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Abstract 
 

Spectrum sensing plays a key role for radio resource awareness in 
cognitive radio. To enhance the capabilities of cognitive radio nodes, 
exploiting the spatial resource in addition to frequency and time re-
sources seems reasonable. This thesis investigates the possibility of 
exploiting the spatial resources during sensing and transmission using 
sector antennas which is also termed as directional spectrum sensing 
and transmission. The measured radiation patterns from fabricated 
antenna and radiation patterns obtained from analytical expressions 
representing circular array of dipole are used for performance analysis. 
A ray tracer tool is used for modelling the urban environment as well as 
for wave propagation simulation. The power angular profiles obtained 
at different locations are further processed in MATLAB using measured 
and analytical radiation patterns to evaluate the performance in terms of 
spatial opportunity and detection of weak primary signals. The results 
show that exploiting the spatial dimension in spectrum sensing using 
sector antennas increase the opportunities for secondary communication 
and also improves the detection of primary signals as compared with an 
omni-directional antenna. Additionally, directional sensing and trans-
mission are studied together using analytical radiation patterns. The 
results show that the service probability as well as range of communica-
tion increases with an increase in number of sectors but saturation is 
achieved when nine sectors are used, indicating that six sectors antenna 
is the optimum choice for exploring the spatial resource in cognitive 
radio in a typical multipath urban environment.  
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1 Introduction  
In cellular mobile communications, majority of RF spectrum has already 
been allocated. Obtaining new blocks of frequency at affordable cost is 
often infeasible. Cognitive radio (CR) represents an approach to enhance 
the spectrum efficiency by utilizing unoccupied frequency bands in the 
allocated available spectrum [1]-[2]. The term “cognitive radio” was 
introduced by Joseph Mitola in 1999 describing how a CR could enhance 
the flexibility of personal wireless communication services (PCS) [2]. The 
basic idea is that when the allocated spectrum is not used by primary 
users (PU), it can be used by secondary users (SU) with the constraint 
that PUs are not disturbed by secondary communication. In other 
words, CR is a technique which allows SUs to occupy the spectrum 
when it is not used by the licensed users. Since SUs search free bands in 
spectrum, these unoccupied bands in the spectrum are identified as 
opportunities for secondary communication. The unlicensed SUs adap-
tively adjust themselves in the new radio environment when the oppor-
tunity is available, resulting in an improved spectral efficiency by spec-
trum sharing. The unlicensed SUs may use spectrum temporarily as 
long as they do not interfere with PUs. Hence CR has emerged as a 
future potential technology for increasing spectral efficiency in wireless 
communications systems.  

Since the electromagnetic radio spectrum is a natural resource, the usage 
of which in communication system is licensed by authorities and the 
government officials. The Federal Communications Commission (FCC) 
is an organization in United States which is responsible for spectrum 
allocation and its usage with respect to interference protection regula-
tion for effective public safety communications [3]. A workshop within 
Cognitive Radio Technologies Proceeding (CRTP) was organized by 
FCC in Washington, DC, in May 2003 to address the earlier issues in CR. 
Since then several books, journals, and magazines have been published 
on CR, many conferences and workshops have been organized, several 
organizations have taken initiatives for the standardization of CR net-
works, several projects have been launched, and regulatory bodies of 
several countries have been working on spectrum regulation for CR. But 
still there are some issues which needed to be addressed for real time 
implementation of a CR. There are many regulations, policy and legal 
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issues which are involved in practical implementations. In the meantime 
CR is an interesting academic research topic.  

1.1 Motivation 
An interesting motivation for spectrum sensing in CR comes from the 
fact that licenced radio spectrum is not crowded for all the time. The 
usage of allocated spectrum varies with time and is different at different 
locations. A deep insight can be taken by observing some measurements 
presented in [1] which demonstrate the radio spectrum utilization in real 
world.  

 

Figure 1.1: Overall plot of the 24-hour spectrum usage measured over six days in the 
suburb of Brno, Czech Republic [1]. 

The measurements presented in [1] have been carried out during year 
2008 and 2009 at different locations in France and Czech Republic. These 
measurements are based on the energy detection method as shown in 
Fig. 1.1. It can be observed from this figure that there are some frequen-
cy bands which remain free temporarily. This gives enough motivation 
for exploiting these un-occupied frequency bands in the spectrum.  

Since many years it has been assumed that future communication sys-
tem would have both, spectral as well as spatial processing in order to 
meet the future challenges of capacity [4]-[5] and the spectral processing 
techniques alone could not meet the increasing demands of capacity. 
Therefore, it is quite reasonable idea to exploit the spatial resources in 
new concepts like CR. Such an approach requires the use of antennas 
which access the spatial domain with multiple beams, preferably or-
thogonal. Thus, cognitive nodes are capable of selecting appropriate 
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angular directions and can perform directional sensing and transmission 
with minimal interference to PUs. Sector antenna has an ability to pro-
vide such multiple beams in different directions and hence spatial di-
mensions can be exploited in CR using such sector antennas.     

1.2 Overall Aim and Scope 
The overall aim of this dissertation is to exploit the spatial dimensions in 
CR. Until today, spectrum sensing and some other issues in CR have 
been address by several publications [13]-[23], but only few articles 
address the spatial aspects in CR, indicating a need to investigate the 
spatial aspects in more details. Therefore, the selection of topic “Direc-
tional Spectrum Sensing and Transmission Using a Sector Antenna” seems 
reasonable, and hence the overall aim of this thesis is to exploit the 
spatial dimension as an additional resource in CR. 

Since CR is a technique to share free spectrum within the service of 
primary system, the performance of CR should be studied in some 
existing system for example in GSM. For this purpose a typical urban 
environment is modelled in ray tracer and wave propagation are simu-
lated deterministically for the study of directional spectrum sensing and 
transmission, while GSM system provides primary service in the region. 
MATLAB is used in post processing phase for statistical evaluation of 
the results obtained from ray tracer.  

1.3 Problem Statement and Goals 
This thesis “Directional Spectrum Sensing and Transmission Using a Sector 
Antenna” investigates the performance of sector antenna in sensing and 
transmission for CR. The verifiable goals are to evaluate the spatial 
opportunity, detection of unknown primary signals, service probability 
of secondary communication and the range of communication while 
sector antenna is used at cognitive node. 

1.4 Contributions 
The main contributions of this thesis are described below  

• Use of the ray tracer simulation framework, which is a determinis-
tic wave propagation approach, to exploit spatial resource in CR 
using sector antenna. 
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• The quantitative analysis of spatial opportunities and detection of 
primary signals has been presented using measured and analytical 
radiation patterns.  

• The parameters like service probability and range of communica-
tion are extensively studied under different cases while directional 
sensing is performed together with directional transmission.  

• The optimal number of directions has been proposed which can be 
exploited in CR in typical multipath urban environment. 

1.5 Outline 
The remainder of this thesis is organized as follows. Chapter 2 describes 
the theory and the related previous work for spectrum sensing and 
transmission. Chapter 3 demonstrates the methodology and the ap-
proach used for the performance evaluation of the sector antenna in CR. 
The detailed analysis and results are presented in Chapter 4 and Chap-
ter 5.  The conclusions are drawn in Chapter 6 and some possible future 
directives are presented in Chapter 7 for the extension of this research 
work.   
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2 Theory and Related work 
Presently CR is an interesting topic for researchers and professionals 
due to its high potential for advancing future wireless communication 
systems by spectrum sharing for secondary communications within the 
service of primary system. In current available literature, there are 
several books and articles published on different aspects of CR. In 
following sections an overview of related work is described.  

2.1 Cognitive Radio and Spectrum Sensing 
Radio resource awareness is an important feature of a cognitive node, 
driven by spectrum sensing, which enables a cognitive node to detect 
the presence or absence of PUs in the region. Hence spectrum sensing 
lies at the beginning in the cognitive cycle as a technique used for radio 
resource awareness which is further followed by SU transmission with a 
constraint that PUs are not interfered. The following figure depicts this 
idea how SUs communicate directly with each other in the region where 
primary source service is found limited.  

 

Figure 2.1: Cognitive Radio: secondary users communicating with each other 
causing minimal interference to primary user system 

CR is a new concept which introduces an opportunistic use of frequency 
bands when it is not occupied by licensed users. In past few years, CR 
has gained attentions of large number of researchers due to its higher 
credibility in terms of efficient utilization of spectrum. The performance 
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of CR in real environment with uncertain noise and interference needs 
experimental evaluation. So far very few practical implementations of 
CR methods have been reported in literature. An experimental study 
presented in [6]-[8] evaluates the performance of detection methods 
which are commonly proposed in literature on sensing of PUs signal. 
The measurement results for pilot and energy detection method pre-
sented in these articles coincides with the theoretical expectations. 
Similarly a Fast Fourier Transform (FFT) based spectrum sensing algo-
rithm has been introduced in [9], with the decision statistic independent 
of noise level. A recently completed graduate project at California State 
University [10] describes a real time design of spectrum sensing meth-
ods using software defined radio (SDR). The scope of this project was 
hardware implementation of spectrum sensing for automatic detection 
of active signals in the desired frequency spectrum. The hardware 
components used in this graduate project were the Universal Software 
Radio Peripheral (USRP) and Agilent function generator. Another 
practical work has been reported in [11], where an especial hardware, 
Cognitive Radio Universal Software Hardware (CRUSH) has been 
proposed in which a Xilinx ML605 FPGA board has been introduced in 
the classical SDR architecture. In [12], an adaptive interference avoid-
ance, a Transform-domain Communication System (TDCS) based CR 
has been implemented, introducing an approach of dynamically notch-
ing the occupied bands prior to applying inverse Fast Discrete Trans-
form (IDFT).  

2.1.1 Sensing and Transmission Methods 
The existing spectrum sensing methods includes, matched filtering (MF) 
[13], waveform based sensing [14], cyclostationary based sensing [15]-
[16], and energy detection (ED) [17]-[20]. Among these sensing tech-
niques, MF and waveform based sensing requires the CR to demodulate 
the received signals. This requires perfect knowledge about the PUs 
such as their bandwidth, operating frequency, modulation, pulse shap-
ing, frame format, etc. Another disadvantage of MF and waveform 
based sensing is large power consumption because various algorithms 
need to be executed for detection [21]. Therefore, these two methods 
may appear as unrealistic for CR. Thus ED is perhaps the most common 
method for detecting unknown signals due to simplicity and ease of 
implementation. The ED principle is illustrated [22]-[23], it measures the 
energy of the received signal over a specific time interval T and com-
pares the total energy with a threshold. The detector in ED usually 
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comprises of two hypotheses i.e. “signal present” ( 1H ) and “signal 
absent” ( 0H ) as describe in the following equations. 

)()(: tntxHo = ,                                           (2.1a) 

)()()(:1 tstntxH += ,                                         (2.1b) 

where x(t) denotes the received signal, s(t) is the band-limited (W) pri-
mary signal, and n(t) is Additive White Gaussian Noise (AWGN). The 
decisions about hypotheses can be made based on the threshold by 
comparing the received signal power.  

ξ
σ

≤⇒ ∑
=

2

1
2

1 N

i
i

o
o xH  ,                                    (2.2a) 

ξ
σ

>⇒ ∑
=

2

1
21

1 N

i
i

o

xH  .                                    (2.2b)                                               

In above equations, N = TW is the total number of samples acquired in 
the sensing time T and 2

oσ  is the noise power of the detector. The sens-
ing threshold is ξ  for making decision between hypotheses (H0) and 
(H1). There are closed expressions for the distribution of both hypotheses 
depending on the type of modelling for the input signal.  

In addition to sensing methods, there have been some transmit mecha-
nisms proposed for CR in [24]-[26], which cover allowable transmission 
power in secondary communication, adaptive modulation and coding, 
and a proposed transmission scheme based on selection of relay link to 
improve the secondary communication performance.  

Although there are several articles in literature [13]-[26], which cover 
spectrum sensing and transmit methodology in CR, this thesis focuses 
only in spatial aspects, i.e. the directional spectrum sensing and trans-
mission using spatial resource information in CR. Therefore, in the 
following sections related previous work using directional antenna will 
be described. 

2.1.2 Directional Sensing   
There are few articles found in literature which cover directional spec-
trum sensing, for example in [27] the impact of directional antennas has 
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been investigated for the detection of weak primary signals. It has been 
shown in [28] that the performance of sensing techniques like ED can be 
improved if multiple beams are used to detect the PUs. Therefore, 
directional sensing can improve sensing performance by increasing the 
received signal-to-noise ratio (SNR). In order to investigate the perfor-
mance of directional spectrum sensing experimentally, sector antenna 
were specifically designed and created as described in [29]-[31] by 
introducing three electric walls (Y-shaped) in a triangular array of three 
monopole antennas [31]. This provides three identical switchable beams 
by dividing the space in three azimuth directions with the help of elec-
tric walls. The performance of these realistic sector antennas were also 
examined in emulated chamber ”Over-the-Air Test in Virtual Electromag-
netic Environment” (OTAinVEE) [30].  

2.1.3 Directional Transmission 
The secondary transmission appears right after sensing phase in cogni-
tive cycle, which aims to communicate with other SUs such that licenced 
users are not interfered. In [32] a transmission scheme has been pro-
posed for CR by exploiting spatial spectrum holes using directional 
antennas, enabling cognitive nodes to perform directional secondary 
communications. The concept of relaying has also been studied in [32] to 
establish reliable cognitive links which avoids interference to PUs. 
Hence it can be stated that spectrum efficiency is greatly improved by 
empowering cognitive nodes with directional antennas. A novel scheme 
is proposed by the same group in [33] using directional relays to exploit 
spectrum opportunity, which is considered as the basic resource for CR 
systems. In [34], the deployment of short-range CR with transmit regime 
is illustrated within the service of primary system by identifying spatial 
holes in the spectrum with the help of directional antennas.  

2.2 Limitations in Previous work and Problem Justification  
It has been observed that in the current available literature, only the 
spectral sensing has been studied in detail [13]-[23] with some practical 
implementations [6]-[12]. The spatial aspects of CR have not yet been 
studied in detail. Hence there is a need to study and exploit the spatial 
dimension in CR with the help of sector antennas. Therefore, the selec-
tion of this topic, to study the spatial resource in CR is reasonable which 
aims to enhance the spectrum sharing efficiency by directional spectrum 
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sensing in order to meet the future demands in mobile communications 
systems.   

2.3 Summary  
In this chapter, the theory and literature work for existing methods of 
spectrum sensing in CR has been presented. The concept of directional 
spectrum sensing and transmission has been discussed. Based on the 
literature review and future demands of exploring spatial resource in 
CR, the problem statement of the thesis has been clarified.    
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3 Methodology  
This chapter describes the methodology for the study of directional 
spectrum sensing and transmission using a sector antenna. Simulation 
tools, like ray tracer and MATLAB is used for this study and the radia-
tion patterns obtained from realistic fabricated antenna and those ob-
tained from the analytical expression are used. The significance of ap-
proach lies firstly in the use of ray tracing for modelling urban scenarios, 
which represents a deterministic wave propagation modelling tool. 
Secondly, measured radiation patterns obtained from realistic antennas 
are used, which were recently developed in the Graduate School at 
Ilmenau University of Technology, Germany and were tested experi-
mentally in an over-the-air test-bed [29]-[31]. This introduces the basic 
principle of utilizing multiple beams in a real radio environment. The 
motivation of using measured radiation patterns is to study the perfor-
mance of fabricated antenna in realistic multipath environment.  

The measured radiation patterns for six and nine sectors were not avail-
able, therefore, circular array of dipole is considered and their radiation 
patterns are obtained from the analytical expressions [37]. The following 
section describes ray tracer modelling of the city Ilmenau and the de-
tailed description of radiation patterns of sector antenna used for per-
formance analysis of directional sensing and transmission. 

3.1 Ray Tracer based Modeling  
In an urban environment, the radio waves are interacted with several 
obstacles in the surroundings for example high rise buildings and 
mountains which are considered as big structures causing shadowing, 
while sometime radio waves are interacted with small obstacles, like 
trees and plants in vegetation areas, and sign boards etc., which lies in 
the vicinity of mobile station. The term which is commonly used in 
literature to represents all such obstacles from which the radio waves 
are interacted is ‘scatterers’. Due to the several reflections from 
buildings, diffraction from corners and diffusions from vegetation areas, 
usually the delayed and degraded version of transmitted signal is 
received at mobile station, termed as multipath signals. Hence urban 
radio environment is characterized by multipath. The geometrical based 
approach were proposed in several articles, like in [38] for modelling an 
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Figure 3.1: A Typical urban environment and modelling in AWE ray tracer [36] 

urban environment, but with these approaches the entire multipath 
profile could not be estimated correctly, hence they are not reliable and 
accurate. Moreover, the received power cannot be predicted empirically 
with high accuracy using Okumura-Hata model [35] in typical multipath 
urban environment. Therefore, while modelling the urban environment 
it is necessary to obtain knowledge of all relevant propagation paths, 
which would be possible with modelling all the obstacles in the 
environment with their actual dimensions in a tool like ray tracer [36] on 
their real locations. Since strong multipath propagation cannot be 
sufficiently described by empirical models, ray tracer based modelling is 
considered as a better approach.  

All buildings and structures can be modelled as three-dimensional 
objects and are made to be situated at their real location in the ray tracer 
by AWE Communications [36]. A typical cellular mobile urban 
environment is shown in Fig. 3.1 along with ray tracer based modelling. 
In AWE ray tracer, different multipath class can be selected which are 
classified on the bases of number of multiple reflections and diffractions, 
etc. An overview of different path classes is shown in Fig. 3.2. 

 

 
Figure 3.2: Different path classes in ray tracer along with their description [36] 
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In an urban environment, all the buildings are not located at same 
ground level, causing a mismatch in heights of building relative to 
absolute sea level, which indicates that topography is an important 
feature which could not be ignored while modelling urban environment. 
Many ray tracers including AWE ray tracer support this feature for 
more accurate power prediction at different locations depending on 
their height. 

Since material properties of buildings also affect the multipath signal 
strength while radio waves interact with structures. Hence different 
material properties like wall thickness, permittivity and conductivity of 
the building surfaces can be taken into account in ray tracer, which 
provides an important feature for the penetration measures into 
buildings and the calculation of the reflection and diffraction coefficients 
[36]. The default parameters for reflection and diffraction losses and 
path loss exponents, etc., at different frequencies are listed in the Table 
3.1. The prediction of wideband parameters of the radio channel like 
channel impulse response, delay spread, angular spread etc., can be 
obtained using ray tracer.   
 

Table 3.1: Default parameters for urban environment at different frequencies [36] 

Default parameters f = 900 MHz f = 1800 MHz f = 3500 MHz 

Reflection loss 9 dB 9 dB 9 dB 

Diffraction loss min. 
(incident ray) 

5 dB 8 dB 11 dB 

Diffraction loss max. 
(incident ray) 

12 dB 15 dB 18 dB 

Diffraction loss 
(diffracted ray) 

5 dB 5 dB 5 dB 

Exponent before 
break point 

2.0 LOS 
2.6 NLOS 

2.0 LOS 
2.6 NLOS 

2.0 LOS 
2.6 NLOS 

Exponent after break 
point 

4.0 LOS 
4.0 NLOS 

4.0 LOS 
4.0 NLOS 

4.0 LOS 
4.0 NLOS 

 

 

Figure 3.3: Scenario information of Munich [36] 

 

Scenario Information 
Number of buildings 2032 

Topo. Difference 14 m 
Resolution 10 m 
Transmitter 13.0 m, 10.0 Watt, 

 974 MHz 
Prediction height 1.5 m 
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Figure 3.4: Ray tracer based prediction for path loss and comparison (in terms of 

differences) with measurement along specific routes in Munich [36] 

The validity of the ray tracing based approach can be notified from the 
comparison of prediction results with measurements. There are several 
comparisons narrated in AWE ray tracer manuals [36]. As an example, a 
comparison (in terms of differences) with ray tracer based prediction 
along specific routes in some part of city Munich, Germany is shown 
with measurements in Fig. 3.3 and Fig. 3.4. 

Since ray tracer prediction is computationally extensive, it is suggested 
to run prediction only at outdoor locations for urban environment. 
Although this is possible in ray tracer to define interior of the building 
for the power prediction inside the buildings, but this would make the 
database complex and computational time would be increased 
exponentially. 

3.2 Ilmenau Scenario  
This section describes the simulation framework employed for studies of 
directional sensing and transmission. The simulations are performed in 
the ray tracer tool [36] for some parts of the city of Ilmenau, Germany. 
The pre-processed database of the city of Ilmenau is provided by AWE 
Communications as shown in Fig. 3.5. The multipath signals arrived at 
one arbitrary point ‘A’ due to base station transmission is also shown in 
Fig. 3.5. The total received power at different outdoor locations in the 
database of Ilmenau is predicted by ray tracer. All the received locations 
are considered at height 1.9m above the ground which is referred as 
typical height of a mobile phone [35]. The predicted received power 
values at different locations are associated further with different colour 
for visual understanding on the scale as shown in Fig. 3.5. 
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Figure 3.5: Typical ray tracer representation of the city of Ilmenau 

All the predictions in ray tracer are carried out with resolution of 5m. 
This is due to the reason that the received power at the mobile phone in 
an urban environment usually fluctuates due to shadowing caused by 
the buildings in surrounding and can be averaged over the range of 5λ 
to 40λ, where λ is the wavelength of the signal [35].   

3.3 Radiation Patterns of Sector Antenna   
In AWE ray tracer version 10, the directional antenna patterns could not 
be used at outdoor locations where received power is predicted. The 
power predicted at different outdoor locations is considered as received 
by azimuth pattern of omni-directional antenna which is isotropic in 
nature. Therefore, the influence of the sector antenna for sensing is 
added in the post processing phase using MATLAB. On the other hand, 
while transmission, the directional radiation patterns can be imported in 
ray tracer and directional transmission can be performed using sector 
antenna. In the following sub-sections the radiation patterns obtained 
from the devised sector antenna and the radiation patterns from the 
analytical expressions are described in details which are used for the 
study of directional sensing and transmission.  

3.3.1 Measured Radiation Patterns  
This section describes the measured radiation patterns which are used to 
study the performance of directional sensing in multipath environment. 
These measured radiation patterns are obtained from sector antenna 
which was designed and created at Ilmenau University of Technology, 
Germany by introducing three electric walls (Y-shaped) in a triangular 
array of three monopole antennas [31]. These electric walls act as ab-

A 
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sorbers to reduce the effect of mutual coupling in different directions 
and hence it provides three identical switchable beams by dividing the 
space in three azimuth directions. The azimuth radiation pattern of 
fabricated sector antenna is shown in Fig. 3.6. The directive gain as 
calculated from its measured pattern is 5.27dBi, and 15o half power 
beamwidth. 
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Figure 3.6: Radiation patterns of three sector antenna created by Y-shaped electric 

walls 

3.3.2 Analytical Radiation Patterns 
This section describes the radiation patterns obtained from the analytical 
expressions representing the circular array of dipole [37]. The analytical 
radiation patterns are obtained by multiplying the array factor of uni-
form circular array ),( φθAF  and the element pattern of dipole θE as 
described in following equations. 
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where,  
a   is the radius of circular array, 
N  is the number of antenna elements, 

Nnn /2πφ =  is the angular position of nth antenna element, 



Directional Spectrum Sensing and 
Transmission Using a Sector Antenna   
Bilal Hasan Qureshi  2012-10-10 

 

16 

oφ  and oθ are the desired directions of main beam, 
λπ /2=k  is the wave number, and 

L  is the length of dipole elements. 
 
The detail derivation of array factor of circular array is available in 
Appendix A and in [37]. Since the radiation patterns with three, six and 
nine antenna elements in circular array using uniform amplitude and 
phase excitation contains large side lobe and back lobes which could not 
help neither in directional sensing nor in transmission. Therefore, win-
dowing operation is performed by multiplying patterns obtained from 
the above equations with the Chebyshev windowing matrix point by 
point, which mainly suppress the back lobes of the patterns while pre-
serving main lobe and its directional gain. The resulting radiation pat-
terns for three, six and nine antenna elements in circular array are 
shown in the Fig. 3.7 to Fig. 3.9. 

3.4 Summary  
In this chapter, the simulation framework employed for the evaluation 
of directional sensing and transmission has been presented. A brief 
introduction of AWE ray tracer has been described along with Ilmenau 
scenario. The measured radiation patterns which are obtained from 
fabricated antenna specifically devised for CR application and analytical 
radiation patterns which are obtained from mathematical expressions 
representing circular array of dipole have been described in detail.       

 

 

 

 

 

 

 

 

 



Directional Spectrum Sensing and 
Transmission Using a Sector Antenna   
Bilal Hasan Qureshi  2012-10-10 

 

17 

4 8 12dBi
0°

15°

30°

45°

60°
75°90°105°

120°

135°

150°

165°

180°

195°

210°

225°

240°
255° 270° 285°

300°

315°

330°

345°

 

4 8 12dBi
0°

15°

30°

45°

60°
75°90°105°

120°

135°

150°

165°

180°

195°

210°

225°

240°
255° 270° 285°

300°

315°

330°

345°

 
 

(a) Horizontal Pattern                                         (b) Vertical Pattern  
  

 
(c) Three-Dimensional View  

Figure 3.7: Radiation pattern for three dipole antenna elements in circular array 
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(a) Horizontal Pattern                                    (b) Vertical Pattern   

 

(c) Three-Dimensional View  

Figure 3.8: Radiation pattern for six dipole antenna elements in circular array 
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(a) Horizontal Pattern                                     (b) Vertical Pattern   

 
(c) Three-Dimensional View  

Figure 3.9: Radiation pattern for nine dipole antenna elements in circular array 

 

  



Directional Spectrum Sensing and 
Transmission Using a Sector Antenna   
Bilal Hasan Qureshi  2012-10-10 

 

20 

4 Spatial Opportunity and Detection 
This chapter presents evaluation procedure and results for the spatial 
opportunities and detection of primary signals using the measured and 
analytical radiation patterns.  

4.1 Spatial Opportunities  
This section investigates the spatial opportunities using measured and 
analytical radiation patterns in ray tracer modelling of Ilmenau refer-
ence scenario. A base station transmitting at GSM 1800 MHz frequency 
and the received power is predicted at different outdoor locations in ray 
tracer along with their multipath power profile.  
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 Sector 1 ( Rx = -78   dBm )
 Sector 2 ( Rx = -103 dBm )
 Sector 3 ( Rx = -106 dBm )

 

Figure 4.1: Power angular profile at an arbitrary location in ray tracer 

The power angular distribution of multipath at one arbitrary point in 
Ilmenau database is shown in the Fig. 4.1. It can be observed from this 
figure that the multipath components are not uniformly distributed over 
the entire azimuth angular range. In some directions multipath compo-
nent has higher strength as compared to other directions. If the power 
level is compared in three directions, we observe that sector 1 receives    
-78dBm, while sector 2 and sector 3 receive -103dBm and -106dBm, 
respectively. The main reason behind this variation of signal strength is 
the non-uniform distribution of multipath components due to the build-
ings located in the surroundings from which multipath are interacted. 
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Hence exploiting those directions which receive weak multipath signals 
as spatial opportunity in CR seems reasonable.  

4.1.1 Evaluation Procedure  
This section describes the evaluation procedure of directional spectrum 
sensing in terms of available spectrum opportunity in space. To investi-
gate the spatial opportunities, sector antenna patterns are embedded 
with the azimuth power angular profiles which are obtained from ray 
tracer at 500 random locations. The total power in different sectors is 
calculated using MATLAB with influence of radiation pattern. The 
histogram of the power received by individual sector is shown in Fig. 4.2 
together with the histogram of the power received at the same locations 
by azimuth pattern of omni-directional antenna. The histogram shown 
in Fig. 4.2 is obtained by directional sensing using measured radiation 
patterns when base station transmitting 0.5W power. 
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Figure 4.2: The histogram for power received in different sectors using measured 
patterns and the power received by omni-directional antenna 

A sector is characterized as free if the total power is less than the 
threshold and is characterized as occupied if the total power is more 
than a certain threshold. Accumulating all the free and occupied sectors 
from 500 random locations, the spatial opportunity is calculated using 
the following relation. 

N

iS
O

N

i
free

L

∑
== 1

)(
,                                                 (4.1)   
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where OL is the opportunity per location, N is the total number of 
location points, and Sfree(i) is the number of free sectors obtained in ith 
location.  In each observation Sfree(i) will have the value either 0 or 1 for  
omni-directional antenna, and will range from 0 to 3 in the case of sector 
antenna. Since one opportunity in case of omni-directional antenna will 
be more valuable than one opportunity in sector antenna because the 
opportunity in the omni-directional antenna can transmit in all 
directions. In order to make the comparison fair, a new definition is 
presented which is the opportunity per location per antenna element OLE 
defined as 

SN

iS
O

N

i
free

LE ×
=
∑
=1

)(
,                                                (4.2)     

where S is the number of sectors (antenna elements) involved per 
observed location, which is 3 for three sector antenna and is 1 for omni-
directional antenna.              

4.1.2 Results   
This section presents the results for spatial opportunity based on the 
definitions (4.1) and (4.2). The opportunity per location using definition 
in (4.1) may vary from 0 to 1 in case of omni-directional antenna and 
from 0 to 3 in case of sector antenna as shown in Fig 4.3 and Fig. 4.5. 
However, the opportunity per location per antenna element using 
definition (4.2) may vary from 0 to 1 in both omni-directional as well as 
sector antenna case as shown in Fig. 4.4 and Fig. 4.6. It is observed from 
Fig. 4.3 and Fig. 4.4 that the opportunity offered by directional sensing 
with measured radiation patterns is comparatively more than 
opportunity available from omni-directional antenna. 
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Figure 4.3: Spatial opportunity per location available from sensing with 

measured radiation patterns and omni-directional antenna 
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Figure 4.4: Spatial opportunity per location per antenna element available from 

sensing with measured radiation patterns and omni-directional antenna 

The results are plotted for a range of threshold from -102dBm to -80dBm 
and with two transmit powers from the base station, 0.5W and 1W. 
Hence it can be stated that for the particular scenario as explained in 
Chapter 3, the directional sensing with measured radiation patterns 
provides more opportunity as compared with omni-directional antenna 
regardless of the threshold value chosen. 

Fig. 4.5 and Fig. 4.6 represent the comparison of opportunities available 
from sensing with measured and analytical radiation patterns. The 
result shows that sensing with measured beam patterns offers more 
opportunities as compared with analytical radiation patterns. The 
reason behind is that there are reduced side lobes in case of measured 
radiation patterns because of Y-shaped electric walls as compared with 
the side lobes levels appears in analytical radiation pattern as described 
in Chapter 3. Another reason is that the directive gain for measured 
patterns is 5.2dBi which offers more opportunities as compared with 
analytical radiation patterns with 6.9dBi directive gain. However, it is 
noticeable the analytical radiation patterns offers less opportunity when 
calculated and plotted per antenna elements using (4.4), than omni-
directional antenna although measured patterns still offer more 
opportunities as shown in Fig. 4.6. The reason is again higher directive 
gain of analytical radiation patterns. Hence the performance of 
measured beam pattern belong to fabricated antenna is better for 
directional sensing in CR and provide more spatial opportunities.  
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Figure 4.5: Comparison of spatial opportunity per location available from sensing 
with measured and analytical radiation patterns 
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Figure 4.6: Comparison of spatial opportunity per location per antenna element 
available from sensing with measured and analytical radiation patterns 

The idea of introducing Y-shaped electric walls remains successful for 
reducing side lobe levels and hence fabricated antenna offers more 
spatial opportunities as compared with analytical radiation patterns as 
well as from omni-directional antenna. 

4.2 Detection of Primary Signals  
In this section, another aspect of the performance of sector antenna is 
evaluated, that is the detection of primary signals with minimum missed 
detections. The idea is that the probability for the detection of primary  
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signals can be enhanced using sector antenna compared to the omni-
directional antenna. Although in previous section, analytical radiation 
patterns offers comparatively less opportunity than measured radiation 
patterns but analytical radiation patterns shows better performance in 
detection of primary weak signals due to its higher directive gain as 
compared with omni-directional antenna. 

4.2.1 Evaluation Procedure  
At each location there is one sector which receives higher power as 
compared to the other two sectors. This is due to shadowing caused by 
the buildings and obstacles in the surrounding, which results in 
different multipath signal strength in different sectors. The sector having 
highest power level is termed as the best sector. As an example, consider 
a scenario shown in Fig. 4.7. The powers received by three sectors are      
-78dBm, -85dBm and -90dBm, respectively, and hence sector 1 with         
-78dBm is assigned as the best sector. 
 

 
 

Figure 4.7: The selection of the best sector based on the maximum received power 

The same data of power azimuth profiles which was used in the 
previous section for investigating spatial opportunities at 500 received 
locations is used again for detection of primary signals.  

The histogram can be obtained with analytical radiation patterns for the 
power received by individual sectors as well as for the power received 
in best sector as shown in the Fig. 4.8. At every location, the best sector 
would be the one which receives highest power. 
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Figure 4.8: The histogram of power received in different sectors using analytical 

radiation patterns and the best sector in each of the 500 random observations 

4.2.2 Results   
The threshold is obtained from the histogram of best sector for detection 
percentage 60% to 100%. The threshold corresponding to 60% detection 
means that 60% points in the histogram are on the right side and 40% 
points remains on the left side of this threshold.  As an example the 
threshold is roughly -95dBm corresponding to 100% detection in the 
best sector as shown in Fig. 4.8. 
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Figure 4.9: Improved primary signal detection by sector antenna as compared with 
omni-directional antenna 
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Once the threshold is obtained from the histogram of best sector for 60% 
to 100% detection, the percentage of points on the right side for each 
individual sector is calculated for this threshold which gives the 
detection percentage for individual sector as plotted in Fig. 4.9. It is 
observed from this figure that if best sector is chosen all the time, the 
signal detection by the sector antenna using analytical radiation patterns 
remains better as compared with omni-directional antenna. Similarly, 
while comparing the detection by individual sectors with best sector, it 
can be seen that detection of best sector remains always better as 
compared to each of the individual sectors. As an example, consider 90% 
detection from the best sector, the individual sectors at this location has 
shown detection less than 90% (84% detection by sector 1, 86% detection 
by sector 2 and 83% detection by sector 3,) and omni-directional antenna 
has detection probability of 72%. 
 

4.3 Summary  
This chapter describes the spatial opportunities and improved primary 
signal detection by performing directional spectrum sensing using 
sector antenna patterns. The result shows that measured radiation 
patterns offer more opportunity as compared with analytical radiation 
patterns and compared with omni-directional antenna. However, the 
analytical radiation patterns are helpful in detection of weak primary 
signals because of their higher directive gain and side lobes as compared 
with measured radiation patterns.     

 

 



Directional Spectrum Sensing and 
Transmission Using a Sector Antenna   
Bilal Hasan Qureshi  2012-10-10 

 

28 

5 Directional Sensing and 
Transmission  
This chapter presents joint sensing and transmission which is studied at 
different locations in city of Ilmenau modelled in ray tracer using 
analytical directional radiation patterns.  

5.1 Evaluation Procedure  
This section describes detailed evaluation procedure for joint sensing 
and transmission. The underlying idea is an opportunistic choice of the 
direction for secondary transmission, assuming non-Rayleigh signal 
distribution. 

The base station signal is sensed at different locations using sector 
antenna and directional opportunities are identified by comparing 
received power with a threshold. These are desirable directions for 
cognitive node in which the primary signals are very weak (less than a 
certain threshold) such that they could not be processed further to 
extract any information. This indicates a suitable potential directional 
opportunity for SUs communication.  

5.1.1 Proposed Choice of Uplink and Downlink Frequency in CR 
It is observed that if same downlink frequency is used for secondary 
transmission in desired direction, this causes interference to all the 
mobile users which are located temporarily in that direction since all of 
them are sensitive to downlink frequency. Therefore, we propose to 
sense downlink frequency and use uplink frequency for secondary 
transmission. In this case the interference only to the base station would 
be considered.  

Another reason for transmitting the uplink frequency is that during 
directional transmission some part of signal still propagates in other 
directions in addition to the desired direction of transmission due to 
interaction with local scatterers. Hence if same downlink frequency is 
used for directional transmission, the mobile users in the other direction   
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Figure 5.1: Directional transmission using a sector antenna, indicating some signal 
still propagates in other directions in multipath environment 

(which might receive better primary signal) would also be disturb due to 
this secondary transmission if same frequency is used. As an example, 
consider a simple case as shown in Fig. 5.1, where a directional antenna 
is transmitting at 0O towards North. This figure shows how signal prop-
agates in the direction other than desired direction of transmission. 
Hence the choice of sensing downlink and transmit its corresponding 
uplink frequency would make sense. 

5.1.2 Sensing Thresholds 
The sensing threshold i.e. -102dBm is chosen for identifying spatial 
opportunity, which is the minimum sensitivity level of a mobile phone 
[35]. If any sector receives below this threshold, this indicates spatial 
opportunity in that direction. However while directional secondary 
transmission, the transmit power is adapted such that the interference 
level at the base station remains less than -112dBm. Since base station 
receives signal from all the mobile users, therefore to be on safe side, the 
interference level at the base station is chosen with 10dB margin.   

5.1.3 Joint Sensing and Transmission  
This section presents the study of joint directional sensing and 
transmission, performed at different locations in ray tracer. The 
directional transmission is performed with limited power in the 
corresponding uplink frequency to communicate with other SUs 
satisfying a constraint such that base station would not receive more 
than -112dBm.  
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Due to this power controlled SUs transmission, the received power is 
predicted at all the outdoor locations in the desired direction of 
transmission. The histogram is obtained from the received predicted 
power at different outdoor locations within 500m region and the service 
probability is calculated, which is defined as the percentage of number 
of locations served (with a particular threshold) among the total 
locations in the region.  

In addition to service probability, the range of secondary communica-
tion also calculated by drawing a boundary based on the mobile sensi-
tivity threshold in the desired direction of transmission. The range of 
communication is calculated by averaging over each 10o, because the 
boundary with a fixed threshold is not smooth like a circular arc, due to 
the buildings located in the surroundings. 

5.2 Results and Analysis 
Three different cases are studied for joint directional sensing and trans-
mission. These cases are differentiated from each other on the basis of 
selection of location. In each case, five locations are selected and the 
transmit power for secondary communication is chosen as much as in 
order to take maximum benefit from secondary communication. The 
performance in terms of service probability and range of communication 
is compared between different numbers of sector. The Appendix B 
contains transmit power values for directional transmission adapted in 
different cases.  

5.2.1 Case 1 
In the first case, five locations are chosen and directional transmission is 
performed only in those directions which causes minimum interference 
to the base station while other directions causes more than that. The 
locations along with their desired direction (highlighted with colour) are 
shown in Fig. 5.2.  

Once the best direction at each location is determined for transmission, 
the performance in terms of service probability and the range of 
communication in the desired direction of transmission is calculated 
using radiation pattern for three sectors, six sectors and nine sectors. 
These performance parameters are plotted together with omni-
directional antenna as shown in Fig. 5.3 and Fig. 5.4.  
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Figure 5.2: Case 1: The direction chosen at five locations which causes minimum 
interference to the base station while directional transmission is performed 

The results show that in a typical urban environment the performance of 
sector antenna remains better in CR application as compared with omni-
directional antenna. It is observed from Fig. 5.3 and Fig. 5.4 that the 
service probability and the range of communication improve with 
increase in number of sectors, but saturation is achieved when sectors 
are increased to nine. 
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Figure 5.3: The service probabilities while directional secondary transmission is 

performed using different number of sectors 
 



Directional Spectrum Sensing and 
Transmission Using a Sector Antenna   
Bilal Hasan Qureshi  2012-10-10 

 

32 

 

Figure 5.4: The range of communication as a result of secondary transmission using 
different sectors 

The main reason behind this is that when nine dipole antenna elements 
are configured in circular array, more side and back lobes appear as 
compared with the beam patterns corresponding to three and six dipole 
elements. Due to these side and back lobes, the transmit power for 
secondary communication is restricted because the base station needs to 
be protected from this secondary transmission. In other words, due to 
the presence of side lobes in the radiation pattern, some part of the 
signal gets transmitted in other directions which might disturb the 
primary source system in multipath environment and to avoid this, 
transmit power could be increased only to a certain lower limit when 
radiation patterns contain more side and back lobes.     

5.2.2 Case 2 
In the second case, five locations are chosen such that there is no oppor-
tunity with omni-directional antenna, i.e. the total received power at 
these locations remains higher enough, indicating the presence of pri-
mary signal. However, when the directional sensing is performed at the 
same locations using three and six sectors, the directional opportunities 
are found. In this case, only those locations are studied such that at least 
one sector per location in case of three sectors (three dipole element in 
circular array), and two sectors per location in case of six sectors (six 
dipole element in circular array) possess an opportunity.  

The locations along with their directional opportunities are shown in 
Fig. 5.5. The power received values in different sectors at these five 
locations is written in Table 5.1.   
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Figure 5.5: Case 2: Locations for which only one sector (in case of three dipole 
element array) and two sectors (in case of six dipole element array) offer spatial 

opportunity 

Table 5.1: Received power values (in dBm) in different sectors at different locations 

 Omni Three Sectors Six Sectors 
Sec1 Sec2 Sec3 Sec1 Sec 2 Sec 3 Sec 4 Sec 5 Sec 6 

Loc 1 -97 -102 -94 -111 -98 -93 -94 -99 -117 -112 
Loc 2 -94 -104 -90 -94 -102 -93 -90 -89 -90 -102 
Loc 3 -97 -93 -105 -99 -92 -95 -102 -102 -97 -94 
Loc 4 -92 -86 -94 -105 -83 -88 -92 -102 -102 -92 
Loc 5 -93 -87 -95 -105 -85 -92 -92 -102 -103 -91 

 

In table 5.1, the values which are less than threshold i.e. -102dBm (high-
lighted with bold-colour text style) are the directions in which secondary 
communication is performed with power control. The service probabil-
ity and range of communication is calculated as a result of secondary 
transmission, which are plotted in Fig. 5.6 and Fig. 5.7 respectively.  

The results show the performance of six sectors per location remains 
better as compared with three sectors. In this case the comparison is 
presented only with three and six sectors, as an omni-directional anten-
na does not hold any opportunity for these locations as shown in table 
5.1.  
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Figure 5.6: The service probabilities while secondary transmission is performed in 
the direction of available opportunity using three and six sectors per location 

 
Figure 5.7: The range of communication while secondary transmission is performed 

in the direction of available opportunity using three and six sectors per location 

5.2.3 Case 3 
In the third case, five locations are chosen such that multipath signals 
arrived mainly from one particular direction resulting two out of three 
sectors and four out of six sectors free for secondary communication as 
shown in Fig. 5.8.  

The power received by different sectors at different locations is shown in 
Table 5.2. The locations in this case are selected such that the total re-
ceived power at these locations using omni-directional antenna remains 
less than the threshold (-102 dBm in our case), but when directional 
sensing is performed, only two out of three sectors and four out of six  
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Figure 5.8: Case 3: Locations for which only two sector (in case of three element 
dipole array) and four sectors (in case of six element dipole array) offers opportunity 

sectors possess opportunity. Therefore, in this case the secondary 
transmission is performed with omni-directional antenna as well as with 
sector antennas in specific directions which hold opportunities. The 
resulting plots of service probability and the range of secondary com-
munication are obtained in similar manner as for case 1 and case 2 and 
are shown in Fig. 5.9 and Fig. 5.10. The results show if sector antennas 
are used for joint sensing and transmission in CR, the performance in 
terms of secondary communication as well as range of communication 
remains better as compared with onmi-directional antenna.  

Table 5.2: Received power in (dBm) by different sectors at different locations 

 Omni Three Sectors Six Sectors 
Sec1 Sec2 Sec3 Sec1 Sec2 Sec3 Sec4 Sec5 Sec6 

Loc 1 -102 -94 -102 -112 -92 -92 -102 -109 -117 -105 
Loc 2 -102 -111 -98 -107 -107 -102 -97 -97 -103 -115 
Loc 3 -103 -95 -112 -107 -93 -102 -111 -122 -103 -97 
Loc 4 -103 -95 -107 -113 -93 -102 -104 -117 -110 -99 
Loc 5 -104 -103 -111 -98 -102 -104 -108 -105 -96 -97 
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Figure 5.9: The service probabilities while secondary transmission is performed 
using three and six sectors and using omni-directional antenna 

 
Figure 5.10: The range of communication while secondary transmission is 
performed using three and six sectors and using omni-directional antenna 

 

5.3 Summary  
In this chapter, the quantitative analysis of service probability and range 
of communication has been presented by performing joint directional 
spectrum sensing and transmission. The directional sensing is 
performed at different locations using analytical radiation patterns and 
desirable directions are identified for secondary communication such 
that primary source system, i.e. base station is not interfered. The service 
probability and the range of secondary communication has been 
calculated and plotted while directional secondary transmission is 
performed using different number of sectors.   
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6 Conclusions  
This thesis investigates the impact of using the spatial resource infor-
mation obtained from sector antennas on the directional spectrum 
sensing and transmission. The spatial aspect for CR has been investigat-
ed using measured as well as analytical radiation patterns. The meas-
ured beam patterns are obtained from sector antennas specifically 
devised for exploiting spatial resources in CR and analytical radiation 
patterns are obtained from mathematical expression representing circu-
lar array of dipole. A ray tracer has been used for modelling the urban 
environment and for wave propagation simulation. The results have 
shown that sector antenna exploits the spatial dimension as an addition-
al resource and provides more opportunity for secondary communica-
tion in CR as compared with onmi-directional antenna.  It also improves 
the detection performance of weak primary signals by reducing missed 
detection as compared with omni-directional antenna. It has been ob-
served that the measured radiation patterns obtained from fabricated 
sector antenna provide more spatial opportunities than analytical radia-
tion patterns. This is because the fabricated sector antennas have been 
developed using Y-shaped electric walls which contains reduced side 
lobe levels, directive gain 5.2dBi, and 15o half power beamwidth. On the 
other hand, the analytical radiation patterns contain significant higher 
side lobes, directive gain 6.9dBi, and 120o half power beamwidth which 
could not help to offer more spatial opportunity. Hence it has been 
observed that those sector antenna radiation patterns which contain 
narrow beamwidth and lower side-lobe levels provide more spatial 
opportunities as compared to those with wider beamwidth and higher 
side-lobe levels. However, the analytical patterns having wide beam-
width perform better in the detection of primary signals since they cover 
the azimuth angles in a better way compared to the fabricated sector 
antenna patterns. These analytical radiation patterns are found helpful 
in terms of improved detection of weak primary signals.  

Additionally, directional sensing and transmission has been jointly 
studied using analytical radiation patterns. Three cases have been con-
sidered to study directional sensing and transmission at different loca-
tions in city of Ilmenau. In each case the service probability and range of 
secondary transmission has been calculated and plotted. The result 
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shows the service probability as well as range of communication has 
been increased with increase in number of sectors but saturation have 
been achieved when sector are increased to nine in multipath urban 
environment.  

The main reason behind this is that when nine dipole antenna elements 
have been configured in circular array, more side and back lobes appear 
as compared with the beam patterns corresponding to three and six 
dipole elements. Due to these side and back lobes, the transmit power 
for secondary communication is restricted because the base station 
needs to be protected from this secondary transmission. In other words, 
due to the presence of side lobes in the radiation patterns, some part of 
the signal has been transmitted in other directions which might disturb 
the primary source system in multipath environment and to avoid this, 
transmit power could be increased only to a certain lower limit when 
radiation patterns contain more side and back lobes.     

The saturation has been observed while comparing secondary transmis-
sion performance of nine sectors with three and six sectors in terms of 
service probability and range of communication. This indicates             
six sector antenna is the optimum choice which can be used to exploit 
the spatial resource in CR in a typical multipath urban environment. 
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7 Future Directives 
This work can be extended for more realistic channel scenario which is 
time-varying in nature, i.e. instead of static channel condition, time 
varying behaviour of scatterers, like moving vehicles can be taken in to 
account. This might take much time for pre-processing the database but 
it is expected that future upcoming versions of ray tracer would be 
faster enough to offer time varying feature by reducing the computa-
tional time into minutes. Another extension would be, instead of sensing 
the base station signal as primary source, defining some PUs at fix 
locations seems reasonable to study spatial aspects in CR in more detail. 
In that case, PUs would be allowed to transmit un-conditionally in the 
environment and secondary nodes perform directional spectrum sens-
ing at different locations using sector antennas. Moreover, apart from 
ray tracer, which takes time for database pre-processing and wave 
propagation simulations, multipath profiles can be generated in 
MATLAB in controlled manner with realistic assumptions for clustering 
representing different urban and rural environment. Hence the multi-
path can be generated with a defined rule and latter directional sensing 
can be performed with directional radiation patterns.      
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[1] V. Valenta, R. Maršálek,  G. Baudoin,  M. Villegas, M. Suarez, F. 

Robert “Survey on spectrum utilization in Europe: Measure-
ments, analyses and observations” 5th International Conference on 
Cognitive Radio Oriented Wireless Networks and Communications 
(CROWNOM), pp. 1-5, 2010. 

[2] Joseph Mitola and Gerald Q. Maguire “Cognitive Radio: Making 
Software More Personal” IEEE Personal Communications, vol. 6, 
pp. 13-18, August 1999.  

[3] Federal Communications Commission “Report of spectrum 
policy task force” ET Docket 02-135, November 2002. 

[4] A. J. Paulraj, D. A. Gore, R. U. Nabar and H. Bölcskei “An over-
view of MIMO communications: A key to Gigabit wireless” 
IEEE Proceedings, vol. 92, no. 2, pp. 198–218, February 2004. 

[5] A. Paulraj and R. Nabar, and D. Gore “Introduction to Space-
Time Wireless Communications” Cambridge University Press, 
2003. 

[6] Danijela Cabric, Artem Tkachenko, Robert W. Brodersen "Spec-
trum Sensing Measurements of Pilot, Energy, and Collaborative 
Detection" Military Communication Conference (MILCOM), Octo-
ber, 2006. 

[7] Danijela Cabric, Artem Tkachenko, and Robert W. Brodersen 
“Experimental study of spectrum sensing based on energy de-
tection and network cooperation” In Proceedings of the first inter-
national workshop on Technology and policy for accessing spec-
trum (TAPAS '06), Article 12, ACM, New York, NY, USA. 

[8] Artem Tkachenko, Danijela Cabric, Robert W. Brodersen "Cog-
nitive Radio Experiments using Reconfigurable BEE2" Asilomar 
Conference on Signals, Systems and Computers, November, 2006. 

http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Mars.AND..HSH.x030C;a.AND..HSH.x0301;lek,%20R..QT.&newsearch=partialPref
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Baudoin,%20G..QT.&newsearch=partialPref
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Villegas,%20M..QT.&newsearch=partialPref
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Suarez,%20M..QT.&newsearch=partialPref
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Robert,%20F..QT.&newsearch=partialPref


Directional Spectrum Sensing and 
Transmission Using a Sector Antenna   
Bilal Hasan Qureshi  

References 
2012-10-10 

 

41 

[9] Zhe Chen, Nan Guo, R.C. Qiu "Demonstration of Real-Time 
Spectrum Sensing for Cognitive Radio," IEEE Communications 
Letters, vol.14, no.10, pp.915-917, October 2010. 

[10] Jyh-Chyuan Sun “Automatic real time spectrum sensing using 
energy detection in software defined radio” A graduate project at 
California state University, May, 2012. 

[11] George Eichinger, Miriam Leeser and Kaushik Chowdhury “An 
FPGA Spectrum Sensing Accelerator for Cognitive Radio” 20th  
IEEE International Symposium on Field-Programmable Custom Com-
puting Machines, 2012. 

[12] Ruolin Zhou, Qian Han, R. Cooper, V. Chakravarthy and Wu 
Zhiqiang "A Software Defined Radio Based Adaptive Interfer-
ence Avoidance TDCS Cognitive Radio" Communications (ICC), 
2010 IEEE International Conference on , vol., no., pp.1-5, 23th - 27th 
May 2010.  

[13] J. G. Proakis “Digital Communications” 9th Edition McGraw-Hill 
Higher Eduation, 2001. 

[14] A. Sahai, R. Tandra, S. M. Mishra, and N. Hoven “Fundamental 
design tradeoffs in cognitive radio systems” International Work-
shop on Technology and Policy for Accessing Spectrum, August 2006. 

[15] M. Oner and F. Jondral “Cyclostationarity based air interface 
recognition for software radio systems” IEEE Proceedings Radio 
and Wireless Conference Atlanta, Georgia, pp. 263–266, September 
2004. 

[16] D. B. Cabric “Cognitive radios: System design perspective” 
Ph.D. dissertation, Doctor of Philosophy in Engineering, University of 
California at Berkeley, Berkeley, California, December 2007. 

[17] H. Urkowitz “Energy detection of unknown deterministic sig-
nals” IEEE Proceedings, vol. 55, pp. 523–531, April 1967. 

[18] V. I. Kostylev “Energy detection of a signal with random ampli-
tude” International IEEE Conference Communication, vol. 3, pp. 
1606–1610, April 2002. 



Directional Spectrum Sensing and 
Transmission Using a Sector Antenna   
Bilal Hasan Qureshi  

References 
2012-10-10 

 

42 

[19] F. F. Digham, M. Alouini, and M. K. Simon “On the energy de-
tection of unknown signals over fading channels” IEEE Interna-
tional Conference on Communication, pp. 3575–3579, May 2003. 

[20] A. Ghasemi and E. S. Sousa “Collaborative spectrum sensing for 
opportunistic access in fading environments” 1st IEEE Interna-
tional Symposium  on New Frontiers in Dynamic Spectrum Access 
Networks (DySPAN), Baltimore, pp. 131–136, November 2005. 

[21] H. Arslan “Spectrum sensing for cognitive radio applications in 
Cognitive Radio, Software Defined Radio, and Adaptive Wire-
less Systems”, Chapter 9, ISBN 978-1-4020-5541-6, Edition, 2007. 

[22] H. Urkowitz “Energy detection of unknown deterministic sig-
nals” Proceedings of the IEEE, vol. 55, no 4, pp. 523 – 531, April 
1967. 

[23] A. Mariani, A. Giorgetti, and M. Chiani ”Energy detector design 
for cognitive radio applications” In Waveform Diversity and De-
sign International Conference (WDD), pp.53–57, August 2010. 

[24] Yulong Zou, Jia Zhu, Baoyu Zheng, Sulan Tang and Yu-Dong 
Yao "A Cognitive Transmission Scheme with the Best Relay Se-
lection in Cognitive Radio Networks" IEEE Global Telecommuni-
cations Conference (GLOBECOM), pp.1-5 December 2010.  

[25] W. Jaafar, W. Ajib, D. Haccoun "A Novel Relay-Aided Transmis-
sion Scheme in Cognitive Radio Networks" IEEE Global Tele-
communications Conference (GLOBECOM), pp.1-6, December 
2011. 

[26] Xiaohua Li, Jinying Chen and Juite Hwu "Secondary transmis-
sion power of cognitive radios for dynamic spectrum access" 3rd 
International Conference on Communications and Networking in 
China, pp.1211-1215, August 2008. 

[27] Y. Yagi, T. Ohno, H. Murata, K. Yamamoto and S. Yoshida, 
“Impact of Directional Antenna of Primary System Receiver in 
Spectrum Sensing: A Case Study” IEEE Communications Letters, 
vol. 15, no. 3, pp. 308-310, March 2011.  



Directional Spectrum Sensing and 
Transmission Using a Sector Antenna   
Bilal Hasan Qureshi  

References 
2012-10-10 

 

43 

[28] Z. Xu, Q. Liu,  C. Zhao, Z. Zhou, K. S. Kwak  “Spectrum sense 
utilizing multi-antenna beams scanning in cognitive radio net-
works” 9th International Symposium on Communication and Infor-
mation Technology, ISCIT, pp. 1369-1374, 2009. 

[29] M. Grimm, A. Krah, N. Murtaza, R. K. Sharma, M. Landmann, 
R. Thomä, A. Heuberger, and M. Hein “Performance evaluation 
of directional spectrum sensing using an over-the-air testbed,” 
4th International Conference on Cognitive Radio and Advanced Spec-
trum Management, CogART’11, Barcelona, Spain, October 26-29, 
2011. 

[30] A. Krah, M. Grimm, N. Murtaza, W. Kotterman, M. Landmann, 
A. Heuberger, R. Thoma, and M. Hein “Over-the-air test strate-
gy and testbed for cognitive radio nodes” in General Assembly 
and Scientific Symposium, 2011 XXXth URSI, pp. 1-4, August 
2011. 

[31] N. Murtaza, A. Krah, M. Grimm, A. Heuberger, R. Thoma, and 
M. Hein “Multi-band direction-sensitive cognitive radio node” 
in Antennas and Propagation in Wireless Communications (APWC), 
IEEE-APS Topical Conference on,  pp. 251 –254, September 2011. 

[32] G. Zhao, Jun Ma ,  Ye Li ,  Tao Wu ,  Y. H. Kwon, A Soong, C. 
Yang  “Spatial Spectrum Holes for Cognitive Radio with Direc-
tional Transmission” IEEE Global Telecommunication Conference, 
GLOBCOM, pp. 1-5, November 2008.  

[33] G. Zhao, J. Ma, G. Y. Li, T. Wu, Y. Kwon, A. Soong and C. Yang 
“Spatial Spectrum Holes for Cognitive Radio with Relay-
Assisted Directional Transmission” IEEE Trans. Wireless Com-
mun., vol. 8, no. 10, pp. 5270-5279, October 2009. 

[34] K. Nishimori, R. Taranto, H. Yomo and P. Popovski “Cognitive 
Radio Operation under Directional Primary Interference and 
Practical Path Loss Models” IEEE Transaction on Communication, 
vol. E94-B, no. 5, May 2011.  

[35] T. S. Rappaport “Wireless Communications Principles and Prac-
tice” 2nd Edition, Pearson Education, 2002.  

http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Zhigang%20Xu.QT.&newsearch=partialPref
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Zhigang%20Xu.QT.&newsearch=partialPref
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Zhigang%20Xu.QT.&newsearch=partialPref
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Zhigang%20Xu.QT.&newsearch=partialPref
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Zhigang%20Xu.QT.&newsearch=partialPref
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Guodong%20Zhao.QT.&newsearch=partialPref
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Guodong%20Zhao.QT.&newsearch=partialPref
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Guodong%20Zhao.QT.&newsearch=partialPref
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Guodong%20Zhao.QT.&newsearch=partialPref
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Guodong%20Zhao.QT.&newsearch=partialPref
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Guodong%20Zhao.QT.&newsearch=partialPref
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Guodong%20Zhao.QT.&newsearch=partialPref
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Guodong%20Zhao.QT.&newsearch=partialPref


Directional Spectrum Sensing and 
Transmission Using a Sector Antenna   
Bilal Hasan Qureshi  

References 
2012-10-10 

 

44 

[36] Wave Propagation and Radio Network Planning, AWE Communica-
tions. [Online]. Available: http://www.awe-
communications.com/ 

[37] Constantine A. Balanis  “Antenna Theory: Analysis and Design” 
3rd Edition, John Wiley, ISBN: 978-0-471-66782-7, May 2005. 

[38] Syed J. Nawaz, Bilal Hasan Qureshi, Noor M. Khan, "A General-
ized 3-D Scattering Model for Macro cell Environment with Di-
rectional Antenna at BS", In press, IEEE Transaction on Vehicular 
Technology, Vol. 59, Issue 7, pp. 3193 – 3204, 2010. 

 
 

 
 
 
 

 

 

 

http://eu.wiley.com/WileyCDA/Section/id-302479.html?query=Constantine+A.+Balanis


Directional Spectrum Sensing and 
Transmission Using a Sector Antenna   
Bilal Hasan Qureshi  

Appendix A: Circular 
Array of Dipole 

2012-10-10 
 

45 

Appendix A: Circular Array of Dipole  
 Derivation of Array Factor  

 

 
 

 
 

Array factor of circular array 

The normalized field can be written as  

∑
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For r>>a, the above equation reduces to  

).(cos ra nnn ararR ρψ −=−=                                (3) 

In a rectangular coordinate system 
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Therefore,  

)sinsincos(cossin φφφφθ nnn arR +−≅                                (5) 

or 

)cos(sin nn arR θφθ −−≅                                             (6) 

For the amplitude term, the approximation 

rRn

11
≅  for all n                                                    (7) 

is made. 

Assuming the approximation (6) and (7) are valid, the far-zone array 
field is reduced to  

∑
=

−
−

=
N

n

jka
n

jkr
nea

r
erE

1

)cos(sin),,( φφθφθ                                       (8) 

where 

na is the complex excitation coefficient (amplitude and phase); 

Nnn /2πφ = is the angular position of the nth element.  

In general, the excitation coefficient can be represented as 

nj
nn eIa α=                                                    (9) 

where nI is the amplitude term and nα is the phase of the excitation of 
the nth element relative to a chosen array of zero phase.  
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[ ]nnkaj
N

n
n

jkr

eI
r

erE αφφθφθ +−

=

−

∑=⇒ )cos(sin

1
),,(                       (10) 

The AF is obtained as  

[ ]nnkaj
N

n
neIAF αφφθφθ +−

=
∑= )cos(sin

1
),(                                   (11) 

Expression (11) represents the AF of a circular array of N equispaced 
elements. The maximum of the AF occurs when all the phase terms in 
(11) equal unity, or, 

nmmka nn  all  ,2,1,0   ,2)cos(sin ±±==+− παφφθ                         (12) 

The principal maximum (m = 0) is defined by the direction ),( oo φθ , for 
which  

Nnka noon  ... ,2,1,0   ),cos(sin =−−= φφθα                            (13) 

If a circular array is required to have maximum radiation in the direc-
tion ),( oo φθ then the phases of its excitation have to fulfil (13). The AF of 
such an array is   

[ ])cos(sin)cos(sin

1
),( noonjka

N

n
neIAF φφθφφθφθ −−−

=
∑=                                (14) 

[ ]onnjka
N

n
neIAF ψψφθ coscos

1
),( −

=
∑=                                        (15) 

Here   

[ ])cos(sinarccos nn φφθψ −= , is the angle between r and nρa  

[ ])cos(sinarccos nooon φφθψ −=  is the angle between nρa  and maxr pointing in the 
direction of maximum radiation.  
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Appendix B: Transmit Powers 
 

Case 1: Transmit power values in mw 

 Omni 3 Sectors 6 Sectors 9 Sectors 
Loc 1 20 20 15 18 11 12 11 
Loc 2 5 6 22 12 12 6 6 
Loc 3 50 60 60 60 30 30 40 
Loc 4 5 6 10 5 12 5 3 
Loc 5 2 3 15 5 10 8 2 

 

Case 2: Transmit power values in mw 

 Three Sectors Six Sectors 
Sec1 Sec2 Sec3 Sec1 Sec2 Sec3 Sec4 Sec5 Sec6 

Loc 1 - - 90 -  - - - 100 100 
Loc 2 2 - - 2 - - - - 4 
Loc 3 - 90 - - - 120 150 - - 
Loc 4 - - 100 - - - 80 90 - 
Loc 5 - - 8 - - - 10 15 - 

 

Case 3: Transmit power values in mw 

 Omni Three Sectors Six Sectors 
Sec1 Sec2 Sec3 Sec1 Sec2 Sec3 Sec4 Sec5 Sec6 

Loc 1 20 - 20 100 - - 10 30 70 70 
Loc 2 8 8 - 30 5 3 - - 60 70 
Loc 3 20 - 40 60 - 50 90 50 20 - 
Loc 4 50 - 30 60 - 60 70 150 140 - 
Loc 5 7 3 20 - 1 10 60 35 - - 
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