channel model.
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• Understanding the propagation phenornena in the wireless com

munication channel could be useful in order to improve the perfor

mances of wireless Systems. The wireless communication Systems 
could be optimized based on the information on what happens 
during the propagation in the communication channel.

The more propagation phenornena are included in a channel model 

the more précisé that channel model will be. The channel model should 

be as reproductible as possible and cover different scénarios. Different 

channel modeling techniques hâve been proposed so far in the literature 

[71]. In the following, some of the main channel modeling techniques 

are explained.

1.4.1 Deterministic channel modeling

In deterministic channel models, the average values of the electric field 

at every location of a pre-defined environment are obtained in a deter

ministic manner. Ray tracing is one of the most popular deterministic 

channel modeling techniques [72-74]. In Ray tracing technique, the en

vironment surrounding the transmitter and the receiver is first defined. 

Then, ail the propagation paths from the transmitter to the receiver are 

obtained based on simple réflexion, diffraction and propagation laws. 

The multipath components at the receiver are then added up in order 

to obtain the received signal. The more interactions are considered with 

the environment and the more detailed the environment is defined, the 

more précisé the model will be. The précision of the model also dé

pends on the number of physical phenornena that need to be included 

in the model. The more précision is required for the model, the more 

computationally expensive the model will be.

Ray tracing channel modeling could be used in order to obtain for 

instance the average power value at each position, the path-loss coeffi

cients, the shadowing effects, etc. Some other channel parameters such
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as the channel depolarization behavior are however an open issue in 

these models [75]. Ray tracing channel modeling is for instance used 

by some télécommunication operators in order to precisely obtain the 

average power values at each position of the space so that the spatial 

coverage of a wireless base station is analyzed.

Note that in practice, ail the parameters describing the propagation 

efîects cannot be defined in these models which could lead in some case 

in inexact values of the channel. Some statistical behavior of the channel 

could however be correctly defined by these models.

1.4.2 Statistical channel modeling

Statistical channel modeling techniques could be used when the channel 

exhibits stationary statistical behavior over the time or space dimen

sion [76]. In these models the parameters describing the channel matrix 

H are characterized from a statistical point of view. Measurements are 

first realized in a typical scénario and the statistical properties of the 

channel are extracted from these measurements. The measurement en

vironment should be chosen so that it represents a typical case where 

the channel statistical behavior remains constant for different similar 

environments. Some typical classification of the measurement environ

ment is e.g. indoor (which may be subdivided into e.g. office, corridor, 

lab,... cases) or outdoor (which may be subdivided into e.g. urban, 

suburban,... cases) scénario.

The statistical channel modeling techniques could be classified in two 

categories:

Statistical channel models with a System approach (SCMSA)

In SCMSA, the channel is modeled based on a System approach and the 

physical phenomena which occur during the propagation of the multi- 

path components in the channel are not investigated and the antenna
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effects are not dissociated with the channel eflFects. Different phenomena 

could be included in these statistical channel models. The more channel 

properties are included in the channel model, the more complété the 

channel model will be. A statistical channel model may for instance 

include only the small-scale variation of the channel. Other channel 

properties such as the inter-antenna corrélation statistics could also be 

added in the model.

The major advantage of these types of channel model is their math- 

ematical simplicity. In fact these models could be easily implemented 

in signal processing algorithms. Also these models make it easier to 

obtain closed-form mathematical expressions for signal processing prob- 

lems which include the channel matrix expression [77-79].

The major drawback of these types of channel model is that the 

antenna effects and the propagation effects are not dissociated. The 

channel dépends on the type of antenna that has been used in the mea- 

surements and will not be applicable if other tjrpes of antenna with other 

characteristics are used.

Geometry-based stochastic channel models

Geometry-Based Stochastic Channel Models (GBSCM) are a family of 

statistic channel models where the channel is considered to be the sum 

of multipath propagation components. In GBSCM, the different prop

agation paths are characterized. The channel itself will be modeled by 

adding up ail the propagation paths. In this way the channel model im- 

plicitly contains ail the channel characteristics such as fading, path-loss, 

etc.

Ail the parameters representing the propagation paths such as the 

angles of transmission and the angles of réception of the propagation 

paths are statistically characterized. For a given propagation path k, 

some of the parameters used in GBSCM to represent the propagation
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path are the angles of departure at the transmitter side the angles 

of arrivai at the receiver side II,, jt, the propagation delay and the prop

agation complex atténuation 7^. The directional channel h{flt,^r,T) is 

given by the sum of the different propagation paths:

h{nt, flr, t) = Yl 7fc(5(r - Tk)ô{nt - nt,k)S{^r - fîr.fc) (1-23)

By appropriately modeling the different parameters describing the 

propagation paths such as ^r,k: 7fe and K the channel charac-

teristics can implicitly be obtained.

A major avantage in GBSCM is that the antenna effects are not 

included in the model. The antenna eflFects are dissociated with the 

propagation paths and the propagation paths only includes the prop

agation effects. The model can then be applied for different types of 

transmit and receive antennas.

1.4.3 Polarization in wireless channel modeling

The polarization of Electromagnetic waves could also be included in the 

two categories of channel models described above:

Polarization in deterministic and geometry-based models

As in both deterministic and geometry-based models, the channel is 

characterized by modeling the different propagation paths, the polariza

tion of the propagation paths can be included in the study. This is done 

through the 7 matrix which contains the atténuation of the transmitted 

waves and the depolarization of the transmitted 1^ and components 

into the received and 1^ components. Equation 1.23 becomes then:

K

k=l

5{t - - Qr,k)
(1.24)
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Polarization in system-based statistical channel model

In system-based statistical channel models, the antenna is considered to 

be an indissociable part of the channel. As a resuit, the polarization is 

included in the model by considering the power imbalance between the 

different éléments of the cross-polarized channel matrix. This is done by 

characterizing the leakage occnrring in cross-polar channels (e.g. verti

cal to vertical channel) and co-polar channels (e.g. vertical to horizontal 

channel). As explained in préviens sections, the power imbalance be

tween the éléments of the cross-polarized multi-antenna channel matrix 

are caused by three phenomena: the polarization leakage occurring in 

the antenna, the depolarization due to the orientation mis-match of 

the antennas, and the depolarization occurring through the propaga

tion in the channel. As these three phenomena cannot be dissociated 

in system-based statistical channel models, it is crucial to consider a 

realistic general scénario and to integrate ail these three phenomena in 

a same characterization.

1.5 Contribution and outline of the thesis

The depolarization occurring through the propagation of the waves in 

the channel is studied for two cognitive radio scénarios in chapter 2. 

The depolarization of the transmitted waves has a significant impact on 

the performances of cognitive radio Systems. Two important parameters 

which characterize the radiowave polarization are characterized: Cross- 

Polar-Discrimination (XPD) and Co-Polar-Ratio (CPR). XPD quanti

fies the amount of leakage from one polarization to another and CPR 

describes the link quality of one polarization compared to the other one. 

These two parameters are characterized separately at three different 

scales: small scale variation of XPD and CPR in a local zone, XPD and 

CPR mean fitting vs. distance, and large-scale variations of XPD and
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CPR around the mean fitting.

The study of the depolarization in the channel for different kinds of 

propagation environment has been addressed in many previous works 

[46,80-95]. The experimental results carried ont in these works give an 

order of magnitude of the values of XPD and CPR for different prop

agation environments. The small-scale variation of XPD and CPR has 

been analyzed in [96,97] for outdoor-to-outdoor scénarios and in [98,99] 

for an indoor-to-indoor scénario.

The fitting of the mean XPD vs. distance between transmitter (Tx) 

and receiver (Rx) has been studied for an outdoor-to-outdoor scénario 

in [64,68,80,100-102] and for an indoor-to-indoor scénario in [98,103].

While ail of these works aim at characterizing the overall XPD mean- 

fitting, little attention has been paid to model the different spatial varia

tion scales separately. Furthermore, there are presently no results char

acterizing the XPD and CPR in outdoor-to-indoor environments. In 

most of these works, no distinction has been made between the depolar

ization from the vertical to horizontal components and from the horizon

tal to vertical ones. Moreover most of the previous works characterizing 

XPD has used a set of two cross-polarized antennas: one vertical and one 

horizontal. However, in order to obtain ail the incident polarizations, a 

third orthogonal horizontal antenna is needed.

In this Work, the XPD and CPR parameters can be .separately char- 

acterized at three different scales: small scale variation of XPD and CPR 

in a local zone, XPD and CPR mean fitting vs. distance, and large-scale 

variations of XPD and CPR around the mean fitting.

For this purpose an extensive measurement campaign has been real- 

ized in two outdoor-to-indoor and indoor-to-indoor cognitive radio scé

narios.

In section 2.1 an introduction to the impact of radio waves depolar

ization on the performance of cognitive radio Systems is presented and
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the importance of its characterization is highlighted. An overview of 

the State of the art of the existing works on the characterization of the 

depolarization is given and the contribution of the proposed model of 

the XPD and the CPR is presented.

In section 2.2, the drawbacks of the classical approach in modeling 

the XPD where only two perpendicularly polarized antennas are used 

are mentioned. A new approach is proposed where a set of three cross- 

polarized co-located antennas is used and the received signais on the two 

horizontally polarized antennas are combined in order to overcome the 

drawbacks of the classical approaches.

The measurement campaign is presented in section 2.3. The mea- 

surement setup is detailed and the two outdoor-to-indoor and indoor-to- 

indoor cognitive radio scénarios are presented. In the outdoor-to-indoor 

scénario the primary base station is deployed outside and the secondary 

network is deployed inside a building. In the indoor-to-indoor scénario 

both the primary and the secondary networks are deployed inside a 

building.

Based on the measurements, the XPD and CPR parameters are 

statistically characterized separately at three different spatial scales and 

under static environment. Models of small-scale variation, large-scale 

variations and distance variation of these two parameters are given in 

section 2.4 under the two investigated scénarios.

While in chapter 2, the spatial statistics of the multi-polarized chan- 

nel is characterized, the time-dynamics of the multi-polarized channel 

is characterized in chapter 3. The temporal and the spatial variations 

of the channel are not two independent phenomena. In fact each spa

tial variation in the channel caused by a variation of the position of the 

receiver, the transmitter or the interacting objects in the propagation
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environment leads also to a temporal variation.

In the scénario considered in chapter 2, the spatial variation of the 

channel depolarization are due to the variation in the position of the 

receiver while the transmitter and the interacting objects stay static. In 

chapter 3 however, the time-dynamics of the multi-polarized channel is 

characterized based on a scénario where the position of the interacting 

objects changes with time while the position of the transmitter and the 

receiver stay static.

While a classical approach in modeling the multi-polarized MIMO 

channels is to consider the signais received at one vertical and one or 

two horizontal perpendicular antennas [68,79,98,103-106], in chapter 

3, the polarization of the received waves are characterized ffom an elec- 

tromagnetic point of view. Previous works hâve been done in order to 

model the multi-polarized MIMO channel at different scales of variation 

. While these works tend at characterizing the signais received at one 

vertical and one or two horizontal perpendicular antennas, no work has 

been done in order to model the global polarization of the received fields 

from an electromagnetic point of view.

The time dynamics of the receive polarization ellipse is characterized 

for a particular scénario and in a statistical System based approach. This 

new approach has the advantage to be transposable to any orientation 

of a receiver with multi-polarized co-located antennas.

A theoretical formulation is proposed in section 3.2, in order to ob- 

tain the parameters describing the receive elliptical polarization, based 

on the signais received at three omnidirectional cross-polarized co- 

located antennas. The time dynamics of the different parameters de

scribing the elliptical polarization in the 3D space are characterized 

based on a measurement campaign. This measurement campaign is 

described in section 3.3. The measurements are made in an indoor-to- 

indoor scénario and at a frequency of 3.6 GHz. Different measurement
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positions are considered in a LOS and a NLOS scénario. Based on the 

theoretical analysis and a measurement campaign, a time-varying sta- 

tistical model of the polarization ellipse is developed in section 3.4.

The statistical distribution of the different parameters describing the 

polarization ellipse are proposed. In order to study the time-variant dy- 

namics of the channel, the autocorrélation functions of ail the parame

ters are analyzed and models of autocorrélation are given. An analytical 

formulation is also proposed in order to project the polarization ellipse 

onto an antenna System composed of three cross-polarized co-located 

antennas. Finally, the different steps needed in order to generate a 

time-varying multi-polarized channel sériés based on the proposed time- 

varying model of the polarization ellipse are given.

Compared to previous works treating multi-polarized channel niod- 

eling, the approach used in this chapter for modeling the multi-polarized 

channel could be applied to any orientation of the receive antenna 

System, by projecting the receive elliptical polarization to the receive 

antenna System

In chapter 4, the sensing performance of a cognitive radio System 

using a set of three cross-polarized antennas at the secondary terminal 

and in a real-world scénario is investigated. An energy detector is 

applied to a multi-polar antenna System and its détection performances 

are compared with a uni-polar single and multi antenna System. This 

analysis is based on the outdoor-to-indoor measurement campaign 

described in chapter 2. In this scénario, the secondary network is 

deployed indoor and senses the signais received from an outdoor 

primary base-station.

Several previous works hâve already treated the application of energy 

detector on a multiple antenna System [53-59]. It has been found that 

the poor sensing performances of a single antenna System are consider-
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ably improved by the use of spatial diversity at the Secondary Terminal 

(STE). However, the impact of the polarization of the electromagnetic 

waves on the spectrum sensing performances lias not been treated yet.

A theoretical formulation is presented in order to analytically obtain 

the détection and false alarm probabilities of an energy detector applied 

to a multi-polarized antenna System, under correlated and uncorrelated 

nayleigh fading channel. Based on this theoretical formulation and 

the results obtained from the measurement campaign of chapter 2, the 

sensing performance of an energy detector applied to a tri-polarized 

antenna where each antenna expériences different uncorrelated Playleigh 

fading is studied and compared to the spatial diversity case where 

the secondary terminal is made of three co-polar spatially separated 

antennas. The détection probability as a fonction of distance between 

the primary transmitter and secondary terminal, and the inter-antenna 

corrélation effect on the sensing performance are studied.

Energy détection has been widely used in the literature because 

of its simplicity and the good performances that are achieved with this 

method [37-39,107]. If good sensing performances are obtained with 

the energy détection method it is mainly because it is assumed in this 

method that the variance of the noise is known. In fact, having the 

knowledge of the noise variance makes it possible to detect very weak 

signais by detecting any small increase in the power due to the sum of 

the noise and signal power [50,108].

However, in practice the noise variance is not known exactly at the 

secondary terminal [38,50,108 -110]. An uncertainty on the estimation 

of the noise variance affect considerably the détection performance of 

energy détection method [38,50,108-110]. In chapter 5, new spectrum 

sensing methods are proposed which do not require any a priori knowl

edge of the noise variance and are thus robust to the noise variance
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uncertainty. These methods, refered to as blind spectrum sensing meth- 

ods, are based on a particularity of multi-polarized antenna Systems 

and require at the secondary terminal, a set of three cross-polarized 

antennas. The performances of the proposed methods are compared 

with each other in two dynamic and static channel scénarios. The 

GLRT methods proposed which are proposed in the literature as blind 

spectrum sensing methods are extended to the case of multi-polarized 

Systems. New blind spectrum sensing methods are also proposed based 

on particularities in multi-polarized Systems. This analysis is based on 

an analytical formulation applied to the outdoor-to-indoor measurement 

campaign of chapter 2. The performances of the proposed methods are 

also compared with the energy détection method with an without noise 

variance uncertainty. Finally, the effect of antenna orientation on the 

spectriun sensing performances of the proposed blind spectrum sensing 

method and the energy détection method is studied. This is doue by 

projecting the elliptical polarization model developed in chapter 3 onto 

a multi-polarized antenna System with different orientations.

Finally, chapter 6 présents the conclusion of this thesis. The ré

sulta obtained in the previous chapters are highlighted and some future 

outlooks are presented.

In summary, the major contributions of the présent thesis are:

• Characterization of the depolarization in two indoor-to-indoor and 

outdoor-to-indoor cognitive radio scénarios through the modeling 

of XPD and CPR separately at three different spatial scales: small- 

scale variations, large-scale variations and distance variations.

• Characterization of the polarization of the received waves from an 

electromagnetic point of view by modeling the time-dynamics of
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the receive polarization ellipse in the 3D space and for different 

LOS and NLOS scénarios.

• Extension of energy detector to multi-polarized Systems in a real- 

world cognitive radio scénario based on an analytical formulation 

and a measurement campaign and comparison of its performance 

with a uni-polar single and multi antenna System.

• Developing of new blind spectrum sensing methods based on par- 

ticularity of multi-polarized Systems. The proposed methods are 

robust to the noise variance uncertainty and outperform the energy 

detector in presence of noise variance uncertainty.



Chapter 2

Spatial statistics of the 
channel depolarization

2.1 Introduction

As already mentioned in the previous chapter, in a cognitive radio Sys

tem, the polarization of the transmitted waves from the primary base 

station changes before arriving at the secondary terminal due to different 

phenomena such as the imperfection of the antennas or the interaction 

of the transmitted waves with the environment surrounding the trans- 

mitter and the receiver. Let us consider for instance that the transmit 

antenna at the primary base station transmits on a vertical polariza

tion. The transmitted vertically polarized wave will be depolarized into 

its perpendicular horizontal polarization due to its interaction with the 

environment surrounding the transmitter and the receiver. If only one 

vertically polarized antenna is used at the secondary terminal, ail the 

incident polarizations will not be received. On the other hand, in a prac- 

tical implémentation, the polarization of the primary transmit antenna 

may not be known at the secondary terminal. As a resuit, these depo

larization phenomena allow the secondary terminal to detect the signais 

Corning from the primary base station even if it does not use the same 

polarization as the primary transmit antenna.

If the proportion of leakage from one polarization to another is not 

very important, a mismatch between the polarization of the antennas of 

the primary base station and the secondary terminal could prevent the 

secondary terminal to detect the signais from the primary base station.
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On the other hand, if the same polarization is used at the antennas 

of the secondary terminal and the primary base station, in case of high 

depolarization, the sensing performances of the secondary terminal could 

be significantly deteriorated.

The polarization orthogonality could also be used in order to enable 

the coexistence of multiple networks on the same frequency resources. 

Several works proposed the co-existence of primary and secondary net

works by using diversity techniques [111-116]. The use of orthogonal 

codes such as Code Division Multiple Access (CDMA) [114] or the use 

of directional antenna [113] are some of the diversity techniques which 

allows the co-existence of multiple networks. Beside the different diver

sity techniques which could be used in order to allow the co-existence of 

primary and secondary networks, the polarization orthogonality could 

also be used. Several works hâve treated the implémentation of multiple 

networks on the same frequency re.sources by using orthogonal polar

ization in each network [111,114,117,118]. In fact in an idealistic case 

where there is no depolarization, two networks could coexist in the same 

frequency resource without interfering with each other by using orthog

onal polarizations. However because of the depolarization phenomena, 

a perfect orthogonality between networks using orthogonal polarizations 

is not feasible.

Let us for instance consider two networks deployed on the same fre

quency resource where vertically polarized antennas are used in one of 

the networks and horizontally polarized antennas at the other. In an ide

alistic case where there is no depolarization these two networks could co

exist in the same frequency resource without interfering with each other 

since the vertically and horizontally polarized waves use two orthogonal 

dimensions which do not interféré with each other. However in a real- 

istic scénario, a fraction of the vertically polarized waves transmitted 

by the first network will leak to the orthogonal horizontal polarization
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and therefore will interféré with the second network. In [118], a proba- 

bilistic approach is used where by guaranteeing a minimum capacity to 

the licensed primary network, the co-existence of the primary and the 

secondary networks having orthogonal polarizations is studied based on 

the polarization leakage. It is shown that by deploying a secondary net

work which uses an orthogonal polarization than the primary network, 

the transmission rate of the primary network could be increased while, 

at the same time, the primary exclusive région could be reduced.

For these different reasons, it is thus important to characterize the 

proportion of leakage from one polarization to another for different cog

nitive radio scénarios based on a System approach. In the présent work 

the polarization leakage is characterized for two cognitive-radio scénar

ios: Outdoor-to-Indoor and Indoor-to-Indoor:

• Outdoor-to-indoor:

The outdoor-to-indoor scénario corresponds to a typical cognitive 

radio scénario where the primary base station is deployed outside 

and the secondary network is deployed inside a building. This 

could for instance correspond to a Wi-Fi secondary network de

ployed on the frequency resources of a WiMAX base station.

• Indoor-to-indoor:

The indoor-to-indoor scénario corresponds to a cognitive radio scé

nario where both the primary and the secondary networks are de

ployed inside a same building. This scénario could correspond to 

a cognitive radio architecture where the principle goal is to make 

possible the co-existence of two or more different unlicensed net

works sharing the same unlicensed spectrum resources in the best 

efficient way. This corresponds to the second type of cognitive 

radio architecture explained in section 1.1.1.

For this purpose, an extensive measurement campaign was realized in
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both of these scénarios. The principal aim of this measurement campaign 

was to characterize at different spatial scales and in a static environment, 

the depolarization phenoniena occurring in the channel.

One important parameter which characterizes the radiowave polar- 

ization is the Cross-Polarization-Discrimination (XPD). It quantifies the 

amount of leakage from one polarization to another caused by the chan

nel. Another relevant parameter is the Co-Polar-Ratio (CPR) that de- 

scribes the link quality of one polarization compared to the other one 

(Figure 2.1). These parameters are defined as the power ratio between 

the different éléments of the MIMO channel matrix:

(2.1)

(2.2)

(2.3)

where (\hvv\‘^') dénotés the average Ihw'P over some spatial or tem

poral scale.

Figure 2.1: Cross-polarized sub channels

These parameters are included in some channel models (e.g. in 

the very popular Kronecker channel model [119-121]). Also the an- 

alytical expressions developed in the context of the co-existence of
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cross-polarized cognitive radio networks make use of these parame- 

ters [111,114,117,118].

The XPD could be divided in two parts representing the two main 

phenomena which induce a depolarization in the channel [79]:

• The depolarization due to the imperfect antennas or Cross Polar 

Isolation (XPl)

• The depolarization due to the orientation mis-match of the anten

nas.

• The depolarization due to the propagation of the transmitted 

waves in the channel or Cross Polar Ratio (XPR)

The combination of these three phenomena yields to a global Cross- 

Polar Discrimination (XPD). The depolarization due to the imperfect 

antennas is a well known subject in the antenna theory and could be 

accounted for by means of the cross-polar antenna pattern [79]. The 

depolarization due to the orientation mis-match of the antennas dé

pends on the implémentation context and the spatial configuration of 

the transmitter and the receiver. The XPR dépends on the propagation 

environment. In this work, the depolarization due to the orientation 

mis-match of the antennas is not studied separately and is included in 

the XPR.

The study of the depolarization in the channel for different kinds of 

propagation environment has been addressed in many previous works 

[46,80-95]. The depolarization increases with the amount of scatterers 

in the propagation environment and as a resuit the XPD decreases [122]. 

The Non-Line-of Sight (NLOS) radio environments expérience high mul- 

tipath due to the high interaction of the transmitted waves with the 

environment. However, the LOS radio environments expérience lower 

multipath since the interactions with the environment are less iinpor-
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tant. As a resuit, lower average values of XPD are reported for the 

NLOS scénarios compared to LOS scénarios [89,123,124].

Note that in most of the experimental studies on the XPD, experi

mental cross-polar co-located antennas with a high cross-polar isolation 

were used. As a resuit the global XPD is considered to be approximately 

equal to the XPR [79].

Previous works hâve already provided models of the XPD in different 

kinds of environments. The small-scale variation of XPD and CPR has 

been experimentally analyzed in [96,97] for outdoor-to-outdoor scénarios 

and in [98] for an indoor-to-indoor scénario and it has been found that it 

follows approximately a log-normal distribution. In [99], the small-scale 

variation of XPD is theoretically investigated for an indoor-to-indoor 

scénario and it has been shown that it follows a doubly non-central F 

distribution which could be approximated by a log-normal distribution. 

The time-variant statistics of the XPD has been analyzed in [104]. In 

this paper a time-varying statistical channel model is proposed for tri- 

polarized antenna Systems. The temporal variations of the channel are 

separated into fast and slow channel variations.

The fitting of the mean XPD vs. distance between transmitter (Tx) 

and receiver (Rx) has been studied for an outdoor-to-outdoor scénario 

in [64,68,80,100-102] and for an indoor-to-indoor scénario in [98,103]. 

Some of the main results obtained in these works are highlighted in the 

following and summarized in Table 2.1:

• Models of XPD for outdoor-to-outdoor scénarios:

In [64], based on a measurement campaign realized at the fre- 

quency of 2.48 GHz and in an outdoor-to-outdoor suburban area, 

the XPD is characterized as a function of distance between the 

transmitter and the receiver. In the proposed model of XPD, no 

distinction is made between XPDy and XPDh- The distant dépen

dent model of XPD is proposed for the range of distance between
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100 and 10000 meters:

XPD{dB) -= -4.461ogio(d/do) + 4.86 (2.4)

where do = Ikm dénotés the distance of reference.

In this range of variation of the distance, the overall trend of XPD 

is reported to be descending with respect to the distance. The 

large-scale variations of XPD around its linear distance-dependent 

model is reported to hâve a log-norinal distribution with standard 

déviation of 4.90 dB.

In [80], similar measurements are carried out at a ffequency of 2.48 

G Hz in a outdoor-to-outdoor suburban area. Based on these mea

surements, a model of XPD as a function of distance is proposed:

XPD{dB) = -2.931ogio(d/do) + 3.70 (2.5)

The overall trend of XPD is reported to be descending with respect 

to the distance. The large-scale variations of XPD around its lin

ear distance-dependent model is reported to hâve a log-normal 

distribution with standard déviation of 4.88 dB.

In [68], the distance-dependent trend of the XPD is studied by 

extending a stochastic geometry-based scattering model to mul- 

tipolarized transmissions. The study is made for a frequency of

2.5 GHz and for an outdoor-to-outdoor scénario. The overall be- 

haviour of XPD is reported to be descending with distance. The 

case of a cross-polarized antenna with 0° and 45° tilted angle is 

studied. The following models are obtained for each of these cases:

XPDoo{dB) =: -0.311ogio(d/1000) 4-14.2 (2.6)

XPD45°(dB) = -l.llogio(d/1000) -|-12.3 (2.7)

In [100-102], a three-dimensional geometry-based analytical model 

for XPD is presented for an outdoor-to-outdoor suburban scénario.
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The distance-dependence of the XPD is studied based on this 

model. The theoretical model is compared with measurements 

in a similar environment. In the range of distance between 1.3 to 

10 Km, close matching is obtained between the measured and the 

theoretical distance-dependent model of XPD. The overall trend 

of XPD is reported to be descending with respect to the distance 

and varying from 4 to 1 dB in the range of variation of the distance 

between 1.3 to 10 Km.

• Models of XPD for indoor-to-indoor scénarios:

In [103], the XPD is characterized as a function of distance be

tween the transmitter and the receiver in an indoor environment. 

The study is based on experimental measurements carried ont at 

a frequency of 2.6 GHz. Two scénarios are investigated: LOS in 

a corridor and NLOS between a corridor and offices. No distinc

tion is made between XPDy and XPDh. For each scénario, the 

following distance dépendent models are proposed:

LOS Scénario: XPD(di?) = 5.5log\o{d) + 7.9 (2.8)

NLOS Scénario: XPD(dS) = 2.9logio{d) -t 2.6 (2.9)

In the studied range of distance (2 < d{m) < 50)Tlie overall trend 

of the XPD is found to be ascending as a function of distance. The 

decay components are much higher for the NLOS case than in the 

LOS case.

In [98], the XPD is characterized as a function of distance for 

an indoor WLAN scénario. The study is based on measurements 

which are carried out at a frequency of 5.25 GHz. Two scénar

ios are considered: An NLOS office scénario and a LOS hotspot 

type of environment. No distinction is made between XPDy and 

XPDh. The XPD is reported to be independent with respect to 

the distance.
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Table 2.1: A literature overview on XPD vs distance model - Preq :
requency, std: standard déviation, dist: distance______________________

Scénario Preq distance dépendent model trend vs 
dist

std

Outdoor 
subur- 
ban [64]

2.48
GHz

XPD(dJ3) = -4.461ogio(d(m)/10^)-|-4.86 descending 4.90
dB

Outdoor 
subur- 
ban [80]

2.48
GHz

XPD(dS) = -2.931og,o(d(m)/10^)-t3.70 descending 4.88
dB

Outdoor
[68]

2.5
GHz

XPDo=(dS) = -0.311ogio(d/10®) -1-14.2 

XPD45°{dB) = -l.llogio(d/10®) 4-12.3

descending

Outdoor
suburban
[100-102]

2.5
GHz

1 <XPD (dB)< 4 for 1.3<d(km)<10 descending

Indoor 
LOS cor
ridor &
NLOS 
corridor 
to of
fices [103]

2.6
GHz

LOS: XPD(d5) = 5.5Ioÿio(d) -I- 7.9
NLOS: XPD(dS) = 2.9/offio(d) -t- 2.6

ascending

Indoor
NLOS
office
& LOS
hotsp>ot
[98]

5.25
GHz

XPDf» 6,7 dB for 5<d(m)<50 invariable

While ail of these works aim at characterizing the overall XPD mean- 

fitting, little attention bas been paid to model the different spatial varia

tion scales separately. Furthermore, there are presently no results char

acterizing the XPD and CPR in outdoor-to-indoor environments. In 

most of these works, no distinction has been made between the XPDy 

and XPDh components. Moreover most of the previous works charac

terizing XPD has used a set of two cross-polarized antennas: one vertical 

and one horizontal. However, in order to obtain ail the incident polar-
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izations, a third orthogonal horizontal antenna is needed.

In this Work, the XPD and CPR parameters can be separately char- 

acterized at three different scales; small scale variation of XPD and 

CPR in a local zone, XPD and CPR mean fitting vs. distance, and 

large-scale variations of XPD and CPR around the mean fitting. In 

fact as introduced in the general introduction, the wireless channel has 

different scales of variations and so has the XPD and CPR. Two scé

narios will be investigated: outdoor-to-indoor and indoor-to-indoor. In 

each of these scénarios, a set of one vertically polarized and one hori- 

zontally polarized antennas is considered at the transmitted and a set 

of three perpendicularly polarized co-located antennas is considered at 

the receiver side.

2.2 Multi-polarized antenna System

When an antenna is illuminated by an electromagnetic wave, an electric 

current is induced in it. The relation between the incident electric field 

and the signal received in the antenna is given by the effective height 

of the antenna [125]. The effective height of an antenna is a complex 

vector representing the response of the antenna to an incident electric 

field in a given direction.
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Figure 2.2: The incident electric field È and the received signais on three 
perpendicularly polarized antennas

Let us for instance consider the case of an incident electric field 

to a cross-polarized antenna System made of three omnidirectionnal 

co-located cross-polarized linear wire antennas which is represented in 

figure 2.2. The induced signais Sy, Shi and Sh2 at respectively the 

vertically and the two horizontally polarized antennas are given by:

Sv = LyÊ 

Shi = LhiÊ

Sh2 = Lh2Ê (2.10)

where Ly, Lhi and Lh2 dénoté the équivalent height vectors of 

respectively the vertically and the two horizontally polarized antennas. 

By assuming the same amplitude L for the équivalent height of the three 

receive antennas we hâve:
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Ly = L\v 

Lhi = LIh\

Lh2 = LÎh2 (2-11)

(2.12)

The received electric field is thus represented by the three received 

signal components Sy, Sh\ and Sh2 along the three perpendicularly 

polarized receive antennas. A classical approach used in many préviens 

Works studding the depolarization in multi-polarized channels, is to con- 
sider the received signais at one vertically polarized and only one of the 

two horizontally polarized antennas. However there are two drawbacks 

in the use of this approach:

• First of ail by considering only one horizontal signal component, 

ail the signal components are not taken into account. Therefore ail 

the depolarization possibilities are not taken into account as a de

polarization may for instance occur between one of the considered 

signal components to the unconsidered horizontal component.

• In a practical case, the Rx antenna System does not remain in the 

same orientation ail the time. As a resuit, the two horizontal signal 

component are not distinguishable if a rotation is occurred around 

the vertical antenna. Therefore the polarization model deduced 

from the results dépends on the orientation of the Rx antenna 

System. A standard polarization model cannot be given without 

considering this ambiguity.

In order to overcome this problem, the three signal components are 

reduced to one vertical Sy and one overall horizontal signal component 

Sh- The overall horizontal signal component is obtained by combining 

the two horizontal signal components Shi and Sh2-
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Sh = Shi + Sh2

- {LÏhiÊ)Ïhi + {LÏh2E)Ïh2

= ShiIhI + Sh2^H2

= \J + Î*H2)

= + ^H2^H

= ShIh (2-13)

The signal component S h corresponds to the signal that woiild be 

received on an antenna placed in the direction lu with équivalent height 

Lh = LIh-

In the measurement campaign realized in this work and which is 

described in the next section, three omnidirectional cross-polarized co- 

located antennas were used at the receiver. The signais received on the 

two horizontally polarized antennas are combined as described above, 

in order to hâve a vertical and an overall horizontal signal components. 

The XPD and CPR values are obtained based on these signais.

2.3 Measurement Setup

2.3.1 Measurement equipment

The measurement was performed using a Vector Signal Generator (Ro- 

hde & Schwarz SMATE200A VSG) at the transmitter side and a Signal 

Analyzer (Rohde & Schwarz FSG SA) at the receiver side. An illus

trative diagram of the Tx chain is given in figure 2.3. The Tx chain 

was composed of the VSG and a unipolar directional antenna (Rohde 

& Schwarz HE300, Figure 2.4). By rotating the module to the desired 

horizontal or vertical orientation, it could be operated either on verti

cal or horizontal polarizations. A typical azimuthal radiation pattern of
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this antenna on the vertical and the horizontal polarizations is given in 

figure 2.5.

Tx antenna on

Figure 2.3: The transmitter chain

Figure 2.4: Transmitter antenna

An illustrative diagram of the Rx chain is given in figure 2.6. The Rx 

antenna (Satimo Insite Free 3-6 GHz [126]) was a tri-polarized antenna, 

made of three co-located perpendicular omnidirectional short linear an- 

tennas (Figure 2.7). As these are experimental cross-polarized antennas, 

high cross-polar isolation should exist between the different antennas.
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Figure 2.5: A typical azimuthal radiation pattern of the Tx antenna 
for the two horizontal and vertical polarizations and in frequency range 
from 500 MHz to 7.5 GHz

However, the XPI values of these antennas are not specified by their 

manufacturer. The axial radiation patterns of the Rx vertical and hori

zontal antennas are given in figure 2.8.

The three receive antennas were fixed on an automatic positioner 

(Vexta PK268) to croate a Virtual planar array. By doing tins, the num- 

ber of éléments in the antenna arrays could be increased without any 

coupling between the different éléments in the antenna arrays. However, 

in order to keep the same channel condition between the different posi

tions in the planar array, the channel should stays as static as possible
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during the entire measurement period with the positioner.

At eaeh of the measurement positions in the planar array, the three 

receive antennas were selected one after another by means of a switch. 

The duration of measure for each antenna before switching to the other 

antenna was about 0.2 s.

The three receive antennas were connected to the Signal Analyzer 

through a 25 dB low-noise amplifier. A CW signal at the frequency of

3.5 GHz was transmitted and the corresponding frequency response was 

recorded at the receiver side. The narrowband MIMO matrices were 

obtained from these frequency responses. The value of the different 

parameters used at the signal analyzer to receive the received frequency 

response is given in Table 2.2. The antenna input power was 19 dBm 

and the minimum dynamic range of the measurements was around 15 

dB.

Rx

Figure 2.6: The receiver chain
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Figure 2.7: Receiver antenna

Table 2.2: Signal analyzer parameters

Center frequency 3.5 GHz

Bandwidth 100 KHz

number of collected samples 625

IF Bandwidth 5 KHz

2.3.2 Measurement scénario

The measurement site was the third floor of Building U at Solbosch cam

pus of Université Libre de Bruxelles (ULB). Two measurement scénarios 

were investigated:

• Outdoor-to-Indoor Scénario

In the outdoor-to-indoor case (Figure 2.9), the transmitter was 

fixed on the rooftop of a neighboring building (Building L), at a 

total height of 15 m (Figure 2.10) and was directed toward the 

measurement site (Figures 2.12). A brick wall was separating the 

LOS direction between this measurement site and the transmit-
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90 deg
3.00

270 deg

Vertical polarizatlon 

Horizontal polarizatlon

Figure 2.8: Axial radiation pattern of the Rx vertically and horizontally 
polarized antennas for the frequency of 3.6 GHz

ter. The nieasurements were performed in a total of 78 positions, 

located in seven successive rooms. The rooms were separated by 

brick walls and closed wooden doors. The distance between the 

transmitter and the rneasurement points was in the range of 30 to 

80 meters.

• Indoor-to-Indoor Scénario

In the indoor-to-indoor case (Figure 2.11), the Tx antenna was 

fixed in the first room (Figure 2.13) and was directed toward the 

seven next rooms, in which 65 rneasurement points were taken. 

The distance between the transmitter and the rneasurement points 

was for this case in the range of 8 to 55 meters.



2.3. Measurement Setup 73

Building U, 
third floor • •

T—T—r-
• • :• •

I ‘î-î

Ljj i

53 m

15 m

27 m

Window glasses

Wooden door 

Rx

Tx

Figure 2.9: Outdoor-to-Indoor measurement setup

In both cases, in order to characterize the small scale statistics of 

XPD, a total of 64 spatially separated measurements were taken over 

an 8 X 8 grid at each Rx position. The spacing between grid points 

was A/2 (4 cm). At each grid point, 5 snapshots of the received signal 

were sampled and averaged over to increase the Signal-to-Noise-Ratio 

(SNR). During the measurements the environment was kept as static as 

possible.

In the Rx chain, the signal analyzer, the positionner and the switch 

were ail connected to a computer in order to control the measurements.
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Figure 2.10: Outdoor traiismitter

A matlab program was written for this sake which connect the different 

measurement devices to the computer and which coordinate the mea- 

surement process. Ail the devices used in the Rx chain were carried on 

a trolley in order to more easily move from one measurement position 

to another. As previously mentioned, the two polarizations used at the 

transmit antenna should hâve been changed manually. As a resuit at 

each measurement position, the whole measurement process was first 

done for the vertically polarized transmit antenna and then repeated for 

the horizontally polarized transmit antenna. In the outdoor-to-indoor 

scénario this coordination between the transmitter and the receiver sides 

was done by two persons at each sides, communicating by walkie-talkies. 

The Tx and Rx units are two distinct modules which are not synchro-
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î ------- Window glasscs

-------- Wooden door

• Rx

> Tx

Building U, third J J 
floor « «

—H
! 4 ! Ii i

15 m

Figure 2.11: Indoor-tolndoor measurement setup

nized to eaeh other. As a resuit, the phase of the received signais is not 

measured and only the amplitude of the received signais is obtained.

2.4 Measurement Results

2.4.1 Small-scale variations 

Theoretical distribution

Let XPD and CPR dénoté the instantaneous cross-polarization discrim

ination and co-polar ratio obtained by the ratio of the instantaneous 

channel powers:
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Figure 2.12: Measurement site for the outdoor-to-indoor and indoor-to- 
indoor scénarios

xpn
\hHv\^

(2.14)

- \hvHP
(2.15)

(2.16)

In the case of Ricean fading channels, the distribution of the am

plitude of the sub-channels used, e.g for XPDy {hvv and Hhv) can be 

written as:

\hvv\ ~ Rice((T, v) (2-17)

|h//y| ~ Rice(ai(T, (2.18)

where a and u are the Rice parameters of \hvv\ (2<t^ is the power of 

the scattered components and the power of the cohérent component), 

and «1(7 and aocr dénoté here the Rice parameters of the \hHv\ Ricean
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Figure 2.13: Iiidoor transmitter

distribution. The corresponding parameters for XPDh and CPR are 

defined in the same way as those of XPDy.

The square of a random variable which follows a Ricean distribution 

with parameters {l,v) follows a non-central chi-squared distribution with 

two degrees of freedom and the non-centrality parameter v [127].

Therefore, we hâve:

rs-i ) (2.19)
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\hHV?'
afcr'^

2,,2

x\m)2„2‘aî(T
(2.20)

As it was previously shown in [99], by assuming that the diflFerent

sub-channels in a cross-polarized antenna System are independent, the 

quotient between \hvvŸ’ \hHv\'^ i-e. the XPDy variation around af

follows a doubly non-central F distribution:

cüiXPDv ~ F"{2,2,2Kvvi (2-21)

where

Kvv = ^ and Khv =

are the Ricean K factors for the VV and HV links respectively. Sinii- 

larly to XPDy, the theoretical distributions for XPDh and CPR are also 

obtained by a doubly non-central F distribution with the corresponding 

Rice factor parameters [99].

Experimental distributions:

As previously mentioned, from each measurement position, 64 measure- 

ment points were taken on a grid of 8x8 in order to characterize the 

small-scale variation of XPD and CPR in a local area. The experimen

tal distribution was compared to the theoretical one in ail positions and 

for both scénarios. The theoretical distribution for XPDy was obtained 

by filling in the corresponding a and Rice factors in équation 2.18. The 

theoretical distribution for XPDh and CPR were obtained in the saine 

way.

An OverView of the different Rice factors is given for the outdoor- 

to-indoor case in Table 2.3 and for the indoor-to-indoor case in Table 

2.4.
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Min(/^yy) -35,16 dB Min(i('//y) 1,38 dB

Max(/fyy ) 7,63 dB Max.{K hy) 9 dB

Mean(/('yy) 1,62 dB Me&.n{KHv) 5,67 dB

Min{KHH) -0,37 dB Min(Xy//) -42,63 dB

Max{KHH) 13,36 dB 5,41 dB

Mea.n{KHH) 6,15 dB Mean(/fyi/) 0,55 dB

Min(/fyy) -64,76 dB Min(/^f/y ) 0,91 dB

Max(A'w ) 7,93 dB Max(KHv) 8 dB

Mean(/('yy) 1,72 dB Mean(i^//y) 5,19 dB

Uin{KHH) -71,14 dB Min{KvH) -37,33 dB

Max{KHH) 12,12 dB M&x{Kvh) 8,66 dB

Mean{KHH) 5,08 dB M.ean.{KvH) 0,92 dB

Figure 2.14 shows the good matching between the Cumulative Distri

bution Ponction (CDF) of the experimental XPD and the corresponding 

theoretical doubly non-central F distribution for a particular position in 

the indoor-to-indoor scénario.
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Figure 2.14: Comparison between the CDF of experimental XPDv and 
its theoretical model.

In order to confirm the good matching between theoretical and ex

perimental distributions, a Kolmogorov-Smirnov (KS) test was applied 

for each measurement position. The KS test is a statistical hypothesis 

test that compares the theoretical CDF with the experimental one and 

is sensitive to both location and shape of the experimental CDF.

The null hypothesis Hq is satisfied when the experimental data and 

the theoretical model hâve the same distribution. The hypothesis Hi is 

satisfied when they do not hâve the same distribution. The significance 

level is set to 5%. For both outdoor-to-indoor and indoor-to-indoor 

scénarios and for the three parameters XPDy, XPDh, and CpR, the 

null hypothesis has been satisfied for ail the 78 (for outdoor-to-indoor 

case) and 65 (for indoor-to-indoor cases) tested zones.

2.4.2 Large Scale Variations

In order to separate the small-scale effects from the large-scale effects, 

at each measurement position, the 64 sub-channel power measurements
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over the 8x8 grid were averaged. From the averaged power per sub- 

channel values, the values of XPD and CPR per measurement position 

were then computed:

These values are no longer affected by the channel small-scale vari

ations. Based on these values, a mean XPD/CPR vs. Tx-Rx distance 

model has been developed.

• XPDy large-scale variations

The XPDv values vs Tx-Rx distance are plotted in figure 2.15 

and 2.16 for respectively the outdoor-to-indoor and the indoor-to- 

indoor scénarios. The corresponding linear régression curves in a 

least squares sense are plotted in the same figures. For both scé

narios, XPDv is decaying with distance. In order to fully model 

the large scale variations of XPDy, its fading distribution around 

the linear model (AXPDy), has been analyzed. It has been found 

that for both scénarios this later follows a zéro mean normal dis

tribution (when the différence is expressed in dB). The Standard 

Déviation (SD) of this zero-mean normal distributions is given, for 

both scénarios, in Table 2.5.

• XPDfi large-scale variations

The XPDh values vs Tx-Rx distance are plotted in figure 2.17 

and 2.18 for respectively the outdoor-to-indoor and the indoor-

(2.22)

(2.23)

(2.24)
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to-indoor scénarios. The corresponding linear régression curves 

in a least squares sense are plotted in the same figures. In both 

scénarios, the global trends of XPDh were found to be independent 

with respect to the distance. Furthermore, the samples of XPDh 

follow a normal distribution with mean /i and standard déviation 

U. These values are given in Table 2.6 for the Outdoor-to-Indoor 

and the Indoor-to-Indoor cases, respectively.

• CPR large-scale variations

The CPR values vs Tx-Rx distance are plotted in figure 2.19 

and 2.20 for respectively the outdoor-to-indoor and the indoor- 

to-indoor scénarios. The corresponding linear régression curves in 

a least squares sense are plotted in the same figures. For both scé

narios, the overall behavior of CPR was found to be ascending with 

respect to the distance. The large scale variations of CPR around 

its linear model (ACPR) were found to follow a zéro mean normal 

distribution. The Standard Déviation (SD) of this distribution is 

also given in Table 2.5.

Table 2.5: Standard déviation of t le large scale norma

Out-to-In a (dB) In-to-In a (dB)

AXPDv 1,96 AXPDv 2,34

ACPR 2,45 ACPR 2,47

distribution

Table 2.6: Mean and standard déviation of the large scale normal dis
tribution______________________________________ _________ _

Out-to-In M(dB) a (dB) In-to-In /x(dB) a (dB)

XPDh 6,71 2,97 XPDh 6,44 1,75

For AXPDv and ACPR, we observe the close values of SD in the



2.4. Measurement Results 83

two scénarios, meaning that the dispersion of the depolarization of the 

vertical to the horizontal components is essentially occurring through 

the Indoor-to-Indoor path. As for the XPDh , while we observe the 

same mean value for the two scénarios, the vaine of SD is larger in the 

Outdoor-to-Indoor case comparing to the Indoor-Indoor one. This shows 

that the dispersion of the depolarization of the horizontal components to 

the vertical ones is more important in Outdoor-to-Indoor case compared 

to the Indoor-to-Indoor one.

By comparing the figures of XPDy and XPDh > we may note that 

the depolarization ffom the vertical components to the horizontal ones 

increases more quickly with distance than the depolarization from the 

horizontal components to the vertical ones.

We also observe that for both scénarios, the CPR values remain 

négative on average which rneans that the overall transmission of the 

horizontal to horizontal link is better than the vertical to vertical one. 

Moreover, based on the ascending slope of the CPR mean model, the 

vertical to vertical transmission is getting better with distance to the 

détriment of the horizontal to horizontal one. However, in the distance 

interval studied in this chapter, the overall transmission of the horizontal 

to horizontal link is better than the vertical to vertical one.

Compared to the previous works characterizing the XPD, our new 

approach has the advantage to characterize the different spatial varia

tion effects separately from each-other. Moreover, despite most of the 

previous works, a distinction is made between the XPDy and XPDr. A1- 

though some previous works hâve been made on the modeling of XPD for 

outdoor-to-outdoor and indoor-to-indoor scénarios, the proposed model 

is the first one which characterize XPD for an outdoor-to-indoor scé

nario. The use of three cross-polarized antennas instead of only two as 

classically used in multi-polarized channel studies has the advantage to 

include ail the depolarization possibilities in the model and to make the
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model independent from the orientation of the antenna System.

As previous works hâve treated the modeling of XPD for indoor- 

to-indoor scénarios, a comparison between the results obtained in these 

Works with the results of the proposed study should be done. However 

one should bear in mind that in ail of these works, different frequencies 

are considered than the one used in this work and no distinction is made 

between XPDy and XPDh-

The values of XPD and CPR reported in [87] and [84] for differ

ent indoor-to-indoor environments are in accordance with the results 

obtained in this work. Higher values of XPD and CPR are obtained 

in [85, 86] which may be due to the différence in the used frequency 

or the studied environment. In [98] where the distance-dependence of 

XPD is characterized for an indoor-to-indoor scénario, the overall trend 

of XPD is reported not to dépend on the distance between the trans- 

mitter and the receiver. In our work the same conclusion was drawn for 

the XPDh- The mean and standard déviation values of XPD reported 

in this work are very close to the ones obtained in our work.

In [103], the XPD is characterized in an indoor environment. Despite 

in our work where a descending trend was observed for XPDy and a 

constant trend was observed for XPDh as a fonction of distance, in this 

work the distance-dependent trend of XPD is reported to be ascending 

with respect to the distance. This different trend may be due to the 

different définitions of XPD and the different measurement environment 

compared to our work. However despite this différence in the XPD vs 

distance trend, the values of XPD reported in this paper are in the same 

order of magnitude than in our work(around 6dB in the studied interval 

of distance).

As for the small-scale variation of XPD, the experimental analysis 

carried out in this work confirms the theoretical results obtained in [99], 

based on which the XPD small-scale variations follow a doubly non-
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central F distribution.

IIVvP/lhHvl'

Figure 2.15: XPDy vs Tx-Rx distance for Outdoor-to-Indoor scénario 
and the lcr and 2cr confidence interval

Figure 2.16: XPDy vs Tx-Rx distance for Indoor-to-Indoor scénario and
the lcr and 2cr confidence interval
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Figure 2.17: XPDh vs Tx-Rx distance for Outdoor-to-Indoor scénario 
and the la and 2a confidence interval

Figure 2.18: XPDh vs Tx-Rx distance for Indoor-to-Indoor scénario and
the la and 2a confidence interval
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ItVvP/lh^P

Figure 2.19: CPR vs Tx-Rx distance for Outdoor-to-Indoor scénario and 
the 1(7 and 2a confidence interval

l'VvP^fW(P

Figure 2.20: CPR vs Tx-Rx distance for Indoor-to-Indoor scénario and
the la and 2a confidence interval
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2.4.3 Orientation of the overall horizontal component

The model developed in the préviens sections is based on the vertical 

and the overall horizontal polarization components. In this section a 

particular tri-polarized case is studied. The two horizontally polarized 

antennas are oriented as shown in Fig. 2.21.

The orientation of the overall horizontal component is studied for 

ail the Rx positions. In this particular case, the angle between the 

overall horizontal component and the first horizontal antenna (C) was 

best fitted with a Gamma distribution. The Gamma distribution is 

a two parameter family of continuons probability distributions and is 

parametrized in terms of a shape parameter A and a scale parameter 

B [128]. An OverView of the different Gamma parameters is given for 

both scénarios in Table 2.7 and Table 2.8. An exemple of the good

V,

V,

Figure 2.21: Tx and Rx Antenna orientation
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agreement between the Cumulative Distribution Function (CDF) and 

the Probability Density Function (PDF) of the experimental Ç and the 

corresponding Gamma fitting is given in figure 2.22 for a particular 

position in the indoor-to-indoor scénario.

Figure 2.22: Comparison between the CDF and the PDF of experimental 
C and the corresponding Gamma fitting for a particular position in the 
indoor-to-indoor scénario.

Table 2.7: Gamma parameters (Shape parameter A and scale parameter 
B) for the Outdoor-to-Indoor scénario

Vertical Tx Max Min Mean

A 6,17 1,05 2,27

B 0,62 0,16 0,39

Horizontal Tx Max Min Mean

A 4,87 0,78 1,96

B 0,59 0,16 0,38

We can notice the close values of gamma parameters between the two 

scénarios which show the homogeneity of the orientation of the overall 

horizontal polarization in the two scénarios.
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Table 2.8: Gamma parameters (Shape parameter A and scale parameter 
B) for the Indoor-to-Indoor scénario___________________

Vertical Tx Max Min Mean

A 5,82 0,83 1,88

B 0,65 0,19 0,46

Horizontal Tx Max Min Mean

A 4,4 0,54 1,27

B 0,67 0,1 0,37

2.5 Conclusion

In this chapter, the depolarization occurred in two cognitive radio scé

narios was investigated. Two important parameters describing the ra- 

diowave polarization were analyzed: XPD and CPR. XPD quantifies 

the amount of leakage from one polarization to another caused by the 

channel. CPR describes the link quality of one polarization compared 

to the other one. The small scale variations, distance variations and 

large scale variations of these two parameters hâve been characterized. 

This analysis is based on an extensive measurement campaign realized 

in two different cognitive radio scénarios: outdoor-to-indoor and indoor- 

to-indoor. The outdoor-to-indoor scénario corresponds to a typical cog

nitive radio scénario where the primary base station is deployed outside 

and the secondary network is deployed inside a building. The indoor- 

to-indoor scénario corresponds to a cognitive radio scénario where both 

the primary and the secondary networks are deployed inside a same 

building.

The ambiguity of the orientation of the Rx antenna was resolved by 

considering the overall horizontal polarization. It has been experimen-
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tally shown that for both scénarios, small-scale variations of XPD and 

CPR follow a doubly non-central F distribution. The distance variations 

and large scale variations of XPD and CPR hâve been analyzed inde- 

pendently from the small scale variations. For both scénarios, while the 

mean variation of XPDy with distance is linearly decaying, the mean 

variation of XPDh is constant with distance. The CPR mean variation 

was found to be ascending with distance. The large scale variations 

of ail the three parameters around their mean distance model follow a 

zero-mean normal distribution.





Chapter 3

Time-dynamics of wave
polar izat ion

3.1 Introduction

Let us consider a MIMO System where the receive antenna is a tri- 

polarized antenna System made of three co-located perpendicular omni- 

directionnal antennas. In an idealistic case where there are no Interact- 

ing Objects (lOs) in the environnement surroimding the transmitter and 

the receiver, the polarization of the wave transmitted from the transmit

ter antenna stays the same at the receiver side. However in a realistic 

scénario where the environnement is made of many lOs, the polariza- 

tion of the transmitted wave will change; each multi-path component 

at the receiver will hâve different polarization properties. A fraction 

of a linearly polarized wave will for instance be depolarized, into its 

perpendicular component leading to an elliptical polarization [129,130].

The superposition of the different multi-path components having 

each a different elliptical polarization scheme will lead to another ellip

tical polarization scheme. In a dynamic scénario, the lOs could change 

their position and/or shape over time, leading to a dynamic receive 

scheme where the global receive polarization ellipse changes over time.

In the context of system-based statistical channel modeling, a clas- 

sical approach in modeling the multi-polarized MIMO channel is to 

consider the signais received at one vertical and two horizontal per

pendicular antennas. Previous works hâve been done in order to 

model the multi-polarized MIMO channel at different scales of varia
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tion [68,79,98,103-106]. While these works tend at characterizing the 

signais received at one vertical and one or two horizontal perpendicrdar 

antennas, no work has been done in order to model the global polariza

tion of the received fields from an electromagnetic point of view.

The aim of this chapter is to characterize the time dynamics of the 

receive polarization ellipse for a particular scénario and in a statistical 

System based approach. This new approach has the advantage to be 

transposable to any orientation of a receiver with multi-polarized co- 

located antennas.

In previous works treating multi-polarized MIMO channels, no atten
tion has been paid to 6x a particular orientation for the receive antenna 
System. While this approach has the advantage to model the channel 
in a situation where the orientation of the receive antenna System does 
not stay the same ail the time, it does not let the model to be transpos
able to a particular orientation of the receive antenna System. In fact 
the receive antenna System is made of three perpendicular co-located 
antennas and as the orientation of this antenna System changes, the 

channel changes as well. The approach used in this work for modeling 

the multi-polarized channel could be applied to any orientation of the 

receive antenna System, by projecting the receive elliptical polarization 

to the receive antenna System.
With this new approach, the performance of wireless communications 

could be improved, by adapting the receive antenna System based on the 

informations on the receive elliptical polarization.
Based on a theoretical analysis and a measurenient campaign, a sta

tistical model of the polarization ellipse is developed. The measurements 

are made in an indoor-to-indoor scénario and at a frequency of 3.6 GHz. 

Different measurement positions are considered in a LOS and a NLOS

scénario.
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3.2 Theoretical formulation of the elliptical po
larization

An elliptically polarized wave may be resolved in two linearly polarized 

waves having different phases and amplitudes and being perpendicular 

to each-other. Different set of parameters may be used in order to char- 

acterize an elliptical polarization in the three dimensional (3D) space. In 

the two dimensional (2D) case, the passage from the received signais on 

two perpendicular antennas to the elliptical polarization parameters is 

immédiate [131]. In a more realistic 3D scénario, this passage is less in

tuitive and requires the knowledge of the orientation of the polarization 

plane (characterized by the vector normal to its surface (Figure 3.1)).

Figure 3.1: The 3D représentation of the received polarization ellipse
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Let consider É{t), the electric field at the receiver. As explained in 

section 2.2, this electric field will induce a signal at the three receive 

perpendicularly polarized onmidirectional antennas through the respec

tive équivalent height of each antenna. Let sv{t), and SH2{t)

dénoté the received signais at the vertical and the two horizontally po

larized antennas respectively. The phasors associated with these signais 

are given by:

(s \

s = Sy = Sfj2e^<t>n2 (3.1)

[ S, J
where sv,shi and sh2 are the amplitudes and 4>v, <I>hi and <j>H2 are 

the phases of the received signais at the vertically and the two horizon

tally polarized perpendicular antennas.

The vector of the received signal s and its complex conjugate s* are 

both located in the polarization plane [132]. The vector V normal to 

the polarization plane is parallel to the cross product of the two vectors 

JS and s* [132]:

V = JS X s*

+ j{szsl - sls^)ly 

T ii^X^y ~

= -2Im(syS*)lx - 2Im(s2S*)ly - 2Im(sxspi^ (3.2)

The normal to the polarization plane is thus given by the vector V:

\={V^,Vy,V,) (3.3)
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where

Vx = -2 Im{sj,s*}

Vy = -2 Im{s^4} (3.4)

V, = -2

V is characterized by its azimuthal and élévation angles (f> and 6, 

defined in the Cartesian coordinate System OCi formed by the three 

receive antennas. The normal to the polarization plane belongs to the 

half space defined by: 0 < (^ < tt and 0 < 0 < tt. In fact as only the 

normal to the polarization plane is known but the direction of arrivai of 

the global incident wave is not known and has no meaning, the normal 

vectors situated in the half space defined by tt < 0 < 27t and 0 < 0 < tt 

are équivalent to their corresponding parallel and opposite vectors in the 

other half space defined by 0 < (^ < tt and 0 < 0 < tt. This is illustrated 

in figure 3.2.

Let us consider OC2 the spherical coordinate System defined by the 

vector V and its orientation angles 6 and <t> (Figure 3.3). Let ée, and 

e7 be the orthogonal axes of OC2 defined in the direction of increasing 

6, (j) and r. In this way, the ep axis is parallel to the direction of the 

normal to the polarization plane and the two axes ee and define a 
transverse 2D basis containing the polarization plane. As a resuit, the 

signal components in the coordinate System OC\ are transformed into 

the coordinate System OC2 by the following transformation [133]:
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Figure 3.2: A given vector V2 situated in the half space defined by tt < 
(j) <2n and 0 < 0 < tt and representing the normal to the polarization 
plane and its équivalent vector V\ situated in the other half space defined 
by 0 < (^ < TT and 0 < 0 < tt
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Figure 3.3; The two coordinate Systems OCi (in black) and OCi (in 
blue) for a given normal to the polarization plane V

Se

[s^ J

^ sin 6 cos 4> sin 0 sin (j) 

cos 9 cos (j) cos 9 sin 

^ — sin 0 cos (f)

cos 6 

— sin 9 

0

s

Sy (3.5)

where the radial component Sr will be zéro.

Having the two transverse components se and s^, the elliptical polar

ization parameters in the polarization plane are obtained by the classical 

2D relations (Figure 3.4).



Figure 3.4: The représentation of the polarization ellipse in the polar- 
ization plane

The phase différence between the two transverse components is de- 

fined by;

S = phase(s^) — phase(s0) (3.6)

The orientation of the polarization ellipse in the polarization plane is 

determined by the tilt angle of the ellipse in the transverse basis. The tilt 

angle is defined as the angle between the major axis of the polarization 

ellipse and the eg axis and is confined in the interval [—f,+f]- Let us 

define, k, the quotient between the amplitudes of the two transverse 

components:
lo„l

(3.7)K = |se|

Let us define the angle '0 as: 

1
%li arctan

2|se||s0|cos((5)
(3.8)

2 |s0p-|S0|2

In the case where k > 1, the tilt angle is given by équation 3.8: 

xj) = ’ip.
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In the case where k < 1, the tilt angle is given by:

• ^ = •0+1 if 7^<0

• = — I if ‘ip > Q

The ellipticity angle r is given by:

1 . 2|se||s0isin((5) 
T — - arcsm ■^

2 |SôP + |s0|2
(3.9)

The ellipticity rate e represents the degree of ellipticity of an electro- 

magnetic wave. The value |e| = 1 corresponds to a circularly polarized 

wave and the value |e| = 0 corresponds to a linearly polarized wave. The 

ellipticity rate e is given by:

e = tan(r) (3.10)

The amplitude of the wave A is given by :

^ = -\/|seP + (3.11)

Finally, the length of the semi-minor and the semi-major axis are 

given by:

Ay, = |Asin(r)| 

Ax' = |Acos(r)|
(3.12)

Five parameters are used in order to obtain the receive polarization 

ellipse in the 3D space. Different set of parameters could be used for 

this purpose. A particular set of parameters which could be used is 

for instance given by the orientation of the normal to the polarization 

plane {6 and <f>), the orientation of the polarization ellipse in the polar

ization plane {ip) and the length of the semi-major and the semi-minor 

axes. Another set of parameters could be given by the orientation of 

the normal to the polarization plane {9 and <p), the orientation of the
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polarization ellipse in the polarization plane {ip), tire amplitude of the 

wave A and the ellipticity angle r.

In the following, the temporal variations of the polarization ellipse 

are characterized based on an indoor-to-indoor measurement campaign.

3.3 Measurements

A measurement campaign lias been performed using the ULB/UCL 

Elektrobit MIMO channel sounder.

Electrobit channel sounder

The channel sounder is a device which measures the complex baseband 

response of the channel. The channel sounder is made of two trans

mit and reçoive units. The two units can be separated without any 

cables between the two units. Each unit has a rubidium dock. By 

synchronizing the two rubidium docks, the two units stay synchronized 

separately. To avoid the phase drift, the two units could also be syn

chronized by a connecting cable using only one of the rubidium docks. 

As the dock signal is at low frequency (10 MHz), it could be transmit- 

ted over long cables without any significant atténuation. The Electrobit 

channel sounder transmits and reçoives long pseudo-noise sequences to 

détermine the channel impulse response.

The transmit and receive units are each connected to a switch which 

enables very fast switching between 8 antennas at the transmitter and 

8 antennas at the receiver. This capability of the sounder is crucial if 

the temporal variation of the channel is studied in a dynamic channel 

scénario. The sounder covers the frequencies between 3.4 to 4.2 GHz 

with a maximum of 200 MHz Bandwidth. In the single dock mode, 

before starting the measurements, the absolute time of Tx and Rx should 

be synchronized and the System should be calibrated. Then the two 

units could be connected to the Tx and Rx antennas and separated
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while keeping the synchronisation cable between the two units.

The two units of the channel sounder are heavy and bulky devices 

(see figures. 3.5 and 3.6). This complicates the practical implémentation 

of the measurement campaigns. Some of these complications could be 

summarized as follow: Each unit has to be carried on a trolley, narrow 

doors should be avoided, the connection of the channel sounder with 

other measurement devices siich as positioner increases the size of the 

measurement devices and complicates the measurements, the impact of 

the channel sounder itself on the propagation channel, etc.

Experimental setup

The measurement parameters which are introduced in the sounder are 

summarized in Table 3.1. These parameters are chosen in a way to sat- 

isfy some criteria such as a good dynamic range in ail the measurement 

positions (around 25 dB), an adéquate temporal resolution, a sufficient 

number of temporal samples during a sufficient period of time, to respect 

the technical constraints related to the sounder including its stored data 

rate, etc. The working frequency was 3.6 GHz with a 200 MHz band- 

width. The transmitter and receiver units of the sounder (Figures. 3.5 

and 3.6) were connected using a 32-meter N-cable, to run the sounder 

on a unique dock to avoid phase drift. Both the transmitter and the 

receiver were tri-pole antennas, composed of three perpendicular co- 

located short linear antennas. these antenna are the same type than 

the one used in the previous measurement campaign described in sec

tion 2.3. Although the used antennas are experimental measurement 

antennas, similar compact patch-antenna Systems hâve already been de- 

veloped for mobile applications [134]. The transmitter and the receiver 

were at about the same height. Each cycle recorded the complété 3x3 

channel matrix. The channel sample rate was 281.171 Hz and a total of 

30000 cycles were recorded (over 106 s recording time). An illustrative
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diagram of the measurement setup is presented in figure 3.7.

The receiver and the transmitter modules were each carried on a 

separate trolley in order to facilitate the movement of the sounder and 

the measurement in different positions (figures 3.5 and 3.6). A fixation 

System was built in order to carry the Data Acquition Unit(DAQ), the 

receiver unit, the switching System, and the receiver laptop on a same 

trolley.

Table 3.1: Sounder measurement parameters

Center frequency 3.6 GHz

Bandwidth 200 MHz

Transmit power 23 dBm

Channel sample rate 281.171 Hz

Samples/chip 4

Code length 511

Number of measured cycles 3000 cycles (106.7 sec)

Stored data rate 13.154 MB/s

Three scénarios are investigated:

• LOS Dynamic: There is a LOS between the transmitter and the 

receiver which are both in the same room (Figure 3.12). Both the 

transmitter and the receiver are static during the measurements 

while people are randomly moving around (figure 3.8). The mea

surements are made at a total of 4 diflFerent positions. The floor 

plan of the measurements is given in figure 3.11.

• LOS Back-Dynamic: There is a LOS between the transmitter and 

the receiver which are both in the same room. Both the transmitter 

and the receiver are static during the measurements while people
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Figure 3.5: The transmitter unit

are randomly moving around without blocking the LOS between 

the transmitter and the receiver (figure 3.9). The measurements 

are made at a total of 4 different positions. The fioor plan of the 

measurements is given in figure 3.11. •

• NLOS Dynamic: There is non LOS between the transmitter and 

the receiver. A Lab-to-Lab scénario is considered where the trans-
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Figure 3.6: The receiver unit

mitter is in a first room at the saine place than the LOS scénario. 

The measurements are carried out in two successive rooms at a 

total of 12 different positions. At each position, the receiver and 

the transmitter were static during the measurement while people 

were randomly moving around (figure 3.10). The floor plan of the 

measurements is given in figure 3.11.

In each scénario and for each measurement position, a static mea

surement was also made in order to compare the static and the dynamic
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Rx Tx

behaviors of the channel. To allow the reproduction of the model and 

to hâve the same orientation of the basis, in ail the measurement po

sitions, the same orientation was imposed for the transmitter and the 

receiver tri-pole antennas. The measured impulse responses were aver- 

aged over 3 successive impulse responses to increase the measurement 

SNR, yielding a final channel sampling rate of 93.72 Hz. Finally, the 

narrowband MIMO matrices were obtained by summing the wideband 

impulse responses in the delay domain. While only the vertically polar- 

ized antenna is considered at the transmitter side, ail the three antennas 

are considered at the receiver side.

3.4 Results

Based on the measurements and the theoretical expressions presented 

earlier in this chapter, the temporal variations of the parameters de- 

scribing the receive polarization ellipse in the 3D space are analyzed 

and a statistical model is deduced.
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Figure 3.8: The movement around the Rx and the Tx in the LOS dy- 
namic scénario

In order to obtain the statistical distribution of each parameter, the 

temporal samples of each parameter are first averaged over ten successive 

sarnples yielding a total number of 984 samples. Based on these tempo

ral samples, the statistical distribution that each parameter follows at 

each position is obtained. The following distributions were tested: Beta, 

Exponential, Gamma, Gaussian, Generalized extreme value, Lognormal, 

Nakagami, Rayleigh, Ricean, T location-scale and Weibull. Among these 

distributions. A, A^', Ay>, e and tp were best fitted with a Gaussian dis

tribution. The best fitting for the <t> parameter was obtained by the 

Gaussian and the Generalized extreme value distributions [135]. As for 

the 0 parameter, the best fitting is obtained by the Gaussian and the 

T location-scale distributions [136]. As explained later in this chapter, 

the time-variant dynamics of the channel is also studied based on the
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Figure 3.9: The movement around the Rx and the Tx in the LOS Back- 
dynamic scénario

autocorrélation fonctions of each parameter. During the génération step 

of the model, in order to be able to generate statistical temporal samples 

which are correlated with each other, a Gaussian (or related Gaussian- 

family) distribution is required for the temporal samples [137]. For this 

reason the Gaussian distribution is selected for the 9 and the (j> pararn- 

eters as well.

An OverView of these Gaussian distributions and their respective pa- 

rameters is given in Tables 3.2, 3.3 and 3.4 for the NLOS D3mamic, the 

LOS Dynamic and the LOS Back-Dynamic scénarios respectively. The 

distributions of Ax>, Ayi and A are normalized with respect to the av

erage between the different positions of the mean value of the Gaussian 

distribution of the wave amplitude A.
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Figure 3.10: The movement around the Rx and the Tx in the NLOS 
scénario

For ail three scénarios, the mean élévation angle 9 is on average 

around 90 degree which corresponds to the horizontal plane and is con

sistent with the measurements setup where the transmitter and the re-

and a dénoté respectively the mean and the standard déviation of the Gaussian 
distribution for each parameter and min, max and mean dénoté respectively the mini
mum, the maximum and the mean value of p or cr between the different measurement 
positions.
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Figure 3.11: Floor plan of the measurements

ceiver were more or less at the same height. However, a System approach 

was considered in the measurement setup. The antenna effects are thus 

included in the channel measurements. As omni-directional antennas 

with high XPI were used in the measurements, the antenna effects are 

minimized. Moreover, the tri-polarized antennas used at the transmitter 

and the receiver were made of three cross-polarized co-located antennas. 

Each antenna was connected to a cable of about 2 meters. The con

necting cables could not be disconnected from the antennas. As a resuit 

during the calibration phase, the phase shift and the atténuation gener-
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Figure 3.12: A particular position in the LOS scénario

ated in these cables were not taken into account. Therefore, the normal 

to the polarization plane does not necessarily represent the physical di

rection of arrivai of the main beam. In Figure 3.13, the directions of the 

normal to the polarization plane are presented in 3D space and for the 

first measurement position in the LOS-Dynamic scénario. We notice the 

concentration of these vectors in a privileged direction. In other words, 

the direction of arrivai of the measured elliptical polarization is concen-
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Table 3.2: OverView of the statistical distributions of the parameters
describing the polarization ellipse for the NLOS Dynamic scénario ^

Parameters a

of the ellipse min max mean min max mean

0.152 1.731 0.942 0.014 0.327 0.165

Ay> 0.034 0.635 0.269 0.012 0.192 0.074

A 0.157 1.75 1 0.015 0.301 0.166

e -0.460 0.464 -0.085 0.074 0.270 0.156

%p (radian) -0.689 -0.043 -0.3 0.046 0.734 0.315

4> (radian) 0.3133 2.2048 1.0989 0.3004 1.1110 0.6345

6 (radian) 1.2960 2.3254 1.9592 0.0692 0.5212 0.2509

Table 3.3: OverView of the statistical distributions of the parameters
describing the polarization ellipse for the LOS Dynamic scénario

Parameters a

of the ellipse min max mean min max mean

0.707 1.362 0.925 0.149 0.276 0.207

A y! 0.299 0.437 0.351 0.069 0.149 0.103

A 0.776 1.442 1 0.144 0.288 0.213

e -0.325 0.300 -0.013 0.150 0.312 0.261

ij} (radian) 0.174 0.858 0.543 0.244 0.436 0.372

(j) (radian) 0.8109 2.7449 1.8462 0.4134 0.9088 0.6547

9 (radian) 1.4898 2.0490 1.8186 0.1716 0.6456 0.4172

trated in a privileged direction. This concentration is more obvions in 

case of a static channel as shown in figure 3.14. Similar observations 

were made for the other measurement positions.
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Table 3.4: OverView of the statistical distributions of the parameters 
describing the polarization ellipse for the LOS Back-Dynamic scénario

Parameters IJ- a

of the ellipse min max mean min max mean

>lx' 0.621 1.379 0.932 0.063 0.095 0.079

Ay> 0.263 0.4 0.342 0.044 0.079 0.058

A 0.679 1.447 1 0.058 0.095 0.079

e -0.447 0.301 0.009 0.071 0.289 0.168

ij) {radian) 0.225 1.067 0.695 0.111 0.324 0.214

4> {radian) 0.5463 2.9234 2.0212 0.2312 0.6221 0.4457

9 {radian) 1.5321 2.2711 1.8957 0.0823 0.7501 0.3205

Figure 3.13: The directions of the normal to the polarization plane in 
3D space and for a dynamic channel

A wide range of variation is obtained for the mean direction of the 

normal to the polarization plane. The mean direction of the normal to
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y

Figure 3.14: The directions of the normal to the polarization plane in 
3D space and for a static channel

the polarization plane highly dépends on the position of the receiver and 

the geometrical configuration of the environment.

We notice the close values of /i between the LOS Dynamic and LOS 

Back-Dynamic scénarios and higher values of a in the LOS Dynamic 

scénario compared to the Los Back-Dynamic scénario. Regardless of how 
people move around the receiver, the elliptical polarization parameters 

stay the same on average. However the parameters will be much more 

deviated from the mean values in case of a total dynamic scénario.

We also note the wide range of variation of the mean ellipticity rate 

parameter between the different positions. As the ellipticity rate repre- 

sents the degree of ellipticity of a wave, this means that the transmit- 

ted vertically polarized wave is received in many different polarization 

schemes at the receiver. This polarization variability is not exploited in 

classical MIMO Systems where a set of spatially separated co-polarized 

antennas is used. This problem is solved by using three perpendicularly
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polarized antennas which receive ail incident polarizations.

As the interaction of the transmitted wave with the environment 

surrounding the transmitter and the receiver is higher in the NLOS 

scénario, the mean ellipticity rate is on average higher in the NLOS case 

and remains doser to zéro in the LOS scénarios.

3.4.1 Time dynamics of the channel

In order to study the time-variant dynamics of the channel, the auto

corrélation functions of ail the parameters hâve been analyzed. For a 

value of autocorrélation higher than 0.5, similar trends are obtained for 

the autocorrélation functions of most of the measurement positions. An 

exemple of this similarity is given in figure 3.15 where the autocorréla

tion functions of the ellipticity rate is presented for different positions 

in the NLOS-Dynamic and LOS Bac-Dynamic scénarios.

Figure 3.15: Autocorrélation functions of e for different measurement 
positions (blue thin line) and the mean autocorrélation fonction of e 
between the different positions (black bold line) in NLOS and LOS-Back 
Dynamic scénarios

For each scénario, the average autocorrélation fonction was obtained 

by averaging the autocorrélation functions of ail the positions. For ail 

the parameters the average autocorrélation functions hâve very similar
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trends between the three scénarios. This is shown in figure 3.16. Re- 

gardless of how people moves around the receiver and the presence or 

not of a LOS between the transmitter and the receiver, the temporal 

dynamics of the parameters describing the polarization ellipse are the 

same on average. The average autocorrélation functions were best fitted 

with a decaying exponential model. The parameters of these exponential 

models are presented in Table 3.5. The cohérence Urne of each param- 

eter represents the duration over which the parameter is considered to 

be not varying. In the literature, the cohérence times is assumed to be 

the duration over which the autocorrélation function is above a certain 

pourcentage of its maximum value. During this period, the parameter 

is assumed to change only slightly. The cohérence times of the differ

ent parameters are given in Table 3.6 for the level of 0.7 and 0.5 which 

correspond to the usual levels used in the literature [137].

For the sake of comparison, the cohérence times of the received sig

nais at the three reçoive antennas are given in Table 3.7. We notice the 

close values of the cohérence time of received signais at the three receive 

antennas with the cohérence times of Ax>, Ayi and A and higher val

ues of cohérence time compared to the other parameters of the elliptical 

polarization.
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Figure 3.16: Average autocorrélation functions of the different parameters for 
the NLOS, LOS Dynamic and LOS Back-Dynamic scénarios
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Table 3.5: Exponential models of the autocorrélation fiinctions

y = exp{—bt) b {s 1)

3

Ay' 3.52

A 2.88

e 4.63

4.81

e 5.31

<l> 5.27

Table 3.6: Cohérence time in seconds of the different parameters at 0.7 
and 0.5 levels_____________________________________________

Cohérence time (s) level=0.5 level=0.7

0.231 0.119

Ayl 0.197 0.101

A 0.241 0.124

e 0.15 0.077

xP 0.144 0.074

9 0.13 0.067

0.131 0.068

3.5 Projection of the elliptical polarization

In previous sections, the multi-polarized MIMO channel was charac- 

terized from an electromagnetic point of view by modeling the receive 

elliptical polarization. In this section, the theoretical formulation needed 

in order to project the receive polarization ellipse into the System axis
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Table 3.7: Cohérence time in seconds of the received signais at the three 
receive antennas at 0.7 and 0.5 levels_____________________

Cohérence time (s) level=0.5 level=0.7

Vertical Rx 0.235 0.121

Horizontal Rx 1 0.209 0.108

Horizontal Rx 2 0.241 0.124

composed of three cross-polarized antennas are obtained. Having a given 

combination of 5 parameters characterizing the polarization ellipse in the 

3D dimension, the multi-polarized channel could be obtained by project- 

ing the polarization ellipse to the receive antenna System.

Let us first consider the polarization ellipse in its polarization plane 

as presented in figure 3.4. The parametric équations of the elliptical 

polarization in the æ'y' axis are given by:

x' = Ax' cos(t) (3.13)

y'= Ay'sin{t) (3-14)

where t € [0, 27t] .

The parametric équations of the polarization ellipse in the 6^6,^ axis 

could be obtained from its parametric équations in the x'y' axis by the 

following transformation:

/ \ 1 ee

V ) \

cos ijj —sinip 

sin xp cos xp

\ ('x'I

/

(3.15)

By combining the équations 3.13, 3.14 and 3.15, the parametric équa

tions of the polarization ellipse along the e$ and are given by:

eg = Ax' cos{xp) cos{t) — Ay> sinxpsm{t) 

e</> = Ax> sin{xp) cos(t) -I- Ay> cos^sin(t)

(3.16)

(3.17)
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The amplitude of the two transverse components |se| and are 

obtained by maximizing as a function of t, the parametric équations of 

the polarization ellipse along the e$ and the axes respectively:

For |sÿ| for instance, first the value of t which maximizes the para

metric équation of the polarization ellipse along the ee axis is found by 

equalizing to zéro the derivate of the e$ component as a function of t:

dee
dt

= 0

dt
(A^i cos{ip) cos(t) — Ay> sin V’sin(t)) = 0

=> —Ax' cos(^) sin(t) — Ayi sin^ cos(t) = 0 

t = arctan (3.18)

The |se| component is found by replacing équation 3.18 in 3.16:

/ \ A /
Ax> cos(V') cos ( arctan —^ tan(^)

-Ay! sin sin ^arctan •^tan(^)
Ax>

For a given variable x we hâve [138]: 

sin (arctan(x)) =

cos (arctan(a;)) =

y/l + x“^ 
1

yj\+x^

As a resuit the équation 3.19 could be simplified to:

|sô| =
Ax! cos(^) -I- sin(^) tan(V')

ll + ^tan2(-0)

(3.19)

(3.20)

(3.21)

(3.22)

The same process is followed in order to obtain the amplitude of

transverse component along the axis, js,/,]. First the value of t which
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maximizes the parametric équation of the polarization ellipse along the 

axis is found by equalizing to zéro the derivate of the component 

as a function of t: 

de^
dt

= 0

dt
(Ax' sin{ip) cos{t) + Ay> cos V’sin(t)) = 0

-Ax> sin(^) sin(t) + Ay> cosipcos{t) = 0
'A,

=> t = arctan
. ^x'

— COt(V’) (3.23)

The |sÿ| component is found by replacing the équation 3.23 in the 

équation 3.17:

\s<t,\ = Ax' sin(^) cos ^arctan cot{tp) ^

l^cot(^) ^+Ay' cos'^ sin ^arctan (3.24)

Using, the relation 3.20 and 3.21, the équation 3.24 could be simpli- 

fied to:

Ax> sin(V^) + cos(^) cot('0)

Il + ^cot2(^)
(3.25)

Having the ellipticity angle r, and the amplitude of the two trans

verse components |s6i| and the phase différence between the two 

transverse components could be obtained by inversing the équation 3.9:

6 = arcsin
(|se|^ + |S0|^) sm(2r)

2Is^l|s0|
-■k!2<5 <1^12 (3.26)

For a given angle x, sin(x) = sin(7r - x). Therefore, given the équa

tion 3.26, S does not necessarily represent the phase différence ô in ail 

its interval of variation [0, 27t]. Depending on the value of the tilt angle 

ip, the phase différence S between the two transverse components could 

be obtained based on 6 by the following relations:
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• 6 = 6 iî ip >0

• 6 = TT — 6 iî 'tp < 0.

Finally, having the amplitude of the two transverse components |s6i| 

and js^l, the phase différence, J, between these two components and 

the angles 6 and (p defining the direction of the normal to the polariza- 

tion plane, the received signais at the three receive antennas could be 

obtained by inversing the équation 3.5:

^ sin^cos^ sinOsiïKp cosO ''
-1

( 0 \

Sy = cos 0 cos (p cos 6 sin (p — sin 9

\ J ^ — sin ^ cos (p ^ / ^ \s4,\e^^ y

where for a given matrix A, A ^ dénotés the inverse of A.

3.6 Generating the model

In this section the process of generating a time-varying multi-polarized 

channel model based on the time-varying model of the polarization el

lipse is explained. A particular combination of 5 parameters are needed 

in order to completely obtain the polarization ellipse in the 3D dimen

sion. The following set of parameters could for instance be used: A, r, 

tp, 0 and (p.

The objectif is to produce time-series which follow a given Gaussian 

distribution while keeping a given corrélation between them [137]. First, 

i.i.d. random samples of the elliptical polarization parameters are gen- 

erated using zero-mean unit-variance Gaussian distributions. The cor

rélation between the temporal samples are then included in the model 

using a statistical method based on the Cholesky factorization of the 

corrélation coefficient matrix. The niean and the standard déviation of
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each parameter are then included in the time-varying model using the 

Gaussian distributions given in Tables 3.2-3.4.

For each of the 5 parameters, the different steps in order to generate 

time-varying statistical sériés are summarized in the following;

1. Generating i.i.d random samples X = {X1X2,Xm) using a zero- 

rnean unit-variance Gaussian distribution N{0,1). The size of the 

generated samples dépends on the duration of the time-series and 

the sampling frequency.

2. For the duration of the time sériés, developing a vector of autocor

rélation, by sampling the autocorrélation functions given in Table

3.5 at the sampling frequency.

3. Developing the “covariance” matrix Cov by performing a Toeplitz 

operation on the vector of autocorrélation [139]. Let the vector of 

autocorrélation be: p = (1 p2 Pz ■■■ Pm) where pi corresponds to 

the element of the autocorrélation function.

In this case, the covariance matrix, Cov, is obtained by:— ----------- ------------7--------- ---------

1 1

----------------7

P2

~ — 7-----

Pz PA pm

P2 1 P2 Pz Pm—l

Pz P2 1 P2 Pm—2

Cov = Toeplitz (p) =

\ Pm Pm—1 Pm—2 Pm—Z ... 1 )
(3.28)

4. Performing a Cholesky factorization of the matrix Cov, whereby 

lower triangular matrix C is obtained such that Cov = CC where 

(.)' dénotés the transpose operation.
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5. The zeromean unit-variance correlated samples Z = 

(Zi, Z2,Zm) are obtained by the following operation:

Z = CX (3.29)

6. Finally, considering the mean /x and the standard déviation a for 

the Gaussian distribution of the considered elliptical polarization 

parameter, the vector of correlated samples P, following a Gaus

sian distribution N{iJ,, a), are obtained by the following operation:

P = fi + aZ (3.30)

By performing this operation for each of the 5 elliptical polariza

tion parameters, the polarization ellipse is generated based on the time- 

varying statistical model developed in this chapter. In order to ob- 

tain the received signal at each of the cross-polarized receive antennas 

the generated polarization ellipses should be projected onto the multi- 

polarized antenna System by using the operations explained in section 

3.5.

An example of the time-series obtained by measurements is given 

for a particular position and for the particular case of the A parameter 

in figure 3.17a. The corresponding times-series obtained by simulation 

using the process explained in section 3.6 is given in figure 3.18b. In 

figure 3.18, the time-series are given during one second of time-interval. 

Given the order of magnitude of the corrélation times, the corrélation 

between the temporal samples is more obvions in these figures.

A comparison between the GDF of the measured and simulated time- 

series is given in figure 3.19. As expected, we notice the close matching 

between these two GDF.
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Figure 3.17: Time sériés of the measured and simulated normalized A 
parameter for a particular position in the NLOS scénarios

(a) Mectsured time-series (b) Simulated time-series

Figure 3.18: Time sériés during 1 sec of the measured and simulated 
normalized A parameter for a particular position in the NLOS scénarios

3.7 Conclusion

In this chapter, a time varying statistical model of the elliptical polariza

tion of the received waves was presented for a particular indoor-to-indoor 

scénario. The proposed model was based on a theoretical formulation 

which was applied to the résulta obtained from an indoor-to-indoor mea- 

surement campaign. The statistical distributions of the parameters de- 

scribing the polarization ellipse in the 3D space were obtained.
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Figure 3.19: comparisoii between the CDF of the ineasured and simu- 
lated time-series of the normalized A parameter for a particular position 
in the NLOS scénario

Regardless of how people move around the receiver, the elliptical 

polarization parameters stay the same on average. However the param- 

eters will be much more deviated from the mean values in case of a total 

dynamic scénario.

We also noted the wide range of variation of the mean ellipticity rate 

parameter between the different positions. The transmitted vertically 

polarized wave is received in many different polarization schemes at the 

receiver. This polarization variability is not exploited in classical MIMO 

Systems where a set of spatially separated co-polarized antennas is used. 

This problem is solved by using three perpendicularly polarized antennas 

which receive ail incident polarizations.

As the interaction of the transmitted wave with the environment 

surrounding the transmitter and the receiver is higher in the NLOS 

scénario, the mean ellipticity rate is on average higher in the NLOS case 

and remains doser to zéro in the LOS scénarios.

In order to study the time-variant dynamics of the channel, the au-
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tocorrelation functions of ail the parameters hâve been analyzed and 

exponential models were proposed for the autocorrélation functions of 

the parameters.

Regardless of how people moves around the receiver and the presence 

or not of a LOS between the transmitter and the receiver, the temporal 

dynamics of the parameters describing the polarization ellipse are the 

same on average.

For a value of autocorrélation higher than 0.5, similar trends are 

obtained for the autocorrélation functions of most of the measurement 

positions. For ail the parameters the average autocorrélation functions 

hâve very similar trends between the three scénarios.

An analytical formulation was also proposed in order to project the 

polarization ellipse onto an antenna System cornposed of three cross- 

polarized co-located antennas. Finally, the different steps needed in 

order to generate a time-varying multi-polarized channel sériés based on 

the proposed time-varying model of the polarization ellipse are given. 

This analytical framework will be further used in chapter 5 in order to 

study the effect of the antenna orientation and the time-dynamics of the 

channel on the spectrum sensing performances of a proposed spectrum 

sensing method.



Chapter 4

Multi-polarized Spectrum
Sensing by 

Energy-Detection

4.1 Introduction

In order to satisfy the primordial non-interfering condition in a cognitive 

radio System, the secondary user must be able to detect reliably and 

quickly the presence of a primary user in a frequency band [15]. Among 

the different spectrum sensing techniques which hâve been proposed so 

far in the literature Energy Détection (ED) has been widely applied 

since it does not require any a priori information about the primary 

signal and has much lower complexity [38,39,107].

However in practice, spectrum sensing is considerably deteriorated 

by the fading nature of wireless channels so that a primary user could 

be completely hidden from a secondary user. Multi-antenna sensing has 

been proposed as an interesting way to reduce channel fading effects by 

introducing spatial diversity into the spectrum sensing scheme. Several 

previous works hâve already treated the application of energy detector 

on a multiple antenna System [53-59]. It has been found that the poor 

sensing performances of a single antenna System are considerably im- 

proved by the use of spatial diversity at the Secondary Terminal (STE). 

However, there are two limiting issues in the use of spatial diversity 

which could be resolved by the use of co-located cross-polarized MIMO 

antennas at the STE.
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First of ail it is shown in [55] that in correlated channels the sensing 

performance of a multi-antenna CR System using spatial diversity is de- 

teriorated; hence, to benefit from diversity, a large inter-antenna spacing 

is reqiiired to lower the inter-antenna corrélation, which tends to increase 

the terminal size. The use of three perpendicularly polarized co-located 

antennas on the other hand, would let the STE be almost as compact 

as a single antenna System while enjoying the benefits of diversity by 

the low inter-antenna corrélation which exists between cross-polarized 

antennas [60,61,63].

Secondly, the STE may not be aware of the polarization used at the 

primary base-station (PTx) antenna. Moreover, the polarization of the 

transmitted primary wave is randomized owing to the different interac

tions with the surrounding environment so that the signal received at 

the STE is composed of many waves with different polarizations. This 

polarization variability is not exploited in the spatial diversity case, and 

depending on the primary transmitted polarization and the orientation 

of the STE, the sensing performance could be deteriorated. This issue 

could be solved by the use of three perpendicularly polarized antennas 

which receive ail incident polarizations.

The problem of multi-polarized spectrum sensing has been previ- 

ously addressed in [140,141] where only two perpendicularly polarized 

antennas are considered at the STE. However, the received wave can 

not be completely obtained by only 2 of its three polarization compo- 

nents and a third orthogonal antenna is needed in order to receive ail the 

incident polarization components. Moreover, the received polarization 

State is not obtained based on a real scénario where the real channel 

depolarization is taken into account but only randomly and uniformly 

generated. While the depolarization is niainly happening through the 

propagation in the channel, the channel eflFect is not studied neither.

In this chapter, the sensing performance of a CR System using a
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tri-polarized antenna at the STE and in a real-world scénario is inves- 

tigated. This analysis is based on the outdoor-to-indoor measurement 

campaign described in chapter 2. In this scénario, the secondary net- 

work is deployed indoor and senses the signais received from an outdoor 

primary base-station.

Based on the results obtained from the measurement campaign of 

chapter 2 and a theoretical formulation described later in the présent 

chapter, the sensing performance of an energy detector applied to a tri- 

polarized antenna where each antenna expériences diflFerent uncorrelated 

Rayleigh fading is studied and compared to the spatial diversity case 

where the STE is made of three co-polar spatially separated antennas. 

The détection probability as a function of distance between PTx and 

STE, and the inter-antenna corrélation effect on the sensing performance 

are studied.

4.2 Problem formulation

Let us consider a typical outdoor-to-indoor CR scénario where a sec

ondary network is deployed indoor and senses the signais received from 

an outdoor primary base station (Figure 4.1). Three cases are con- 

sidered: a)A STE with a single antenna b)A STE with three co-polar 

antennas and c)A STE with three perpendicularly polarized antennas. 

The principal aim of this chapter is to analyze and compare the sensing 

performances of these three cases and to détermine how the polarization 

of the received electromagnetic waves could influence the spectrum sens

ing of a CR device. The analysis is based on a theoretical formulation 

applied to a real outdoor-to-indoor CR scénario through the measure

ment campaign of chapter 2.
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Figure 4.1: Considérée! outdoor-to-indoor CR scénarios

We consider a CR receiver made of M antennas (with M = 3 for the 

particular case of three cross-polarized antennas). Considering the signal 

bandwidth 2W (the signal is located in [-W,W]) and the observation 

time T over which signal samples are collected (chosen so that the time- 

bandwidth product 2TW be an integer), the goal is to déterminé whether 

a signal is présent (hypothesis Hi) or not (hypothesis i/o)-

Under Hi, the primary transmitted signal s{t) is received at the 

CR receive antenna over channel hi and additive zéro mean white 

Gaussian noise nj(t). The signal s{t) is assumed to be unknown deter- 

ministic signal. The received signal ri{t) at the receive antenna is 

then obtained under the two hypothèses by:

[ Hi : ri{t) = his{t) + riiit)
< (4-1)

Ho : Ti{t) = rii{t)

In the unrealistic scénario where the received signais on each antenna 

are uncorrelated, by combining the signais received on each antenna, the 

channel fading effects could be reduced and the sensing performance is 

thus improved. In this chapter, two combining methods are considered. 

First the (MRC) method is presented since it maximizes the sensing
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performance [142] and the SNR at the output of the combiner, Poutput 

[45]:

M
Poutput — ^ ' pi (4-2)

i=l
where p, is the SNR on branch i.

However, this optimal combining method requires the knowledge of 

the Channel State Information (CSI) from primary base station at the 

secondary terminal. Since in a realistic CR scénario the secondary user 

is not aware of the CSI from the primary base station, this method is 

only given as an optimal combining method for the sake of comparison 

with a second method, the Square Law Combining (SLC) method, where 

the knowledge of CSI from the primary base station is not required.

A modified energy detector is considered in order to difîerentiate the 

two hypothesis Hq and H\. With this detector the decision is based on 

the normalized quantity E=2Er/Nq where Er is the Base-Band (BB) 

représentation of the energy of the signal denoted y{t) at the combiner 

output and Nq is the one-sided noise PSD:

where y[k] dénotés the samples obtained by sampling y{t) at the Nyquist 

frequency 2W and N = 2TW is the total number of samples.

A signal will be considered as detected in the bandwidth 2W and 

during the observation time T, if the resulting modified energy at the 

combiner output is higher than a fixed threshold. Considering a détec

tion threshold, p, the probability of détection, Pd, and the probability 

of false alarm, Pfa, are defined by :

Pd = P[E > t]\Hi] 

Pfa = P[E > y\Ho\.

(4.4)

(4.5)
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In the following analysis, the case of a deterministic channel hi be- 

tween the primary transmitter and the CR receive antenna is first in- 

vestigated. Then, the case of a Rayleigh fading channel is studied where 

two diversity cases will be considered: Multipolar and Multi-antenna 

unipolar cases. In the multi-antenna unipolar réception scénario, ail 

the sub channels expérience a Rayleigh fading process with the same 

Rayleigh distribution parameter ah-

\hi\ ~ Rayleigh{ah). (4.6)

On the other hand, in the multi-polar réception scénario, each 

subchannel hi expériences a Rayleigh fading process with a different 

Rayleigh distribution parameter ahu

|/ij| ~ R,ayleigh{ahi) (4.7)

due to the cross-polar discriminations (XPD) which exists between the 

three polarizations. The XPD dénotés the amount of leakage from one 

polarization to another caused by the channel. This leads to different 

path-loss patterns for each polarization. The measurement campaign 

described in chapter 2 characterizes for an outdoor-to-indoor scénario, 

the path-loss as a fonction of distance for each of the three receive po

larizations. These results are used in this chapter.

In the following, anal3d;ical expressions of and PpA are given for 

MRC and SLC techniques and in a general case where each subchan

nel expériences a diflFerent Rayleigh fading process. In this context, 

this analytical development has already been made in [58] for the SLC 

technique but is new for the MRC technique. The application of the 

analytical expressions in a real-world scénario is then given, based on 

the measurement campaign.
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4.3 Deterministic channel

Let us first consider a deterministic channel hi between the PTx and 

each of the CR antennas.

4.3.1 MRC

Under the null hypothesis Hq, the combined signal y{t) at the combiner 

output is given by:

M
y{t) = J2h*rii{t) 

i=l
where h* is the complex conjugate of channel hi. 

Equation (4.3) gives:

E =
1

NoW

N

This can be rewritten as:

1
NoW

N

E Y,h*rii[k]

(4.8)

(4.9)

^ ,ELi\EÎiiKni[k]f

^ NoWah^
(4.10)

where al = |hjp.

Considering i.i.d. ni[k] with distribution A^(0, NqW) + jN{0, NqW), 

the variable J2fii h*nj[fc] ~ N{0,NoW al) + jN{0, NoWal). As a 

resuit, E' follows a Chi-square distribution with 2N degrees of freedom 

(X2n) cumulative distribution function (cdf) of E is then given by

cdfEiy) = cdfE'i^) = (4.11)

where 7(..,..) is the lower incomplète gamma function and F(..) dénotés 

the Gamma function [143].
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The probability of false-alarm is then given by:

Pfa = P[E > v\Ho] = 1-P[E< t]\Ho]
'r{N,î]/2al) 

T{N)
T(N)-'yiN,rj/2al) _ TiN,rj/2al)

1 - cdfE{Tj) = 1 -

T{N) T{N)

where r(..,..) is the upper incomplète gamma function [143]. 

Under the hypothesis H\ :

(4.12)

M M
y{t) = Kn{t) = Y + n{t))

i=l !=1
(4.13)

and

^ NoW^fe=i

M
Y + Kni[k]
i=l

(4.14)

This can be rewritten as:

E
ELi\^îii\hi?s[k] + h*ni[k]f

alNoW oiE" (4.15)

Considering i.i.d. ni[k] with distribution N{Q, NqW) + jN{Q, NqW), 

E” follows a non central chi square distribution with 2N degrees of 

freedom and the non centrality parameter A = 2 Pi = ‘̂ ■Poutput

{.E" ~ X2Ni^Poutput))■
The probability of détection is then obtained by :

Pd = P{E > r,\Hi) = P{alE" > r/jffi)

= P(E"> 4l^i)-
K

(4.16)
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Using [144], we can obtain the following closed-form expression:

Pd = Qn(\I^ (output )

where Qtv(., .) is the generalized Marcum Q function [145],

(4.17)

4.3.2 SLC

Using the SLC method, the combined signal y{t) at the combiner output 

is given by:

y{t) = 'J
M

i=l

(4.18)

Using the same approach than the one used above in the MRC case, 

as done in [58], the analytical expressions of Pd and Pfa for the SLC 

method and in a deterministic channel scénario are given by :

Pfa =
r(7VM,r//2)

r(iVM)

Pd = Qnm{\J^ output 1 Vv)-

4.4 Rayleigh fading channel

(4.19)

(4.20)

The mean probability of détection Pd for correlated Rayleigh fading 

channels is obtained by averaging the probability of détection for deter

ministic channels (4.20) and (4.17) over the pdf of Poutput referred to as

f iPoutput)-

Pd — / Pdipoutput) f {poutput)dpoutput- (4-21)
JO

It is shown in Appendix 1, how we obtain the analytical expressions 

of the pdf of Poutput for correlated channels and in a multi-polar réception 

scénario. The final resuit of this development is given in the following.
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The pdf of Pautput for correlated Rayleigh fading channels is given 

by:

1
= 7t(Zi-Z2)(Zi-Z3)

gZ2P qZzp

{Z2 - Z3KZ2 - Zi) ^ (Z3 - Zi)(Z3 - Z2)'

where Z\, Zi and Z3 are the pôles of

(4.22)

a — Pi + P2 + Ps

^ = P1P2 ~ |Pl2|^ P1P2 + P1P3 ~ IPl3p P1P3 + P2P3 “ |P23p P2P3

7 = P1P2P3 - IP12|^PiP2P3 - |Pl3pPlP2P3 “ |P23pPlP2P3 + 

P12P23PÎ3P1P2P3 + P13PÎ2P23P1P2P3

where Pj is the mean SNR received on the antenna and pÿ is the 

complex corrélation coefficient between the and j*'^ antenna.

4.5 Results

4.5.1 The implémentation context

The measurement campaign of chapter 2 is used in order to inipleinent 

the theoretical results obtained in the previous sections. An outdoor-to- 

indoor cognitive radio scénario is considered where the secondary net- 

work is deployed indoor and senses the signais received from an outdoor 

primary base station. The outdoor-to-indoor measurement campaign 

described in chapter 2 is used in order to obtain the path-loss mod- 

els between the different polarized antennas at the transmitter and the 

receiver.

By fitting the mean power values of the sub-channels obtained by av- 

eraging the 64 received power values in the 8x8 grid, a path-loss model
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was established for each of these sub-channels. The different path-loss 

models obtained from the measurements and in a least sqnares sense 

are presented in figures 4.2-4.7. The standard déviations of the shad- 

owing around the path-loss models are given in Table 4.2. An overview 

of the different path-loss équations is given in Table 4.1. The theoreti- 

cal expressions foimd in the préviens sections are simulated using these 

path-loss models. The mean received power and SNR, of the three po- 

larizations at the receive antennas and for different distances between 

the primary transmitter and the secondary terminal are obtained from 

these path-loss models. These vaines are used for the simulation of the 

analytical relations.

As assumed in previous sections, it has been verified through the 

measurements that the distribution of the channel could be approached 

by a Rayleigh fading distribution. A KS test confirmed this assumption. 

For a significance level of 5% the null hypothesis has been satisfied on 

75 ont of the 78 positions.

The simulations were made using a pre-specified probability of false 

alarm PpA = 0.01 and a fixed value of the time bandwidth product 

TW = 5 = 10). The transmit power was the one used in the

measurements (19 dBm). The noise variance NqW was fixed to -70dBm.
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Figvire 4.2: Path loss fitting for TXy - RXy

Figure 4.3: Path loss fitting for TXy - RXhi
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Figure 4.4: Path loss fitting for TXy - RXfj2

Figure 4.5: Path loss fitting for TXfj - RXy
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Figure 4.6: Path loss fitting for TXh - RXhi

Figure 4.7: Path loss fitting for TXh -
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Table 4.1: Path-loss équations^

TXv RXv P{dB) = -76.511ogio (d(m)) -b 55.59

TXv RXhi P{dB) = -71.891ogio {d{m)) + 43.05

TXv RXh2 P{dB) = -66.291ogio (d(m)) -b 33.87

TXh RXv P{dB) = —83.781ogio (d(m)) + 64.09

TXh RXhi P{dB) = -87.971ogio (d(m)) + 76.35

TXh RXh2 P{dB) = -77.401ogio {d{m)) -b 57.12

Table 4.2: Standard déviations of the shadowing around the path-loss 
models ___________________________________________

Standard Déviation (dB)

TXv RXv 3.53

TXv RXh\ 2.93

TXv RXh2 2.73

TXh RXv 3.21

TXh RXhi 4.69

TXh RXh2 4.21

4.5.2 Polarization and space diversity for uncorrelated 
channels

The probability of détection versus both the distance between the PTx 

and the STE, and the SNR at the receive horizontal antenna (RXhi) is 

shown for different diversity cases in figure 4.8. The sensing performance

^TXh RXv dénotés the link between the horizontally polarized antenna at the 
Primary base station and the vertically polarized antenna at the secondary terminal 
receiver. RXhi and RXh2 stand for the two horizontally polarized antenna at the 
secondary terminal receiver. P dénotés in dB scale, the received power relative to 
the transmit power of 19 dBm. d dénotés the distance in meter between the primary 
base station and the secondary terminal receiver
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of the single-antenna case, the polarization diversity case and the space 

diversity case (M = 3) are compared with each other. The probability of 

détection is obtained by numerically integrating (4.21) for each distance. 

The threshold // is numerically obtained for each distance to meet the 

false-alarm probability constraint.

As shown in this figure, in a single antenna case, the orientation of 

the secondary CR antenna has a significant négative impact on the dé

tection performance when it differs with the orientation of the primary 

transmitter antenna. In a practical case where the orientation of the 

STE does not stay the same ail the time, the sensing performance could 

then be significantly deteriorated. As shown in this figure, the use of di

versity considerably improves the sensing performance. By considering 

a minimum acceptable détection probability of 0.95, the use of diversity 

increases the range of acceptable sensing up to 18 meters. The minimum 

acceptable SNR is reduced up to 14 dB. Although in figure 4.8 the hori- 

zontally polarized antenna is considered at the transmitter side, similar 

conclusions are obtained for the vertically polarized transmit antenna.

As expected, the best performances are obtained by the MRC 

method. However this optimal method requires the knowledge of the 

primary to secondary CSI which is not practical in a realistic CR scé

nario. The détection performances are slightly decreased by using the 

SLC method where the knowledge of the primary to secondary CSI is 

not required anymore. For example for the multi-polar réception scé

nario, the SLC method increases the minimum acceptable SNR by less 

than 2 dB and decreases the range of acceptable sensing by less than 3 

meters.

For the same combining method, the best performance is obtained 

when using three separated receive antennas with the same orientation as 

the orientation of the PTx. The performance of the tri-polarized sensing 

lies between the spatial diversity cases with co and cross-orientation
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Distance(m)

Figure 4.8: Multi-antenna Multi-polar and single antenna comparison, 
M = 3, PpA = 0.01, N = 10, Horizontal polarization iised at transmitter 
side(TX//), SNR refers to as SNR obtained on the first horizontal reçoive 
antenna.

between PTx and STE. At lower SNR and in case of cross orientation 

between the PTx and the STE, the sensing performance of a CR System 

using spatial diversity could even become worse than a single antenna 

System having the same orientation than the PTx. In a practical case, 

where the orientation of the secondary terminal does not stay the same 

ail the time, the use of a tri-polarized antenna scheme at the secondary 

terminal is a good trade-off of performance.

Also as shown in figure 4.9, in a practical case where the orientation 

of the PTx is unknown, the use of a tri-polarized antenna scheme at 

the secondary terminal is a good trade-off of performance compared to 

the spatial diversity case, since ail the receive polarizations are taken
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into account. In addition, by using the multi-polarized sensing, we can 

considerably improve the sensing performance while having a compact 

antenna System.

Distance(m)

Figure 4.9: Multi-antenna and Multi-polar performance when the TX 
orientation is unknown, M = 3, Pfa = 0.01, N = 10, SNR refers to as 
SNR obtained on the first horizontal reçoive antenna.

The results given in the previous figures correspond to the mean 

probabihty of détection. In figure 4.10, the standard déviation of the 

instantaneous probabihty of détection around the mean probabihty of 

détection is given for the case of multi-polarized détection with SLC. 

The standard déviation is low at high SNR and increases as the SNR 

is reduced. For a SNR of 0 dB, the standard déviation of the instanta

neous probabihty of détection becomes as high as 0.3. This high range 

of variation around the mean probabihty of détection, decreases the re- 

liability of the System at low SNR. However, by increasing the number
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of samples, N, used for sensing, the values of low SNRs for which, high 

standard déviations are obtained for the instantaneous probability of dé

tection could be reduced. By fixing the value of acceptable probability 

of détection to 0.9, the probability that the probability of détection be 

above 0.9 is given in figure 4.11. By comparing the figures 4.8 and 4.11, 

we notice that both performance metrics start decreasing at around 10 

dB. However, by the reducing the SNR, the mean probability of détec

tion decreases less quickly than the probability that the probability of 

détection be above 0.9.

Distance(m)

Figure 4.10: The standard déviation of Pd around the mean P^, Multi- 
polarized détection with SLC, M = 3, PpA = 0.01, N = 10, Horizontal 
polarization used at transmitter side (TXh), SNR refers to as SNR 
obtained on the first horizontal reçoive antenna.
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Distance(m)

Figure 4.11: The probability that the probability of détection be above 
0.9, Multi-polarized détection with SLC, M = 3, Pj-'a = 0.01, N = 10, 
Horizontal polarization used at transmitter side (TXh), SNR refers to 
as SNR obtained on the first horizontal reçoive antenna.

4.5.3 Inter-Eintenna corrélation eflfect on

For the multi-polarized sensing case, based on the results obtained 

in [104], a normal distribution with mean 0.36 and standard déviation 

of 0.19 is considered for the amplitude of the inter-antenna corrélation. 

Based on the same paper, the phase of the inter-antenna corrélation pa- 

rameters is considered to be uniformly distributed between 0 and 27t. 

Figure 4.12 shows that, as expected, by increasing the amplitude of 

corrélation between the antennas, the sensing performances are deteri- 

orated. However even with a high inter-antenna corrélation, the perfor

mances of tri-polarized sensing remains considerably better than single 

antenna sensing.
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Distance(m)

Figure 4.12: Inter-antenna corrélation effect on the tri-polarized sensing 
and comparison with the single antenna case, SLC, M = 3, PpA = 0.01, 
IV = 10, Horizontal polarization used at transmitter side (TXh), SNR 
refers to as SNR obtained on the first horizontal receive antenna.

In figure 4.13, the probability of détection is presented for different 

levels of the inter-channel corrélation amplitude |p| and for the multi- 

polar and the single antenna cases. The sensing performances of tri- 

polarized sensing are slightly decreased with the corrélation amplitude. 

However even in case of high correlated channels, the sensing perfor

mance of tri-polarized sensing remains better than the single antenna 

case. In case of a mismatch between the polarization of the STE and 

the PTx, the sensing performances of a single antenna System are much 

more deteriorated than if a high inter-antenna corrélation exists in a 

tri-polarized System.
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Figure 4.13: Probability of détection vs inter-antenna corrélation coeflS- 
cient IpI, Horizontal polarization used at transmitter side {TXh), SNR 
at the first horizontal reçoive antenna = 4.4 dB, M = 3, Pfa = 0.01, 
N = IQ

4.6 Conclusion

In this chapter the performance of multi-polarized spectrum sensing 

based on energy détection was studied and compared to a multi-antenna 

co-polar System. A theoretical formulation was derived and applied 

to a real-world scénario, based on an outdoor to indoor measurement 

campaign. The détection probability versus the distance between the 

PTx and the STE was analyzed for the different cases. It was shown 

that the poor sensing performance of a single antenna System could be 

significantly improved by the use of polarization and spatial diversity. 

It has been found that in a multi-path environment, the performance of

TX^ Multipolar SLC

--------- TX^ RX|^ Single Antenna

---------TX^ RXy Single Antenna

__________________ I_____________________ I__________
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spectrum sensing by spatial diversity could be significantly deteriorated 

depending on the matching between the orientation of the PTx and 

the STE. In a practical case where the orientation of the STE is not 

the same ail the time and the orientation of the PTx is not known 

by the secondary user, the spectrum sensing by polarization diversity 

scheme takes into account ail the received polarizations and is thus 

a good compromise of performance. Moreover the space diversity 

scheme requires large spacing between antennas. By using co-located 

tri-polarized antennas, the STE could be almost as compact as a single 

antenna System while having a significant better performance. As 

expected, the inter-antenna corrélation was found to hâve a négative 

impact on the sensing performance. However, even with high inter- 

antenna corrélation, the performance of tri-polarized sensing remains 

considerably better than the single antenna case.

APPENDIX 1

The analytical expressions of the pdf of pmitput for correlated channels 

and in a multi-polar scénario using MRC and energy detector are derived 

by using the process used in [146]. The Laplace transform of f(pmitjmt) 

is first deduced by:

F{Z) = ^ifipoutput))

= [ f{pcmtput)e-^P°'^^^^dp^tpat = |I + Z-L\-^
Jo

where I is the identity matrix and |..| dénotés the déterminant of the 

matrix and:

P12VP1P2 P13VP1P3
\

Pl2yfPiP2 P2 P23VP2P3

^ P13VP1P3 P23VP2P3 P3 )

(4.24)
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wliere pij is the complex corrélation coefficient between the and 

antenna.

The fipmitput) is then obtained by the inverse Laplace transform of 

F{Z):

fiPoutput) = ^-\F{Z)) = ^ / e^^F{Z)dZ. (4.25)

By developing |I + ZLj the following expression is obtained

where :

1 + ZL\-^
1

l + aZ + /?Z2 + 7^3 (4.26)

a — Pi + P2 + Ps

0 — P1P2 ~ \Pl2^ P\P2 + PlPz ~ |Pl3pPlP3 + P2P3 ~ IP23|^P2P3

7 — P1P2P3 ~ IP12|^PiP2P3 ~ IP13|^PiP2P3 ~ IP23|^PiP2P3 + 

P12P23PÎ3P1P2P3 + P13Pi2P23PiP2P3-

Let Z\,Z2 and Z3 be the three pôles of 

1

F{Z) = 114-ZLp^
1

7(Z3 + fZ2 + fZ+i) 
1

y{z - zi){z - Z2){z - z^y

(4.27)

The inverse Laplace transform of F{Z) is then obtained by :
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f {Poutput) — L

(Z2

-\F{Z)) = h
7 ^eZ2P

- Z3){Z2 - Zj)

(,Z,p

(Zi - Z2){Zi - Z3) 
eZsp

+

+
{Z3-Zi){Z3-Z2)^

(4.28)
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Chapter 5

Blind Spectrum Sensing in
Cognitive Radios

5.1 Introduction

In the previous chapter we extended the Energy détection method to the 

multi-polarized antenna Systems. However a limiting issue in the use of 

Energy Detector is that it requires the knowledge of the noise variance 

at the STE. In practice, the noise variance is not known exactly at 

the STE [108]. An uncertainty on the estimation of the noise variance 

could then considerably affect the détection performance of ED method. 

Cyclostationary feature détection has been proposed as a solution to 

this problem since it does not require any a priori knowledge of the 

noise variance [16,17]. However, although the Cyclostationary feature 

method performs better than the ED method due its robustness to the 

noise variance uncertainty, it requires high computational load [147].

Different Blind Spectrum Sensing methods are proposed in the litera- 

ture which do not require any a priori knowledge neither on the primary 

user signal nor on the noise variance.

In [148], a “blind spectrum sensing” method is proposed which is 

based on the use of a set of multiple antennas where the antenna sépa

ration is less than half wavelength. In this way, in presence of a primary 

signal (hypothesis H\), the sub-channels between the primary transmit- 

ter and each of the secondary receive antennas are correlated so that the 

receive signais at the different receive antennas are correlated with each 

other. In the absence of any primary signais however (hypothesis Hq),
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only uncorrelated noises are received at the secondary receive antennas. 

This different behavior under the Hi and the Hq hypothèses are used in 

order to sens the presence of a primary signal under correlated channels.

Generalized-Likelihood Ratio Test (GLRT)-based spectrum sens

ing methods hâve been proposed as blind spectrum sensing methods 

[149-152]. These methods uses a set of multiple antennas at the sec

ondary terminal and are robust to the noise variance uncertainty. These 

methods were proposed for a static channel scénario and a uni-polar 

multi-antenna case. We’ll see later in this chapter that in case of a dy- 

namic channel, these methods will not work anymore if ail the receive an

tennas are polarized in the same way. In this chapter, the GLRT-based 

spectrum sensing methods are extended to the case of cross-polarized 

multi-antenna Systems where a set of three co-located cross-polarized 

antennas are used at the secondary terminal. The performances of a 

GLRT-based spectrum sensing method is studied in a multi-polarized 

cognitive radio scénario. The analysis is based on a static and a dynamic 

channel scénario. Two new multi-polarized blind spectrum sensing meth

ods are also proposed which do not require any a priori knowledge of 

the noise variance and are thus robust to the noise variance uncertainty. 

These new methods are based on a particularity of multi-polarized Sys

tems.

The performances of these methods are compared with the ED 

method and in a real-world scénario. This analysis is based on the 

outdoor-to-indoor measurement campaign of chapter 2, where the sec

ondary network is deployed indoor and senses the signais received froni 

an outdoor primary base-station. Based on the results obtained from 

this measurement campaign and the theoretical formulation described 

later, the sensing performance of an energy detector applied to a three- 

polarized antenna System is studied and compared to the different pro

posed blind spectrum sensing methods.
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5.2 The particularity in cross-polarized multi- 
antenna Systems

Cross-polarized multi-antenna Systems hâve a particularity which is not 

présent in unipolar multi-antenna Systems. As previously said in chap- 

ter 4.2 in presence of a Rayleigh flat fading channel between the pri- 

mary transmitter and the secondary terminal while in the multi-antenna 

unipolar réception scénario, ail the sub channels expérience a Rayleigh 

fading process with the same Rayleigh distribution parameter a h, in 

the multi-polar réception scénario, each subchannel hi[k] expériences 

a different Rayleigh fading process with a different Rayleigh distribu

tion parameter a ht- This is due to the XPD which exists between the 

three polarizations which leads to different path-loss patterns for each 

polarization. The different path-loss models for each of the three re- 

ceive polarizations will be here obtained in a real-world scénario from 

the outdoor-to-indoor measurement campaign of chapter 4.5.1.

While in a multi-polar réception scénario, the different sub-channels 

hi [fc] corresponding to the different receive antennas hâve different vari

ances, the background noise n[k] is assumed to hâve the same variance 

at ail the three receive antennas.

5.3 GLRT-based spectrum sensing

GLRT-based spectrum sensing methods are based on the singular value 

décomposition of the covariance matrix of the received signais [149-152]. 

Let us consider the received signal:

r â n[k] (5.1)

where

• a:(i)[A:] is a matrix where i is its line’s index and k its column’s 

index.
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• 0<i<M — 1 and i dénotés the index of receive antenna between 

Al receive antennas.

• 0<k<N—1 and k dénotés the sample index ont of N total 

number of samples used for the sensing.

Let us define the covariance matrix R as:

R = ^rr* (5.2)

where (.)* dénoté the conjugate transpose. Let us assume that it is 

feasible to perform an eigenvalue décomposition of the matrix R in order 

to obtain for each block of N samples, the unitary eigenvector matrix 

U and the diagonal eigenvalue matrix A:

R = ÛÂÛ* (5.3)

where Â = Diag{Âj}, for 0 < f < M — 1 and {Âj} is the set of 

eigenvalues of R. Let us suppose that the eigenvalues of R, {A,} are 

sorted in a descending order. In this case, a GLRT spectrum sensing 

method is proposed in [149,151] where the test statistic is given by the 

quotient between the Maximum to the Minimum Eigenvalue (MME):

Tglrt = ^ (5.4)
Am-1

Two cases should be considered:

5.3.1 Static Channel

The first case to consider is when the channel between the primary 

transmitter and each of the secondary terminal antennas stays static 

during each observation time for sensing. The received signal ri[fc] is 

then obtained under the two hypothèses Hq and H\ by:
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Hi : ri[k] = his[k] + ni[k] 

Ho : ri[k] = ni[k]
(5.5)

Under Hi and in absence of noise the received signal is given by:

rs = his[k] 0<i<M-l, 0<k<N-l (5.6)

Let us define the covariance matrix Rg as:

Rs = (5.7)

Let us consider three perpendicularly polarized co-located antennas 

at the secondary terminal.

Under H\, in the case of static channel, Rg is rank-deficient. In other 

words, the rank Ng — l < M = 3, the dimension of the received signal 

space. In this case, it is shown in [150] that the smallest M — Ng = 2 

eigenvalues of R will be approximately equal to the noise variance 

while the Ng = 1 largest eigenvalue of R will be approximately the sum 

of an eigenvalue of Rg and the noise variance These approximations 

become exact in the limit TV —>■ oo.

Under Ho-, .R is a full-rank diagonal matrix with approximately the 

same eigenvalues. In this case the three eigenvalues of R are approxi

mately equal to the noise variance a\.

In the absence of a primary signal, the test statistic is then approx

imately given by the quotient between two equal positive number (the 

variance of noise cr^) and is then approximately equal to one. In the 

presence of a primary signal the test statistic is approximately given 

by the quotient between the sum of the noise variance and a positive 

number (one of the eigenvalues of R^ and the noise variance and is then 

greater than one. In this way, this test statistic distinguish then between 

the two hypothèses of presence or the absence of a primary signal under 

static channel.
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5.3.2 Dynamic channel

The second case to consider is when the channel between the primary 

transmitter and the secondary terminal is dynamic and thus changes 

between two samples. The received signal ri[k] is then obtained under 

the two hypothèses Hq and H\ by:

Hi : rj[A:] = hi[k]s[k] + ni[k] 

Ho : r,[A:] = rii[k]
(5.8)

Under and in absence of noise, the received signal is given by:

fa — 0<i<M — 1, 0 < k < N — 1 (5-9)

The covariance matrix is then given by:

Rs à ^{r,}{r,r (5.10)

Let us consider three perpendicularly polarized co-located antennas 

at the secondary terminal. Let Ns dénoté the rank of the matrix Rg: 

Ra.nk(^s) = Ns-
Under H\, in the case of dynamic channel, Rg is full-rank. In other 

words, Rank(iîs) — Ng = M = "i, the dimension of the received signal 

space. In this case, it is shown in [150] that each eigenvalue of R will 

be approximately the sum of an eigenvalue of Rg and the noise variance

Let Xc[k] and a:s[fc] dénoté respectively the I and Q components of the 

BB signal x[kj. The sub-channel hi[k\, the transmitted signal s[k] and 

the noise Tii[k] on the antenna could then be expressed as: hi[k\ = 

hci[k] +jhgi[k], s[A:] = Sc[A:] +isa[fc] and rii[k] = Tici[k] + jngi[k].

Let us consider:

• iid nci[k\ and ngi[k] with same distribution V i Af(0,cr^/2) where 

al = 2NoW.



• iid hci[k\ and hsi\k] with same distribution AT(0,<T^j/2) : 

hci[k],hsi[k\ ~ N{Q,alJ2)

• Sc[fc] and Ss[k] be independent random variables with zéro inean 

and variance of 1/2.

In this case, the eigenvalues of Rs are given by the channel variances 

and each eigenvalue of R is then given by the sum of a channel 

variance and the noise variance

In the unipolar multi-antenna case where ail the sub-channels expé

rience the same Rayleigh fading, the channel variances cr^, are equals 

to each other. As a resuit, the eigenvalues of R will be approximately 

equals as well and the quotient between the largest to the smallest eigen

values of R will approximately be equal to one. In this case, the test 

statistic will not be able to distinguish between the hypothesis Hq and 

Hi.
However as previously said, in the cross-polarized multi-antenna 

case, because of the XPD between polarized antennas, each subchan- 

nel expériences a different Rayleigh fading and the channel variances 

are thus different to each other. As a resuit the eigenvalues of R will 

be different and the quotient between the largest to the smallest eigen

values of R will be greater than one. Therefore, in the multi-polarized 

case, the GLRT test statistic can distinguish between the two hypothèses 

Ho and H\.

5.4 Spectrum sensing based on the différence of 
the variance of received signais

In this section two new multi-polarized spectrum sensing methods are 

proposed which are based on the différence of variance of received signais 

in multi-polarized antenna Systems. Two cases should be considered:

5.4. Spectrum sensing based on the différence of the variance
of received signais 161
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5.4.1 Static channel

In this case, under H\, the received signal ri[k] can be expressed as:

ri[k] = his[k] + rii[k]

~ hciSc[k\ “i” j (.k'ci^sik] ~i" hg^SQ^k^ -|- 72<5j[Â:])
(5.11)

^ rci[k] + jrsi[k] (5.12)

By assuming that ail the variables in équation (5.11) are independent 

with respect to each others, the variance of rci[k] can be expressed as:

Var(rci[fc]|f/i) =|hci|^Var(S'c[A:]) + |hs./|^Var(S's[fc]) + Var{nci[k])

(5.13)

By analogy to équation (5.13), the same resuit holds for the variance 

of rsi[k]:
1, 12 2

Var(r,i[fc]|//i)=^^t^ (5.14)

In cross-polarized antenna Systems, the sub-channels are uncorre- 

lated with respect to each other. As a resuit during each observation 

time, the amplitude of each subchannel \hi\ is generated from an inde

pendent Rayleigh distribution with different Rayleigh parameter .. It 

is thus highly likely that the generated values of |/ii| during each ob

servation time be different at each receive antenna. As a resuit it can 

be deduced from équation 5.14 that the corresponding variances of the 

real and the imaginary parts of the received signais are different at each 

receive antenna.

Under Hq, the received signal ri[t] can be expressed as: 

ri [A:] =ni[k]

=rici[k] +jnsi[k] = rci[k] + jrsi[k] (5.15)



It then follows that the variances of rà[k\ and rsi[k] under Hq are 

given by:
2

Var(rci[fc]|//o) =Var(nci[A:]) = ^ (5.16)
2

Var(r^i[A:]|//o) =Var(nsj[A;]) = ^ (5-17)

By comparing the équations (5.16) and (5.17) with the équations 

(5.13) and (5.14), it can be noticed that, while under H\ the variance 

of the received signal is different on each reçoive antenna, under Hq, 

the same variance is obtained on ail the three reçoive antennas. This 

behavior will be further used in this paper in order to define new test 

statistics which differentiate the two hypothèses Hq and Hi.

5.4.2 Dynamic channel

In the case of dynamic channel and under Hi, the received signal ri[k] 

can be expressed as:

5.4. Spectrum sensing based on the différence of the variance
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= hi[k]s[k] + 7ii[A:] (5.18)

= hci[k]sc[k] - hai[k]ss[k] + nà[k]

+ j (/ici [A:]ss [A:] + /i«i[A:]sc[A:] + U5i[A:]) (5.19)

= i’cilA:] + J>si[A:] (5.20)

By assuming that ail the variables in équation (5.19) are independent 

with respect to each others, the variance of rc%[k] can be expressed as:

Var (rci [A;] |//i) =Var (hcj [A;] Sc [A:]) + Var(/igj[^]«s[^]) + Var(ncj[A;])

= [E{hci[k])fV&T{sc[k]) + [E(sc[A:])]2 Var(hci[A:])

+ Var(/ici[A:])Var(sc[A:]) + [E{hsi[k])f Var(ss[A:])

+ [Æ;(s3[A:])]2Var(/i,i[A:]) + Var(/i,i[A;])Var(ss[A:])

+ Var (rici [A:])

2
(5.21)
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By analogy to équation (5.21), the same resuit holds for the variance 

of rsi[k]-.

2 2
Var(r,4fc]|//i) =^hi + ^n (5 22)

Similarly to équation 5.16, the variances of rà[k] and rsi[^] under Hq 

are given by:

2

Var(rci[fc]|ifo) =Var(nci[^]) = ^ (5.23)
2

Va.r{rsi[k]\Ho) =Var(nsj[fc]) = ^

By comparing the équations (5.23) and (5.24) with the équations 

(5.21) and (5.22), it can be noticed that in a multi-polar réception scé

nario and in a dynamic channel case, while under H\ the variance of the 

received signal is different on each receive antenna, under Ho, the same 

variance is obtained on ail the three receive antennas. This particularity 

in multi-polar Systems is exploited in order to define a new test statistic 

which diflFerentiates the two hypothèses Hq and H\.

Under Hq and during an observation time T, the variance of the I 

or Q components of the received signais tends to be the same on ail the 

three receive antennas as T becomes larger. In case of Hi the variance 

of the I or Q components of the received signais is not the same on each 

receive antenna. This different behavior under Hi and Hq is exploited 

in order to differentiate the two hypothèses. Two methods are proposed: 

Sensing Per Différence (SPD) and Bartlett’s test.

5.4.3 Sensing per différence

Let be the statistic test of the SPD method defined between the I 

or Q components of the signal received on the antenna and the I or 

Q components of the signal received on the antenna and which is
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expressed as:

IK»» - Vbh\

max [Vai, Vbh]
i ^ h (5.25)

• where a,b = l stands for the I component and a,b = 2 stands for 

the Q component of the received signal:

Vai = Var(r-ci[A:]) and V^h = Var(rc/i[fc]) for a, 6 = 1 

Vai = Var(rsi[A:]) and Vbh = Var(ra/i[A;]) for a,b = 2

• max[xl,x2\ expresses the maximum between x\ and x2.

Under Hq and during an observation time T, the test statistic 

between different antennas tends to zéro as T becomes higher, since 

the variance of the I or Q components of the received signais tends to 

be the same on ail the three receive antennas. In case of Hi, the test 

statistic is different than zéro as the variance of the I or Q components 

of the received signais is not the same on each receive antenna. This 

different behavior under Hi and Hq is exploited in order to difîerentiate 

the two hypothèses. The primary signal is considered as absent during 

an observation time T if the test statistic obtained during T is lower 

than a given threshold, r?. In the opposite case, the Hi hypothesis is 

fulfilled and the primary signal is considered as présent. The probability 

of détection and the probability of false alarm for the test statistic 

obtained between the and the h*'^ receive antennas are then given by:

Pd = p [M^i >

Pfa = P > r/l Ho]

The équation (5.25) can be rewritten as:

j^ai ^ rnax{Vgi, Vbh) ~ min{Vgi, Vbh) 
max{Vai,Vbh) 

min{Vgi, Vbh) 
max{Vai, Vbh) * 

i^h

i ^ h

(5.26)

(5.27)

(5.28)
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where min{xl,x2) expresses the minimum between xl and x2.

The probability of false-alarm PpA is given by:

PpA = P{M^l > v\Ho)

= 1 - P{Mg < v\Ho)

= 1 - cdf^aiit]) (5.29)
on

where cdf^ai{'q) is the cumulative distribution function of under
bh

Ho and can be expressed, by using équation (5.28), by:

cdf^M = P[Mg < v\Ho]
on

= P[l - M'fct < v\Ho]

= > 1 -

= 1 - < 1 - v\Ho] (5.30)

Equation (5.29) can then be rewritten as:

Pfa = 1-{1- P[M'g < 1 - ri\Ho])

= P[M'^i < 1 - v\Ho]

= cd/A^/ai(l-77) (5.31)
on

In order to obtain the cdfj^,ai{l - rj) under Hq, let us first definebh
M"^f^ the quotient between Vai and Vhh- M"^ îoi i h.

For instance, the variance of rch[k], V\h, is estimated by:

= Var(r<^[fc]) = ^ jzi^-ck[k] - nf (5.32)
^ fc=i

where /i is the mean of rch[k\-
This estimation of variance tends to the real value of variance for 

N 00.

/
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Under Hq, considering that rch[k] ~ A^(0, a^), the mean of rch[k], /x, 

is assumed to be zéro. Equation (5.32) can then be rewritten as:

N

Vih = Y&T{rch[k]) = — Y^ivchlk])
k=l

2 N 
n

N 
2

'\h

M rr‘2k=l n

— ^V' (5.33)

where = Ylk=i follows a Chi-square distribution with N de-

grees of freedom: ~ Xn- The same conclusion is drawn for rci[k],

rsi[A;] and rgh[k]. It then follows that follows a F distribution with 

two same parameters N: M"

As shown in appendix 1, the probability density function {pdf) of 

is related to the pdf of by the following relation:

1 1
pdf^,ai{x) = pdfM„ai{x) + -^pdfM" ai{~) 0 < X < 1 (5.34)oh bh bh ^

Considering that ~ F{N, N), the pdf of M"§1 is given by the

following expression [153]:

pdfj^„ai{x) =

where B(.,.) is the Beta function [153].

It then results from équations (5.35) and (5.34), that the pdf of M'^l 

is obtained by the following closed-form expression:

pdfM'f^{x)
2 _N

B{N/2,N/2)^^
-\l + x)-^

Considering that 0 < M'^l< 1, the cdf of M'§1 is given by:

(5.36)
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The correctness of the theoretical distribution of developped

above has been verified by simulation. An exemple of the good agree- 

ment between the theoretical pdf of and the pdf obtained by sim

ulation is given in figure 5.1.

Figure 5.1: Comparison between the theoretical pdf of and the pdf 
obtained by simulation

The expression of Pfa can then be obtained from équations (5.31), 

(5.36) and (5.37) by:

Pfa —
on

r\-T}

Jo B{N/2,N/2) 
2

(14-x) ^dx

B{N/2,N/2)^

where B{.,.,.) is the incomplète Beta fonction [153].

(5.38)
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Considering a multi-polarized antenna System made of three perpen- 

dicular antennas, a total of three independent test statistics could 

be generated from the in-phase (I) and quadrature (Q) components of 

the signais received on these three antennas. Let us for instance consider 

the following set of test statistics: MH and although other

set of independent test statistics could also be considered. The primary 

signal will be considered as présent if at least one of these three test 

statistics report the presence of a primary signal. This is équivalent to 

saying that the received signal will be considered as noise if ail the three 

test statistics reports the absence of a primary signal and thus if ail the 

three test statistics are under the threshold: [{Ml^ < 'i) and (MH < rf) 

and {Mil < ^)]-

Under Hq, the final probability of detecting noise is then given by the 

product of probability of detecting noise for each of the test statistics. 

The probability of detecting noise under Hq for each test statistic is 

given by one minus the probability of detecting a primary signal under 

Hq, for each test statistic, which is équivalent to the probability of false 

alarm for each test statistic. By considering the same probability of false 

alarm, Pfa, for each of the three test statistics, the final probability of 

detecting noise under Ho is given by (1 — PfaY- The final probability 

of detecting a primary signal under Ho, Pfaj is obtained by one minus 

the final probability of detecting noise under Ho:

Pfaj = 1 - (1 - Pfa)^ (5.39)

where Pfa is given by équation (5.38).

5.4.4 Bartlett’s test

The Bartlett’s test ( [154]) is also proposed as the test statistic to dis- 

tinguish the two hypothèses. In statistics, the Bartlettt’s test is used in 

order to verify the homoscedasticity or homogeneity of variances across
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different groups of samples. Here, the Bartlett’s test is applied on the 

samples of the real and the imaginary parts of the received signais at 

the three receive antennas.

By assuming independent realizations for the I and Q components of 

the received signais, six groups of samples of size N are defined from the 

real and the imaginary parts of the received signais at the three receive 

antennas. The Bartlett’s test is used in order to test the null hypothesis 

that ail these six groups hâve the same variance against the alternative 

hypothesis that at least two of them hâve different variances.

The Bartlett’s test is in this case defined by [154]:

(6iV - 6)ln(5^) - (jV - 1) Eti [ln(Var(re,[fc])) + ln(Var(r,,[fc]))j

For a block of observation of size N, ail the real or imaginary parts of 

the received signais are considered to hâve the same variance on ail the 

three receive antennas if the Bartlett’s test is below a give threshold 77. 

In this case the primary signal is considered to be absent. In the opposite 

case wrhere the Bartlett’s test is above the threshold, the primary signal 

is considered to be présent.

The probability of détection and the probability of false alarm for 

the Bartlett’s test are given by:

3
61n(5'p) - [ln(Var(rct[A:])) + ln(Var(r«[A:]))]

i=l
(5.40)

where ^ Ef=i [Var(ra[A:]) + Var(rsi[A:])].

Pa = P[TB>v\Hi] 

Pfa = P[Tb>v\Ho]

(5.41)

(5.42)

Under Hq, the Bartlett’s test defined for six groups of normally dis- 

tributed samples follows approximately a chi-squared distribution with
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two degi’ees of freedom (X2) [155]. Using [58], the following closed-form 

expression could be obtained for the probability of faJse alarm;

PpA (5.43)

5.5 Comparison and analysis

The same measurement results are used than the ones obtained in the 

measurement campaign of chapter 2. An outdoor-to-indoor cognitive 

radio scénario is considered where the secondary network is deployed 

indoor and senses the signais received from an outdoor primary base 

station. For this purpose, the outdoor-to-indoor measurement campaign 

described in chapter 2 is used in order to obtain the path-loss models 

between the different polarized antennas at the transmitter and the re- 

ceiver. These path-loss models are given in Table 4.1. The distribution 

parameters of the different sub-channels used further in the simulations 

are obtained from these path-loss models.

Monte-Carlo simulations are carried out using the path-loss mod

els and the analytical expressions. For a given distance between the 

transmitter and the receiver, the Rayleigh distribution paranieter of the 

channel {(Thi) is obtained by using the value of the path-loss model at 

that distance. For a pre-specified probability of false alarm, the thresh- 

old T] is obtained by simulation for the GLRT method and by numerically 

inversing the équations of probability of false alarm 5.39 and 5.43, for 

the SPD and Bartlett’s test methods respectively. In the following anal

ysis, only the vertical polarization is considered at the transmitter side. 

The conclusions hold for the horizontal transmit antenna.
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5.5.1 Comparison of Multi-polarized blind spectrum 
sensing methods in dynamic and static channel scé
narios

The probability of détection versus both the distance between the pri- 

mary transmitter and the secondary terminal, and the corresponding 

SNR at the receive vertical antenna {Rxy) is shown for the GLRT, the 

SPD and the Barlett’s test spectrum sensing methods and for a dynamic 

channel scénario in figure 5.2.

These results are obtained using a pre-specified probability of false 

alarme Pfa = 0.05 and a fixed value of tirne-bandwidth product TW=50 

(N=100). The transmit power was 19 dBm and the noise variance 

was fixed in a way to hâve -5dB on the vertical receive antenna at 50 

meters of distance. One should note that the SNR axis représenta the 

SNR obtained on the receive antenna with the same orientation than 

the transmit antenna (TXy RXy)- The same distance between the 

PTx and the STE will correspond to lower SNR value if the SNR at the 

horizontal receive antenna is considered.

In a dynamic channel scénario, similar spectrum sensing perfor

mances are obtained between the SPD and the GLRT methods. The 

best performances are obtained by the Barlett’s test spectrum sensing 

method.
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Figure 5.2: Comparison between blind spectrum sensing methods (Bar- 
lett’s test, GLRT, SPD) in a dynamic channel scénario: PpA = 0-05, 
N = 100, Vertical polarization used at transmitter side. SNR refers to 
as SNR obtained on vertical receive antenna.

The détection performances of the GLRT, tlie SPD and the Bartlett’s 

test spectrum sensing methods and in a static channel scénario are pre- 

sented in figure 5.3. The same simulation parameters were used than 

in the dynamic case. In a static channel scénario the best performances 

are obtained by the GLRT method. Better performances are obtained 

for the Bartlett’s test method compared to the SPD method.
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Distance(m)

Figure 5.3: Comparison between blind spectrum sensing methods (Bar- 
lett’s test, GLRT, SPD) in a static channel scénario: PpA = 0.05, 
N = 100, Vertical polarization used at transmitter side. SNR refers 
to as SNR obtained on vertical receive antenna.

The two dynamic and static channel scénarios presented above are 

two extreme scénarios where for one of them the channel is completely 

dynamic during an observation time for sensing and for the other com

pletely static. The channel can however hâve an intermediate behavior. 

In fact, during an observation time, the channel can stay static dur

ing some samples, while changing for the others. The application of 

cross-polarized antenna Systems to the blind spectrum sensing through 

the proposed spectrum sensing methods, make the cognitive radio Sys

tem able to detect both in a dynamic and a static scénario but also in 

intermediate dynamic schemes.

By fixing the value of acceptable probability of détection to 0.9, the



5.5. Comparison and analysis 175

probability that the probability of détection be above 0.9 is given in 

figure 5.4 for the Bartlett’s test method and under dynamic channel 

scénario. Two cases of = 100 and N = 200 are considered. We 

observe an abrupt decrease in this probability as the SNR is reduced. 

However the limite of SNR under which this probability becomes equal 

to zéro could be decreased by increasing the number of samples used for 

sensing.

Distance(m)

Figure 5.4: The probability that the probability of détection be above 
0.9, Multi-polarized détection with Bartlett’s test method for N = 100 
and N = 200

Ail the blind spectrum sensing methods described above are based 

on the assumption that the same noise variance exista on ail the three 

receive antennas. The différence in the noise variance of the antennas 

is indeed insignificant if we consider the use of front-ends composed 

of identical éléments for the three receive antennas. Let us consider a
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situation where a différence occurs in the noise variance of antennas:

• Under Hq, the noise variances are not anj'^more identical at ail three 

receive antennas which could resuit in additional false alarms. The 

threshold is obtained by fixing a target probability of false alarm 

and by assuming the same noise variance at ail antennas. A dif

férence in the noise variance at the receive antennas, results in an 

achieved probability of false-alarm higher than the target proba

bility of false-alarm used to fix the threshold. In the interval of 

variation [0-1] for the target probability of false alarm and for the 

Bartlett’s test method for instance, by considering a différence of 

noise variance of 5% between the antennas, the achieved probabil

ity of false alarm will increase by 2.5% on average and up to 8 % 

compared to the target probability of false alarm.

• Under Hi for a fixed probability of false alarm and a fixed SNR, 

depending on how the différence in the noise variance is split be

tween the three receive antennas, the différence in the variance 

of the received signais at each antenna could either increase or 

decrease. As a resuit, the détection probability could either in

crease or decrease. In figure 5.5, the limits of variation of the 

for 5% and 10% of noise variance différence between antennas are 

presented for the Bartlett’s test method.

An increase in the probability of détection resulting from a différ

ence in the noise variance of antennas does not mean that better 

détection performances are obtained as the probability of false 

alarm becomes higher.

5.5.2 Comparison with energy détection

As previously mentioned, energy détection has been widely used in the 

literature because of its simplicity and the good performances that are
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Figure 5.5: The limit of variation of the Pd for 5% and 10% of noise 
variance différence between antennas for Bartlett’s method: TXy,
Pfa = 0.05 and N = 100.

achieved with this method [38,39,107]. If good sensing performances 

are obtained with the energy détection method it is mainly because it 

is assumed in this method that the variance of the noise is known. In 

fact, having the knowledge of the noise variance makes it possible to 

detect very weak signais by detecting any small increase in the power 

due to the sum of the noise and signal power [50,108]. The background 

noise is an aggregation of différence sources such as the thermal noise, 

leakage of signais from other bands due to receiver nonlinearity, quan- 

tization error, etc [50,156]. In practice the noise variance is not known 

exactly at the STE [50,108]. Different factors could affect the noise un- 

certainty such as the thermal noise change or the amplifier gain change 

due to the température change, estimation of the noise variance on an-
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other frequency band which bas a different noise variance, the limited 

amount of observation time, etc. An uncertainty on the estimation of 

the noise variance could affect considerably the détection performance 

of ED method [38,50,109,110,157].

Let us call A, the différence between the estimated noise variance 

and the real noise variance A = - a^- Combining the different

factors effecting the noise uncertainty, it is shown in [108], that a typical 

noise variance uncertainty could be at least O.ldB. In figure 5.6, the 

sensing performances of Bartlett’s test method is compared with the 

ED method with A = 0 dB, A = 1 dB and A = 2 dB. These results 

are obtained using a pre-specified probability of false alarme Pfa = 0.05 

and a fixed value of time-bandwidth product TW=150 (N=300). The 

noise variance was fixed to —bOdBm.

With no uncertainty on the noise variance, the ED performs better 

than the Bartlett’s test. In presence of noise uncertainty the sensing 

performances of ED are degraded considerably. In presence of noise 

uncertainty, the blind spectrum sensing methods such as Bartlett’s test 

method achieves much better performance than ED method since they 

do not dépend on the knowledge of the noise variance.
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Figure 5.6: The efïect of noise variance uncertainty (A) on sensing per
formance of ED technique and comparison with Bartlett’s test technique: 
PpA = 0.05, N = 300, Vertical polarization used at transmitter side. 
SNR refers to as SNR obtained on vertical receive antenna.

In the presence of noise variance uncertainty another phenomenon 

appears for the ED method which is referred to as the “SNR Wall” 

[50,157]. While in the absence of noise variance uncertainty, the sensing 

performance of ED is improved by increasing the number of samples N, 

in the presence of noise variance uncertainty, even for very large number 

of samples N, there is a limit to the SNR under which the detector is 

unable to detect. This phenomenon is presented in figure 5.7 where the 

SNR Wall is located around -3 dB.

Blind spectrum sensing methods such as Bartlett’s test method, on 

the other hand, do not dépend on the noise variance. As shown in figure 

5.8, the sensing performance of the Bartlett’s test method is constantly
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improved by increasing the number of samples N.

Dlstance(m)

Figure 5.7: SNR wall in case of Noise Variance Uncertainty in Energy 
Détection niethod. Pfa=0-05. Vertical polarization used at transmitter 
side, SNR refers to as SNR obtained on vertical receive antenna.
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Figure 5.8: Improvement of performance of Bartlett’s test method with 
the number of samples N, Vertical polarization used at trans-
mitter side, SNR refers to as SNR obtained on vertical receive antenna.

5,6 The effect of antenna orientation on the 
spectrum sensing performances

In this section, the effect of the orientation of the antenna System on the 

spectrum sensing performances of the Bartlett’s test method is studied. 

For this purpose, the model of the elliptical polarization developed in 

chapter 3 is used. The receive elliptical polarization is projected onto a 

multi-polarized antenna System with different orientations.

The parameters of the elliptical polarization are generated in an 

NLOS Dynamic scénario and based on the mean values of /x and cr 

parameters of the Gaussian distributions given in the Table 3.2. The 

receive elliptical polarization is projected on each orientation of the an-
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tenna System made of three cross-polarized co-located antennas. The 

projection is performed using the analytical relations obtained in sec

tion 3.5. The antenna System is rotated around the second horizontal 

antenna(//2).

In the dynamic channel scénario, the probability of détection versus 

the rotation angle around the H2 axis is presented in figure 5.9. The 

variance of the I and Q components of the received signais changes as the 

orientation of the antenna System changes. As a resuit the probability of 

détection changes as well. By considering a vertically polarized antenna 

at the transmitter, the worst performances are obtained with a rotation 

angle multiple of 45 degrees. This is due to the fact that the variances 

of the signais received on the two rotated antennas tend to be the saine 

as the rotation angle approaches a multiple of 45 degrees.
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Figure 5.9: Bartlett’s test, Dynamic channel: The probability of détec
tion versus the rotation angle (in degree) around the H2 antenna for 
the dynamic channel scénario, Vertical polarization used at transmitter 
side, N = 100, SNR = -2dB, Pfa = 0.05.

In the static channel scénario, the probability of détection versus 

the rotation angle around the H2 axis is presented in figure 5.10. The 

variance of the received signais on the rotated antennas changes with 

the rotation around the H2 axis. The différence between the generated 

values of the channel is more likely to be higher if the différence in the 

variances is higher. As a resuit the worst performances are obtained for 

a rotation angle multiple of 45 degrees as the variances of the received 

signais on the two rotated antennas tend to be the same for a rotation 

angle multiple of 45 degrees.

Compared to the dynamic channel case, the détection performances 

are less degraded with the orientation of the antenna System in the static
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channel case. In fact even in the case of equal variances, the generated 

values of channel at each receive antenna are highly likely to be different.

Figure 5.10: Bartlett’s test, Static channel: The probability of détection 
versus the rotation angle (in degree) around the H2 antenna for the 
static channel scénario. Vertical polarization used at transmitter side, 
N = 100, SNR = -2dB, Pfa = 0.05.

Despite the Bartlett’s test method, the détection performances of the 

multi-polarized energy detector are not influenced with the orientation 

of the antenna System. In fact, in a cross-polarized antenna System the 

output of the square-law combiner corresponds to the amplitude of the 

wave A which is independent of the orientation of the antenna System. 

However in a case where the orientation of the antenna System changes 

and in presence of noise variance uncertainty, while the performances 

of ED method are limited by the SNR wall, the performances of the 

Bartlett’s test method are improved by increasing the number of samples 

N.
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Let us now study in a particular scénario, the effect of the time- 

dynamics of the channel by including the corrélation between temporal 

samples of the elliptical polarization parameters.

For this purpose, the mean values of the distribution parameters are 

used in order to obtain i.i.d. random samples of the elliptical polarization 

parameters. The autocorrélation models given in Table 3.5 are then 

introduced into the statistical distributions of each elliptical polarization 

parameter using the process explained in section 3.6. The resulting 

elliptical polarizations are then projected onto a multi-polarized antenna 

System with different orientations.

Two spectrum sensing cases are considered:

1. The first case which is analyzed is a scénario where the observation 

time for sensing (T) is higher than the cohérence times of the 

channels given in Table 3.7. In this case, N = 100 samples are 

collected for sensing during an observation time T = l (s).

2. The second case which is analyzed is a scénario where the obser

vation time for sensing is lower than the cohérence times of the 

channels. In this case, N = 100 samples are collected for sensing 

during an observation time T = 0.1 (s).

The probability of détection as a fonction of the rotation angle 

around the H2 axis is presented for the first and the second time-variant 

scénarios in figures. 5.12 and 5.11 respectively.

In the first scénario where the observation time is higher than the 

cohérence times of the channels, a similar trend is observed than in the 

djmamic channel case given in figure 5.9. This case which approaches a 

total dynamic channel case is characterized by its high range of variation 

of the probability of détection as a fonction of the rotation angle.

In the second scénario where the observation time for sensing is lower 

than the cohérence times of the channels, a similar trend is observed
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than in the static channel case given in figure 5.10. This case which 

approaches a total static channel case is characterized by its lower range 

of variation of the probability of détection as a function of the rotation 

angle compared to the dynamic channel case.

Figure 5.11: Bartlett’s test, Time-variant scénario: T = 1 (s): The 
probability of détection versus the rotation angle (in degree) around the 
H2 antenna, Vertical polarization used at transmitter side, N = 100, 
SNR = -2dB, Pfa = 0.05.
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Figure 5.12: Bartlett’s test, Time-variant scénario: T = 0.1 (s): The 
probability of détection versus the rotation angle (in degree) around the 
H2 antenna, Vertical polarization used at transmitter side, N = 100, 
SNR = -2dB, Pfa = 0.05.

5.7 Conclusion

In this chapter, the problem of blind spectrum sensing in multi-polarized 

cognitive radio Systems is studied. The GLRT-based spectrum sensing 

methods are extended to the case of cross-polarized multi-antenna Sys

tems where a set of three co-located cross-polarized antennas are used 

at the secondary terminal. The two cases of dynamic and static chan- 

nels during an observation time for sensing are considered. Two new 

multi-polarized blind spectrum sensing methods (Bartlett’s test method 

and SPD method) are also proposed which do not require any a pri

ori knowledge of the noise variance and are thus robust to the noise 

variance uncertainty. These methods are based on a particularity of
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multi-polarized Systems.

It is shown than the GLRT-based spectrum sensing methods which 

were initially proposed in the literature for uni-polar multi-antenna Sys

tems and under static channel stops working when the channel becomes 

dynamic during the observation time. Thanks to the spécial characteris- 

tics of multi-polar antenna Systems, these methods will work under both 

static and dynamic channels if cross-polarized antenna Systems are used 

at the secondary terminal,

The performances of the different proposed blind spectrum sensing 

methods are compared with each other in both dynamic and static chan

nel scénarios and in a real world scénario based on the outdoor-to-indoor 

measurement campaign described in chapter 2. While in case of static 

channel, better performances are obtained for the GLRT-based spec

trum sensing method, in case of dynamic channel the best performances 

are obtained by the Bartlett’s test method.

The performances of Bartlett’s test method were compared with the 

classical ED method where the knowledge of the noise variance is re- 

quired. In absence of any noise variance uncertainty, the ED method per- 

forms better than Bartlett’s test method. In presence of noise variance 

uncertainty, the détection performance of the Bartlett’s test method are 

considerably higher than the ED method as the Bartlett’s test method 

does not require any a priori knowledge of the noise variance.

In presence of noise variance uncertainty, while the sensing perfor

mance of the ED method are limited by the “SNR walI” below which, 

even for very large number of samples, the detector is unable to de- 

tect, the sensing performance of the Bartlett’s test method is constantly 

improved by increasing the number of samples. The use of co-located tri- 

polarlzed antennas, let the Secondary Terminal to be almost as compact 

as a single antenna System while having a significant better performance.

The effect of antenna orientation on the spectrum sensing perfor-
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inances of the Bartlett’s test and ED methods was studied. This was 

done by projecting the elliptical polarization model developed in chapter 

3 onto a multi-polarized antenna System with different orientations.

Appendix 1

Considering the définition of two cases could be considered:

tai _ rnin{Vai, Vbh) 
max(Vai, Vbh)M'Si =

if Vai < Vbh

^ if Vai > Vbh

Vth
fi

(5.44)

Taking into account that Vai > 0 and Vbh > 0 it results that 0 < 

VI'bh ^ 1- The pdf of pdfj^rai{x), could be defined by:

/•M2
P[Ml < M'§1 <M2]= / pdfi^,ai{x)dx V 0 < Ml, M2 < 1

JMl *’'*
(5.45)

Considering the équation (5.44) and taking into account that 

P[{Vai < Vbh) and {Vai > Vbh)\ = 0, we hâve:

P[M1 < < M2] = P[M1 < M'^i < M2\Vai < Vbh]

+ P[Ml < M'bt < M2\Vai > Vbh] (5.46)

= P[M1 <^<M2] + P[Ml < ^ < M2] 
Vbh ■Vai

/•M2
= / pdfai{x)dx + pdfM" ai {x)dx

JMl '■'* Jj^

pM2 pMÎ
= / pdf ai {x)dx + /

JMl JMl

^2 pdfM"ai{\)
■dx

rM2 /

= /Jmi \
pdfM" + ^ (5.47)
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It is finally deduced from équations (5.45) and (5.47) that:

Vdf^'adx) = pdf^nM +
on on

pdfM"^*ix)
(5.48)



Chapter 6

Conclusion

Since their introduction in 1999, cognitive radio Systems hâve been an 

important subject of research in the wireless communications. While the 

cognitive radio concept potentially opens a lot of interesting perspectives 

for the next générations of wireless communications Systems, a lot of 

challenges remain in the conception, régulation and implémentation of 

such Systems. One of the main challenges is to limit the interférence 

generated from the secondary network on the primary network. In order 

to achieve this goal the secondary users must be able to detect reliably 

and quickly the presence of a primary user in a frequency band. During 

this thesis, the polarization was used in order to enhance the spectrum 

sensing performances of cognitive radio Systems.

The impact of polarization on cognitive radio Systems has been 

addressed in very few works in the past. However, throughout this 

thesis we showed that this riew dimension could hâve a significant 

impact on the sensing performance. This was achieved in two steps: 

First, an experimental part, where the principal aim was to characterize 

the polarization of electromagnetic waves and the wireless channel 

depolarization in real-world cognitive radio scénarios. And a second 

part where the impact of polarization on the sensing performance of 

cognitive radios was studied and new multi-polarized spectrum sensing 

methods were proposed. •

• Spatial statistics of the channel depolarization

In the first chapter of this thesis, the channel depolarization was
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characterized in two outdoor-to-indoor and indoor-to-indoor cog

nitive radio scénarios, based on an extensive measurement cam- 

paign. The XPD and the CPR which for the first one quantifies 

the amount of leakage from one polarization to another and for 

the second one compares the link quality of one polarization to the 

other one were separately characterized at three different scales: 

small-scale variations, large scale variations and distance variation.

The outdoor-to-indoor scénario corresponds to a typical cognitive 

radio scénario where the primary base station is deployed outside 

and the secondary network is deployed inside a building. The 

indoor-to-indoor scénario corresponds to a cognitive radio scénario 

where both the primary and the secondary networks are deployed 

inside a same building.

While a classical approach in the characterization of the polariza

tion in wireless communications is to consider one vertically and 

only one of the two horizontally polarized antennas, a set of three 

cross-polarized antennas was used in this work. Tins approach 

has the advantage not to dépend on the orientation of the antenna 

System and to take into account ail depolarization possibilities.

It has been experimentally shown that for both scénarios, small- 

scale variations of XPD and CPR follow a doubly non-central F 

distribution. The distance variations and large scale variations of 

XPD and CPR hâve been analyzed independently from the small 

scale variations. For both scénarios, while the mean variation of 

XPDv with distance is linearly decaying, the mean variation of 

XPDh is constant with distance. The CPR mean variation was 

found to be ascending with distance. The overall transmission of 

the horizontal-to-horizontal link was found to be better than the 

vertical-to-vertical one. The vertical to vertical transmission is 

getting better with distance to the détriment of the horizontal to
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horizontal one. The large scale variations of ail three parameters 

around their mean follow a zero-mean normal distribution.

The results obtained from the multi-polarized measurement cam- 

paign of this chapter was used in order to simulate the analyti- 

cal expressions of multi-polarized spectrum sensing, developed in 

chapters 4 and 5.

• Time-dynamics of wave polarization

In this chapter, a new approach was proposed for the character- 

ization of wave polarization. In the context of system-based sta- 

tistical channel modeling, the classical approach in modeling the 

multi-polarized MIMO channel is to consider the signais received 

on one vertical and two horizontal perpendicular antennas. The 

approach used in this chapter was to characterize the global po

larization of the received fields from an electromagnetic point of 

view by characterizing the polarization ellipse.

An analjAical formulation was first proposed in order to obtain 

the parameters characterizing the polarization ellipse in the 3D 

space, based on the received signais at three cross-polarized an

tennas. The time dynamics of the different parameters describing 

the elliptical polarization in the 3D space was characterized based 

on a measurement campaign. The measurenients were made in an 

indoor-to-indoor scénario. Different measurement positions were 

considered in a LOS and a NLOS scénario. Based on the proposed 

theoretical formulation and the measurement campaign, a time- 

varying statistical model of the polarization ellipse was developed. 

The statistical distributions of the different parameters describing 

the polarization ellipse were given. In order to study the time- 

variant dynamics of the channel, the autocorrélation fonctions of 

ail the parameters were analyzed and models of autocorrélation
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were proposed.

An analytical formulation was also proposed in order to project 

the polarization ellipse onto an antenna System composed of three 

cross-polarized co-located antennas. Finally, the different steps 

needed in order to generate a time-varying multi-polarized channel 

sériés based on the proposed time-varying model of the polariza

tion ellipse are given.

The receive antenna System is made of three perpendicular co- 

located antennas and, as the orientation of this antenna System 

changes, the channel changes as well. The approach used in this 

chapter for modeling the multi-polarized channel could be applied 

to any orientation of the receive antenna System, by projecting the 

receive elliptical polarization to the receive antenna System.

• Multi-polarized Spectrum Sensing by Energy-Detection

In this chapter, the spectrum sensing performances of an energy 

detector applied to a multi-polarized antenna System were studied 

and compared to uni-polar single and multi-antenna cases. The 

main aim of this chapter was to study the effect of the polariza

tion dimension on the spectrum sensing of cognitive radios. This 

analysis was first based on an analytical formulation of the en

ergy detector in the context of multi-polarized antenna Systems 

and second on the application of the theoretical formulation in a 

real-world multi-polarized cognitive radio scénario based on the 

measurement campaigns of chapter 2.

A theoretical formulation was presented in order to analytically 

obtain the détection and false alarm probabilities of an energy 

detector applied to a multi-polarized antenna System for two com- 

bining methods and under correlated and uncorrelated Rayleigh 

fading channels. Based on this theoretical formulation and the
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results obtained from the measurement campaign of chapter 2, 

the sensing performance of an energy detector applied to a tri- 

polarized antenna where each antenna expériences different un- 

correlated Rayleigh fading was studied and compared to the spa

tial diversity case where the secondary terminal is made of three 

co-polar spatially separated antennas.

It was shown that the poor sensing performance of a single antenna 

System could be significantly improved by the use of polarization 

and spatial diversity. It has been found that in a multi-path envi

ronment, the performance of spectrum sensing by spatial diversity 

could be significantly deteriorated depending on the matching be- 

tween the orientation of the primary transmitter and the secondary 

terminal. In a practical case where the orientation of the secondary 

terminal is not the same ail the time and the orientation of the 

Primary transmit antenna is not known by the secondary user, 

the spectrum sensing by polarization diversity scheme takes into 

account ail the received polarizations and is thus a good compro

mise of performance. Moreover the space diversity scheme requires 

large spacing between antennas. By using co-located tri-polarized 

antennas, the STE could be almost as compact as a single an

tenna System while having significant better performance. The 

inter-antenna corrélation was found to hâve a négative impact on 

the sensing performance. However, even with high inter-antenna 

corrélation, the performance of tri-polarized sensing remains con- 

siderably better than the single antenna case.

• Blind Spectrum Sensing in Cognitive Radios

An important limitation of energy detector is its dependence on 

the knowledge of the noise variance. An uncertainty on the esti

mation of the noise variance considerably affect the performance 

of energy detector. In this chapter, this limitation was resolved by
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proposing new spectrum sensing methods which do not require any 

knowledge neither on the primary signal nor on the noise variance. 

These methods, referred to as “Blind spectrum sensing methods”, 

are based on the use of three cross-polarized antennas at the sec- 

ondary terminal.

The performances of the proposed methods are compared with 

each other in two dynamic and static channel scénarios. This anal

ysis is based on an analytical formulation applied to the outdoor- 

to-indoor measurement campaign of chapter 2. The performances 

of the proposed methods are also compared with the energy détec

tion method with an without noise variance uncertainty.

In absence of any noise variance uncertainty, the ED method per- 

forms better than the proposed methods. In presence of noise 

variance uncertainty, the détection performance of the proposed 

methods are considerably higher than the energy détection method 

as the proposed methods does not require any a priori knowledge 

of the noise variance.

In presence of noise variance uncertainty, while the sensing per

formance of the energy détection method are limited by the “SNR 

wall” below which even for very large number of samples, the de- 

tector is unable to detect, the sensing performance of the proposed 

methods is constantly improved by increasing the number of sam

ples.

The effect of antenna orientation on the spectrum sensing perfor

mances of the proposed blind spectrum sensing methods and the 

energy détection method was studied. This was done by project- 

ing the elliptical polarization model developed in chapter 3 onto a 

multi-polarized antenna System with different orientations.
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6.1 Outlooks

Spectrum sensing is an important functionality of a cognitive radio Sys

tem. Throughout this thesis we laid stress on the great contribution that 

the polarization dimension, so far neglected in cognitive radio Systems, 

could bring to such Systems. This thesis opens new research perspectives 

in the cognitive radio Systems. In the following some of these outlooks 

are listed:

• Throughout this thesis, cross-polarized antenna Systems were con- 

sidered. In fact, the multi-polarized antenna Systems exhibit low 

inter-antenna corrélation and enable the use of diversity in wire- 

less Systems. In the case where the antennas are not perpendic- 

ularly oriented but oriented with an angles lower than 90°, the 

received signais at the different antennas will not be uncorrelated 

anymore. This corrélation between the received signais at the dif

ferent multi-oriented antennas could be used in order to sens the 

spectrum for the presence of primary signais. In fact, while un- 

der H\ the received signais are correlated with each-other, under 

Ho the background noise at each antenna is uncorrelated with the 

other antennas. As a resuit the inter-antenna corrélation could 

be used in order to define new “Blind” spectrum sensing met- 

rics. The spectrum sensing based on the inter-antenna corrélation 

has been addressed in a previous work in the context of uni-polar 

multi-antenna Systems where a spectrum sensing method is pro- 

posed which is based on the inter-antenna corrélation [148]. This 

method could be applied to the case of multi-oriented antennas. 

For this purpose, a wireless channel model between the primary 

base station and each of the oriented antennas of the secondary 

terminal is required. This could be obtained using the theoretical 

framework given in section 3.5 in order to project the elliptical
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polarization onto each of the oriented antennas.

• The polarization orthogonality could also be used in order to im- 

prove the communication functionalities of cognitive radio Systems. 

In fact, in absence of any depolarization, two networks could co- 

exist in the same frequency ressource if each of them transmits 

on the orthogonal polarization of the other one. A secondary user 

will create much less interférence if its transmitted waves at the 

primary user are in an orthogonal polarization than the one used 

at the primary user. Several works hâve treated the implémen

tation of multiple networks on the same frequency resources by 

using orthogonal polarization in each network [111,114,117,118]. 

Because of the depolarization phenomena, a perfect orthogonality 

between networks using orthogonal polarizations is not feasible. 

The depolarization model developed in chapter 2 has been used 

in [111] for the study of the performances of two networks using 

orthogonal polarizations.

• By receiving ail the incident polarizations and by their low inter- 

antenna corrélation, the multi-polarized antenna Systems reduce 

the channel depolarization and small-scale fading effects and thus 

improve the spectrum sensing performances. However, spectrum 

sensing is also subject to the channel large-scale fading effects. 

The channel large-scale fading effects could be reduced by the 

coopération of multiple cognitive radio users at different spatial 

positions sharing their informations with each-other. The combi

nation of cooperative cognitive radio users using multi-polarized 

antenna Systems could considerably improve the spectrum sensing 

performances of the System.
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