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Abstract

Spectrum sharing between wireless systems becomes a critical issue due to emerg-
ing new technologies. In 2007, the International Telecommunication Union (ITU) 
recommends spectrum sharing feasibility to be established for IMT-Advanced sys-
tems and fixed satellite services (FSS) for a frequency range 3400–4200 MHz. This 
book presents a research conducted on the interference mitigation between IMT-
Advanced and FSS. It covers a deterministic analysis for interference-to-noise ratio 
(I/N), adjacent channel interference ratio (ACIR), field strength and path loss propa-
gation, in order to determine the separation distances in the co-channel interference 
(CCI) and adjacent channel interference (ACI) scenarios. An analytical model has 
been developed for the shielding mitigation technique based on the deterministic 
analysis of the propagation model. The shielding technique has been developed 
based on test bed measurements for evaluating the attenuation of the proposed 
materials. MATLAB™ and Transfinite Visualyse Pro™ have been used as simula-
tion tools for the verification of the obtained results, whereas the IMT-Advanced 
parameters have been represented by Worldwide Interoperability for Microwave 
Access (WiMAX) 802.16e. The impact of different FSS channel bandwidths, guard 
band separations, shielding effects, antenna heights and different deployment areas 
on coexistence feasibility is considered. The results obtained in terms of minimum 
required separation distance in three scenarios, co-channel, zero-guard band and 
adjacent channel, are analysed. In order to reduce the emitted interference from the 
IMT-Advanced base station, the improved multiple signal classification (I-MUSIC) 
algorithm is derived. It has a high resolution and accurate direction of arrival detec-
tion and prevents the high heavy complexity of current methods. Finally, a mecha-
nism system for adaptive array antenna is designed to keep fixed nulls in the 
direction of FSS and steer the beam towards the users by employing the I-MUSIC 
and the least mean square (LMS) algorithms. The efficiency of proposed mitigation 
technique is justified using simulation results, and coexistence is characterized by 
minimum separation distances. It has been found that 20 dB attenuation is needed 
in order to reduce the original separation distance by 90%. Moreover, the optimum 
separation distance reduction achievable by using 40 dB shielding and fixed null 
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mitigation technique could reach up to 0.335% of the original separation. 
Accordingly, the shielding and proposed adaptive antenna mitigation techniques 
have demonstrated a high degree of capability and competence of reducing the 
harmful power interference from the IMT-Advanced base station to the FSS receiver.

Abstract
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Chapter 1
Introduction

1.1  �Research Background

The frequency spectrum is a precious natural resource, subject to rapid consumption 
and necessary for global, regional and domestic telecommunication infrastructures 
[1, 2]. In the World Radio Conference WRC-07, the International Telecommunication 
Union for Radiocommunication (ITU-R) has become the key regulator of the global 
spectrum allocation for the next generation of mobile systems [3]. In this sense, this 
book addresses the (3400–4200) MHz band of the spectrum, which has been pro-
posed by the ITU-R as the widest band that will be available, up to 100 MHz/chan-
nel, for the future International Mobile Telecommunication Advanced 
(IMT-Advanced) operational frequency. For fixed satellite services (FSS), C-band is 
used in many countries since 1980, represented by thousands of strategic invest-
ments ranging from telemedicine and distant learning to disaster recovery [4]. 
Accordingly, any immediate transition in the use of this band to IMT-Advance ser-
vices is considered unrealistic [5].

The super extended C-band 3400–4200 MHz is attractive for FSS because of its 
low absorption, highly reliable space-to-earth communication and wide service cov-
erage. In addition, this frequency band is widely used by satellite operators in the 
countries with severe rain fade conditions due to almost zero rain-induced signal 
attenuation. Moreover C-band is also favourable to IMT-Advanced, because it 
allows multiple antenna technique implementations and the use of smaller antenna 
for terminals and base stations, as well as enabling high space efficiency [4].

In response, the frequency administrators explored the expected interference 
between the FSS and IMT-Advanced. Studies, analyses and measurements have 
been reported since 2005 to improve the efficiency of receiving signals via 
FSS. Furthermore, various studies have been conducted on similar cases of interfer-
ence between the terrestrial communications like the fixed wireless access (FWA) 
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and FSS, due to the relative higher power of the FWA signal comparing to the satel-
lite signal [6]; details are carried out in Chap. 2.

The co-channel interference (CCI) and adjacent channel interference (ACI) are 
issues that result of co-locating more than one service in one band. However, CCI is 
the worst of the issues in the coexistence of both IMT-Advanced and FSS using the 
same frequency. Overcoming this problem is the subject of utilizing geographical 
domain separation. ACI results from other signals that are adjacent in the frequency 
to the desired signal. Using the adjacent band for different services side by side 
(band segmentation) with or without guard band (GB) could be a possible solution 
for ACI [7].

The sharing results by using a minimum coupling loss (MCL) and Monte Carlo 
(MC) simulation link gave a required separation distance larger than 40 km to avoid 
mutually harmful interference between two systems in co-channel and adjacent 
channel interference scenario [8, 9]. MCL is the minimum possible propagation loss 
between station and non-coordinated operators, neglecting the effect of lognormal 
fading (shadowing fade) and MC is used to quantify the minimum frequency sepa-
ration of mobile communication system in adjacent frequency band [9]. On the 
IMT-Advanced side, the orthogonal frequency division multiplexing (OFDM) is 
currently considered the most promising access schemes to support IMT-Advanced 
systems [10]. It is based on multi-carrier modulation technique that offers excellent 
performance in combating multipath fading as well as superb efficiency in terms of 
using the available bandwidth [11].

From the radio propagation standpoint, ITU-R has specified propagation envi-
ronments for evaluating transmission performance for same emerging wireless 
technologies [12]. These include both terrestrial and satellite propagation situations. 
It is concluded that IMT-Advanced operating environments are dense urban, urban, 
suburban and rural, with several common characteristics, such as interference to 
noise ratio (I/N).

The C-band is heavily congested due to the following: first, such countries as 
Japan, Korea and Australia with highly developed telecommunications infrastruc-
ture need a new spectrum for high-capacity mobile broadband wireless access 
(BWA) networks; second, countries (such as China, India, Australia) with large 
underserved rural areas need new spectrum for fixed BWA networks [13].

From the literature, it is concluded that an easy-to-follow approach is needed in 
order to determine the frequencies’ coordinations with different bandwidths, the 
focus of this book.

1.2  �Problem Statement

The coexistence between IMT-Advanced systems and the FSS receiver in 	
C-band lower frequency is the main focus of this book. The 3400–4200 MHz fre-
quency band, previously allocated for existing FSS receivers, has been proposed to 
be investigated for IMT systems use. Among the many built-in FSS receiver 
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capabilities, exceptional weak signal received from geostationary orbit station 
(GOS) is perhaps the unique feature inherent to that kind of receivers. Therefore, a 
potential interference from other systems into FSS receivers is inevitable. However, 
it is difficult to identify a fixed interference level for all FSS receivers due to differ-
ent assigned bandwidths. These assigned bandwidths start from 230  kHz to 
100 MHz for some geostationary satellite orbit (GSO). On the mobile-terrestrial 
side, IMT-Advanced signals should be robust enough to support the so-called 
interoperability supported by various services. Therefore, interference between 
IMT-Advanced and FSS services is likely to be in one side, which is from IMT-
Advanced (interferer) to FSS (victim). This is the unsolved problem which has 
motivated this research work.

The current techniques of mitigating the impact of IMT-Advanced based on the 
separation distances are not logical due to distance infeasibilities. Thus, it is impor-
tant to investigate the FSS interference thresholds for different bandwidths in order 
to validate the effectiveness of the proposed mitigation techniques on the separation 
distance reduction. In addition, field measurements are required in order to get 
accurate interference predictions, which are currently unavailable for IMT-Advanced 
systems. Therefore, it is useful to develop an analytical model for the FSS shielding 
protection by measuring the exact value of shielding attenuation for different 
selected materials.

The coexistence model between IMT-Advanced represented by Worldwide 
Interoperability for Microwave Access (WiMAX) 802.16e and FSS receiver is pro-
posed to study the impact of different FSS channel bandwidths, guard band separa-
tions, shielding effects, WiMAX transmitting antenna heights and different 
deployment areas, which may likely have an influence on coexistence feasibility.

Technically, it is impossible to achieve a feasible separation distance in most 
cases without nulling the WiMAX power in the direction of FSS and increase the 
signal to noise ratio (SNR) towards the signal of interest. Accordingly, developing 
an algorithm, which can operate with a low SNR to extract fixed nulls towards the 
FSS and form the beams towards IMT-Advanced users, will be a possible mitigation 
technique to reduce the separation distance.

1.3  �Research Objective

The main objective of this research is to develop an analytical coexistence model 
which can predict the minimum separation distance between IMT-Advanced and 
FSS.  This model will mainly depend on the usage of mitigation techniques that 
involve parameters such as the guard band, shielding and IMT-Advanced fixed null 
extraction. The research objectives are summarized as follows:

•	 To investigate the required separation distance and guard band using variable 
FSS heights, bandwidths and different deployment scenarios

1.3  Research Objective
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•	 To measure the amount of the shielding attenuation through different proposed 
materials and suggest the most feasible shielding technique to protect the FSS

•	 To improve the MUSIC algorithm in order to increase the direction of arrival 
(DOA) resolution for the signal of interest

•	 To design a null extraction mechanism using uniform linear array (ULA) in order 
to form the beam using least mean square (LMS) algorithm, while nulls are fixed 
towards FSS and DOA will be determined using developed MUSIC algorithm

1.4  �Scope of Work

As the band 3400–4200 MHz is allocated worldwide on a primary basis to the fixed 
satellite service (FSS) [14], this research will investigate the possible mitigation 
techniques that coexist between the FSS receiver using MEASAT-3 GSO (channel 
bandwidth 36 MHz maximum) and IMT-Advanced systems represented by WiMAX 
802.16e (channel bandwidth 20 MHz). The results of this study will not consider the 
unevenness of earth surface. The present study is designed to determine the benefits 
of using higher frequency for IMT-Advanced system. This study will be carried out 
in the same and adjacent frequency band. The scope of the research has been listed 
as follows:

•	 Literature reviews have been carried out on frequency bands, coexistence and 
sharing criteria, spectrum allocation, interference types and concept, signal prop-
agation, adjacent channel leakage ratio (ACLR) model, smart antenna systems, 
shielding and null extraction technique and previous related studies.

•	 Clarifying the parameters and specifications of IMT-Advanced (proposed system 
WiMAX IEEE802.11e) and FSS receiver. Then, determine the interference level 
for each FSS bandwidth and consider the most used bandwidths for the analyti-
cal model.

•	 Identifying the radio wave propagation formulas in order to find the minimum 
separation distances in the CCI and ACI scenarios.

•	 Development of an analytical model that is capable of enrolling the ACIR model, 
shielding and null extraction techniques into the minimum separation distance 
analysis.

•	 Measure the received signal by FSS via MEASAT-3 and evaluate the effect of 
different shielding materials to conclude the best shielding material and 
scenario.

•	 Apply a terrestrial signal generated by signal generator (that has the same fre-
quency carrier of victim FSS) to assess the interference with and without 
shielding.

1  Introduction
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•	 Determine the intersystem interference scenarios in different deployment areas 
according to the requirements and criterion by simulation.

•	 Present the problem of high resolution and accurate direction of arrival detection 
using Improved MUSIC (I-MUSIC) algorithm. Improving the existing MUSIC 
spectrum model by scanning in only one dimension. This can prevent the high 
heavy complexity of current methods. Then, the results will be verified by simu-
lation. Here, I-MUSIC is driven which distinctively reduces the complexity of 
DOA estimation. In addition, comparisons between the root mean squared error 
(RMSE) and computational complexity costs against those of conventional algo-
rithms are performed. Numerical results for different array antenna manifolds 
and a variety of data lengths are also presented in the simulations.

•	 Propose a mechanism for beam cancellation to coexist the IMT-Advanced base 
stations (BS) and FSS in the 3400–4200 MHz frequency range. This mechanism 
should be able to steer the radiation power towards the user while still fixing the 
fixed nulls in the direction of FSS receiver.

Finally, the most feasible coexistence scenarios will be determined, and the fea-
sibility of the proposed mitigation techniques on the coordination process will be 
evaluated.

1.5  �Book Significance and Contribution

In this book, the author describes the techniques of IMT-Advanced and fixed satel-
lite services sharing the same spectrum and presents a number of original contribu-
tions in this field of study. These contributions are summarized as follows:

•	 A significant study based on measurements and experimental setup has been 
performed to improve and mitigate the impact of terrestrial services on the FSS 
receiver.

•	 Different scenarios in the co-channel, zero-guard band and adjacent channel, 
with 0 dB and 20 dB shielding attenuation for each, have been proposed to obtain 
the correlation between the minimum separation range of base stations and the 
frequency separation. A propagation model is derived for this purpose. The 
model can predict the systems coexistence possibility in several deployment 
areas. Besides, different FSS channel bandwidths had been considered to further 
substantiate the results in terms of various applications of satellite receivers.

•	 I-MUSIC algorithm has been proposed as a competent algorithm for high-
resolution DOA detector.

•	 A competent mechanism to steer the radiation pattern towards IMT-Advanced 
users and keep the nulls towards FSS victim is presented in this book. It is found 
that this technique can significantly reduce down the separation distance to 

1.5  Book Significance and Contribution
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35.5%. It has been simulated for the co-channel and adjacent channel interfer-
ence scenarios, in different shielding attenuation and different deployment areas.

•	 The results provided in this research have shown that frequency sharing between 
FSS and IMT-Advanced systems in 3400–4200 MHz bands is feasible under cer-
tain conditions. Accordingly, shielding and fixed null extraction mitigation tech-
niques have been used for a high competence and capability to reduce down the 
interference to 0.355% of the original.

So far, broad and thorough research activities have been conducted to study the 
anticipated deteriorating effects of interference between FSS and IMT-Advanced 
system.

1.6  �Book Outlines

This book is organized in six chapters to cover the whole research work that has 
been conducted.

The second chapter provides a summary of literature review on radio propaga-
tion and the deterministic analysis for the CCI and ACI. It includes results of the 
most recent studies, assessments and interference method developments. The con-
cept, effect and types of shielding are discussed in detail. The new technology of 
smart antenna parameters using MUSIC algorithm, as well as its background and 
concept, is highlighted.

The third chapter proposes a methodology of an interference model in the co-
channel and adjacent channel interference scenarios, which essentially depends on 
the interferer adjacent channel leakage ratio (ACLR), receiver adjacent channel 
selectivity (ACS) and the clutter loss effect. A case study of one channel of 
MEASAT-3 C-band is considered for initial planning and frequency coordination 
on WiMAX of 20  MHz channel bandwidth. Frequency offsets and geographical 
separations for different deployment environments are considered. Based on inter-
ference to noise ratio (I/N) of −10 dB, the calculations are performed for 4 GHz 
frequency carrier. Matlab code has been developed so that the specified value of I/N 
is obtained by tuning up the minimum required separation distance to an appropri-
ate level corresponding to a set of frequency offsets between carriers.

Chapter 4 describes the details of an experimental setup in Universiti Teknologi 
Malaysia, Skudai, Johor, and an analytical model for shielding technique. The 
experimental setup comprises of FWA base station installation and FSS receiver 
setup. Compatibility between IMT-Advanced system represented by WiMAX 
802.16e and fixed satellite service system will be investigated for both co-channel 
system base stations and adjacent channel system base stations. Assessment of the 
interference from WiMAX to FSS will be performed in terms of guard band, antenna 
discrimination, shielding, different FSS bandwidth and diverse deployment areas to 
achieve minimum separation distance for each scenario.

1  Introduction

https://doi.org/10.1007/978-3-319-70588-0_4


7

An efficient method for the pattern synbook of the linear antenna arrays with the 
prescribed null is presented in Chap. 5. The DOA algorithm, which can give a high 
resolution, is proposed. Then, adaptive beamforming algorithm based on Improved 
MUSIC algorithm is combined with the LMS algorithm to handle adjustable code 
for null construction in the direction of the victim FSS earth station (ES). An assess-
ment will be done for the interference modes where the interfering signal emitted 
from one IMT-Advanced BS impacts one FS station.

In the sixth chapter, the overall conclusions of research work conducted under 
this research are presented. Finally, the recommendations for future work related to 
IMT-Advanced physical layer are presented.
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Chapter 2
Literature Review

2.1  �Introduction

Broadband wireless access (BWA) systems have been introduced to operate in all or 
portions of the 3400–4200 MHz band for fixed, nomadic or mobile user terminals. 
As BWA is being introduced, harmful interference and loss of FSS receivers have 
been reported in Malaysia [1]. The reported cases cover interference both for BWA 
in overlapping frequency bands and in non-overlapping bands. In the ITU table of 
frequency allocations, the FSS, in the space-to-earth direction and the Fixed Service 
(FS), is co-primary in the band 3400–3800 MHz. In some national tables of fre-
quency allocations, the FSS is not primary in the band 3400–3700 MHz or over a 
portion of this 300 MHz range. Currently FSS is used over the whole 800 MHz 
range, but the utilization of the upper 500 MHz (3700–4200 MHz) is much more 
intense, followed by the utilization of the 3625–4200 MHz band [2–4]. Therefore in 
this chapter, spectrum sharing studies will target the principles of radio propagation 
and the types and criteria of intersystem interference. A literature review of previ-
ously conducted studies, assessments and interference methods will be discussed in 
this chapter. In addition, the background and concept of shielding technique, smart 
antenna elements and MUSIC algorithm will be highlighted and discussed in detail 
as a mitigation technique.

2.2  �Radio Propagation

In wireless communications, radio propagation between base station and terminals 
is affected by such mechanisms as scattering, diffraction and reflection.
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2.2.1  �Radio Coverage

The radio coverage is determined by radio signal path loss, which increases with 
increasing frequency. The RF power of radio signals would be reduced when radio 
signals have travelled over a considerable distance. Therefore, in most cases, the 
systems with higher frequencies will not operate reliably over the distances required 
for the coverage areas with varied terrain characteristics [5]. For clear line-of-sight 
(LOS) propagation, the range between the transmitter and receiver is determined by 
the free space path loss equation, given by:

	
Pathloss dB= 






20

4
10log

π
λ

d

	
(2.1)

where d and λ are the range and wavelength in meters, respectively.
In non-line-of-sight (NLOS) cases, the performance of higher frequencies is 

worse with reliable distances dropping even faster. Most paths are obstructed by 
objects and buildings. When penetrating obstacles, radio waves are decrease in 
amplitude. As the radio frequency increases, the rate of attenuation increases. 
Figure 2.1 illustrates the effect of higher frequencies having higher attenuation on 
penetrating obstacles [6].

A radio beam can diffract when it hits the edge of an object. The angle of diffrac-
tion is higher as the frequency decreases. When a radio signal is reflected, some of 
the RF power is absorbed by the obstacle, attenuating the strength of the reflected 
signal. Figure 2.2 shows that higher frequencies lose more signal strength on reflec-
tion [7].

Conversely, high frequency is required to provide sufficient bandwidth. However, 
spectrum allocation widths are normally proportional to the frequency of the band, 
and hence nominating the 3400–4200 MHz band for IMT-Advanced would allow 
the spectrum users to operate with more and wider channels.

The use of higher available capacity can also support much higher data rates than 
the lower spectrum. In addition, higher frequency can reduce the financial cost of 

Fig. 2.1  Higher frequencies have higher attenuation on penetrating obstacles
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licensing. It is important to notice that gain of antennas is a functional to the fre-
quency being received [8].

In free space propagation, clear and unobstructed line-of-sight (LOS) path is 
available, and the first Fresnel zone is maintained between base station and termi-
nal. Free space path loss can be obtained by using the logarithmic value of the ratio 
between the receiving and transmitting power as expressed in Eqs. (2.2), (2.3), (2.4) 
and (2.5). This simplified free space path loss model for unity antenna gain is based 
on Ref. [9].

Equations (2.3), (2.4) and (2.5) indicate that free space path loss is frequency 
dependent, and it increases with distance. The increase of distance and frequency 
produces similar effect on the path loss.

	
PL

P

PdB
r

t

= 10 10log
	

(2.2)

	 PL f ddB Hz m= − + +147 56 20 2010 10. log log 	 (2.3)

	 PL f ddB MHz km= + +32 44 20 2010 10. log log 	 (2.4)

	 PL f ddB GHz km= + +92 44 20 2010 10. log log 	 (2.5)

where f is frequency, d is distance; Pr and Pt are the receiving and transmitting 
power in watts, respectively.

2.2.2  �Radio Propagation Model

A radio propagation model is an empirical mathematical formulation for the char-
acterization of radio wave propagation as a function of frequency, distance and 
other characteristics. A single model is usually developed to predict the behaviour 
of propagation for every similar link under similar constraints. The essential aim of 

Fig. 2.2  Frequency dependence of signal strength on reflection

2.2  Radio Propagation
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signal propagation studies is to formalize how the signal can propagate from one 
point to another. Only in such situation can a typical model predict the path loss 
effect on an area covered by a single- or multi-transmitter (s) [10].

It is found that ITU-R P.452-9 [11] is the most suitable propagation model for 
this study, because it can cover from 0.7 MHz to 30 GHz frequency range. The pre-
diction of the line of sight (LOS) is a result of the signal after being exposed to the 
path and clutter loss model, as clarified in Eq. (2.6). The propagation prediction can 
also be obtained by summing line of sight with subpath diffraction and clutter 
model, as in Eq. (2.7).

	 L Pl A Ab free ht hr= + + 	 (2.6)

	 L Pl L A Ab free ds ht hr= + + + 	 (2.7)

where Lb is the prediction basic transmission loss given by the line-of-sight model, 
while Aht and Ahr represent the propagation losses encountered due to the different 
heights in one environment and Lds is a result of diffraction loss from prediction of 
subpath loss obtained from the diffraction model. An analytical predication algo-
rithm for the horizontal transmission can be expressed as:

	
L A Al L L
b ht hr

bs bd ba= − + +( ) + +− − −5 10 10 100 2 0 2 0 2log . . .

	
(2.8)

where Lbs, Lbd and Lba are individually predicted basic transmission loss obtained by 
troposcatter, diffraction and ducting layer reflection propagation models, 
respectively.
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CEPT and ITU organizations have accepted a common formula for wireless 
transmission assessment at a microwave frequency level. This formula has incorpo-
rated the clutter attenuation as well as environmental effects and is expressed as 
follows:

	
L d d f Ah( ) = + + +92 44 20 20. log log

	
(2.9)

where d (km) is the distance between interferer and victim FSS receiver, f is the car-
rier frequency in GHz and Ah is loss due to protection from local clutter (i.e clutter 
loss) and is given by:
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(2.10)

where dk (km) is the distance from nominal clutter point to the antenna, h is the 
antenna height (m) above local ground level and ha (m) is the nominal clutter height 
above local ground level. In Ref. [11], clutter losses are evaluated for different cat-
egories, such as trees, rural, suburban, urban and dense urban. Increasing antenna 
height up to the clutter height will result in a decrease in clutter loss, as shown in 
Table 2.1 and Fig. 2.4.

Table 2.1 reveals that the value of nominal distance is highest for rural and sub-
urban areas, whereas for urban and dense urban areas, the separation distance 
decreases in response to the clutter loss increment. Nominal distance is associated 
with the loss issues due to clutter height, which depends on the deployment areas. 
The detailed analysis is explained in Chap. 3.

2.3  �Coexistence, Spectrum Sharing and ITU Allocation 
in 3400–4200 MHz Band

Sharing a particular frequency among users using different devices has become the 
most critical problem in wireless communication systems. In order to guarantee a 
smooth access to the wireless channels, it is proposed to allocate spectrum using 
sharper frequency masks [12]. Wireless services have been developed in multi-
deployment forms for many applications in recent years. This development has 

Table 2.1  Nominal clutter heights and distances [11]

Clutter category Clutter height ha (m) Nominal distance dk (km)

Rural 4 0.1
Suburban 9 0.025
Urban 20 0.02
Dense urban 25 0.02

2.3  Coexistence, Spectrum Sharing and ITU Allocation in 3400–4200 MHz Band
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made the frequency bands become limited and highly scarce. Therefore, it is very 
important for emerging systems to be able to share and coexist with other systems 
on either co-channel or adjacent channel [13].

Spectrum coexistence means that different devices can have access to the spec-
trum in the same or adjacent frequency band(s) without causing any interference. 
This is possible by setting several regulatory rules regarding separation distance, 
frequency separation and power transmission. The coexistence studies emphasize 
on the performance of systems when they operate in the same or adjacent frequency 
bands [14, 15].

Spectrum sharing is defined as the use of a same frequency band by different 
systems or services, either with system coordination or not [13]. Sharing of the 
same frequency band by different services or technologies is only possible through 
well-defined limitations and technical requirements which facilitate sharing 
capabilities.

Table 2.2 shows the services in the 3400–4200 MHz range in the three regions 
[16]. The primary service is denoted by capital letters, while possible secondary 
services are denoted by lower-case. The secondary service is allowed to operate if 
no interference is caused to the primary service.
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2.4  �Fixed Satellite Services Deployment Topology 
and System Design

Satellite services in C-band are essential for inhabitants of rural remote areas as well 
as tropical weather areas. As a solution, a very small aperture terminal (VSAT) 
associated with a local loop is employed. Typically, in these environments 200–500 
telephone lines are required for each local loop [17].

VSAT is normally a small dish used for satellite communication services. It can 
offer a reliable and supportable space-to-earth and earth-to-space signal transmis-
sion solutions. It is important for both national and international services, on land 
and at sea. VSATs are most effective where the existing telecommunication infra-
structures are unreliable. However, even in developed countries, VSAT can pro-
vide effective data distribution at highly competitive costs as the terrestrial 
networks [18].

Usually the FSS connection scenario in C-band is a combination of multiple 
access infrastructures and the wireless local loop (WLL). System design consider-
ations include the type of traffic which can be carried, traffic rate, VSAT network 
architecture and topology. Others are modulation scheme used, multiple access 
schemes used, footprint, link budget and ground segment antenna design. The VSAT 
networks provide:

	1.	 Reliable data transmission with different bandwidths and adaptive power. These 
data can be voice and video transmitted to different users within the coverage 
area with ease of network management tools.

	2.	 Broadcasting services (point-to-multipoint), data collection (multipoint-to-
point), broadband and point-to-point communications are a part of VSAT 
applications.

	3.	 Interactive real-time applications, telephony, Internet, multimedia delivery and 
direct-to-home.

	4.	 VSAT is applicable in all land areas, remote locations, water areas and large 
volumes of air space.

Table 2.2  ITU spectrum allocation in 3400–4200 MHz (the targeted band)

Band 
(GHz) Region 1 Region 2

Region 3

3.4–3.5 Fixed, fixed satellite (space-to-
earth), mobile, radiolocation

Fixed, fixed satellite (space-to-earth), amateur, 
mobile, radiolocation

3.5–3.6 Fixed, fixed satellite (space-to-earth), mobile 
(apart from aeronautical), radiolocation3.6–3.7 Fixed, fixed satellite (space-to-

earth), mobile3.7–4.2 Fixed, fixed satellite (space-to-earth), mobile 
(apart from aeronautical)

2.4  Fixed Satellite Services Deployment Topology and System Design
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In the satellite industry, VSAT term is used to describe the earth station unit used 
for transmitting to or receiving electromagnetic signals from satellite or aircraft 
[19].

In terms of topology, the FSS can have three forms of connections. The first one 
is the star, which the hub controls the data transmission between users. A large num-
ber of users in this case can have access to the network. The hub antenna diameter 
ranges between 6  m and 11  m. A centralized data application form is what this 
topology is suitable for, because all users can communicate with a single hub. The 
second type is mesh connection. In this case, a group of VSAT users can communi-
cate directly among the network terminals with less time delay, which makes it very 
attractive for telephony applications. The third topology is hybrid network, which is 
a mixed network of mesh and star topology [17]. The received signal by FSS is the 
output of transmitted signal from the GSO, transponder antenna gain and receiving 
FSS gain. It is important to consider the free space and equipment losses. Earth sta-
tion hub has higher gain and diameter (4–11 m), and it communicates with all ter-
minals and requires higher bandwidth.

2.5  �Vision for IMT-Advanced System Concept

The growth of International Mobile Telecommunications-2000 (IMT-2000) is antic-
ipated to reach a limit of around 30 Mbps [20]. Then, IMT-Advanced is expected to 
be the next generation of the mobile communication system. As clarified by the 
ITU, the system has specific greater capabilities than that of IMT-2000 [20].

Currently, ITU expects that IMT-Advanced would be developed as a new wire-
less access technology around the year 2012. The new network should be capable of 
supporting a bandwidth in the range of 20 MHz up to 100 MHz per carrier, with a 
high data rate up to 100 Mbps in a high mobility conditions. Such mobility condi-
tions include vehicular (speeds up to 120 km/h) and high-speed vehicular (up to 
350 km/h). IMT-Advanced will also provide a speed of 1 Gbps for low mobility 
such as stationary (fixed or nomadic terminals) and pedestrian (speeds up to 3 km/h) 
[4]. Seamless applicability with both mobile networks and IP networks (global 
roaming capabilities) is another feature of IMT-Advanced connectivity technology. 
Additionally, unicast, multicast broadcast services and multiple radio interfaces 
with the seamless handover technique will address the cellular network with a good 
coverage [20].

It is foreseen that IMT-Advanced systems shall be able to support Multiple 
Input-Multiple Output (MIMO) and beamforming. Thus, it should have the capabil-
ity of supporting multi-antenna at the both receiver and transmitter ends to enhance 
the radio coverage [4].

Table 2.3 shows the IMT-Advanced deployment scenarios which require avail-
ability for mobile access for nomadic users, for ad hoc network users, for outdoor 
users (wide and metropolitan range) and for moving users (in a car or a high-speed 
train) [20].

2  Literature Review



17

2.6  �Interference Types and Assessment Methods

Interference can be classified into two categories: co-channel interference and adja-
cent channel interference [21]. Co-channel interference is defined as the interfering 
(unwanted) signal that has the same carrier frequency as the useful (wanted) infor-
mation signal [22]. The adjacent channel interference (ACI) used in various CEPT 
ECC PT1 and ITU-R Working Party 8F studies on IMT-2000 are stated than the 
level of interference received, depending on the spectral leakage of the interferer’s 
transmitter and the adjacent channel selectivity (blocking) performance of the 
receiver. Three possible interference problems have been identified in this chapter. 
Each of the problems is highlighted as follows:

	1.	 Using same frequency by IMT-Advanced in the same geographical location will 
cause in-band interference to FSS earth station. However, signal received by FSS 
receiver is very weak due to the long distance between GSO and FSS earth sta-
tion [5].

	2.	 If IMT-Advanced operates in the adjacent channel to FSS channel, it will cause 
an ACI due to the out-of-band emissions. However, transmitting a terrestrial sig-
nal in the 3400–3600 MHz band can create interference in non-overlapping parts 
of the 3400–4200 MHz band.

	3.	 LNB saturation in which the FSS receiving chain LNB becomes saturated if the 
incoming power is higher than −50 dBm. It will show a non-linear behaviour 
until it reaches the saturation region.

The first two interference types are the most interesting, as reported in this book. 
However, the LNA has utmost margin of interference limitation. For example, a 
classic LNA gain of −60 dBm gives a saturation level at the input of −50 dBm. 
Therefore in the worst case, the acceptable composite power at the input of a typical 
LNA would be around −55 dBm. This value has less impact on the scenarios pro-
posed in this book, compared to the first two interference types [8].

In terms of interference assessment methods, different methods have been 
defined to assess the severity of interference in the European Conference of Postal 
and Telecommunications Administrations [23]. One of the methods was ISOP 
(Interference Scenario Occurrence Probability). It is the probability of having one 
terminal in the Interference Area (IA). In fact, the Interference Area is the domain 
of no acceptable interference which can accrue relative to the area of the cell or sector. 
This measure is related to the number of terminals deployed in a cell or sector and 

Table 2.3  IMT-Advanced deployment scenarios

Cell range Performance target

Up to 100 m Nomadic performance, up to 1 Gbit/s
Up to 5 km Performance targets for at least 100 mbps
5–30 km Graceful degradation in system/edge spectrum efficiency
30–100 km System should be functional (thermal noise limited 

scenario)
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possibly to the cell planning methodology; it is used for BS to Subscriber Station 
(SS) interference between adjacent blocks in rural LOS situations as in [24].

Monte Carlo method has been used in Ref. [23] to evaluate the interference prob-
abilities between terminals, since the placement of terminals or subscribers is rather 
random. The works reported in Refs. [15, 25–30] have used the Monte Carlo method 
to analyse intersystem interference between different systems, especially for mobile 
services. This method is based on statistical calculations of the number of interfer-
ence cases in relevant to the deployment area.

Minimum coupling method (MCL) is based on system parameter calculations 
which can affect both transmitted and received power to ensure that the interference 
is below a given threshold in all cases [31]. In the scenario where the FSS earth sta-
tion is affected by harmful interference, an assessment based on the IA is not so 
adequate since the whole cell could be blocked. Therefore, for the BS-BS interfer-
ence, the worst case analysis is preferred.

It is not envisaged that a Monte Carlo analysis would give a very different results 
from the MCL scheme in the specific sharing situation as stated in Ref. [15]. The 
minimum separation distance can be calculated by adjusting the system parameters 
to estimate the interference according to the threshold level. This can be achieved by 
gradually increasing the separation distance until it meets the acceptable level for 
sharing and coexistence criterion.

2.7  �Coexistence Criterion and Interference Model 
for Minimum Separation Distance

Intersystem interference is classified into two types. The first is the short-term inter-
ference which is a small percentage of the time in the range of 0.001–1.0% of the 
total received signal. The second type is the long-term interference in which the 
interference persists for 20% of the time. The first type is rarely evaluated in the 
coordination literature of the C-band, as it is much statistical in nature. Other rea-
sons are that it is not often encountered, and it will be specific to the cases consid-
ered [32, 33]. Therefore, long-term interference has been considered in this book.

The interference protection criteria can be defined as an absolute interference 
power level I, interference-to-noise power I/N ratio or carrier-to-interfering signal 
power C/I ratio as described in Fig. 2.5. ITU-R F.758 has provided the details of two 
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generally accepted values for the interference-to-thermal-noise ratio (I/N) for long-
term interference into Fixed Service receivers. When considering interference from 
other services, it identifies I/N value of –6 dB or –10 dB matched to the specific 
requirements of individual systems. The difference in decibels between carrier-to-
noise ratio (C/N) and carrier-to-noise-plus-interference ratio (C/(N + I)) is known as 
a receiver sensitivity [32].

At the same time, an I/N of −10 dB becomes the fundamental criterion for coex-
istence [6], so:

	 I N− ≥α 	 (2.11)

where I and N are the interference level and noise floor of receiver, both in dBm, 
respectively, and α is the protection ratio in dB. If the I/N = −10 dB, then it implies 
that the interference must be 10 dB below thermal noise as shown in Fig. 2.5.

In order to determine the minimum acceptable level of the in-band interference 
signal into MEASAT FSS receiver, a minimum bandwidth should be identified. The 
156.6 kHz channel bandwidth is considered as a case study for Internet access (see 
Appendix B for MEASAT-3 coverage and C-band specifications). The limit of the 
in-band-interference characteristics can be calculated as follows:

	

C

I

I

N

C

N
= + = +( )10 5 7. dB

	
(2.12)

	
C

C

N
KTB= + ( )10 log dBW

	
(2.13)

	
I Cinband dBw dBW= −( ) = −15 7 166.

	
(2.14)

where C (dB) is the carrier power at the receiver, C/N (dB) is the required carrier to 
noise ratio, Iin-band is the required protection ratio, K is Boltzmann con-
stant = 1.38 × 10−23 J/K, T (K) is the temperature and B is the noise bandwidth in Hz 
[33]. So, the maximum possible level of in-band interference is −166  dB (or 
−136 dBm) [34].

Increasing the noise floor level by a few dB can impact the existing licensed 
systems adversely. Though the subscribers will suffer service interruptions during 
the operating time of interferer systems, these interruptions are affected by a num-
ber of elements such as radio coverage, system capacity, reliability of data through-
put and quality of voice service [35].

It is found in Refs. [3, 18, 36] that the interference avoidance measurements for 
fixed satellite earth station must detect space-to-earth transmission power much less 
than the thermal noise floor of the terrestrial receivers. This could increase their 
complexity, such as the interference from all other users causing not more than 0.4– 
0.5  dB [16, 21] degradation to the receiver threshold which is noted as receiver 
desensitization. Therefore, the proposed (I/N = −10) is seen as a prerequisite for a 
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desensitization-proof receiver. This is justified by the deteriorating increase in the 
receiver noise floor by 0.4 dB.

The interference model depends on the spectral emission mask in which I/N ratio 
are calculated after applying spectral emission mask [37]. This model can be used 
to determine both co-channel and adjacent channel interference. The model expres-
sion is given by [37]:

	
I f P G G A∆( ) = + + −t t r tt 	

(2.15)

where Pt is the transmitted power of the interferer in dBm, Att is the attenuation due 
to the propagation in dB and Gt and Gr are the gains of the interferer transmitter and 
the victim receiver antennas, both in dBi, respectively. The thermal noise floor of 
victim receiver is given by [11]:

	
N = − + + ( )114 10 10NF BWvictimlog

	
(2.16)

where NF is noise figure of receiver in dB, and BWvictim represents victim receiver 
bandwidth in MHz.

The protection distance is the distance necessary between the interfering trans-
mitter antenna and the victim receiver antenna in order to protect the later from the 
harmful emissions. Thus the interference is either zero in an ideal case or minimum 
in real-life cases. The distance is usually calculated by using the MCL and an appro-
priate propagation model. The calculation of the protection distance is typically 
based on the characteristics of the source transmitter, the propagation channel and 
the recipient receiver.

The FSS off axis angle can affect the antenna receiving gain. Nevertheless, for a 
given off axis angle from the main receiving beam of the station, the victim might 
receive a different interference power. The Gvs(α) of a typical 1.8 m receiving FSS 
antenna is given by [5, 38]:
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	 Gvs dBi= − < <° °10 48 180α 	 (2.19)

where Gmax is the maximum antenna gain (38 dBi), D = 1.8 (satellite diameter) and 
λ is the wave length in meter and φm; it is represented in this equation:
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The separation distance will become very large without mitigations because of 
the high sensitivity of FSS receiver as explained in Eq. (2.14). The shielding tech-
nique (R) can attenuate the interference power, where R may take a value between 
0 dB and 40 dB depending on the materials and shielding arrangement, as clarified 
below:

	
20 92 5 20log . logd I F A G Rh( ) = − + − − ( ) − + ( ) −EIRPInterferer vs α

	
(2.21)

where Ah is the factor related to the territories as described earlier in this chapter, d 
is the separation distance, R is the shielding loss, EIRP is the effective isotropic 
radiated power transmitted from the interferer, F is the frequency and Gvs is related 
to the typical receiving FSS antenna gain [2, 39].

2.8  �Spectrum Allocation and Harmonization

Frequency spectrum plan, otherwise known as spectrum allocation, is obtained 
from the regional or global spectrum fragmenting plan. The scale economy of each 
country has its own special needs, so, if these spectrum segmentations are unable to 
benefit these needs, the spectrum plan should be realigned to benefit the local econ-
omy. Therefore, innovative approaches should continue to pop up in order to benefit 
from the divergent assets. However, it should be noted that spectrum allocations 
include some of necessary recourses which cannot be moved.

The spectrum management cannot be replaced with the technological improve-
ments. Even though, these improvements may need spectrum managers to allocate 
adjacent spectrum bands. These adjacent bands can be paired or used with spectrum 
fragments [40].

Harmonization is driving the need to develop alternative technology to increase 
spectrum usage and benefits. Consequently, not following a good harmonization 
will issue a fragmented status at certain bands. Harmonization is a very important 
procedure to prevent the national spectrum plan of being isolated of the global har-
monization. Accordingly, it is considered as the main goal in the spectrum policy 
[40]. However, without harmonization the same product should be customized and 
redesigned for different countries according to its frequency plan. These products 
will require extra manufacturing costs in lower volumes. Therefore, aligning coun-
try spectrum plan with the global one will significantly improve the quality of wire-
less devices and correspondingly lower the manufacturing cost because of the 
increasing customized design volume [41]. To achieve the harmonization into the 
allocation plan, several models can be followed to define the least restrictive techni-
cal conditions. Some of these models are most applicable to develop technical con-
ditions for the users in order to get access to the spectrum plan. These models are 
briefly discussed in the following subsections.
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In this book, ACIR will be used to determine the coordination and also to calcu-
late the guard band separation required for targeted systems in order to coexist in a 
close geographical location.

2.8.1  �Traditional Compatibility and Sharing Analysis Method 
Using ACLR and ACS

Sharing and compatibility studies have used this model for many years. It aims to 
share same adjacent frequency bands among different services. This model requires 
referencing the knowledge of the characteristics of the new transmitted and received 
signal in order to be coordinated with the old one [42]. The adjacent channel leak-
age ratio (ACLR) and adjacent channel selectivity (ACS) are the most useful param-
eters in this model to investigate the adjacent frequency compatibility. However, 
combination of these two parameters will introduce the Adjacent Channel 
Interference Ratio (ACIR). Other important parameters in this model are band-
width, ACLR, selectivity and blocking at the receiver side [43].

2.8.2  �The Block Edge Mask (BEM) Approach

The Block Edge Mask (BEM) model that can be used for a point-to-multipoint fixed 
wireless system when a system is introduced without making decision on the oper-
ating frequency used by that system. The best method of spectrum access is pro-
vided by this model with a high flexibility. More than one frequency bands can be 
provided to the operator, in order to control the interference by changing the signal 
envelope and the transmitted power. Reference knowledge to the maximum accept-
able in-block and out-of-block power should be available [43].

2.8.3  �The Power Flux Density (PFD) Mask Model

The aggregate PFD is calculated by adding all the power flux densities of the trans-
mitters around the susceptible receiver to identify the acceptable level of interfer-
ence in order to give licence to neighbours. This model determines the maximum 
expected aggregated power received by the victim. This method is different from 
the BEM approach because the latter depends on the emission power of one inter-
ferer. After estimating the expected interference level, this model may allow the 
neighbouring services to operate with a consideration of several parameters to give 
flexibility for spectrum usages [42].
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Additional complications may accrue using this model due to the assumption of 
deployment density for different geographical locations. This assumption should be 
based on a good understanding to the extensive deployment of current services. 
However, either an increasing or decreasing network deployment density will have 
an impact the spectrum allocation. Definitely, careful monitoring of the future ser-
vices deployment will disapprove this model for long-term deployments.

2.8.4  �Hybrid Model

It is based on a combination of the two models described in Sects. 2.8.2 and 2.8.3. 
It is used to allocate the frequencies of different systems with more flexibility [42]. 
Based on the previous models, it is concluded that accountability and responsibility 
of choosing the proper model according to the type of service is important to achieve 
the spectrum harmonization. Flexibility can be achieved by using the traditional 
analysis of compatibility and sharing models based on several factors. Technical 
characteristics represent the most important factor among them. However, the main 
limitation of these models is the technology-specific input parameters, whereby any 
change of technology could invalidate the results.

2.9  �Spectrum Emission Mask

The main task in coexistence assessment is to compile relevant transmitter and 
receiver characteristics as well as parameters of each system to be modelled for 
intersystem interference estimation. The main interference factor for the IMT-
Advanced BS is an interferer other than antenna gain, and the transmitted power is 
the Spectrum Emission Mask (SEM). However, SEM is a graphical illustration 
powered by the rules set by regulatory bodies such as FCC and the European 
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Telecommunications Standards Institute (ETSI) [44]. Figure 2.6 shows that a typi-
cal mask has a piecewise linear shape.

The spectral emission mask is divided into a number of segments with power 
spectral density attenuation on y-axis and frequency spacing on x-axis.

SEM can be used to generate the worst case of interference from the interferer 
side. Therefore, the coexistence study can be applied using SEM as a critical param-
eter. This fact should be identified by regulators for a safe coexistence in the co-
channel and adjacent channel. A guard band, specified according to the SEM, can 
be used between the interfering systems operating in adjacent regions to protect the 
victim receiver from any out-of-band interference.

2.10  �Antenna Shielding Mitigation Technique

Shielding is used to attenuate the Electromagnetic Incompatibility (EMI) between 
sources (IMT-Advanced) and susceptible equipment (FSS receiver). The mecha-
nism of shielding is described as follows: when terrestrial waves hit the shield, a 
part of its energy will be reflected because of the shield surface; another part of the 
energy will be absorbed and transformed to other shapes of energy (either thermal 
or electrical energy). Part of the electrical energy will be discharged through the 
ground, and the rest will pass through the shielding. So, basically the site shielding 
is about physical obstruction built to reduce the interference from the interferer to 
the victim receiver [45].

Measurements for FSS have been discussed in details, especially the shielding of 
FSS at 3400–4200 MHz [45–47]. In addition, most of the studies recommended that 
shielding can reduce the harmful interference [38, 48–53]. The best isolation may 
happen when the enclosure is fabricated as one homogeneous piece. A small open-
ing may be designed on the shielding for maintenance, repair or system upgrade. 
Same material should be considered for the opening, which is like cover, door or 
window. The shielding material choice is wide, but each material differs in its abil-
ity to attenuate the electromagnetic waves.

Shielding can be natural by locating the FSS dish in around the back of building 
or hill. It can be done artificially by adding one or two walls on the path between 
victim and interferer [45]. Two walls will be much better because it will duplicate 
the amount of attenuation. The dish elevation angle should be considered during 
shielding deployments to prevent signal blocking by the shielding shape [46]. By 
putting the dish as low as possible, and with high shielding all around except in the 
direction of the beam to satellite, will help to avoid the interference. The signal 
reception will be better, because the more the dish is hidden the greater the reduc-
tion in interference level [47].
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2.11  �Mitigation Using Smart Antenna Technologies

The antenna associated with each radio transmitter receives the system output power 
and radiates it as radio waves [54]. Smart antenna is an issue of the tested antenna 
beam discrimination. However, antenna discrimination is defined as the differential 
gain compared to the maximum gain for an antenna in the specified direction. 
Usually, masks are provided for the main lobe, the first side lobe and other side 
lobes [55]. By using smart antenna for nulling the interference power sent to the 
victim, power discrimination can be achieved.

Conventional discrimination loss is caused by using different antenna polariza-
tion and antenna directivity misalignment of both the interferer transmitter and vic-
tim receiver antennas. However in the smart antenna system, the power discrimination 
can be achieved by synthesizing the main lobe to the user. This is done by nulling 
the side lobes in order to mitigate the power in the direction of victim. Antenna 
direction misalignment between the interferer transmitter and victim receiver ser-
vices is dependent on the off axis angles between the victim and interferer. For any 
off axis angles to the victim receiver, the interference effects will be smaller [56, 
57].

Smart antenna systems, by using spatially separated antennas, referred to as 
antenna array, maximize the signal-to-interference-plus-noise ratio (SINR) of the 
received signals and suppress interferences and noise power by digital signal pro-
cessing after analogue to digital conversion. Smart antennas can use spatial domain 
processing by using multiple antennas, thus enabling them to have the intelligence 
to process the data at both receiver and transmitter.

The smart antennas are often classified as switched-beam arrays and adaptive 
array antennas [58, 59]. The switched-beam arrays comprise beamforming net-
works and a beam selection processor, as shown in Fig. 2.7. The processor selects 
the beam with maximum power controlled by switching the beams. However, the 
adaptive array antennas incorporate more intelligence than the switched-beam 
arrays.

Adaptive antenna arrays can estimate their environment in accordance with the 
propagation channel between the receiver and the transmitter. This information is 
then used to weigh the data received at transmitter from the antenna array to 
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maximize the response for the desired user. Figure 2.8 illustrates the typical con-
figuration of the adaptive array antennas.

The processor determines the optimum weight vector for a given environment, 
and, thus, the adaptive antennas can combine the received signals, thereby maximiz-
ing the SINR and not merely SNR. In this book, the term smart antenna is used to 
describe the adaptive (array) antenna as in Ref. [60]. A smart antenna is therefore an 
intelligent antenna system different from a conventional omni-directional or fixed-
beam antenna system, which merely receives and transmits signals without any 
adaptive behaviour to any change in environment [61, 62]. In order to explain the 
principle of smart antenna signal processing, the simple discrete wavefront model 
with narrowband signal is illustrated in Fig. 2.9.

It is assumed to have a uniformly and equally spaced linear array of identical and 
omni-directional Q-elements as array geometry. Let the angle between array normal 
and incident wave be θ; the far-field expression of the electrical signal at the m-th 
element at any time t is given by [63]:

	
x t S t j d m n t m Qm m( ) = ( ) − −( )
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where S(t), λ and θ are the envelop, wavelength and direction-of-arrival (DOA) of 
an incident wave, respectively, nm(t) is the additive white Gaussian noise (AWGN) 

Fig. 2.8  Smart antenna 
receiver configuration with 
digital beamforming 
network [59]

Fig. 2.9  Path difference in planar wave model (linear array of Q-element)
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at the m-th element and d is the space between each antenna. In Eq. (2.22), if S(t) is 
a narrowband signal, the temporal delay caused by path difference between the ele-
ments corresponds to the phase difference. The output of the antenna array is pro-
duced by the inner product (multiply-accumulate operation) of input signals and 
weight coefficients determined by adaptive algorithms as:

	
y t V x t V x t V x t

m

Q
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1

1 1

	
(2.23)

where V is the weight and V* is the channel weight representation. Equation (2.23) 
can be also rewritten by vector expression as:

	
y t tH( ) = ( )V x

	
(2.24)

The transmitted power can be estimated using Eq. (2.24):
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where Rxx is the autocorrelation of signal x and where the superscript H denotes 
Hemitian transpose operator. The data vector x is written by:

	
x a nt s t t( ) = ( ) ( ) + ( )θ

	
(2.26)

where a(θ) denotes array mode vector or eigenvalue (see Appendix C for mathemat-
ical expression and notifications) as:
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In the absence of interference, the adaptive beamforming has the maximum 
SNR. In the presence of interferences, the SINR will be maximized by reducing the 
power of the interference. If a single planar wave arrives through a single path, Eqs. 
(2.24), (2.25), (2.26) and (2.27) show that the optimum weight vector becomes the 
mode vector of the incident wave [64].

Several techniques have been proposed to determine the optimum weight, such 
as minimizing mean square error (MMSE), which the solutions are based on solving 
Wiener-Hopf equation, maximizing signal-to-noise ratio (MSN) [65]. This tech-
nique is based on generalized eigenvalue problem and linearly constrained mini-
mum variance filter (LCMV) or directional constrained minimum power (DCMP). 
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This technique requires the DOAs information of the desired signals and interferers 
as a priori. It requires some channel information, such as the training sequence in 
the case of MMSE and the directional information of incident signals in the case of 
MSN and LCMV.  Besides these methods, there are also blind methods, such as 
constant modulus algorithm (CMA), in which the directional information is not 
necessary. However, the spatial channel signature such as DOAs of incident signals 
is often required for efficient spatial domain processing.

Therefore, adaptive beamforming algorithms are classified as DOA-based and 
temporal reference based. The proposed method is based on the DOA algorithm 
passing the DOA information to the beamformer. Temporal reference beamformers 
can use a known training sequence in order to adjust the weights to form the pattern 
towards the SOI with the nulls in the FSS_ES direction.

In this book the least mean square (LMS) algorithm will be used as a beamform-
ing algorithm, though it is commonly used to adapt the weights. It is a low-
complexity algorithm that requires no direct matrix inversion and no memory.

2.11.1  �Direction-of-Arrival Estimation

Theoretically, the maximum (Q − 1) interferers can be cancelled with the M-element 
array. According to the literature, DOA is divided into parametric and non-
parametric. For the parametric methods, they are all high resolution such as maxi-
mum entropy [66], maximum likelihood sequence detection [67] and subspace 
methods [68, 69].

Regarding the non-parametric spectrum analysis, it is usually based on high-
resolution or low-resolution methods. The high resolution could be like capon spec-
trum analysis [70], low resolution like: periodogram normal convergence properties 
of correlogram spectral estimates [71], spectral analysis of nonuniformly sampled 
data using the periodogram [72] and modified periodogram averages [73]. 
Figure 2.10 shows several types of DOA estimation.

Fig. 2.10  A handful of existing approaches for spectral estimation
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These types of DOA techniques are based on the angle domain approach that 
exploits the fading correlation among antenna elements. Tracking techniques can 
provide a statistical average performance of DOA estimation in a fading environ-
ment with small array spacing [74]. The main features of the angle-domain approach 
using DOA estimations are as follows:

	1.	 Application for urban cellular base station with small angle spread [75].
	2.	 No straight diversity gain; however, angular diversity can be available by com-

bining multipaths [74].
	3.	 Large computational load is required for DOA estimation [75].

The basic method in DOA estimation algorithms with an antenna array is the 
beamformer method. This method is based on the same principle as the Fourier 
transforms [76, 77]. Other methods, such as Capon method, involve measurement 
of electrical power by scanning all the directions while keeping a null radiation pat-
tern to other arrival waves using the antenna array [78]. The resolution of the Capon 
method depends on the beamwidth of the main beam in order to scan the main beam 
at all angles. A narrow beamwidth is necessary in order to achieve high resolution. 
This can be done by using a large numbers of elements.

On the other hand, it is possible to estimate DOA with high resolution by scan-
ning all angles with a null. This is because the beamwidth of the null is narrower 
than the main beam. Based on these considerations, the linear prediction (LP) 
method is proposed in Ref. [79]. Moreover, the Min-Norm method [80] and 
Pisarenko method [81] have also been proposed. Weight assumptions of these meth-
ods are extended from the LP method. Although DOA estimation algorithm mecha-
nisms have been developed and added to the adaptive array antenna, DOA estimation 
algorithms use the characteristics of the adaptive array antenna, because its princi-
ple is closely related to the adaptive array antenna [82, 83]. For example, the prin-
ciple of the Capon method is equal to the DCMP adaptive array antenna [84], and 
the LP method is equivalent to the side lobe canceller and a power inversion adap-
tive array antenna [85, 86].

To resolve the problems of accurate DOA, the multiple signal classification 
(MUSIC) method was proposed [87]. The MUSIC method makes use of the eigen-
vectors correlated to the noise subspace of a correlation matrix which are orthogo-
nal to the mode vectors that express phase differences to a base point. Although the 
computational method of the MUSIC method is more complex than the beamformer 
method, the MUSIC method has higher resolution than conventional methods [88, 
89]. The MUSIC method cannot estimate DOA correctly when the accuracy of the 
correlation matrix is insufficient, and it has higher computational costs due to scan-
ning the MUSIC spectrums [68].

Due to these problems, the Root-MUSIC method has been proposed [90]. 
Moreover, the Unitary MUSIC method which uses the unitary transformation that 
can replace the calculation of the complex numbers with real numbers. This method 
was proposed in order to reduce the computational complexity and to achieve better 
speed of the algorithm [91, 92]. On the other hand, the estimation of the signal 
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parameters via rotational invariance techniques (ESPRIT) is used to compute phase 
differences between subarray antennas [93].

A spectrum search is unnecessary in ESPRIT, although it has essentially the 
same accuracy as the MUSIC method. ESPRIT can be classified into LS-ESPRIT 
(Least-Squares) [93] and TLS-ESPRIT (Total-Least-Squares) [94] according to the 
methods used for calculating the phase differences of two subarrays. The unitary 
transformation method has been proposed as well as the case of the MUSIC method 
[95, 96]. Moreover, these algorithms have been extended to 2D or 3D. In the same 
time, it can simultaneously estimate not only DOA in the horizontal plane but also 
the directions of elevations and time delay [97–100]. These methods are character-
ized by successively updating the eigenvectors in the signal subspace of a correla-
tion matrix.

2.11.2  �Direction of Arrive Estimation Using MUSIC Algorithm

The MUSIC algorithm is a type of DOA estimation technique based on eigenvalue 
decomposition (EVD), and it is also called a subspace-based method [68]. It has 
many advantages including simpler implementation and higher resolution than any 
other subspace-based method.

For MUSIC data modelling, if the basic model of the narrowband signal Si(t) for 
the i-th source, where i = 1, 2 …, L, the signals received at the M-element antenna 
array spaced by a half wavelength can be modelled as [68]:

	
X L nt s t t( ) = ( ) + ( ) 	

(2.28)

where the array output X(t) is a snapshot vector, s(t) is the signal and n(t) is the 
complex AWGN vectors at time t. The columns of the channel matrix L = [L1, L2, 
…, and Lm] consist of the spatial channel vectors for P sources. The spatial channel 
vector Li for the i-th source can be provided by the array response vector ai under the 
assumption that the plane waves arrive at an ideal omni-directional antenna array 
from the point sources as:

	
L a e ei i

j j Q
T

i i= ( ) = …




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(2.29)

where θi is the DOA for the i-th source, and the superscript T denotes the transpose 
operator.

The correlation matrix of x(t) is given by:

	
R VR V Ixx

H
ss

H
w QE x t x t= ( ) ( )  = +σ 2

	
(2.30)

where E and the superscript H denote the statistical expectation and Hermitian con-
jugate operators, respectively. Rss= E[s(t)sH(t)] is the signal covariance matrix, and 
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σ2 represents the noise variance. Since the correlation matrix Rxx is a positive defi-
nite Hermitian, it can be decomposed to signal and noise subspaces by the complex-
valued EVD as:

	 R U Uxx
H= Λ 	 (2.31)

where U is a unitary matrix composed of eigenvectors, and Λ is diagonal {λ1, λ2,…
,λQ} of real eigenvalues ordered by λ1 ≥ λ2 ≥ … ≥ λQ > 0. If an eigenvector ei is 
orthogonal to VH of rank L,

then ei is an eigenvector of Rxx with the eigenvalue of σ2 as:

	
R VR V Ixx i ss

H
i ie e e= +( ) =σ σ2 2

	
(2.32)

The eigenvectors of Rxx with eigenvalue of σ2 lie in the null space of VH. On the 
other hand, some eigenvectors lie in the range of V. They can be partitioned into 
signal and noise components. In a similar manner, the correlation matrix can be also 
partitioned as:

	 R U U U Uxx s s s
H

n n n
H= +Λ Λ 	 (2.33)

where Us and Un are the unitary matrices of signal subspace and noise subspace, 
respectively, while Λs and Λn are the diagonal matrices of the eigenvalues.

The noise subspace eigenvectors of corresponding eigenvalues of σ2 are orthogo-
nal to the signal subspace and eventually, orthogonal to the array response vectors. 
Based on this, the MUSIC spectrum is typically expressed by [68]:

	

PMU θ
θ θ

θ θ
( ) = ( ) ( )

( ) ( )
a a

a E E a

H

H
n n

H

	

(2.34)

where En is the matrix that has columns consist of noise subspace eigenvectors. 
Using Eq. (2.34), the peaks appear at the DOAs of incident signals [101].

2.11.3  �High-Resolution DOA for Uniform Linear Array (ULA) 
Using Improved-MUSIC Algorithm

The first serious discussions and analyses of subspace-based DOA emerged during 
the 1986s with the first proposal of Multi Signal Classification (MUSIC) algorithm 
[68], which uses the noise-subspace eigenvectors of the data correlation matrix to 
form a null spectrum and yield the corresponding signal parameter estimation. 
Mathematical modelling and analysis for the MUSIC power spectrum have been 
investigated with different signal-to-noise ratio (SNR), and pilot coherent to a larg-
est local minimum values and the source parameter has estimated as in Ref. [102].
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Recently, researchers have given attention to develop the resolution of MUSIC 
algorithm which has an attractive use in a critical mission of wireless services [103–
105]. However, a precise DOA estimation is obtained by MUSIC algorithm com-
pared to maximum likelihood method and estimation of signal parameters via 
rotational invariance techniques (ESPRIT) algorithm, which is used in order to 
separate and estimate the phase shifts due to delay and direction-of-incidence [106].

High-order cumulative methods require the signal statistical properties, and it 
needs larger snapshots to get a good performance. Besides that, it has a heavier 
computation load. Alternatively, it has been proved that MUSIC-Like can exploit 
the cyclostationarity in order to increase the resolution power and noise robustness. 
However, both cyclic and conjugate cyclic correlation matrices are used so that it 
introduces more complexity and applicable with limited conditions [107].

The Conjugate Augmented MUSIC (CAM) algorithm mentioned in Ref. [108] is 
a second-order statistical approach of the received signals to get the conjugate steer-
ing matrix, together with steering matrix. CAM is better than MUSIC-Like algo-
rithm in terms of number of directions, estimation capacity, angle resolution, 
required snapshots and immunity to noise. In Ref. [109] multi-invariance MUSIC 
(MI-MUSIC) algorithm has been introduced in order to prove that it has a better 
angle and delay estimation performance than ESPRIT and MUSIC algorithm.

2.11.4  �The Angle of Arrived Signals Calculation

As mentioned in the literature, the angle of arrival can be identified by multiplying 
the difference in time between two signals. Thus, the obtained angle of arrival is 
depending on the first received signal. This is illustrated in Fig. 2.11.

Figure 2.11 shows that two signals have arrived with a specific time delay. It 
utilizes the value of the time delay with the light speed which can obtain the delayed 
eigenvector (d2 in Fig. 2.11), as given by:

	 τ = −t t2 1 	 (2.35)

where t1 is the arrival time of the first signal, t2 is the arrival time of the second signal 
and τ is the time difference between first and second signals. From the essential 
formulas of velocity, the eigenvalue can be calculated as:

ө ө

x1 x2
t1 t2

d1

d2

Fig. 2.11  Calculating the 
angle of arrived signal
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	 d2 = ×υ τ 	 (2.36)

where d2 is the value of the delayed vector in meter and υ is the velocity in meter per 
second. Accordingly, the d2 can be calculated as:

	
d d x x2 1 2 1= −( )sinθ 	

(2.37)
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(2.38)

where θ is the angle between the imaginary perpendicular line and the second vec-
tor. By using 90−θ, the direction of the arrived signal can be identified.

2.12  �Previous Assessments of Interference Between FSS 
and Broadband Terrestrial Services

The coexistence study of Asia Pacific Telecommunication (APT) has reported a 
harmful interference received by the FSS because of BWA transmitter. The reported 
cases cover interference for BWA in overlapping frequency bands and in non-
overlapping bands. A practical case study has observed same interference at one 
location in Indonesia and Pakistan as provided in Ref. [49]. Another case study 
provides the results of a set of experiments carried out on the impact of interference 
into a commercial TVRO terminal in the 3400–4200 MHz band in Japan. In this 
study, the interference is caused by terrestrial station, and the subsequent measure-
ments were performed using the traditional filtration technique in order to avoid the 
ACI [49].

The effect of different FSS receiver elevation angles has been analysed in Ref. 
[49]. The result of report [49] shows that sharing is impossible within the radius of 
0.5 km. In this case, the measured BWA signal is 30 dBm, whereas the measured 
FSS signal is −146.5 dBm. In addition, rigorous calculations for the different eleva-
tion angle effect were done in ITU-R SF.1486, ITU-R S.1432, ITU-R P.452 and 
ITU-R BO.1213 propagation models [2, 11, 48, 110]. Other techniques that produce 
almost similar results for the coexistence between terrestrial communication and 
FSS receiver in the 3400–4200  MHz band have been discussed in Refs. [50, 
111–113].

Spectrum sharing and most possible flexibility have been discussed in Ref. [114], 
and it is concluded that mutual power interference cannot be solved without consid-
ering the SEM (which is an issue of physical layer). At the same time, dynamic 
interference avoidance technique is inapplicable in the case of terrestrial effect on 
FSS receivers because FSS is designed as a receiver only. A new approach has been 
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proposed to solve the interference based on Monte Carlo techniques in Ref. [114] 
which is still not feasible because it produces a large separation distance.

Measurement of pulsed co-channel interference due to unwanted emission in the 
4 GHz fixed satellite earth station has been verified in Ref. [115]. A pulsed signal at 
the same frequency was sent to the victim receiver through the front end of FSS 
unit, which functions as a television receives-only (TVRO). Interference was tested 
for the lower pulse rates and widths, and due to these cases, the results showed that 
interference may increase by 50 dB above the carrier level, which is an indication of 
a serious signal interruption [115].

The Inter-American Telecommunication has concluded that co-channel opera-
tion of FSS earth stations and BWA systems will have severe constraints on both 
FSS and BWA [116].

WiMAX forum suggested that co-frequency is possible between WiMAX and 
FSS using site engineering. Each case of deployment should be treated separately 
using some mitigation techniques to coordinate this service with other services, 
which have known locations. If the WiMAX system is deployed at every location, 
then mitigation techniques will be necessary, to avoid the interference to other sys-
tems like FSS. It will be more difficult to coexist with the two services, even at a 
sub-bands, if the satellite earth station is using a wideband front-end RF.  These 
wideband filters cannot cut off the WiMAX out-of-band emission [45].

In January 2006, the Office of the Telecommunications Authority (OFTA) of 
Hong Kong established measurement experiments to test the interference from 
BWA, which operate at 3.4–3.6 GHz frequency band, to the fixed satellite services, 
which operate at 3.4–4.2 GHz frequency band. The FSS used to receive a television 
signal via 3 m antenna diameter. The FSS received TV signal at 3725 MHz with a 
bandwidth of 6  MHz from the AsiaSat-3S satellite at a subsatellite longitude of 
105.5° east (elevation angle 63°). Whereas BWA transmitted a signal at 3.55 GHz, 
with a 3.5 MHz channel bandwidth, a separation distance used was 360 m with a 
12 dB EIRP and without down tilting. The study covered the down-tilting analysis, 
antenna gain and transmitting EIRP. When the down-tilting technique was used, the 
TV picture was frozen at 10°. But when EIRP reduced gradually to 9 dB, the picture 
has returned back to the TV. A 10 dB band-pass filter on the FSS front end could 
solve the problem of 10° down-tilting without using the EIRP reduction [46]. The 
case of the aggregate effect of multiple BWA base stations and terminals was not 
considered.

Sharing studies based on simulation have been conducted in Japan for the fre-
quency of 3400–4200 MHz. The results of sharing studies based on the interference 
model using the existing ITU-R Recommendations as well as those of new sharing 
studies taking into account the shielding effect by the artificial objects observed in 
a real environment are also included. However, interference area ratio exceeds 10%, 
and the minimum separation distances were 76 km and 45 km, respectively, for 5° 
and 48° FSS elevation angle in rural area macro cell size. The best separation dis-
tances were 60 km and 8 Km, respectively, for 50 and 480 FSS elevation angle in 
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urban area. Details of the experimental evaluation on the robustness of a TVRO 
terminal against interference from an IMT-Advanced transmitter in the 3400–
4200 MHz band are explained in Ref. [47].

In Korea, the impact of single and aggregate cases of IMT-Advanced systems on 
an FSS earth station have been considered. The study also used the propagation 
model of Rec. ITU-R P.452 in order to evaluate the effect of terrain profile on the 
separation distance of the two systems (for frequency sharing). For a single base 
station of IMT-Advanced system without any terrain effects, separation distance 
between the BS of IMT-Advanced and FSS ES for co-frequency sharing is required 
from 39 km to 127 km. These distances are for the cases of the output power 47 and 
53 dBm/72 MHz of BS and 48° and 5° of elevation angle of FSS ES, respectively. 
When the output power of a BS is 7 dBm/50 MHz and the elevation angle of FSS 
ES is 20°, the calculated separation distance without terrain effect is 62 km. Within 
this distance, the interference from the BS of IMT-Advanced system into FSS earth 
station would be more than 6%. When terrain effect was considered in this case, 
only small area within the radius of 62 km is subject to interfered with the 6% of 
criterion. For aggregate base stations of IMT-Advanced system, the required separa-
tion distances are varied from 43 to 164 km depending on the transmit power of 
IMT-Advanced BSs and FSS ES elevation angle. In case of aggregate mobile sta-
tions, required distances are from 0.5 to 1.5 km depending on user density [117].

In the WINNER research group [52, 118–121], the study obtained methods that 
could be envisaged based on their assessments of frequency sharing between IMT-
Advanced and FSS. Generally, the base stations have tri-sectorial antennas, which 
are ways of reducing the transmitting output power level. This can disable the 
antenna sector in those points towards the FSS earth station, and more sectors will 
decrease the exclusion area. However, the base stations and terminals located in an 
FSS protection area could be monitored to ensure the usage of other frequencies.

In Korea a complicated study based on deterministic analysis and special simula-
tion to improve sharing between FSS and IMT-Advanced considering Multiple 
Input-Multiple Output (MIMO) Special Division Multiple Access (SDMA) mitiga-
tion technique simulation has been investigated. This technique is used to mitigate 
the interference from IMT-Advanced in CCI and ACI.  Though the technique is 
interesting, the results were corrupted with a large amount of errors. Minimum sep-
aration distance reduction obtained from the MCL method is 24% [47].

Other useful techniques include frequency segmentation between FSS earth sta-
tions and IMT-Advanced systems and finding sub-bands unused by FSS in particu-
lar geographical locations. This would allow operation of IMT-Advanced without a 
protection area in the vicinity of FSS earth station [117]. Moreover, the Russian 
researchers had issued a research paper through the ITU-R which concluded the 
coverage zone of IMT-Advanced with a different I/N criteria [53].
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2.13  �Summary

Frequency band between 3400 and 4200 MHz is the most promising frequency for 
future IMT-Advanced because it has sufficient bandwidth, higher antenna gain and 
minimum cost. Some sharing studies between FSS receiving earth stations and IMT 
systems indicate that the required separation distance becomes approximately sev-
eral tens of kilometres, without considering the actual terrain propagation condi-
tions. However, other studies have shown that if the actual terrain propagation 
conditions, such as the influence of artificial objects, are taken into consideration, 
the required separation distance is significantly reduced, and the interfered area 
becomes spatially limited. This can elucidate the increased possibility of the sharing 
between FSS and IMT systems. It is concluded that a new practical shielding miti-
gation technique is needed to achieve the minimum separation distance. This tech-
nique can further increase the possibility of sharing between these systems using 
guard band insertion between the two services. It is also concluded that antenna 
power discrimination is an important factor to achieve the feasible coexistence. 
Therefore, one possible method is to apply smart antennas on IMT systems in order 
to null the EIRP in the direction of the interfered FSS earth station.
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Chapter 3
Interference Assessment Methodology

3.1  �Introduction

The propagation model in the co-channel and adjacent channel interference sce-
nario is calculated in this book based on traditional compatibility and sharing analy-
sis method. The model consists of interferer adjacent channel leakage ratio (ACLR) 
and receiver adjacent channel selectivity (ACS). These two parameters will be 
incorporated into the wave propagation model in addition to the clutter loss effect. 
As a case study, one channel of MEASAT-3 C-Band downlink (36 MHz bandwidth) 
and frequency coordination with WiMAX service (20 MHz channel bandwidth) is 
considered for initial planning. The received power threshold is used as a bench-
mark for the interference between the two systems, while frequency offsets and 
geographical separations for different deployment environments are considered. 
This type of assessment has not been considered in any of the spectrum sharing 
studies reviewed in Chap. 2. The calculations are performed for 4 GHz frequency 
carrier, based on interference to noise ratio (I/N) of −10 dB.

MATLAB code (Appendix D) has been developed in order to obtain the specified 
value of I/N by tuning up the minimum separation distance to an appropriate level 
that corresponds to a set of frequency offsets between carriers. Finally, Transfinite 
Visualyse Pro™ is used to verify the results. (Details about Visualyse Pro™ are 
attached in Appendix E).

3.2  �Assessment Methodology

The research assessment methodology flowchart in Fig.  3.1 represents the main 
procedures required to execute the research objectives.
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As shown in Fig. 3.1, in this book, the literature reviews have developed on dif-
ferent related matters such as band segmentations, sharing, frequency allocation, 
interferences, ACLR model, shielding and smart antenna mitigation technique. 
Afterwards, IMT-Advanced (proposed system WiMAX IEEE802.11e) and FSS 
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Fig. 3.1  Research methodology
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receiver specifications have been determined to identify the protection ratio, which 
is depended on the system bandwidths. Then, separation distance in CCI and ACI 
scenarios will be easily calculated using the derived propagation model. This propa-
gation model will develop a different assumption to introduce the ACIR within the 
guard band analysis.

Evaluate the received signal by FSS via MEASAT-3, in order to check on the 
effect of different shielding materials. Therefore, the best shielding material and 
scenario will be concluded in Chap. 4 after the experiment setup. Subsequently, 
determining the intersystem interference scenarios in different deployment areas 
according to the requirements will be carried out in the same chapter.

The problem of accurate direction of arrival detection using Improved MUSIC 
(I-MUSIC) algorithm will be presented in Chap. 5. Then, the results will be verified 
by simulation. Comparisons between the root mean squared error (RMSE) and 
computational complexity costs against those of conventional algorithms are per-
formed. Numerical results for different array antenna manifolds and a variety of 
data lengths are also presented in the simulations.

Last step in the methodology would be proposing a complete mechanism for 
beam cancellation system, to coexist the IMT-Advanced base stations (BS) and FSS 
in the 3400–4200 MHz frequency range. This mechanism should be able to steer the 
radiation power towards the user while still fixing the fixed nulls in the direction of 
FSS receiver. Finally, coexistence scenarios will be determined, and the feasibility 
of the proposed mitigation techniques on the coordination process will be 
evaluated.

3.3  �Propagation Model Parameters

Literature review has shown the importance of standard model agreed upon in 
CEPT and ITU for a terrestrial interference assessment at microwave frequencies, 
which includes the attenuation due to clutter in different environments. In reviewing 
the literature, no data has been found on the association between clutter loss and 
frequency separation which represents the core of interference avoidance study. 
Therefore, this study is aimed at assessing the importance of radio propagation cov-
erage and models.

The MCL method is a straightforward approach as it allows the radio engineer to 
quickly determine the minimum frequency separation by using some worst-case 
assumptions. The disadvantage of this simplicity is a reduction in spectrum effi-
ciency. By using worst-case assumptions, the minimum frequency separation is sig-
nificantly greater than the required in the practice [1]. The ITU-R452.14 propagation 
model is used in the terrestrial communications to account for the deteriorating 
effects of clutters on radio transmissions at frequencies above 0.7 GHz in different 
deployment environments. Remarkably, it has been found that WiMAX 802.16e 
operating environments (dense urban, urban, suburban and rural) have several simi-
lar characteristics such as interference to noise ratio.

3.3  Propagation Model Parameters
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Intuitively by introducing clutters, smaller separation distance is achieved and 
vice versa. However, due to the high sensitivity of FSS receiver, transmission foot-
print is much larger than normal receivers operating in the same area. Path loss 
prediction in the case of line of sight (LOS) is obtained by including the losses 
produced by the line-of-sight situation together with the losses produced by clutter 
models. This is summarized in Eq. (3.1) [2]:

	

L d f d

e
h

h
d

( ) = + +

+ − −−

92 44 20 20

10 25 1 6 0 62

10 10. log log

. tanh .

GHz Km

a

k 55 0 33

































− .

	

(3.1)

where d is the distance between the interferer and the victim receiver in kilometres, 
f is the carrier frequency in Gega hertz and Ah is loss due to protection from local 
clutter or called clutter loss and dk is the distance in km from nominal clutter point 
to the antenna (dk = 0.02 km, 0.02 km, 0.025 km and 0.1 km for the four deployment 
environments dense urban, urban, suburban and rural, respectively), h is the antenna 
height (m) above local ground level and ha is the nominal clutter height above local 
ground level (ha = 25 m, 20 m, 9 m and 5 m for the four deployment environments). 
The separation distance can be calculated as follows:

	
20 92 5 20log . logd I F A G( ) = − + − − ( ) − + ( )EIRPInterferer h vs α

	
(3.2)

where EIRP is the effective isotropic radiated power transmitted from the interferer, 
F is the frequency in GHz and Gvs is related to the typical receiving FSS antenna 
gain [3]. Equation (3.2) accounts for the most important parameters affecting the 
radio propagation, which might also apparently be subdivided into other subparts.

For realistic consideration of interference, the ACLR and ACS are included and 
derived from Eq. (3.2). The receiving gain of FSS station is called off-axis antenna 
Gvs(α). The off-axis angle value depends on the earth station location and the main 
receiving beam, where a typical receiving antenna gain can be calculated as Eq. 
(3.3) [4]:
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(3.3)

where Gmax is the maximum antenna gain (38dBi), D = 1.8 m (satellite diameter) and 
λ is the wave length in metre and ϕmis given by
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In the simulation a value of –10 dB was considered to represent the local case 
study (the FSS elevation angle at the experiment location was 74°).

3.4  �Receiver Blocking and Adjacent Channel Interference 
Ratio (ACIR) Coexistence Model

In addition to the deterministic approach presented in the previous section, other 
critical parameters, such as the receiver blocking and ACIR, are considered in this 
work. These resulted from the introduction of the spectrum emission mask (SEM) 
of the interferer and the blocking filter capability of the victim. Thus, this is reflected 
in the actual nature of the interference between the two types of base stations. It is 
worth mentioning that receiver blocking and ACIR calculations are based on trans-
mitter SEM and victim filter response powers [5].

The SEM and victim filter response powers are divided into a number of seg-
ments with power spectral density (PSD) attenuation on y-axis and frequency spac-
ing on x-axis. The PSD is governed by the regulators in order to reduce the harmful 
interference. In line with the above context, which is typical of the co-channel inter-
ference (CCI) scenario, the receiver blocking is considered in order to find the 
power degradation in decibel. This can be calculated as follows:
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where ACS reduction is the value of received signal within the interference, for the 
case when the interferer bandwidth is less than the victim bandwidth. It is worth 
mentioning here that if both signals have the same bandwidth, ACS calculation will 
not be necessary and only the SEM of the interferer will rise to interference power 
in the case of CCI. Such a SEM is the 20 MHz channel bandwidth type-G WiMAX 
spectrum emission mask in [1].

WiMAX system featuring this type of SEM was envisaged as the next-generation 
technology and is chosen for coexistence and sharing studies. Table 3.1 shows some 
typical values for mobile WiMAX’s SEM.

Table 3.1  Reference frequency for SEM of type-G (WiMAX) [1]

Channel separation (MHz) 0 0.5 0.5 0.71 1.06 2 2.5
WiMAX band width from Fc (MHz) 0 10 10 14.2 21.2 40 50
Power loss (dB) 0 0 −8 −32 −38 −50 −50

3.4  Receiver Blocking and Adjacent Channel Interference Ratio (ACIR) Coexistence…
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The channel 20 MHz bandwidth is multiplied by a factor 0.5, which is the nor-
malized frequency offset, in order to achieve a 10 MHz separation from the assigned 
frequency carrier. The power spectrum attenuation should be 8 dB [1]. At the same 
time, all the frequency offsets and the corresponding power spectral densities will 
conform to the following straight-line equation:

	
∆ ∆f a f b= ( ) + 	

(3.6)

where ∆f denotes the frequency offset from the carrier, a represents the amount of 
attenuation in dB in the segment and b is the attenuation in dB at a certain frequency 
offset of f from the reference. The SEM will determine the values of ACLR depend-
ing on the frequency offsets between the interferer and victim channels. As the fre-
quency offset becomes wider, the effect of ACLR will be less. Therefore, it is 
important to consider the power loss due to the channel separation in the 
SEM. Figure 3.2 shows the unwanted emission mask intersecting with the receiver 
filter causing an ACI scenario.

In Fig. 3.2 the vertical line intersecting with the grey area indicates the leakage 
in the transmitter power value which can affect the victim received power. Therefore, 
as the victim carrier moves away from the interferer carrier, the SEM power will be 
reduced, and corresponding sufficient guard band can be calculated.

The FSS channel selectivity is obtained by superimposing the front-end band-
pass filter on an assumed typical IF (70 MHz) surface acoustic wave filter (36 MHz 
bandwidth). So, ACS is the ratio of receiver filter attenuation over its pass-band to 
by the receiver’s filter attenuation over an adjacent frequency channel. As an exam-
ple for practical measurements of the ACS values, Table 3.2 represents the channel 
bandwidth and the amount of power reductions as the signal deviated from the fre-
quency carrier [7].

Fig. 3.2  ACLR and ACS as issues in the transmitter mask and receiver filter [6]
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Table 3.2 shows that the power reduction corresponds to the amount of separa-
tion distance from the frequency carrier, which correspondingly increases the selec-
tivity of adjacent channel. The ACS reduction at the CCI scenario and the victim 
bandwidth can be relatively calculated in different ways. Using the power attenua-
tion in Tables 3.1 and 3.2, the ACS reduction reaches up to 34.5 dB for the FSS 
(36  MHz) and WiMAX (20  MHz) channel bandwidths. This value can be used 
when the frequency offset is 0 MHz.

In order to calculate the adjacent channel interference, the ACIR should be con-
sidered by reducing the interference powers of the interferer ACLR and the victim 
ACS which are located on different central frequencies [6]. The ACIR represents the 
relationship between the total power received from the interferer leakage and the 
receiver channel selectivity at specific channel separation. The ACIR is given by

	

ACIR

ACLR ACS

=
+

1
1 1

	

(3.7)

where ACIR is the ratio of the interference power on the adjacent channel to the 
interference power experienced by the victim, ACLR is the ratio of the power over 
signals pass-band to the interference power over receiver pass-band and ACS is the 
ratio of the receiver pass-band attenuation to the receiver filter adjacent channel 
attenuation.

Therefore, the interference power can be calculated as a summation of out-of-
band interference and in-band interference. In order to calculate the separation dis-
tance required to achieve the coexistence between two systems in ACI scenario, it is 
important to include the ACIR as follows:
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+
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A

α
CCIR Corr B+ _ 	 (3.8)

where the Corr_B is the band correction that is equivalent to zero if the interferer 
bandwidth is less than victim bandwidth; and it is equal to 10 Log (interferer band-
width/victim bandwidth) if the victim bandwidth is less or equal to the interferer 
bandwidth [7]. The ACIR values are calculated as follows:
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(3.9)

Table 3.2  FSS receiver channel selectivity attenuation front-end plus IF

Channel separation (MHz) 0 0.5 0.58 0.66 1.38 1.66 2.5
WiMAX bandwidth from fc (MHz) 0 18 21.1 24 50 60 90
Power loss (dB) 0 0 −40 −48 −61 −66 −75
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Using Tables 3.1 and 3.2, ACLR and ACS can be obtained for any frequency 
offset within the proposed range. The ACIR can be calculated using Eq. (3.9) which 
depends on the receiver ACS and transmitter ACLR. The results are specified in 
Table 3.3.

Table 3.3 shows the power loss due to the ACIR between the WiMAX transmit-
ted signal and the FSS receiver filter. In order to calculate the interference in the 
adjacent channel, the ACIR should be considered by reducing the interference pow-
ers of the interferer and the victim that are located in different central frequencies 
[6]. As a result the ACIR has been calculated and obtained in Fig. 3.3 for ∆f = 28, 
33 and 40 MHz based on ACS and ACLR.

Figure 3.3 shows that frequency offsets have been chosen to get guard bands of 
0, 5 and 12 MHz, respectively. Clearly, the ACS of FSS receiver plays an important 
role in reducing the harmful adjacent channel leakage of the receiver by 8.6, 8.6 and 
7 dB, respectively, when ∆f = 28, 33 and 40 MHz. Using ACIR offers other good 
features on the analytical model. These features include the same method for study-
ing the interference in the larger guard band and the ability to obtain the coexistence 
for a required separation distance by controlling the frequency offset between two 

Table 3.3  ACIR values at the adjacent channel interference scenario

ACI scenario ΔF (frequency offset) ACS (dB) ACLR (dB) ACIR (dB)

1st adjacent channel 28 MHz −50 −42 −50.638
2nd adjacent channel 33 MHz −53 −45 −53.639
3rd adjacent channel 40 MHz −56 −50 −56.97
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systems. Other features are the ability to obtain the coexistence for a frequency 
offset between the two systems by controlling the separation distance and the ability 
to investigate coexistence between two systems having the same or different chan-
nel bandwidths for both interferer and victim.

3.5  �Interference Assessment Scenarios

The three scenarios of interference are depicted in Fig. 3.4, where the first scenario 
shows the interfering signal falling within the operating band of the victim FSS 
receiver (i.e. they are co-channelled). In the second scenario, both victim and inter-
ferer bands fall outside each other and are located contiguously (adjacent). 
Nevertheless, inserting a guard band in between the two systems forms the third 
coexistence scenario, where interference is therefore minimal.

In each of the interference scenarios, there is the need to consider a certain pro-
cedure in order to achieve the coexistence. However, unwanted emissions such as 
out of band (OOB), which is 250% of the spurious emission of the interfering equip-
ment, fall within the receive band of the victim receiver and thereby acting as co-
channel interference to the wanted signal [1]. The victim receiver blocking is defined 
as the capability of receiver to block a strong signal out of the receiver band in order 
to protect the reception desensitization. In general, this sort of interference can only 
be removed at the victim. However, in most cases the adoption of power control for 
the interferer and good site engineering can improve the situation. In order to com-
pare these scenarios, the same propagation model should be adopted for all 
methods.

For the purpose of analysing the coexistence in various environments, these three 
scenarios will be used and simulated based on the aforementioned deployment 
areas. By considering the channelization plan for MEASAT downlink transponders, 
one channel is proposed at 4 GHz central frequency as illustrated in Fig. 3.5.

Frequency (MHz)

Interferer

0 Guard band

Guard Band

1st scenario 2nd scenario 3rd scenario
(∆f )  MHz

Victim VictimInterferer Interferer

Victim

Fig. 3.4  The coexistence of co-channel, zero-guard band and adjacent channel
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Figure 3.5 depicts the downlink channelization plan for MEASAT-3 geostation-
ary satellite orbit where the proposed 20 MHz WiMAX replaces the 36 MHz FSS 
channel. Consequently, a maximum of 12 MHz guard band may be obtained when 
such a proposal is applied. This outcome was actually the driving impetus behind 
the specified frequency offset. A fixed protection ratio has been used as a criterion 
for the interference scenarios in order to limit the interference, by using 
I/N = −10 dB. Note that I is the interference level in dBm, N is the noise floor of 
receiver in dBm and −10 dB is the protection ratio for FSS receiver.

Actually the 10 dB has been obtained by using degradation factor of 0.5 for car-
rier to noise ratio. Therefore, the value of interference level below noise floor is

	
Interference belownoise floor dB dB= −( )( ) =10 1 10 1 1010

0 5 10log / . /

	
(3.10)

MEASAT satellite has 24 transponders, and each of the transponders has a maxi-
mum of 36 MHz channel bandwidth. In order to determine the maximum possible 
level of in-band interference at the FSS receiver, the following expressions have 
been used:

	

C

I

I

N

C

N
= + = +( )10 5 7. dB

	
(3.11)

	
C

C

N
KTB= + ( )10 10log dBw

	
(3.12)

	
I Cinband dBw dBw= −( ) = −15 7 143.

	
(3.13)

where C is the carrier power at the receiver in dB, C/N is the required carrier to noise 
ratio which is specified as a 5.7 dB minimum [4], Iin-band is the required protection 
ratio, K is Boltzmann constant = 1.38 × 10−23 J/k, T is the temperature in Kelvin and 
B is the noise bandwidth in Hz [8]. With the carrier frequency at 4 GHz, the overall 
propagation model may be rewritten as follows:
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Fig. 3.5  MEASAT-3 Spectrum plan with the proposed channel
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The ACIR is the adjacent channel interference ratio due to the receiver filter and 
transmitted mask at any frequency offset. Corr_band is the correction factor of the 
band ratio, which is equal to 0  dB when BWWiMAX  <  BWFSS. Otherwise, Corr_
band = −10log (BWWiMAX/BWFSS), when BWWiMAX > BWFSS. Therefore, when the 
bandwidth of FSS is 230  kHz, the correction band is given by the following 
expression:
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The worst case for the sharing scenario between WiMAX 802.16e and FSS is 
simulated. Figure 3.6 shows the different parameters used in the simulation process, 
when the IMT-Advanced antenna is facing the FSS ES.

Analysis of the received interference at the victim FSS receiver involves dividing 
the interference into noise level and interference criterion, as indicated in the fol-
lowing expression:
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Fig. 3.6  The simulated scenario between WiMAX BS and FSS ES
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where INR is the FSS victim receiver’s interference to noise ratio. Different envi-
ronments are considered in the simulation process, and the results are briefly dis-
cussed in the following sections.

3.6  �Minimum Separation Distance Simulation

This study is aiming to define the minimum separation distance between WiMAX 
base station (the interferer) and FSS receiver (the victim). To achieve this objective, 
the parameters of proposed system are specified, and the possible factors that may 
affect the frequency coordination are evaluated. Such factors include victim gain, 
interferer ACLR, receiver ACS, antenna heights and bandwidths.

The proposed area analysis gives an insight into the massive interference that 
may impact the performance of FSS receiver in different environments. Two types 
of interference will be discussed for the deployment areas.

Table 3.4  WiMAX 802.16 systems parameters

Parameter
Value
WiMAX

Centre frequency of operation (MHz) 4000
Channel bandwidth (MHz) 20
Base station transmitted power (dBm) 43
Spectral emissions mask requirements ETSI-EN301021Type G
Base station antenna gain (dBi) 18
Base station antenna height (m) 30

Table 3.5  Fixed-satellite service specifications

Specifications Satellite terminal

Antenna diameter (m) 1.8
Antenna gain (dBi) 38
Frequency Fc (MHz) 4000
Elevation angle 74°

Azimuth 263.7°

Height (m) 1.8 and 5
Received noise temperature 114 K
Bandwidth (MHz) 0.23 and 36
Theoretical interference level (I) −165 dBw/0.23 MHz

−143 dBw/36 MHz
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3.6.1  �Simulated Parameters

A simulation of two base stations, WiMAX 802.16e and FSS, has been conducted 
by proposing the most appropriate parameters for WiMAX 802.16e and the used 
parameters for the FSS receiver. These parameters are quite compatible with those 
proposed in the WRC-07 [9]. Tables 3.4 and 3.5 specify the WiMAX and FSS 
parameters, respectively.

For WiMAX base station, it is proposed to be macro station coverage with a 
SEM type-G (model number: UTIS EN301021), with the antenna height fixed to 
30 m above ground level. Antenna gain proposed to be 18dBi for three sector base 
stations, and power transmitted of 43 dBm is applied for the WiMAX systems. The 
frequency carrier is attuned in order to benefit the coexistence in the adjacent chan-
nel interference. A really rare case is considered when co-channel interference hap-
pens at the 4000 MHz frequency carrier. It is important to note that these parameters 
are based on proposed scenario parameters.

The FSS parameters in Table  3.5 reflect the fact that a fixed position of FSS 
receiver is used, while the WiMAX ones apparently show movable type of WiMAX 
base station parameters. Parameters in Tables 3.4 and 3.5 are used to assess the 
interference between WiMAX and FSS in terms of minimum separation distances 
using the proposed propagation model of Eq. (3.16). A FSS antenna of variable 
heights (1.8 m and 5 m) is used to highlight the fact that the position of the FSS 
receiver on the ground can reduce the separation. For the FSS receiver, it is recom-
mended to keep the dish on the ground level to improve the coexistence. Although 
based on the literature, it has been noticed that some users locate their FSS antennas 
on the roof of first floor. Referring to the effect of clutter loss, it is noticed that 
increasing the FSS receiver height corresponds to extending the separation distance. 
Therefore, if the FSS base station is higher than the clutter height, then the mini-
mum distance required will remain fixed.

3.6.2  �Protection Ratio Methodology

The calculation for protection ratio (I/N) can be summarized as shown in Fig. 3.7. 
According to the figure, in order to make proper frequency coordination, the resul-
tant protection ratio should be compared with I/N obtained in the input of victim 
receiver.

Figure 3.8 presents the flowchart of three phases whereby the frequency coordi-
nation is achieved between services by adjusting the frequency (or geographical site 
coordination), based on I/N protection ratio. The first phase demands for the system 
parameters which serve as the inputs to the proposed propagation formulas. These 
formulas are the program engines which identify whether or not the parameters are 
working correctly.

The second phase divides the interference scenarios into two parts (either co-
channel interference or adjacent channel interference) when the frequency offset 
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Fig. 3.8  Exclusion zone around WiMAX deployed in Johor, Malaysia
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Fig. 3.7  Coexistence methodology in response to the protection ratio
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exists between frequency carriers. Eventually, the desired received signal strength 
(DRSS) and interference received signal strength (IRSS) level are compared to ver-
ify whether protection ratio is secured or not [6].

When the interference occurs, a protection ratio can also be identified using the 
carrier to interference ratio (C/I) or carrier to noise plus interference ratio (C/N + I). 
In both cases the DRSS or IRSS should be above the protection ratio to avoid the 
interference. These protections can be expressed as follows:
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N I

C

I

N I

N

I

N+
= −

+
−

	
(3.17)

where C/(N + I) is the value on carrier above the noise level with present of interfer-
ence, (N + I)/N is the desensitization level and I/N is the new proposed protection 
ratio.

3.6.3  �Area Analysis

Visualyse Professional can be used to analyse a very wide range of scenarios. These 
include studies which cover different types of stations and services, including 
WiMAX, mobile, fixed, GSO satellite and FSS receiver, to mention but a few.

In this section a discussion on WiMAX BS deployment in the co-frequency area 
of an existing fixed-satellite service (FSS) earth station is discussed. However, area 
analysis can be used to show these colour-coded plots or contours of any link param-
eters (e.g. received noise, interference, I/N, PFD). So, the next phase is to repeat the 
analysis undertaken at a single point (above) over an area and showing its variation. 
This is done by using the Visualyse Professional Area Analysis tool.

There are two particular ways in which the area analysis can be used, as 
concluded:

	1.	 Varying the location of the WiMAX base station to investigate the variation of 
interference at the FSS earth station with location and defining exclusion zones 
around the earth station where WiMAX could not be deployed

	2.	 Varying the location of the FSS earth station to investigate the variation of 
received interference with location and hence defining the exclusion zones where 
an FSS earth station could not be deployed because of a WiMAX base station

In this case the second option was chosen to vary the location of the earth 
station.

An area analysis is selected from the map view with the following properties: the 
moving station is proposed to be the FSS earth station, which represented the victim 
link, attribute to plot is the aggregate interference I/N, plot resolution is 1 km and 
the colour display settings were I/N ≤ −20 dB is not shown, −20 dB ≤ I/N ≤ −10 dB 
is shown as green, −9 dB ≤ I/N ≤ 0 dB is shown as orange, 1 dB ≤ I/N ≤ 5 dB is 
shown as yellow, 5 dB ≤ I/N ≤ 10 dB is shown as red and I/N ≥10 dB is shown as 
brown.
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Figure 3.8 shows the exclusion zone that was obtained from basic analyses under 
the assumption of path loss occurring for 20% of the time in Recommendation 
ITU-R 452-12. When using other percentages of time, it should be remembered that 
the I/N threshold will also change spot which could increase or decrease the inter-
fered area.

Figure 3.8 shows the thermal image of area analysis, where the protection ratio 
is represented by the green colour, where I/N = −10 dB. A complete scenario of 
both systems is represented on the right side of Fig. 3.8. Accordingly the separation 
distance was 23 km for the proposed parameters as highlighted in the window. It can 
be seen that a large area is excluded.

Note that the FSS pattern is not symmetric because it points to the satellite at 
longitude of 103°E which is towards the South East. It has slightly lower gain 
towards the WiMAX base station.

3.6.4  �Separation Distance Between WiMAX and FSS 
of 36 MHz

Mathematical expression for the deterministic model explained in Eq. (3.16) was 
also used to determine the relationship between the separation distance and the 
required guard band. An important role played by the interference to noise ratio, 
during the simulation, is to represent the ACIR for different scenarios within all the 
deployment areas.

The results of separation distance have been summarized in Fig. 3.9, when the 
values of frequency offset between carriers are 0, 28 and 40 MHz. By fixing the 
limit of I/N to −10 dB as a protection ratio, the calculations for co-channel and 
adjacent channel are performed for the current frequency band 4GHz (these include 
interferers’ adjacent channel leakage ratio (ACLR) and receivers’ adjacent channel 
selectivity (ACS)).

Figure 3.9 shows the separation distance between FSS ES and WiMAX in four 
different deployment areas, when a FSS antenna height of 5 m is used for CCI and 
ACI scenarios using MATLAB simulation results.

In order to verify the results obtained, the same scenarios are rebuilt into 
Transfinite Visualyse Pro™. This software is based on a number of statistical and 
deterministic approaches developed for best coexistence practices between two 
similar or dissimilar systems.

As also shown in Fig. 3.9, the simulated results of the Visualyse software are 
almost compatible with MATLAB simulation. This proves that the ACIR model is 
useful for high accuracy in terms of coordination between systems. The results 
obtained also show a small variance according to the ducting signal factor consid-
ered by Visualyse Pro™.

The impact of different deployment areas was highlighted in Fig. 3.9. It shows 
that nature of clutter could affect the overall results. It can be used for different 
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deployment environments which justified the effects of using different antennas, 
clutter heights and nominal building separations.

A minimum separation distance between two services was achieved when the 
dense urban environment was selected for the deployment area. The worst case of 
interference occurs when the rural deployment area is used. A minimum separation 
distance without mitigation technique was endorsed when 12  MHz is used as a 
guard band in urban and dense urban area.

Therefore, the minimum separation distance was credited for variable FSS 
antenna heights using MATLAB program. In order to determine the effect of the 
antenna heights, different deployment areas are considered with respect to the CCI 
and adjacent channel interference scenarios as shown in Fig. 3.10. However, the 
frequency offsets were equal to 0, 28, 33 and 40 MHz for 36 MHz FSS channel 
bandwidth.

However, the clutter loss is directly related to the antenna heights. Therefore, for 
an antenna height of 1.8 m, clutter height losses are 19.74 dB, 19.73 dB, 19.5 dB 
and 15.4 dB as isolation provided in the dense urban, urban, suburban and rural 
areas, respectively. On the other hand, when the FSS height is 5 m, then the corre-
sponding clutter isolation will be 19.65  dB, 19.55  dB, 13.6  dB and −0.32  dB, 
respectively.
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Fig. 3.9  Results of separation distance using the MATLAB and Visualyse simulation for four dif-
ferent environments at different frequency offsets
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By referring to the propagation model, the clutter loss in the rural area coverage 
must be set to a value less than zero. These values will definitely increase the sepa-
ration distances, and consequently it is most difficult to achieve the coexistence in 
the rural area, compared to other deployment areas.

According to Fig. 3.10, these values indicate that receiver victim heights play 
important roles in the clutter loss calculations to determine the amount of interfer-
ence. Figures 3.9 and 3.10 summarize the results of separation distance which are 
based on MATLAB code attached in Appendix D.

3.6.5  �Separation Distance Between WiMAX and FSS 
at 0.23 MHz

When a different FSS receiver is used in the simulation, the interference level will 
change in response to the victim bandwidth as earlier mentioned in Eq.  3.10. 
Accordingly, when bandwidth of 0.23 MHz is used to conduct the assessment, the 
interference level was −165 dBW/0.23 MHz as indicated in Table 3.5. It can pro-
duce a longer separation distance due to the increase in the receiver sensitivity. In 
the analytical study considered where the FSS antenna heights are 1.8 m and 5 m, 
different values of separation were obtained due to the clutter loss.
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Fig. 3.10  Separation distance using variable FSS antenna heights for four different environments 
at different frequency offsets
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When the victim bandwidth is less than the interferer bandwidth, the sufficient 
separation distance for a specific guard band can be tuned manually. Even though 
without incorporating a mitigation technique in this scenario, the guard band 
required to protect the victim is efficient. Therefore, it is more practical to determine 
the required separation distance directly after obtaining the power reduction from 
the ACLR.

The interference from WiMAX (20 MHz bandwidth) to FSS (0.23 MHz band-
width) was simulated, and interference to noise protection ratio of −10  dB was 
considered. Thus, the scenarios of CCI and ACI are considered to represent the 
frequency dimension as a possible mitigation technique. This is used to reduce the 
separation distance between the two services as presented in Fig. 3.11.

Figure 3.11 shows that minimum required separation distance of 49.1 km could 
be achieved with 1.8 m FSS receiver height in the ACI scenario under dense urban 
area environment. However, the worst case of interference is experienced when a 
rural area was used as the deployment scenario in the CCI. The minimum separation 
distances required for the urban area deployment were 4.3  km and 49.6  km for 
36 MHz and 0.23 MHz FSS channel bandwidths, respectively. Note that a 12 MHz 
guard band and 1.8 m antenna height were used.
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Fig. 3.11  The separation distance between WiMAX and FSS when FSS bandwidth is 0.23 MHz 
in the four deployment areas for different frequency offsets

3.6  Minimum Separation Distance Simulation



62

Analyses of Fig.  3.11 have revealed that three types of frequency offsets (0, 
10.15 and 22.5 MHz) are used to compare the minimum separation distances in the 
four environments.

It is important to mention that the FSS frequency carrier was simulated to be 
fixed at 4000 MHz and the WiMAX in the adjacent channel has been moved to suit 
the scenario requirements in the lower frequency. However, this could be the worst 
case compared to the upper frequency, and therefore the zero-guard band position is 
calculated as follows:

	
Zero Guard band Frequency c cFSS FSS_ _ _ /= − ( )F F 2

	
(3.18)

where FcFSS is the frequency carrier on the victim FSS and the zero-guard band is 
given by

	
Zero guard band BW BWInterferer Victim_ _ = +( )1

2 	
(3.19)

Zero_guard_band is equal to 10.115  MHz for the 0.23  MHz FSS channel 
bandwidth.

By comparing Fig. 3.10 with the results presented in Fig. 3.11, it is observed that 
when FSS receiver bandwidth is 36  MHz, the possibilities of coexistence are 
increased due to separation distance reduction. However, the noise level of a victim 
FSS is improved to −143 dBW/36 MHz, and the adjacent channel scenario gave a 
wide separation between carriers. This indicates that the higher the difference 
between victim receiver bandwidth and that of the interferer, the less the effects of 
interference from the transmitter. This translates to brighter coexistence feasibili-
ties. Alternatively, it is observed that when the frequency offset is more than half of 
the interferer bandwidth, the separation distance becomes significantly small.

Different deployment areas have an obvious impact on the results in Figs. 3.9, 
3.10 and 3.11. However, considering three coexistence scenarios (CCI, zero-guard 
band and ACI), the simulation is done for dense urban, urban, suburban and rural 
areas, with respect to variable FSS bandwidths. Different antenna heights were used 
in the simulation process to evaluate the minimum separation distance with differ-
ent clutter loss.

A remarkable change in the required separation distance is obtained in Figs 3.10 
and 3.11 when different earth station antenna heights are used. Therefore, frequency 
coordination for different services to coexist in a same geographical area is appar-
ently related to the antenna heights. It can also be noticed that increasing the antenna 
height from 1.8 m to 5 m (Fig. 3.11) changed the separation distance in the urban 
area. Similar observations were made in the case of the suburban area within the 
12 MHz guard band. This clearly demonstrates the impact of the clutter loss.

By applying the interference calculation, a favourable assessment of the compat-
ibility between the 20 MHz WiMAX and different fixed-satellite service receiver 
bandwidth is achieved.
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3.7  �Summary

A more straightforward approach to the protection ratio for future WiMAX 802.16e 
is derived and illustrated in order to achieve the frequency coordination with the 
FSS receiver. The use of MEASAT GSO downlink in the extended C-band (3.4–
4.2 GHz) is used as a case study and has prompted this work to improve the mecha-
nism of identifying the effective parameters between two base stations.

In the co-channel interference case, it is found that the adjacent channel selectiv-
ity reduction is unnecessary for the receiver when both services have the same band-
width. However, if the interferer’s bandwidth is larger than that of the victim, 
another factor must therefore be added to account for mask discrimination 
correction.

The ACIR is used for the adjacent channel interference scenario associated with 
the ACLR of the interferer (WiMAX 802.16e) and ACS of the victim (FSS receiver 
filter). The results have indicated that the required distance, as well as frequency 
separation, decreases as victim receiver bandwidth increases and vice versa.

Simulation results of MATLAB™ proved to be comparable to that of Visualyse 
Pro™ for the specified protection ratio. This includes the minimum required separa-
tion distance when frequency offsets in between carriers are equal to 28  MHz, 
33 MHz and 40 MHz, respectively. Moreover, the proposed approach features a 
tractable as well as systematic workflow to the calculation of protection ratio. In the 
same time, it is applicable to a range of frequencies and bandwidths by simply cal-
culating the required threshold degradation, ACLR and ACS.

It is worth mentioning that this method may also be used by spectrum regulation 
bodies to help in achieving best coexistence practices for a FSS receiver when coex-
ist with an IMT-Advanced system.
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Chapter 4
FSS Shielding and Antenna Discrimination 
as an Interference Mitigation Technique

4.1  �Introduction

A tractable approach of dealing with interference issues imposed by the coexistence 
scenarios of FSS receiver and IMT-Advanced system is presented in this chapter. 
The IMT-Advanced system is represented by a 20  MHz bandwidth WiMAX 
IEEE802.16e base station. Coexistence analysis is done for CCI and ACI with guard 
bands equal to 0 MHz, 5 MHz and 12 MHz, respectively. The guard bands are used 
with shielding attenuation of 0 and 20  dB for each scenario. The proposed 
interference-to-noise ratio (I/N) is used as a prerequisite for a desensitization-proof 
receiver. A case study of using signal generator and VSAT unit as shielding materi-
als is considered. The testing is performed in the anechoic chamber as well as out-
door, and deployment is designed to fulfil FSS signal receiving criteria. A set of key 
path loss parameters are calculated, followed by the computations of positive hori-
zon angles imposed by losses over various terrains for different deployment areas. 
The antenna discrimination has been discussed alongside the shielding absorption 
coefficients of the suggested materials. Therefore, in this chapter shielding and 
other empirical measurements have been highlighted to reflect the pragmatism ele-
ment of this study, in order to further enhance the response of the conventional theo-
retical effect.

4.2  �Shielding Experiment and Tools

In the shielding experiment, the signal attenuation values by different proposed 
materials were first measured. These attenuation values are used as the effective 
factors in the interference mitigation between WiMAX and FSS.

https://doi.org/10.1007/978-3-319-70588-0_4
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One of the tools used for running the field test includes the VSAT unit, which 
receives the Internet signal at 4040 MHz. A harmful interference was applied on the 
FSS receiver using synthesized signal generator to generate interfered signal within 
the range 3700–4200 MHz. MEASAT-3 satellite network specifications and cover-
age are given in Appendix B, while the FSS Aspects and Installation are explained 
in Appendix F.

The FSS unit is installed to receive an Internet bandwidth (burstable to 256 kbps 
downlink and 9.6  kbps uplink) through MEASAT-3 geostationary satellite orbit. 
The FSS unit consists of dish antenna, C-band low noise block down converter, 
C-band 5 W block up converter and Indoor DW2000 Terminal. Figure 4.1 shows the 
FSS unit overall system receiver which has a carrier frequency of 4040 MHz. More 
details about the aspects are detailed in Appendix F.

The synthesized signal generator was used to generate an interference signal to 
assess the interference of 1 MHz bandwidth of broadband wireless signal. This is 
done to verify the effect of adjacent interference level as well as the in-band interfer-
ence. Signal generator calibration was done to verify the error level in Appendix 
F. System specification is used to generate some of the most important parameters 

Fig. 4.1  The FSS unit system

Table 4.1  Fixed-satellite 
service specifications

Specifications Satellite terminal

Antenna diameter (m) 1.8
Antenna diagram ITU RS.1245
Frequency Fc (MHz) 4040
Elevation angle 74°
Azimuth 263.7°
Height (m) 1.8
Received noise temperature 114 K
Bandwidth (kHz) 230
Theoretical interference level 
(I)

−165 dBw/230 kHz
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used in the mathematical model in order to improve the coexistence between two 
services. Tables 4.1 and 4.2 show the FSS receiver and broadband wireless access 
specifications, respectively.

In Table 4.1 the MEASAT-3 satellite orbit position is 91.5° E, while the dish is 
located at latitude 1.558° N and longitude 103.6° E. The distance of the earth station 
to the satellite is 35,955 km. The signal delay is 239 ms for MEASAT-3.

4.3  �Field Measurements

Radio propagation model needs to be verified with the shielding measurements to 
represent the mitigation technique effect on the received signal. The measurement 
procedure with the shielding technique is explained step by step as follows:

	1.	 Antenna measurements: Horn antenna is used in the shielding experiment for 
transmitting site to represent the BWA sector. The radiation pattern measure-
ments and return loss are given in the Appendix F. H-plan and V-plan are exhib-
ited using the sigma plot software. The measured return loss of the horn antenna 
gave a good response for the frequency band 3700–4200 MHz.

	2.	 Direct measurement of signal level: In order to measure the signal path attenua-
tion at the VSAT unit, it is necessary to specify the signal strength in the free 
line-of-sight (LOS) condition. In that sense, empirical experiment has been con-
ducted using the anechoic chamber to measure the free line-of-sight signal level, 
as shown in Fig. 4.2. The results are measured using the spectrum analyser, as in 
Fig. 4.3.

	3.	 Concurrently, a broadband wireless access (BWA) signal generator is used as a 
WiMAX transmitter. Having set such a typical ambience, various types of metals 
are located in between the transmitter and the receiver as shown in Fig. 4.4.

The objective of step 3 is to measure the amount of signal penetration and power 
loss through different metallic materials. A far-field measurement has been used to 
evaluate the shielding within the anechoic chamber.

Table 4.2  Broadband 
wireless access specifications

Specifications Satellite terminal

Centre frequency of operation 
(MHz)

4040

Tx peak output power (dBm) 20
Channel bandwidth (MHz) 1
Antenna gain (dBi) 6–10
Antenna gain pattern ITU-R F.1336
Antenna height (m) 2.2

4.3  Field Measurements
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	4.	 Attenuation measurements for different materials: This is aimed at measuring 
the signal penetration through different materials in order to obtain the power 
loss through several barriers. The shielding is inserted between the transmitter-
to-receiver path. Appendix F depicts the received power levels through different 
shielding. The results of attenuation obtained with different shielding materials 
are reported in Table 4.3.

Transmitter Receiver

Source antenna

Fig. 4.2  Free space signal level measurement
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Fig. 4.3  Free space signal level display
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The losses obtained are in the range of 20–22.1 dB for the materials used as 
shown in Table 4.3. Note that these materials have shown a diverse range of attenu-
ation capabilities towards the radio signal. For cost-effective deployment, a zinc 
metal of 0.1 cm thickness is used for shielding the FSS as shown in Fig. 4.5. The 
mesh wire blocks the signal according to Faraday’s law of induction [1]. This 

Transmitter Receiver

Source antenna

Shielding

Fig. 4.4  Different shielding materials between the signal generator and the spectrum analyser

Table 4.3  Measurements of 
signal losses for 4040 MHz 
radio paths obstructed by 
common materials

Material type Loss (dB)

Aluminium shield (0.1 cm 
thickness)

22.1

Aluminium mesh wire shielding 
(0.2 cm wire spacing)

20.9

Copper shielding (0.1 cm thickness) 24.5
Copper mesh wire shielding (0.2 cm 
wire spacing)

23.3

Zinc shield (0.1 cm thickness) 20

Fig. 4.5  FSS shielding using zinc sheet material
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process ends when an electromagnetic field is no longer transmitted. The charge 
distribution on the mesh is known as induced charge distribution.

	5.	 Intuitively, when the direction of the interferer is known, the FSS signal can be 
further detected by moving the antenna in such a way that the building is situated 
in between the interferer and the FSS antenna.

The study has also practically proved that best shielding condition occurs when 
the FSS receiver antenna is entirely shielded except for the top side. It should be 
uncovered and must be pointed to the satellite. Furthermore, the shield should be 
separated at least 1  m from the basement of antenna and 0.5  m higher than the 
antenna’s body. It must also be grounded. If a shield is deployed in the direction of 
the satellite, the angle of elevation from the bottom of the antenna reflector to the 
top of the shield should be about 5 degrees less than the satellite elevation.

	6.	 A co-channel and adjacent channel interference scenarios are identified and 
measured for the system parameters which have already been specified; Fig. 4.6 
shows the interferer and victim tools used in the experiment.

Figure 4.7 shows the FSS antenna installed in one position and subjected to inter-
ference from all sights, for experimental purpose.

For all positions in Fig. 4.7, the received signals by FSS were 0 kb/s, while inter-
fered signals were varying between 3800 MHz and 4100 MHz. By reducing the 
transmitting power level using power attenuator, the interference is reduced up to 
−125 dBm, while no interference is received by the FSS receiver.

PC to check the
internet signal

level

DVB
receiver

Spectrum
Analyser

RF Signal

Wideband (1-18G)
Horn Antenna

Signal Generator

Horn Antenna

1.8m Dish Antenna

Fig. 4.6  The interferer and victim tools used in the experiment
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To obtain the minimum separation distance using the deterministic calculations 
in the CCI scenario, the FSS elevation angle should be calculated according to the 
interferer position as illustrated in Fig. 4.8.

As shown in Fig. 4.8, the FSS off access angle can be determined as follow:

	
α = − =° − °74

0 4

4
681tan

.

	
(4.1)

4m 4m
4m

4m

1.
8m

2.
2m

2.2m

2.2m

2.2m

1.8m Dish Antenna

Fig. 4.7  CCI and ACI scenario measurements

Fig. 4.8  Determination of receiver gain using the elevation angle difference
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This value will lead to –10 dB as an FSS antenna gain towards the interference 
source as mentioned in Eq. (3.3).

4.4  �Fixed-Satellite Service Receiver Shielding

A 1.8 m VSAT unit is used to receive Internet signal through MEASAT-3 satellite 
on licensed band at 4040 MHz frequency carrier. On the interferer side, a BWA 
synthesized signal generator is used to generate an interfering signal, which ranges 
from 3400 to 4200 MHz. This frequency range covers both cases of CCI and ACI.

The FSS unit (256 kbps downlink and 9.6 kbps uplink) comprises of the dish 
antenna, C-band low noise block down converter, C-band 5 W block up converter 
and Indoor DW2000 Terminal. A horn antenna is used as an alternative to the direc-
tional antenna of WiMAX base station. Figure 4.9 shows the measurement site.

In order to shield the FSS unit, a 0.1 cm thick zinc sheet is selected for cost-
effectiveness. A 20  dBm signal with a bandwidth of 1  MHz was generated and 
broadcasted in the direction of FSS receiver. The frequency of the interferer was 
varied from 3800 to 4100 MHz, which resulted in 0 kb/s downlink signal in the FSS 
receiver. However, when the transmitter power of interferer is reduced by 1 dBm, 
significant decrease in interference was observed. In order to have a minimum sepa-
ration distance required for the coexistence in CCI scenario, the deterministic cal-
culation is given by

	

20 65 165 0 23

10 92 44 20
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Fig. 4.9  Zinc sheet used in the FSS unit shielding experiment
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where d is the separation distance in km, EIRP is the effective isotropic radiation 
power of the interferer, I is the interference level, Gr is the received gain and f is the 
receiving frequency of FSS. A 0.187 km is a large separation distance for a small 
transmitted power like 20 dBm. Therefore, the experiment has shown that coexis-
tence scenarios based on co-channel sharing are almost practically impossible. The 
analysed interfered signal collected in Table 4.4 was used to ensure the wave propa-
gation attenuation after and before the FSS frequency carrier.

Table 4.4  Effect of FWA signal on the FSS carrier with and without shielding

Parameter

20 dBm signal generator
Without shielding With 0.1 cm Zinc

Before carrier
After 
carrier Before carrier After carrier

ACS (dB) 5 MHz offset 15 50 35 70
10 MHz offset 31 60 61 105
15 MHz offset 55 70 0 0
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As clearly shown in Table 4.4, the higher the transmission frequency, the higher 
is the propagation losses; and reducing the transmitted power corresponds to a 
reduced ability to penetrate the walls. Therefore, the effects of interference, with or 
without shielding, at different frequency offsets are summarized in Fig. 4.10. The 
threshold value is defined at −125 dBm (see Appendix F).

Figure 4.10 clearly shows that signal ability to interfere is bigger when it has less 
value than FSS frequency carrier and vice versa. In addition, signal attenuation is 
higher when shielding technique is used compared to the signal attenuation before 
the shielding. It is also shown in the figure that coexistence is achieved with 20 dB 
shielding attenuation and 15 MHz frequency offset. It can be therefore concluded 
that it is possible to reduce the harmful interference to 10% by increasing the shield-
ing attenuation to 20 dB, and the separation distance can be reduced to 1% for 40 dB 
shielding attenuation. Careful inspection of the values shown in Fig. 4.10 leads to 
the conclusion that the coexistence under co-channel sharing is intolerable without 
separation.

4.5  �The Coexistence Analysis of FSS with WiMAX Using 
Shielding

The intersystem interference model in the CCI and ACI depends essentially on the 
wave propagation model presented in Eq. (3.16). It consists of free space propaga-
tion and clutter loss effects. The band separations between different channels for 
different services have not previously been considered in the spectrum-sharing stud-
ies reviewed in Chap. 2. In addition, the deployment area nature (dense urban, 
urban, suburban and rural areas) should reflect different deployment possibilities 
according to local clutter loss.

According to the shielding experiment at CCI scenario, the zero-guard band and 
guard band separation channel are simulated to represent the interference scenarios. 
A minimum separation in two dimensions (frequency and distance) for different 
deployment areas with and without using the shielding technique has been studied. 
Different system scenarios have been used to improve the simulation results by 
considering different shielding attenuation values. The ACLR and ACS values have 
been considered for the transmitter and receiver, respectively.

Clearly in any coexistence analysis, a minimum separation in terms of frequency 
and distance is always sought-after and, preferably, with (I/N) = −10 dB under dif-
ferent deployment conditions, with or without shielding technique.

Firstly, the interfering signal shares the same band with the victim FSS receiver 
and thus separation distance is desired. Secondly, the interfering signal is contigu-
ous to the victim band and finally when a guard band is in between the bands in 
question. The worst case of sharing between WiMAX and FSS receiver is simulated 
when both the interfering and victim antennas are opposite-tower-mounted and fac-
ing each other. The WiMAX used in the study is shown in Table  4.5. The FSS 
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parameters mentioned in Table 3.4 are used for this simulation with 4040 MHz as a 
frequency carrier.

The WiMAX parameters in Table 4.5 reflect the fact that a fixed position has 
been used for the FSS receiver, while a movable type of WiMAX base station 
parameters is apparently shown. These parameters are used in the proposed propa-
gation model of Eq. (3.12) to assess the interference between WiMAX and FSS in 
terms of minimum separation distances. An FSS antenna of variable heights (1.8 m 
and 5 m) has been used to emphasize that positioning the FSS receiver onto the 
ground can effectively reduce the separation as earlier shown in Figs. 3.10 and 4.11, 
respectively.

Figure 3.11 has earlier shown the unshielded scenarios of locating the FSS 
receiver without being protected. A 0 dB shielding was the input to Eq. (3.16) for 

Table 4.5  WiMAX specifications

WiMAX systems parameters

Centre frequency of operation (MHz) 4040
Channel bandwidth (MHz) 20
Base station transmitted power (dBm) 43
Spectral emissions mask requirements ETSI-EN301021Type G
Base station antenna gain (dBi) 18
Base station antenna height (m) Up to 30
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FSS bandwidth of 0.23  MHz, so that the minimum required separation distance 
between the two services is acquired for the CCI scenario (for 0 and 12 MHz guard 
band). A minimum separation distance between the two services was achieved using 
a dense urban environment as the deployment area, while the worst case of interfer-
ence occurs when a rural area was used for deployment. A minimum separation 
distance without mitigation technique was obtained when 12 MHz was used as a 
guard band in urban and dense urban area.

In Fig. 4.11, the 20 dB shielding mitigation technique is used to reduce the sepa-
ration distance between the two services, which corresponds to the reduction of 
10% of the original distance (Refer to Fig. 3.14).

The reduced separation obtained in Figs. 3.10 and 4.11 (with the insertion of 
12 MHz guard band and 20 dB Shielding) is not sufficient for practical deployment 
of the future communications systems. Obviously, the 36 MHz channel bandwidth 
of FSS will only need a small separation distance due to the reduced receiver sus-
ceptibility towards interference. Therefore, a minimum separation distance is calcu-
lated for 36 MHz FSS bandwidth when shielding attenuations are 0 and 20 dB, 
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respectively. Figure  4.12 shows the results for 36  MHz FSS (1.8  m) bandwidth 
when ∆f = 0 (CCI), 28 (zero-guard band), 33 (12 MHz guard band) and 40 MHz for 
the four deployment areas.

From Fig. 4.12, it is noticed that separation distance reduced to 0.4 km when 
12 MHz is used as guard band (with a 20 dB as a shielding attenuation in dense 
urban area deployment). However, coexistence in the CCI scenario is still difficult 
due to large separation distance required. Accordingly, the values of separations in 
the rural areas can be neglected in order to keep a good resolution for other values 
in Fig. 4.12.

The worst case of interference was the first considered, when IMT-Advanced 
base station is considered without using any mitigation technique. Thereafter, pro-
tecting the FSS was the first target in order to study the effect of different elevation 
angles according to the user position and signal attenuation through different shield-
ing materials. Since base station to base station is the main scenario of interference, 
complete analyses on the antenna discrimination effect should be done by using the 
smart antenna, being a suggested technology for next generation of mobile 
communication.

4.6  �Antenna Discrimination Impact

An antenna discrimination loss (ADL) is the difference in azimuth between the 
interferer antenna direction and the victim receiving direction. Thus, pointing the 
beams of antenna victim and interferer is not aligned on each other, and it could lead 
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to degradation in the interferer gain towards the victim. In order to highlight this 
issue, the separation distance results obtained in Fig. 4.11 for a dense urban area 
deployment are incorporated in the ADL simulation. Figure 4.13 shows the varying 
values of minimum separation distance using ADL in the range of 0–15 dB of the 
CCI, with 0 and 12 MHz guard band separation.

Definitely, the ADL technique proposes another mitigation technique which sup-
ports the smart antenna technology. However, a scenario of intersystem interference 
is also considered in order to compare the effect of three sectored terrestrial base 
station and electrically shifted beam base station on the FSS earth station. Both 
systems can have the same parameters in terms of power, coverage, antenna height 
and number of users.

In the cases of co-channel coexistence, zero-guard band and adjacent channel, a 
15  dB antenna discrimination loss can decrease the physical separation from 
406 km, 165 km and 49 km to 72 km, 26.8 km and 0.86 km, respectively, for 20 MHz 
WiMAX channel bandwidth and 1.8 m FSS height with 20 dB shielding protection 
in dense urban area.

A scenario was built using Visualyse to show the result of deploying FSS earth 
station in between two WiMAX base stations. The first WiMAX base station is three 
sectors supporting full coverage, whereas the second base station is transmitting 
signal based on switched beam smart antenna system coverage. Both base stations 
can support two mobile users moving around their base station following Monte 
Carlo distribution, as shown in Fig. 4.14.

Figure 4.14 shows that both base stations are deployed on an equally separated 
distance. The FSS unit uses the same signal propagation model and environment in 
order to determine its effect on the I/N of the FSS. Statistical plot results are col-
lected for comparing the I/N received by FSS for 1  min duration as shown in 
Fig. 4.15.

Fig. 4.14  ADL scenario where the first link is between the FSS and three sector antennas and the 
second link is between the FSS and smart antenna system for ADL
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Fig. 4.15 shows that long-term interference occurs on the FSS receiver faster 
when the first link is functional, while for the second link interference-to-noise ratio 
has slow movement towards the protection ratio of −10 dB.

4.7  �Summary

The proposed shielding technique proves resilient in the presence of interference 
(with or without the guard band). The technique may thus be considered as a viable 
alternative to many other commercial-of-the-shelf (COTS) mitigation solutions. 
The shielding offers both cost-effectiveness and an inherently high attenuation 
(20 dB). Furthermore, a prediction method that takes into account the bandwidth 
correction factor has been developed. This chapter has also exploited the propaga-
tion effects due to unwanted emission of WiMAX that falls within the FSS receiver 
range using variable antenna height.

When using a shielding attenuation of 20 dB, a separation distance can be sub-
stantially reduced to 10%. Consequently, the separation distance can be reduced to 
1% for the 40 dB shielding attenuation. This method can be applied to other satellite 
systems, because different channel bandwidths were simulated for the victim FSS 
receiver. The simulation results have shown that both the interference and separa-
tion distance decrease with an increasing channel bandwidth.

Co-channel interference scenario in the rural area is the most difficult compared 
to other scenarios. However, it requires a long coordination distance in the range of 
6150 km to 86 km without shielding effect for a 0.23 MHz and 36 MHz FSS channel 
bandwidths, respectively, given an FSS antenna height of 1.8 m. By adding 40 dB 
shielding attenuation, the coordination distance will correspondingly be reduced to 
61 km and 0.86 km. These are the highest reduction that could be achieved without 
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guard separation. These findings emphasize that the shielding technique can signifi-
cantly improve the FSS immunity against the interference as well as the signal 
reception via FSS. However, adjacent channel interference scenario with frequency 
offsets from the carrier of 12 MHz in dense urban area shows the best coexistence 
scenario with 40  dB shielding attenuation. For instance, it needs 0.49  km and 
0.04 km geographical separation for 0.23 MHz and 36 MHz FSS channel band-
widths, respectively, when FSS antenna height is 1.8  m. This indicates that the 
dense urban area is the best area for coexistence and intersystem interference 
coordination.

From the deployment standpoint, different areas are considered, and it is shown 
that the dense urban type of environment is the most convenient type for successful 
coexistence scenarios, whereas the rural one is the worst for frequency sharing and 
coordination in the same band. From the shielding perspective, it is worth mention-
ing that this technique is applicable to any antenna size at various heights. Added 
advantage can be achieved when antennas are installed at heights equal or less than 
the heights of surrounding obstacles and/or clutters. For the ADL, it is concluded 
that other mitigation techniques should be researched to enhance the coexistence 
between the two services by reducing the separation distance.
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Chapter 5
I-MUSIC Algorithm and Fixed Null Insertion

5.1  �Introduction

A hybrid approach to solve the problem of coexistence between the fixed-satellite 
services (FSS) receiver and WiMAX base stations (IEEE802.16e) in the 3400–
4200 MHz band is proposed in this chapter. The hybrid part stems from a blend of 
two popular algorithms used in adaptive breamforming, namely, multiple signal 
classification (MUSIC) and least mean square (LMS). It is used to steer the beam in 
the direction of WiMAX’s users while nulling those emitted towards the victim’s 
FSS earth station. The problem of high resolution and accurate direction of arrival 
detection using proposed Improved MUSIC (I-MUSIC) algorithm is highlighted. 
I-MUSIC prevents the high heavy complexity of currently available methods earlier 
mentioned in the literature. The amount of interference appears on the VSAT 
receiver because the WiMAX base station (BS) is calculated after using the interfer-
ence mitigation measures in both co-channel interference (CCI) and adjacent chan-
nel interference (ACI) scenarios. In order to further validate the proposed technique 
and its applicability to different operating environments, certain situations are con-
sidered. These include various shielding attenuations, FSS bandwidths, guard bands 
and deployment areas which are considered in line with the minimum separation 
distance.

5.2  �Problem Identification

The major focus of this chapter is improving the adaptive antenna type due to its 
inherent sort of built-in intelligence over the switched array type. The processing 
unit of the adaptive array system is located inside the WiMAX BS.  It uses the 

https://doi.org/10.1007/978-3-319-70588-0_5
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predefined position of the victim FSS receiver to steer the main beam towards the 
desired WiMAX user and block those pointed at the victim FSS receiver [1–7].

As the FSS receiver emits no signals, it is difficult to inform the WiMAX BS 
about the exact location of the FSS receiver, unless these coordinates are manually 
included in the WiMAX BS. This is much superior to the performance of a switched-
beam system, as shown in Fig. 5.1.

Figure 5.1 shows that the adaptive beam system can position the desired main 
lobe to the user direction and also exhibits the ability to fully null the interference in 
the FSS ES direction.

Figure 5.2 shows the block diagram of the proposed system. Clearly, the output 
of the digitization process (i.e. signal of interest (SOI)) after being down-converted 
is fed to the direction-of-arrival (DOA) unit for further processing.
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Figure 5.2 shows that the outputs of the antennas are linearly combined after 
being weighted, while the weights are computed using LMS algorithm based on 
minimum square error (MSE). The LMS algorithm is used to estimate the pattern 
from the received signal by minimizing the error between the reference signal and 
beamformer output. Finally, the optimum weight can be iteratively found using the 
LMS algorithm.

5.3  �Improving MUSIC Algorithm for High-Resolution DOA 
Detection

MUSIC algorithm is based on eigenvector decomposition. It provides a good reso-
lution and sharp peaks with the ability to add nulls. As mentioned in Chap. 2, 
improving the resolution degree of MUSIC algorithm is still a challenge especially 
for multiuser with small angles. This section focuses on improving the MUSIC 
algorithm by developing the power spectrum substitution.

5.3.1  �Steering Vector

Assume x(t) is the vector process of the complex envelopes of the signals at the 
output of an array of M narrow band identical sensors. A specific number of rays P 
transmitted to M with half-wave length spacing are denoted as P-dimensional source 
vector. The received base-band signal can be expressed as

	
x t s t t t
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where S(t) = [s1(t), …, sp(t)]T is the data inside of Pth array, (.)T denote the transpose 
function and A(Θ) = [a(θ1), …, a(θP)] is the array direction vector for DOA θP of the 
Pth ray. It is assumed that all sources emit a common pulse shape.

By considering only one sample by deploying b times symbol rate during C peri-
ods, then the collected samples can be obtained by MC × b matrix:
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By taking into account the Fourier transform of the received sampled output, the 

covariance matrix Rx can be obtained, which is emitted by XX CH / , as follows:
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(5.3)

where E is the statistical expectation process, En represents subspace noise compo-
nent, (.)H denote the conjugate transpose function, (.)∗ denote the complex conjuga-
tion, σ2 is the noise standard deviation, IQ is a Q × Q identify matrix, Ds is a P × P 
diagonal matrix including the largest P eigenvalues and Dn is a diagonal matrix for 
the smallest eigenvalues. Therefore, Es will respond to the largest P eigenvalues of 
R
∧

x . En represents matrix including the rest of eigenvectors. Then, the steering vec-
tor which corresponds to the values in angles is given by

	 A =
( )× × … −

e
J d

MP
2

180
0 1

π
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θ π
cos { )

	 (5.4)

where λ is a wavelength, d is the space between two elements and d = 0.5 λ.

5.3.2  �Improved Music Algorithm

The complexity of eigenvalue decomposition is the main difficulty when processing 
MUSIC algorithm in real time due to its computationally intensive requirements. 
Thus, the main objective is to reproduce the MUSIC spectrum in order to improve 
the overall resolution. According to Eq. (5.3), the MUSIC spectrum function can be 
constructed and computed for 180°, as follows:
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As found in the literature, all previous improvements on MUSIC algorithm 
require an exhaustive searching, which is inefficient due to high computational cost. 
I-MUSIC algorithm is presented in this section, which is qualified for high resolu-
tion by using one dimension of searching.

I-MUSIC algorithm is based on the fact that covariance of steering vector is actu-
ally not necessary because it can increase the power function. However, at the same 
time, it can reduce the accuracy to reach the mean. In order to increase the resolu-
tion, noise subspace correlation matrix will be correlated with mode vector to repre-
sent the power from the subspace. Finally, the new proposed I-MUSIC spectrum is

	

PMU θ
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( ) −( )

1

1 0 1a E EH
n n
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Even though the expression of Eq. (5.7) is rather similar to that of Eq. (5.5), 
which is used for estimating DOA of ULA sensors, the proposed method is dedi-
cated in order to have extra high resolution than what is proposed in [8]. Moreover, 
the method can be used under a lower SNR with a quite impressive resolution. It 
should be emphasized that the proposed method has better estimation performance 
than MUSIC-Like and MI-MUSIC which have been proposed in [9]. I-MUSIC is 
recognized as a generalization of MUSIC. The next expressions are adopted for 
estimating the DOA without noise. The signal subspace can be denoted as
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where Y is a P × P matrix and Φ is the rotational matrix and equal to diagonal of 

exp / . . .exp /−( ) −( ) j b j bp2 2π π . E
∧

s  is estimator of Es that can be attained 

by scanning for the deepest V minimum as

	
P a M

H
= ( ) −( )θ Q 10 1. . .

	
(5.9)

where Q I I= ∧M
H

E
M

s

Π900 . Equation (5.10) is the problem of quadratic optimization. 

Then, the constraint of e aY1 1θ( ) =  is considered, where 

e
Y M

1
11 0 0= [ ] ∈ ×, ,. . , R  has been added to estimate the trivial solution 

a(θ) = 0M.
The optimized problem can be reconstructed with the minimum variance solu-

tion. By scanning from 0° to 180°, it is found that the largest peak V corresponds to 
the DOA. It can be represented with narrower bands. The major steps for I-MUSIC 
are explained as follows:
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Step1: Searching for the covariance matrix of the received signal, in order to mea-
sure the changes of the variables.

Step2: Performing the eigen-decomposition associated with the covariance in a 
square matrix.

Step 3: Searching for the largest peaks P's of the b(θ)−1 elements at the required 
DOA signals.

In contrast, the I-MUSIC algorithm can have the same computational load to 
MUSIC and lower complexity than MUSIC-Like and MI-MUSIC.

Accordingly, a MATLAB computer program was designed and used to estimate 
the direction of arrival. In addition, this program can adjust the angle of the FSS 
manually in order to avoid the interference (see Appendix D).

The computational flow chart of DOA estimation by the spectral MUSIC algo-
rithm is illustrated in Fig. 5.3.

5.3.3  �I-MUSIC Validation

A random binary phase shift keying (BPSK) signal is generated and accompanied 
by uncorrelated random noise of the arrival signals. It is used to assess the simula-
tion performance based on a data matrix given in Eq. (5.3). It is generated and 
autocorrelated in order to get the covariance matrix. In the following simulation, it 
is assumed that there are four coherent rays arriving at the antenna array. Their 
DOAs are 75°, 90°, 105° and 120°. The number of estimated sources is based on 
Akaike’s information criterion by calculating the root minimum square error 

RMSE = −( )
=
∑1

200 1

200
2

n

x x , where x is the correct angle of arrival for Pth array of 

200 independent experiment and x  is the perfect angle of arrival.
Figure 5.4 presents the angle estimation for I-MUSIC algorithm with number of 

sensors M = 8, b = 10, number of snapshot C = 100 and SNR = 15 dB. The spectrum 
peaks can be clearly observed at the detected angles, the evidence that the algorithm 
is performing well. Figure 5.5 shows the angle estimation performance with M = 8, 

Obtain the Correlation Matrix Rxx

Obtain Eigenvectors corresponding to Noise 
Eigenvalues

Generate I-MUSIC Spectrum with the 
Eigenvectors

Fig. 5.3  Computational 
flow of I-MUSIC method
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b = 10, C = 50, which the comparison is made for I-MUSIC algorithm with MUSIC, 
MI-MUSIC and MUSIC-Like methods. It is indicated in Fig. 5.6 that among the 
four algorithms considered, the I-MUSIC presents best resolution in the environ-
ment including noise and fading. The accuracy level of the angles is close to each 
other, which indicates that the highest amount of accuracy is for the new 
I-MUSIC. The lowest level of accuracy for normal MUSIC is due to natural pro-
cesses of the mean calculation for this method.

Figure 5.6 depicts the algorithmic performance comparisons where I-MUSIC 
has been adopted. The simulation is shown for different C (the same M = 8, b = 10 
as Fig. 5.5). It is indicated that the performance of angle estimation becomes better 
when C is increased. Figure  5.7 illustrates the angle estimation performance of 
I-MUSIC algorithm for different M. It is clearly shown that the estimation perfor-
mance of I-MUSIC is gradually improved with the increasing number of antennas. 
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Multiple antennas improve the angle and delay estimation performance because of 
diversity gain. Figure 5.8 shows the algorithmic performance of I-MUSIC under 
different P when M = 8, b = 10 and C = 50. From Fig. 5.8, it is concluded that the 
angle estimation performance levels are gradually decreased when the source num-
ber is increased.

In this section, the I-MUSIC algorithm is derived for blind estimation. It avoids 
the high computational process of other subspace-base algorithms. The I-MUSIC 
can have much better performance for angle estimation in contrast to MUSIC, 
MI-MUSIC and MUSIC-Like algorithms. This algorithm can also work well in 
other manifold arrays, and it can be expanded to other environments. The I-MUSIC 
algorithm can be regarded as a generalization of MUSIC.

5.4  �Least Mean Square (LMS) Algorithm Implementation

LMS algorithm is used to estimate the gradient vector from acquired data. LMS 
incorporates an iterative procedure to correct the weight vector in the direction of 
the negative gradient vector which leads to the MSE [10]. An estimator of the gradi-
ent will be used as a substitute to the actual value of the gradient in order to avoid 
the cross-correlation and autocorrelation process. The iterative equation that updates 
the weight periodically is given by

	 V Vk k k+ = − ∇1 µ ξ 	 (5.10)

where V , μ and ∇kξ are the weight vector, step size and the gradient vector, respec-
tively, where the step size is given by
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0

1
< <µ

λmax 	
(5.11)

where λ max is the eigenvalue of the covariance matrix Rxx, when X(k) is the input 
signals. It is clear that the performance can be evaluated by ξ. The performance 
function can be calculated using the following relation:

	
ξ = ( )  = ( )  − +E e k E d k v P v RvT T2 2 2

	
(5.12)

where R is the input autocorrelation matrix and P is the cross-correlation vector 
between input signal x(k) and error signal d(k), respectively. They can be repre-
sented as follows:

	
R E x k x kT= ( ) ( )  	

(5.13)

	
P E x k d kT= ( ) ( )  	

(5.14)

To find the gradient vector ∇kξ, Wiener-Hopf equation should be applied, as 
follows:

	 ∇ = −k Rv Pξ 2 2 	 (5.15)

Finding the gradient vector simplifies the calculation in real-time applications. 
Computing the weights by LMS algorithm will be done as follows:

	
∇ = − ( ) ( )( ) − ( ) ( )( )



k

T Tx k E d k E x k V kξ 2
	

(5.16)

	
e k x k V k d kT( ) = − ( ) ( ) + ( ) 	

(5.17)

	
V k V k e k x kT+( ) = ( ) + ( ) ( )1 2µ.

	
(5.18)

where V(k) is the weight vector, x(k) is the input vector, d(k) is the desired output 
and V(k + 1) is the updated weight vector.

5.5  �Implementation of Interference Mitigation Algorithm

Several steps need to be taken in order to implement the I-MUSIC.  Firstly, the 
MUSIC algorithm is defined as a basis for the noise subspace and then determined 
by the peaks of the associated angles provided by the DOA estimation. Then, the 
MATLAB code of I-MUSIC algorithm is sampled by creating an array of steering 
vectors correspondent to the angles in the angles vector (see Appendix D). Next, a 
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random binary phase shift keying (BPSK) signal is generated and accompanied by 
the uncorrelated random noise of the arrival signals. After that a data matrix (x(t)) as 
in Eq. (5.1) will be generated and autocorrelated (Rxx) to get the covariance matrix 
as in Eq. (5.3). Thereafter, the eigen-decomposition of covariance matrix is com-
puted in order to find any arrival signal for the largest eigenvalues. The eigenvectors 
are then sorted in order to locate the signal eigenvectors before the noise eigenvec-
tors. Finally, the signal eigenvectors and the noise eigenvectors will be defined.

By computing the steering vectors (which have corresponding values in angles) 
based on Eq. (5.6), I-MUSIC algorithm mathematical expression of Eq. (5.7) must 
be incorporated in the code in order to compute the angles for 180°. Subsequently, a 
special expression makes the code more applicable when zeros are added in the 
spectrum to steer the beam at certain angles to represent the DOEs. In order to dem-
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technique
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technique
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onstrate the performance of the described method and impose nulls in the direction 
of the interfering signal, examples of I-MUSIC spectrum with Q = 3 and DOE θ

∧

 = 
2 (at −30° and 60°) and one-half wavelength spaced isotropic elements (d) are per-
formed (using 500 data as snapshots of uniformly incoming power and eight antenna 
elements). Figures 5.9 and 5.10 show MUSIC spectra for two DOEs when three 
beams are received with only one beam being generated towards the WiMAX user.

For WiMAX BS to perform beam cancellation, the DOE needs to be manually 
included with the local frequency administrator. As explained, the DOA is usually 
included in the DSP part and can obtain the direction of SOI in a command figure. 
By having that unit installed and properly set, an adaptive algorithm can be used to 
steer the beam in the direction of users according to the DOA(s) provided by the 
DOA unit.

A MATLAB code is designed to reflect the function of LMS algorithm in per-
forming the beamforming functionality (see Appendix D). A linear array antenna of 
isotropic elements is simulated by the code. When two nulls are identified at known 
DOE and the mth weight vector is identified in the row vector, the plane wave 
impinges on the antennas array at angle θ.

Figure 5.11 shows an example of DOA, in which LMS unit is commanded to 
steer the beam at 15° and locate the nulls at −30° and 60°. For an eight-element linear 
array with inter-element spacing of 0.5λ between isotropic antennas, the LMS algo-
rithm is used to obtain the normalized amplitude and phase coefficients. Resulting 
patterns are collected and plotted as shown in Fig. 5.11 and Table 5.1.
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Clearly, the radiation pattern of the simulated scenario abides by the require-
ments of power reduction in specific directions. It is also observed that by control-
ling the transmitted beam, it can reduce the overall gain in the victim direction.

5.6  �The Coexistence Scenarios Between WiMAX and FSS

A viable interference mitigation technique is required for robust coordination policy 
between IMT-Advanced systems and FSS systems receivers. Since IMT-Advanced 
systems are not yet in existence, a Worldwide Interoperability for Microwave Access 
(WiMAX) 802.16e system is chosen to represent the physical configuration of IMT-
Advanced to coexist with FSS receiver. Thus, interference power will be calculated 
at the FSS ES when WiMAX BS is operating with the proposed interference mitiga-
tion techniques.

Naturally, since different deployment environments have different distortion fac-
tors to the transmitted signal, ITU-R452.12 propagation model is used to calculate 
the clutter loss calculations of terrestrial communications [11]. It is assumed that 
dense urban, urban, suburban and rural areas are the operating environments for the 
WiMAX 802.16e. With the addition of minimum coupling loss, separation distance 
can be calculated from

20 92 5 20log . logd I P F A G( ) = − + + + − − ( ) − + ( )BS ANT BF h vsG Gφ φ α
	

(5.19)

where I is the received interference in dBW/MHz and EIRPinterferer is the effective 
isotropic radiated power of the interferer (which consists of transmit power (Pt) and 
gain of transmitter (GBS)). The transmitted gain is obtained by adding the GANT ϕ 
and GBF ϕ together. The GANT ϕ is the conventional BS antenna pattern without 
interference mitigation techniques, and it is specified by

Table 5.1  The amplitude and phase coefficients of an eight-element array using the LMS 
algorithm (d = 0.5λ, SOI = 15°, SNOI = −30° and 60°, μ = 0.001, 245 iterations)

Element number
LMS (i = 245)
Weight value Weight normalized Phase value Phase normalized

1 0.109839 1.000000 −3.203946 0.000000
2 0.124394 1.132509 −38.153547 325.050400
3 0.142105 1.293762 −95.733393 267.470554
4 0.115686 1.053234 −146.22160 216.982339
5 0.114582 1.043180 −179.25846 183.945485
6 0.142996 1.301869 −231.30473 131.899215
7 0.124100 1.129835 −287.09391 76.110032
8 0.108395 0.986858 −322.995262 40.208685
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where ϕ is in the range of −180° up to 180°, Gmax is the maximum antenna gain (18 
dBi), bandwidth at 3 dB is equal to 70° and the maximum attenuation Am is equal to 
40 dB. GBF ϕ is adaptive beamforming pattern generated by the null steering mitiga-
tion technique, and it is expressed as

	
G

p
V aBs

m
m
T

BF element numbers
φ φ( ) = ( )∑20 10log

. 	
(5.21)

The receiving gain of FSS station’s off-axis antenna, Gvs(α), for a given off-axis 
is calculated to be −10 dB.

An IMT-Advanced system working frequency of 4040 MHz, with a bandwidth 
of 20 MHz in dense urban, urban, suburban and rural macrocell environments, is 
assumed to be able to support the proposed interference mitigation technique. IMT-
Advanced BS parameters are presented in Table 5.2. The transmit power (EIRP) is 
43 dBm and the maximum antenna gain is 13 dBi and the antenna height is 30 m.

With reference to the ITU-R Recommendation, FSS earth station parameters 
under consideration of sharing between the FSS and other services are shown in 
Table 3.4. The system occupies variance bandwidths of 230  kHz and 36  MHz 
assigned with a centre frequency of 4040 MHz. A dish-shaped directional antenna 
having a diameter of 1.8 m, height of 1.8 m and 5 m and a maximum antenna gain 
of 38 dBi is deployed. It should be kept in mind that FSS position is fixed and the 
WiMAX transmitter position is varying in order to achieve the coexistence.

5.7  �The Assessment Results

Sharing scenarios categorized by co-channel band sharing and adjacent channel 
compatibility based on frequency domain have been simulated in order to obtain the 
best coexistence between two services when the null synthesized is applied. The 

Table 5.2  WiMAX system parameters

Parameter
Value
WiMAX

Centre frequency of operation (MHz) 4000
Channel bandwidth (MHz) 20
Base station  transmitted power (dBm) 43
Spectral emissions mask requirements ETSI-EN301021Type G
Base station antenna gain (dBi) 18
Base station antenna height (m) 30
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superiority of the proposed interference mitigation scheme is demonstrated by cal-
culating the interference power in different clutter and shielding effects.

As mentioned earlier, shielding and null steering are intended to block the inter-
fering signal, which originated from the WiMAX BS towards FSS receiver; it can 
translate the interference into useful power towards the desired user.

The impact of fixed null synthesizing algorithm may be verified by having coex-
isted systems, deployed at different terrestrial areas with various antenna heights, 
shielding and interference scenarios. Sharing scenarios are categorized into the CCI 
and ACI depending on the frequency domain. If a flat service is considered, the 
separation distance between FSS ES and WiMAX may reach up to 10,000 km and 
6150 km for 5 m and 1.8 m FSS’s antenna heights, respectively.

By considering the channelization plan for MEASAT downlink transponders, a 
4 GHz central frequency channel is assumed. A 12 MHz guard band can be obtained 
when a WiMAX BS of 20 MHz channel bandwidth replaces that of 36 MHz FSS 
receiver’s bandwidth.

When a fixed pattern synthesizer scheme is employed within the WiMAX BS 
through the dense urban area, the separation distances are reduced to 123 m and 
306 m for 1.8 m and 5 m FSS receiver’s heights, respectively, as shown in Fig. 5.12.
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Figure 5.12 depicts the minimum separation distances from 20 MHz WiMAX 
BS to 0.23 MHz FSS when a 20 dB shielding attenuation is used. It shows the CCI, 
0 and 12 MHz guard band interference cases. The worst separation distance occurs 
in the CCI scenario for 5 m FSS receiver’s antenna height in rural area environment. 
Separation distances listed in Fig. 5.12 are the only reasonable separations when 
a − 10 dB of I/N protection ratio is considered. The additional isolation level of 
72 dB is needed in the case of CCI scenario, and notably it is possible to reach this 
power reduction with null synthesized technique. When a typical channel of 36 MHz 
bandwidth is used to determine the minimum separation distance towards the 
WiMAX BS, it is found that the coexistence becomes even more possible according 
to the acceptable separation distance obtained in Fig. 5.13.

The figure above shows that the dense urban environment is the most appropriate 
area for coexistence. This is intuitive because the higher the clutter losses, the higher 
the attenuation and the interfering signal, from which a 40 dB attenuation type of 
shielding is highly recommended for the coexisted systems, especially in the case of 
co-channel systems. Furthermore, with 0 and 12  MHz guard bands, coexistence 
with a short separation distance is proved possible except for the case of 0.23 MHz 
FSS bandwidth (Fig. 5.14).

On the other hand, for the FSS receiver (12 MHz guard band, 1.8 m antenna 
height, 40 dB shielding attenuation and operating at dense urban area deployment), 
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the introduction of fixed null synthesizer onto its neighbouring FSS BS imposes 

minimum separation distances of 0.1 km and 0.009 km corresponding to the band-
widths of 0.23 MHz and 36 MHz, respectively. Interestingly, for a WiMAX BS and 
FSS receiver to coexist, a minimum separation distance that is less than 200 m is a 
prerequisite along with 1.8 m FSS receiver antenna (for 12 MHz guard band protec-
tion for 0.23 MHz FSS channel bandwidth). While for the 36 MHz FSS bandwidth, 
it can be noticed that successful coexistence can be achieved with 1.8 m FSS receiver 
antenna height for both 0 MHz and 12 MHz guard bands.

It can be noted that the antenna height has a considerable impact on the coexis-
tence parameters together with deployment areas. Once again, the rural area envi-
ronment exhibits the highest interference levels among all other operating 
environments. It can be clearly observed that in the rural area, the separation dis-
tance is nearly constant. However, increasing the clutter heights will definitely 
affect the clutter loss values.

At the same time, a fixed loss will be obtained when FSS antenna is higher than 
the clutter heights. Therefore, the rural areas may be considered as the poorest envi-
ronment for coexistence investments. In contrast to rural areas, dense urban areas 
are the most feasible for coexistence because of its highest clutter loss values.
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5.8  �Effect of Mitigation Techniques with Different Guard 
Band

By comparing the results of separation distance in dense urban deployment with 
1.8 m FSS receiver height and 36 MHz bandwidth, it is found that the coexistence 
can be improved with different frequency offsets between carriers. Therefore, pro-
posed mitigation techniques have a high impact on interference. Figures 5.15 and 
5.16 show the effect of different mitigation techniques on the minimum separation 
distance between IMT-Advanced and FSS in the co-channel interference scenario 
(0 MHz guard band, 5 MHz guard band and 12 MHz guard band).

Figure 5.15 shows that harmonization can be done even in the co-channel inter-
ference scenario when both mitigation techniques are used. However, it is consid-
ered that the effective isotropic power of the interferer is reduced in the direction of 
1.8 m fixed-satellite earth station. On the FSS side, the shielding has attenuated the 
incoming interference by considering the clutter loss of dense urban area. This 
shows satisfactory results in terms of terrestrial signal attenuation to reduce the 
harmful interference.

The results presented in Figs. 5.16, 5.17 and 5.18 indicate that the mitigation 
techniques gave the same percentage of the distance reduction for both CCI and ACI 
scenarios. Additionally, the guard band plays an important role in the coexistence 
scenario. However, adjusting a sufficient guard band mitigation technique can yield 
a significant result in achieving the coexistence with different victim bandwidths 
and heights.
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5.9  �The Coexistence Possibilities of Using 40 dB Shielding 
and Fixed Null Within 0.2 km Separation Distance

According to the nature of WiMAX applications, the longest service interruption 
may not be more than 0.2 km. Consequently, in this book, a 0.2 km distance has 
been considered as a standard for feasibility in coexistence to suit the requirements 
of FSS receiver protection in this book.

Table 5.3 shows the separation distance required for coexistence in four different 
deployment areas. The grey block represents a possible coexistence, while the blank 
block indicates that deployment with 0.2 km separation is impossible.

The results indicate the possibility of IMT-Advanced (20  MHz) and FSS 
(0.23 MHz) ESs coexisting in the same geographical area. Additional isolation level 
of 72 dB is difficult to achieve even with the mitigation techniques. This case occurs 
when 5 m antenna height was used in the CCI scenario for less than 0.2 km horizon-
tal separation.

It is found that within the 12 MHz guard band separation between the two ser-
vices, coexistence is possible within the mitigation techniques for 36  MHz FSS 
bandwidth. In a case when a 36 MHz FSS bandwidth is used, the 0 MHz guard band 
separation between the two services of the coexistence is possible within the mitiga-
tion techniques except in the rural area, unless the FSS height was 1.8 m. In case of 
0.23 MHz FSS bandwidth, coexistence with the 20 MHz WiMAX is possible with 
12 MHz guard band separation, except for the rural area, unless the FSS height was 
1.8 m.
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Fig. 5.18  The effect of mitigation techniques on the minimum separation distance between IMT-
Advanced and FSS using 12 MHz guard band
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The fixed null synthesized method has been applied to reduce the separation 
distance in the CCI and ACI scenarios in a different shielding attenuation and differ-
ent areas (rural, suburban, urban and dense urban area). By selecting a reasonable 
separation distance to represent the feasibility, it is important to evaluate the avail-
able chances for coexistence between two services.

5.10  �Summary

The I-MUSIC algorithm is derived for the blind angle estimation, which avoids the 
high computational process of other subspace-base algorithms. It has been demon-
strated that I-MUSIC can have much better performance for angle estimation in 
contrast to MUSIC, MI-MUSIC and MUSIC-Like algorithms. The algorithm can 
also work very well in other array manifolds.

The proposed method is based on a beam cancellation for frequency sharing 
between IMT-Advanced base stations (BS) and FSS in the 3400–4200 MHz fre-
quency range. The method is significantly capable of steering a direct power towards 
the user by simulation. At the same time, the nulls remain fixed in the direction of 
FSS receiver. The fixed null synthesized method has been applied to reduce the 
separation distance in the co-channel and adjacent channel interference scenarios. It 
is applied with a different shielding attenuation and different areas (rural, suburban, 
urban and dense urban area).

A proven approach to solve the coexistence problems of WiMAX BS with FSS 
receiver is introduced in this book. The proposed approach is a combination of two 
well-known algorithms, namely, I-MUSIC and LMS. It is blended together in order 
to generate beams in the direction of WiMAX users while nulling those towards 
FSS receivers. The method is proven efficient in reducing the separation distance in 

0.2 km standard Victim FSS antenna height (m)

Dense 

urban

Urban Sub-urban rural

FSS 

Bandwidth

Interference 

scenarios

1.8 5 1.8 5 1.8 5 1.8 5

0.23 MHz Co-Channel

0 MHz GB

12 MH GB X X X X X X X

36 MHz Co-Channel X X X X X X

0 MHz GB X X X X X X X X

12 MH GB X X X X X X X X

Table 5.3  Summary of coexistence within 0.2 km

5.10  Summary
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both co-channel and adjacent channel interference scenarios with various shielding 
attenuation and at different deployment environments.

Among the tested scenarios, the one in which the FSS antenna height is 1.8 m 
proved the best configuration to be deployed. Remarkably, the null synthesizer 
alongside the 40 dB shielding is introduced to reduce the separation distance by 
99.645% compared to the 0 dB shielding with no null synthesizer situation.

A novel method has been introduced in order to predict the systems coexistences 
caused by interference between services in several deployment areas. Several meth-
ods of investigating the signal, co-channel, zero-guard band and adjacent channel, 
with 0 dB, 20 dB and 40 dB shielding attenuation, have been proposed to investigate 
the phenomenon (in the frequency, power and space domains to obtain the correla-
tion between the minimum separated range of base station antennas and the 
frequency separation). Different channel bandwidths have been considered in the 
method for the victim FSS to further validate the results in terms of various applica-
tions of satellite receivers.
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Chapter 6
Conclusions and Future Work

6.1  �Conclusions

The results of this study provide guidelines and construction tools for coexistence 
possibilities between terrestrial services (such as IMT-Advanced) and satellite ser-
vices (such as VSAT receiver) in the 3400–4200 MHz frequency range. The main 
findings of this book are summarized below, and they may be used either as a start-
ing point for future researches or as an outline for system designers.

Significant experiment studies and simulations have been performed. The results 
of the studies have been used to propose an improved mitigation technique for 
reducing the interference between FSS receiver and IMT-Advanced system. Various 
factors such as separation distance, frequency separation, transmitted power, trans-
mitter and receiver characteristics, propagation model and intersystem interference 
have been identified and clearly demonstrated. Additionally, shielding technique, 
smart antenna elements and MUSIC algorithm background and concept have been 
highlighted and discussed in details as possible mitigation techniques. It is con-
cluded that an improved shielding technique is needed to achieve the minimum 
separation distance. Furthermore, the study has demonstrated the applicability of a 
practical mitigation technique which could further increase the possibility of shar-
ing between these systems using guard band inserted between the two services.

It is also concluded that the antenna gain is an important factor to achieve the 
feasible coexistence. Therefore, one possible method is to apply smart antennas on 
IMT systems in order to null the EIRP in the direction of the interference with the 
FSS earth station.

The methodological approach of this study is based on the protection ratio of 
FSS receiver. It is found that the receiver’s adjacent channel selectivity reduction is 
unnecessary in the CCI scenario when both of the services have the same band-
width. However, if the interferer’s bandwidth is larger than that of the victim’s, then 
another factor should be added to account for mask discrimination correction.

https://doi.org/10.1007/978-3-319-70588-0_6
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It is observed that the separation distance decreases with an increasing channel 
bandwidth. However, higher bandwidth implies higher noise in the receiver and con-
sequently a higher noise floor level. As a result, the interfering signal strength (dBm) 
becomes stronger as the distance is nearer. Therefore, the interference becomes more 
visible when the interferer bandwidth is greater than that of victim. On the other 
hand, less interference is encountered when the victim receiver bandwidth is wider 
than that of interfering transmitter. This is due to the adjacent channel leakage ratio, 
which accounts for the fact that wider bandwidth of interferer results in lower spec-
tral emissions, especially in the adjacent bands. Moreover, the proposed approach 
presents a tractable and systematic workflow for the calculation of protection ratio. 
The proposed technique is also applicable to a wide range of frequencies and band-
widths by simply calculating the required threshold degradation, ACLR and ACS.

It has been found that if the actual terrain propagation conditions, such as the 
influence of artificial objects, are taken into consideration, the required separation 
distance will be reduced, and the interference area becomes spatially limited. This 
clearly justifies the increasing possibility of the sharing between FSS and IMT 
systems.

On the shielding mitigation technique, it was found that different materials have 
different levels of signal attenuation. The proposed shielding material (0.1  mm 
thickness zinc sheet) was a balanced choice, providing a high attenuation (about 
20 dB) at a lower cost, compared to other metals. It was also found that it is possible 
to reduce the harmful interference up to 10% by increasing the shielding attenuation 
up to 20  dB.  Consequently the separation distance can be minimized to 1% for 
40 dB shielding attenuation.

The interference assessment from WiMAX to FSS has been verified in terms of 
guard band, antenna discrimination, shielding, different FSS bandwidth and diverse 
deployment areas in order to achieve minimum separation distance for each sce-
nario. Simulations of the coexistence effect, up to unlimited frequency band separa-
tion, can be achieved by using the adjacent channel interference model.

It was also found that adjusting the interfering EIRP can reduce the transmitter 
power and antenna gain towards the FSS receiver antenna. This could be translated 
to interference reduction. This is important in order to create the fixed null extrac-
tion technique since the victim receiver gain depends on the direction of interfer-
ence source. Consequently, reducing the receiver gain will help mitigate the 
interference. Therefore, increasing the antenna off-axis angle or down tilt, and using 
site engineering to position the antenna, will null the radiation pattern pointing 
towards the interference source. This is not practically achievable with FSS because 
the FSS receiver normally points to a fixed position of GSO and the off-axis angle 
is not variable for one position unless multi GSOs are available. Therefore, the 
transmitter gain is the only parameter that can be changed using site engineering to 
mitigate the harmful interference. It can be concluded that the dense urban and 
urban areas are the best areas for coexistence and intersystem interference coordina-
tion. However, the existence of buildings, trees, high number of users and other 
objects can reduce the size of IMT-Advanced base station.

From the smart antenna point of view, a novel method was used to increase the 
resolution of DOA algorithm using the I-MUSIC.  It is then inserted with the 

6  Conclusions and Future Work
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information of FSS ES in the beamforming of LMS algorithm. This full mecha-
nism is capable of steering the adaptive beam towards the IMT-Advanced user 
while keeping the fixed null in the direction of FSS ES. It is therefore concluded 
that interference in the co-channel between two services could be achieved for a 
36 MHz FSS bandwidth by combining the 40 dB shielding attenuation and null 
synthesized method, at 1.8 m antenna height. However, a very small FSS band-
width such as 0.23 MHz can only coexist with the 12 MHz WiMAX when FSS 
receiver height is 1.8 m in the dense urban areas.

These proposed techniques have shown all the evidences that coexistence within 
a feasible separation distance is possible. Also the technique can reduce down the 
separation distance between two systems to 0.335% of the original separation dis-
tance with 40 dB shielding. The proposed mitigation technique is much related to 
the immerging technology in wireless communication. However, the technique can 
further be extended to support future studies which are important at both national 
and international levels. It can also be used to support the frequency administrators 
and regulatory bodies in order to achieve best coexistence between FSS receiver and 
IMT-Advanced.

Finally, by using the resultant techniques mentioned in this book, frequency 
sharing between FSS and IMT-Advanced systems in 3400–4200 MHz band within 
optimum separation distance can be designed and implemented under certain condi-
tions. Therefore, the shielding and fixed nulls have been used to reduce the harmful 
power interference from the IMT-Advanced base station to the FSS receiver and 
also to achieve the minimum separation distance. This will lead to an efficient use 
of limited frequency spectrum resources.

6.2  �Future Work

This book has posed some research questions which need further investigations. It 
is recommended that further studies be undertaken in the following areas:

•	 Future trials are needed in order to determine a better technique that can be 
developed using different strategies and materials to protect the FSS receiver.

•	 Further researches in the field of the coexistence role using different models as 
mentioned in Chap. 2 would be of great help in different systems. Further inves-
tigation and experimentation with different interferer bandwidths are strongly 
recommended. In particular, it will be of great interest to conduct investigations 
and comparison of different models. This will enable the radio engineers to select 
the most suitable propagation model for wider range of wireless applications.

•	 The idea of considering the FSS as a receiver only can be changed by adding a 
subscription card in the FSS-ES to send an IMT-Advanced beacon signal. By 
doing so, IMT-BS will determine the DOE and avoid the CCI and ACI by 
developing a mitigation technique based on cognitive radio technology to miti-
gate the interference. This can be achieved either by frequency carrier shifting or 
beamforming.

6.2  Future Work
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Table B.1  MEASAT-3 frequency bands filed

MEASAT networks
Uplink frequency 
(MHz)

Downlink frequency 
(MHz) Type of service

MEASAT-3 5925–6725 3400–4200 Fixed satellite
7900–8400 7250–7750 Fixed satellite

13,750–14,500 10,950–11,200
11,450–11,700
12,200–12,750

Fixed satellite

�Appendix B: MEASAT-3 Satellite for C-Band

�Appendix B.1: MEASAT-3 Satellite Network

Binariang Satellite Systems Sdn Bhd, operator of MEASAT-1 and MEASAT-2 sat-
ellite networks, has launched their third satellite network in the first quarter of 2007. 
This satellite network is co-located with MEASAT-1 at 91.5° east and providing 
additional capacity for the current satellite; and was the replacement satellite when 
MEASAT-1 was took out of service; as well as to provide capacity for restoration of 
the existing satellite in orbit. Frequency bands filed for MEASAT-3 satellite net-
work in the C-band and Ku-band are shown in Table B.1.

MEASAT-3 is operating on Ku-band, C-band and also extended C-band. The 
frequency configuration is shown in Fig. B.1 and Table B.2. The area covered by 
C-band as shown in Figs. B.2, B.3 and B.4 are: Southeast Asia beam, global beam 
and coverage area that use Ku-band.
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Fig. B.1  MEASAT-3 C-band channelling

Fig. B.2  MEASAT-3 C-band EIRP (dBW) Southeast Asia footprint
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Fig. B.3  MEASAT-3 C-band EIRP (dBW) global footprint

Table B.2  MEASAT-3 C-band frequency configuration

MEASAT networks 
polarization

Uplink frequency 
(MHz)

Downlink 
frequency (MHz) Area of service coverage

Vertical 6425–6725 3400–4200 Southeast Asia including 
Malaysia

Horizontal 5925–6725 3400–3700 Southeast Asia including 
Malaysia

Vertical 6425–6665 3400–4200 C-band global without 
India

Horizontal 5925–6665 3400–3700 C-band global without 
India

Vertical 6425–6665 3400–4200 C-band global without 
India

Horizontal 5925–6665 3400–3700 C-band global without 
India

Vertical 14,250–14,500 10,950–12,750 Ku-band over Malaysia
Horizontal 13,750–14,500 10,950–11,700 Ku-band over Malaysia

Appendix B: MEASAT-3 Satellite for C-Band
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�Appendix C: Mathematical Equations

�Appendix C.1: The Eigen-Decomposition: Eigenvalues 
and Eigenvectors

Eigenvectors and eigenvalues are numbers and vectors associated to square matri-
ces, and together they provide the eigen-decomposition of a matrix which analyses 
the structure of this matrix. Even though the eigen-decomposition does not exist for 
all square matrices, it has a particularly simple expression for a class of matrices 
often used in multivariate analysis such as correlation, covariance or cross-product 
matrices. The eigen-decomposition of this type of matrices is important in statistics 
because it is used to find the maximum (or minimum) of functions involving these 
matrices. For example, principal component analysis is obtained from the eigen-
decomposition of a covariance matrix and gives the least square estimate of the 
original data matrix. Eigenvectors and eigenvalues are also referred to as character-
istic vectors and latent roots or characteristic equation (in German, “eigen” means 
“specific of” or “characteristic of”). The set of eigenvalues of a matrix is also called 
its spectrum.

There are several ways to define eigenvectors and eigenvalues; the most common 
approach defines an eigenvector of the matrix A as a vector u that satisfies the fol-
lowing equation:

	 Au u= λ 	

When rewritten, the equation becomes:

	
A I u−( ) =λ 0

	

where λ is a scalar called the eigenvalue associated to the eigenvector. In a similar 
manner, we can also say that a vector u is an eigenvector of a matrix A if the length 
of the vector (but not its direction) is changed when it is multiplied by A.
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For example, the matrix A =
2 3

2 1
 has the eigenvectors u1

3

2
= , with eigen-

value λ1 = 4, and u2

1

1
=
−

with eigenvalue λ2 = −1. We can verify (as illustrated in 

Fig. C.1) that only the length of u1 and u2 is changed when one of these two vectors 
is multiplied by the matrix A:

	

2 3

2 1

3

2
4
3

2

12

8
= =

	

and

Fig. C.1  Two eigenvectors of a matrix

	

2 3

2 1

1

1
1

1

1

1

1

−
= −

−
=
− 	

For most applications, we normalize the eigenvectors (i.e. transform them such 
that their length is equal to one):

	 u uT = 1 	

For the previous example, we obtain:

	
u1

0.8331

0.5547
=

	

We can check that:

	

2 3

2 1

0.8331

0.5547

3.3284

2.2188
4
0.8331

0.5547
= =
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and

	

2 3

2 1

0.7071

0.7071

0.7071

0.7071
1

0.7071

0.7071

−
=
−

= −
−

	

Traditionally, we put together the set of eigenvectors of A in a matrix denoted U. 
Each column of U is an eigenvector of A. The eigenvalues are stored in a diagonal 
matrix (denoted Λ), where the diagonal elements give the eigenvalues (and all the 
other values are zeros). We can rewrite the first equation as:

	 AU U= Λ 	

or also as:

	 A U U= −Λ 1
	

For the previous example, we obtain:

	

A U U=

=
−

− −
=

−Λ 1

3 1

2 1

4 0

0 1

2 2

4 6

2 3

2 1 	

It is important to note that not all matrices have eigenvalues. For example, the 

matrix 
0 1

0 0
does not have eigenvalues. Even when a matrix has eigenvalues and 

eigenvectors, the computation of the eigenvectors and eigenvalues of a matrix 
requires a large number of computations and is therefore better performed by 
computers.

�Appendix C.2: Conjugate Matrix

A conjugate matrix is a matrix A* obtained from a given matrix A by taking the 
complex conjugate of each element of A:

	
a aij ij( ) = ( )

	

The notation A* is sometimes also used, which can lead to confusion since this 
symbol is also used to denote the conjugate transpose.
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�Appendix C.3: Conjugate Transpose

The conjugate transpose of a m × n matrix A is the n × m matrix defined by:

	 A AH T≡ 	

where AT denotes the transpose of matrix A and A  denotes the conjugate matrix. In 
all common space, the conjugate and transpose operations commute, so:

	 A A AH T T≡ = 	

�Appendix C.4: Frobenius Norm

The Frobenius norm, sometimes also called the Euclidean norm (which may cause 
confusion with the vector L2 norm also sometimes known as the Euclidean norm), 
is a matrix norm of a m × n matrix A defined as the square root of the sum of the 
absolute squares of its elements:

	

A a
i

m

j

n

ijF ≡
= =
∑∑

1 1

2

	

�Appendix C.5: Root Mean Square Error (RMSE)

The RMSE is the square root of the variance of the residuals. It indicates the abso-
lute fit of the model to the data – how close the observed data points are to the 
model’s predicted values. Whereas R-squared is a relative measure of fit, RMSE is 
an absolute measure of fit. As the square root of a variance, RMSE can be inter-
preted as the standard deviation of the unexplained variance and has the useful 
property of being in the same units as the response variable. Lower values of RMSE 
indicate better fit. RMSE is a good measure of how accurately the model predicts 
the response and is the most important criterion for fit if the main purpose of the 
model is prediction:

	
RMSE = −[ ]E x x

2

	

where E is the expectation, x  is the mean and x is the variable element.
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�Appendix C.6: The Expectation

It is an arithmetic average, just one calculated from probabilities instead of being 
calculated from samples. So, for example, if P(k) is the probability that we find K A1 
alleles in our sample, the expected number of A1 alleles in our sample is just:

	
E k kP np( ) = ∑ =

	

�Appendix C.7: The Standard Deviation σ 2

It is the square root of the variance, where the variance is the average of the squared 
differences from the mean. So the variance is same like the expectation, and the 
standard deviation is equal to the RMSE.

�Appendix C.8: The Autocorrelation

Autocorrelation is the cross-correlation of a signal with itself. Informally, it is the 
similarity between observations as a function of the time separation between them. 
It is a mathematical tool for finding repeating patterns, such as the presence of a 
periodic signal which has been buried under noise, or identifying the missing fun-
damental frequency in a signal implied by its harmonic frequencies. It is often used 
in signal processing for analysing functions or series of values, such as time-domain 
signals:

	
R s t

E x xt t s s

t s

,( ) =
−( ) −( )[ µ µ
σ σ 	
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�Appendix D: Null Synthesized Algorithm 
for Minimum Separation Distance

�Appendix D.1: Interference Assessment Methodology Code 
Without Mitigation Technique

The following code is for rural area with a 180 dish diameter 0 shielding attenuation 
and 36 MHz channel bandwidth. In order to change the environment or dish param-
eters, the parameters in the code should be adjusted.

% IMT-Advanced parameters
f1=4.040; % frequencey carrier in GHz
Gt=18; % antenna gain before mitigation technique in dBm for 
IMT-Advanced
Pt=43;  %transmitted power of interferer IMT-Advanced in dBm
Gr=-10; %gain of receiver(victim)in dBi
I1=-143;    %Interference threshold in dBw/230kHz worst case
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%
%isolation from site shielding
r1=0;  % in dB no shielding
r2=20;
r3=40;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%
% clutter loss parameters
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%
dk=0.02;
ha=25;
h=1.8;
BwI=20;%bandwidth of WiMAX (interferer)
BWV=36;%bandwidth of victim FSS receiver
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close all;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%
% Propagation Model base on ITU-R P.452
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%
%sepration distance befor the mitigation technique for different 
shielding
%effects for Co-channel interference
I1=[-145:0.5:-140];
%correction band calculation
if (BwI>=BWV)
    corr_band=-10*log10(BwI/BWV);
  else
    corr_band=0;
end
Ah=10.25*exp(-dk)*(1-tanh(6*((h/ha)-0.625)))-0.33;
%Co-Channel Interference Scenario
maskAtt=-34.5;
d1=(10.^(((-I1+Pt+maskAtt+corr_band+Gt+Gr-r1-Ah-92.5-
20*log10(f1))/20)));
i4=-143;
d5=[0:60];
%Zero_GB Interference Scenario
maskAtt=-50;
d2=(10.^(((-I1+Pt+maskAtt+corr_band+Gt+Gr-r1-Ah-92.5-
20*log10(f1))/20)));
%5MHz GB Interference Scenario
maskAtt=-53;
d3=(10.^(((-I1+Pt+maskAtt+corr_band+Gt+Gr-r1-Ah-92.5-
20*log10(f1))/20)));
%12MHz GB Interference Scenario
maskAtt=-57;
d4=(10.^(((-I1+Pt+maskAtt+corr_band+Gt+Gr-r1-Ah-92.5-
20*log10(f1))/20)));
 p2 = figure(2);
plot(d1,I1,'ks-','LineWidth',2);
hold on
plot(d2,I1,'ko-','LineWidth',2);
plot(d3,I1,'k--','LineWidth',2);
plot(d4,I1,'kp-','LineWidth',2);
 plot(d5,i4,'k.-','LineWidth',2);
grid on
title('Separation Distance for 1.8m FSS Receiving Antenna and 
WiMAX Transmitter');
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xlabel('Distance from FSS(Km)'); ylabel('Interference Power 
[dBW/230KHz)');
legend('Co-Channel Interference Scenario', 'Zero-GB Interference 
Scenario', '5MHz GB Interference Scenario', '12MHz GB Interference 
Scenario', 'I threshold');

�Appendix D.2: Interference Assessment Methodology Code 
After the Mitigation Technique

The following code is for rural area with a 180 dish diameter 20 shielding attenua-
tion using null technique and 36 MHz channel bandwidth. In order to change the 
environment or dish parameters, the parameters in the code should be adjusted.

% IMT-Advanced parameters
f1=4.040; % frequencey carrier in GHz
Gant=4;
Gbf=0;
Gt=Gbf+Gant; % antenna gain before mitigation technique in dBm for 
IMT-Advanced
Pt=43;  %transmitted power of interferer IMT-Advanced in dBm
Gr=-10; %gain of receiver(victim)in dBi
I1=-143;    %Interference threshold in dBw/230kHz worst case
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%
%isolation from site shielding
r1=20;
r3=40;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%
% clutter loss parameters
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%
dk=0.02;
ha=25;
h=1.8;
BwI=20;%bandwidth of WiMAX (interferer)
BWV=36;%bandwidth of victim FSS receiver
close all;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%
% Propagation Model base on ITU-R P.452
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%
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%sepration distance befor the mitigation technique for different 
shielding
%effects for Co-channel interference
I1=[-145:0.5:-140];
%correction band calculation
if (BwI>=BWV)
    corr_band=-10*log10(BwI/BWV);
  else
    corr_band=0;
end
Ah=10.25*exp(-dk)*(1-tanh(6*((h/ha)-0.625)))-0.33;
%Co-Channel Interference Scenario
maskAtt=-34.5;
d1=(10.^(((-I1+Pt+maskAtt+corr_band+Gt+Gr-r1-Ah-92.5-
20*log10(f1))/20)));
i4=-143;
d5=[0:2];
%Zero_GB Interference Scenario
maskAtt=-50;
d2=(10.^(((-I1+Pt+maskAtt+corr_band+Gt+Gr-r1-Ah-92.5-
20*log10(f1))/20)));
%5MHz GB Interference Scenario
maskAtt=-54;
d3=(10.^(((-I1+Pt+maskAtt+corr_band+Gt+Gr-r1-Ah-92.5-
20*log10(f1))/20)));
%12MHz GB Interference Scenario
maskAtt=-57;
d4=(10.^(((-I1+Pt+maskAtt+corr_band+Gt+Gr-r1-Ah-92.5-
20*log10(f1))/20)));
p2 = figure(2);
plot(d1,I1,'ks-','LineWidth',2);
hold on
plot(d2,I1,'ko-','LineWidth',2);
plot(d3,I1,'k--','LineWidth',2);
plot(d4,I1,'kp-','LineWidth',2);
plot(d5,i4,'k.-','LineWidth',2);
grid on
title('Separation Distance for 1.8m FSS Receiving Antenna and 
WiMAX Transmitter');
xlabel('Distance from FSS(Km)'); ylabel('Interference Power 
[dBW/230KHz)');
legend('Co-Channel Interference Scenario', 'Zero-GB Interference 
Scenario', '5MHz GB Interference Scenario', '12MHz GB Interference 
Scenario', 'I threshold');
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Fig. D.1  Signal Cancellation Using I-MUSIC Algorithm in the direction of FSS

�Appendix D.3: I-MUSIC Spectrum Code for DOA Signal  
(Fig. D.1)

�Appendix D.3.1: The Modification of I-MUSIC Code

clear;close all;clc;
num=8;%number of sourses
f=4e7;%working frequency
f1=3;%power of fist signal
f2=2;%power of second signal
f3=2;%power of fist signal
f4=3;%power of second signal
a1=75;%DOA of fist signal
a2=90;%DOA of second signal
a3=105;%DOA of fist signal
a4=120;%DOA of second signal
c=3e8;%light speed
lmda=c/f;
d=lmda/2;%spacing
thita=0:1:180;
SNR1=15;%signal to noise ratio
SNR2=15;%signal to noise ratio
SNR3=15;%signal to noise ratio
SNR4=15;%signal to noise ratio
fs=100;
Ts=[0:1/fs:1];
snapshot=length(Ts);%Pilot channel
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s1=10^(SNR1/20)*sin(2*pi*f1*Ts);%1st signal wave
s2=10^(SNR2/20)*sin(2*pi*f2*Ts);%2nd signal wave
s3=10^(SNR3/20)*sin(2*pi*f1*Ts);%1st signal wave
s4=10^(SNR4/20)*sin(2*pi*f2*Ts);%2nd signal wave
athita1=exp(j*2*pi*d/lmda*cos(a1*pi/180)*[0:num-1]).';%steering 
vector of first signal
athita2=exp(j*2*pi*d/lmda*cos(a2*pi/180)*[0:num-1]).';%steering 
vector of secod signal
athita3=exp(j*2*pi*d/lmda*cos(a3*pi/180)*[0:num-1]).';%steering 
vector of first signal
athita4=exp(j*2*pi*d/lmda*cos(a4*pi/180)*[0:num-1]).';%steering 
vector of secod signal
x=athita1*s1+athita2*s2+sqrt(0.5)+athita3*s3+athita4*s4+sqrt(0.5)
*(randn(num,snapshot)+j*randn(num,snapshot));%x=s*a+n
R=x*x'/snapshot;
[V,D]=eig(R);
P=V(:,1:4)*V(:,1:4)';
e1=[1,zeros(1,num-1)].';
for i=1:length(thita)
    A=exp(j*2*pi*d/lmda*cos(thita(i)*pi/180)*[0:num-1]).';
    S(i)=1/(A'*P*A);
    S1(i)=1/(A'*P*e1);
end
figure(1)
% plot(thita,10*log10(abs(S)/(max(abs(S)))));
grid on;hold on;
plot(thita,10*log10(abs(S1)/(max(abs(S)))),'r--');
% title('I-MUSICspectrum')
xlabel('DOA Degree')
ylabel('Power Amplitude in dB')
% legend('commom-Music','Modified-Music')
legend('I-MUSICspectrum')

�Appendix D.3.2: The Modification of I-MUSIC Code with the Null 
Introduction

function edit10_Callback(hObject, eventdata, handles)
N= str2double(get(hObject,'String'));
handles.N = N;
guidata(hObject,handles)

function edit10_CreateFcn(hObject, eventdata, handles)
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'default
UicontrolBackgroundColor'))
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    set(hObject,'BackgroundColor','white');
end
% --- Executes on button press in pushbutton1
function pushbutton1_Callback(hObject, eventdata, handles)

doas=[handles.th1 handles.th2 handles.th3]*pi/180;
P=[handles.p1 handles.p2 handles.p3];
r=length(doas);
% Steering vector matrix. Columns will contain the steering 

vectors
% of the r signals
A=exp(-i*2*pi*handles.d*(0:handles.N-1)'*sin(doas));
% Signal and noise generation
sig=round(rand(r,handles.K))*2-1;% Generate random BPSK symbols 
for each of the
% r signals
n o i s e = s q r t ( h a n d l e s . n o i s e _
var/2)*(randn(handles.N,handles.K)+i*randn(handles.N,handles.K));
%Uncorrelated noise
X=A*diag(sqrt(P))*sig+noise;%Generate data matrix
R=X*X'/handles.K;%Spatial covariance matrix
[Q ,D]=eig(R);%Compute eigendecomposition of covariance matrix
[D,I]=sort(diag(D),1,'descend'); %Find r largest eigenvalues
Q=Q (:,I);%Sort the eigenvectors to put signal eigenvectors first
% Qs=Q (:,1:r);%Get the signal eigenvectors
Qn=Q(:,r+1:handles.N);%Get the noise eigenvectors
%  MUSIC algorithm
% Define angles at which MUSIC “spectrum” will be computed
angles=(-90:0.1:90);
%Compute steering vectors corresponding values in angles
a1=exp(-i*2*pi*handles.d*(0:handles.N-1)'*sin(angles*pi/180));
for k=1:length(angles)
    %Compute I-MUSIC “spectrum”
e1=[1,zeros(1,D-1)].';

music_spectrum(k)=1/(a1(:,k)'*Qn*Qn'*e1(:,k));
end

exceptions=[-30 60];
for exception_time=1:length(exceptions)
    for ee=1:length(music_spectrum)
        if angles(ee)==exceptions(exception_time)
            music_spectrum(ee-5:ee+5)=0;
        end
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    end
end

% for e=-90:0.1:90
%     angle=e*pi/180
% end
plot(angles,abs(music_spectrum),'LineWidth',2.0)
grid on;
legend('beam forming with mitigation technique');

title('MUSIC Spectrum'); ylabel('Normalized power') ; xlabel('Angle 
in degrees'); axis tight;

�Appendix D.4: Beam Forming (Smart)

%****************************************************************
*******
%   Beamforming_linear.m
%****************************************************************
*******
%   It is a MATLAB function that simulates beamforming for linear 
arrays.
%****************************************************************
******
% Start timer
tic;
% Start recording
if (save_in_file=='y')
    out_file = sprintf('%s.txt',file_string);
    diary(out_file);
end
% User input
[N,d,sig,noise,type,nn,NN,AF_thresh,Mu,E_pattern] = linear_data_
entry;

% Parameters initialization
FIG           = 'figure(1)';             % Figure to record
SKIP_STEP     = 40;                      % Plot every SKIP_STEP 
iterations
w             = zeros(N,1);              % iteration 
initialization
% Generate signals
[dd, X, fm] = linear_sig_gen(N,d,nn,NN,type,sig,noise,E_pattern);
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for i = 1 : length(dd)
    w0 = w;
    [w, err(i)] = LMS(w,Mu,X(:,i),dd(i));
    mse(i) = sum(abs(err(i))^2);
    w_err(i) = norm(w0 - w);
    if i>1
        
array_factor = linear_AF(N,d,w,sig(1:size(sig,1),2),E_pattern);
        if (abs(w_err(i) - w_err(i-1)) < eps) | (array_factor <= 
AF_thresh)
            
linear_plot_pattern(sig,w,N,d,E_pattern,AF_thresh,'half',4,'-');
            break;
        end;
    end;
    if rem(i,SKIP_STEP) == 0             % Plot every SKIP_STEP 
iterations
        
linear_plot_pattern(sig,w,N,d,E_pattern,AF_thresh,'half',4,'-');
        if i == SKIP_STEP
            FIG_HANDLE = eval(FIG);
        if (isunix)
           pause;
        end;
        end;
    end;
end;
% Final weights and betas
W    = abs(w);
beta = angle(w);
iterationnumber=i;
%-------------------------------------------------------------------
function [N,d,sig,noise,type,nn,NN,AF_thresh,Mu,E_pattern] = 
linear_data_entry

%%%%%%%%%%%%%%%%%%% Default Values %%%%%%%%%%%%%%%%%%
def_N              = 8;
def_d              = 0.5;
def_SOI            = 1;
def_q              = 1;
def_SNOI           = 1;
def_noise_mean     = 0;
def_noise_var      = 0.1;
def_type_n         = 2;
def_AF_thresh      = -60;
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def_Mu             = 0.001;
def_nn             = 500;
def_E_pattern_file = 'linear_isotropic.e';
%%%%%%%%%%%%% Strings initialization %%%%%%%%%%%%%%%%
N_string           = sprintf('Enter number of elements in linear 
smart antenna [%d]: ',def_N);
d_string           = sprintf('Enter the spacing d (in lambda) 
between adjacent elements [%2.1f]: ',def_d);
SOI_string         = sprintf('Enter the Pilot signal (SOI) ampli-
tude [%d]: ',def_SOI);
SOId_string        = sprintf('Enter the Pilot signal (SOI) direc-
tion (degrees between -90 and 90): ');
q_string           = sprintf('Enter number of interfering signals 
(SNOI) [%d]: ',def_q);
noise_mean_string  = sprintf('Enter the mean of the noise [%d]: 
',def_noise_mean);
noise_var_string   = sprintf('Enter the variance of noise [%2.1f]: 
',def_noise_var);
type               = sprintf('Type of signal:\n\t[1] sinusoid\n\t[2] 
BPSK\nEnter number [%d]: ',def_type_n);
nn_string          = sprintf('Enter the number of data samples [%d]: 
',def_nn);
AF_thresh_string   = sprintf('Enter AF threshold (dB) [%d]: 
',def_AF_thresh);
Mu_string          = sprintf('Enter a value for Mu of LMS algorithm 
(0 < Mu < 1) [%5.4f]: ',def_Mu);
E_pattern_string   = sprintf('Enter element pattern filename (*.e) 
[%s]: ',def_E_pattern_file);
%---------------------------------------------------%
    %%%%%%%%%%%%%%%%% Error Messages %%%%%%%%%%%%%%%%%%%%
err_1             = sprintf('\nSignal type not supported...');
%---------------------------------------------------%
%%%%%%%%%%%%%%%%%%% User Inputs %%%%%%%%%%%%%%%%%%%%%
% ------------ Number of elements? ------------- %
N = input(N_string);
if isempty(N)
   N = def_N;
end;
% ------------ Inter-element spacing? ---------- %
d = input(d_string);
if isempty(d)
   d = def_d;
end;
% -------------- SOI amplitude? ---------------- %
SOI = input(SOI_string);
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if isempty(SOI)
   SOI = def_SOI;
end;
% -------------- SOI direction? ---------------- %
SOId = [];
while isempty(SOId)
    SOId = input(SOId_string);
end;
% ------ SNOIs amplitudes and directions? ------ %
q = input(q_string);
if isempty(q)
   q = def_q;
end;
sig = [SOI SOId];
for k = 1 : q,
    SNOI_k_string      = sprintf('Enter the amplitude of No. %d 
Interference signal (SNOI_%d) [%d]: ',k,k,def_SNOI);
    SNOId_k_string     = sprintf('Enter the direction of No. %d 
Interference signal (SNOI_%d) (degrees between 0 and 90): ',k,k);
    SNOI_k = input(SNOI_k_string);
    if isempty(SNOI_k)
       SNOI_k = def_SNOI;
    end;
    SNOId_k = [];
    while isempty(SNOId_k)
        SNOId_k = input(SNOId_k_string);
    end;
    sig = [sig; SNOI_k SNOId_k];
end;
% ----------------- Noise data? ---------------- %
noise_string = input('Insert noise? ([y]/n):','s');
if (isempty(noise_string) | noise_string == 'y')
   noise_mean = input(noise_mean_string);
   if isempty(noise_mean)
      noise_mean = def_noise_mean;
   end;
   noise_var = input(noise_var_string);
   if isempty(noise_var)
      noise_var = def_noise_var;
   end;
   noise = [noise_mean noise_var];
else
   fprintf('------------No noise is inserted.-----------\n');
   noise = [];
end;
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% ----------------- Signal type? --------------- %
type_n = [];
if isempty(type_n)
   type_n = def_type_n;
end;
switch type_n
case 1
    type = 'sinusoid';
    def_NN = 100;

case 2
    type = 'bpsk';
    def_NN = 1;
otherwise
    error(err_1);
end;
% ------------ Number of data samples? --------- %
nn = input(nn_string);
if isempty(nn)
    nn = def_nn;
end;
% ------- Number of samples per symbol? -------- %
NN = [];
if isempty(NN)
   NN = def_NN;
end;
% ---------------- Mu for LMS? ----------------- %
Mu = input(Mu_string);
if isempty(Mu)
   Mu = def_Mu;
end;
% ---------------- Nulls depth? ---------------- %
if q==0
   AF_thresh = def_AF_thresh;
else
   AF_thresh = input(AF_thresh_string);
   if isempty(AF_thresh)
      AF_thresh = def_AF_thresh;
   end;
end;
% -------------- Element pattern? -------------- %
E_pattern_file = [];
if isempty(E_pattern_file)
   E_pattern_file = def_E_pattern_file;
end;

Appendix D: Null Synthesized Algorithm for Minimum Separation Distance



133

E_pattern = load(E_pattern_file)';
warning off;
f u n c t i o n 
l i n e a r _ p l o t _ p a t t e r n ( s i g , w , N , d , E _ p a t t e r n , A F _
limit,TYPE,rticks,line_style)
k0 = 2*pi;
%%%%%%%%%%%%%%% Parameters initialization %%%%%%%%%%%%%%%
%---- default values ----%
def_d = .5;
def_E_pattern = 1;
def_AF_limit = -40;
def_TYPE = 'half';
def_rticks = 4;
def_line_style = '-';
H_FIG = 1;
%------------------------%
switch nargin
case 2
    
d = def_d; E_pattern = def_E_pattern; AF_limit = def_AF_limit;
    
T Y P E 
= def_TYPE; rticks = def_rticks; line_style = def_line_style;
case 3
    E_pattern = def_E_pattern; AF_limit = def_AF_limit;
    
T Y P E 
= def_TYPE; rticks = def_rticks; line_style = def_line_style;
case 4
    AF_limit = def_AF_limit;
    
T Y P E 
= def_TYPE; rticks = def_rticks; line_style = def_line_style;
case 5
    
T Y P E 
= def_TYPE; rticks = def_rticks; line_style = def_line_style;
case 6
    rticks = def_rticks; line_style = def_line_style;
case 7
    line_style = def_line_style;
end

m = linspace(0,N-1,N);
switch TYPE
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case 'half'
    theta_1 = -pi/2; theta_2 = pi/2;
    theta = linspace(-pi/2,pi/2,181);
case 'full'
    theta_1 = -pi; theta_2 = pi;
    theta = linspace(-pi,pi,361);
otherwise
    disp('ERROR => Only two options are allowed for TYPE: half or 
full');
    return
end
%%%%%%%%%%%%%% Total Pattern [Element * AF] %%%%%%%%%%%%%
AF = E_pattern .* sum(diag(w)*exp(i*(k0*d*m'*sin(theta))));
AF = 20*log10(abs(AF)./max(abs(AF)));
%%%%%%%%%%%%%%%%%%%%%%%% Polar Plot %%%%%%%%%%%%%%%%%%%%%
figure(H_FIG);
switch TYPE
case 'half'
    
linear_semipolar_dB(theta*180/pi,AF,AF_limit,0,rticks,line_
style);
case 'full'
    
linear_polar_dB(theta*180/pi,AF,AF_limit,0,rticks,line_style);
end

%-------------------------------------------------------%
%%%%%%%%%%%%%%%%%%%%%% Thermal Noise %%%%%%%%%%%%%%%%%%%%
if ~isempty(noise)
    for k = 1 : N
        STATE3 = sum(rand(1)*100*clock);
        randn('state',STATE3);
        noise_data_real = noise(1,1) + sqrt(noise(1,2)/2)*randn(1
,size(s,2));
        STATE4 = sum(rand(1)*100*clock);
        randn('state',STATE4);
        noise_data_imag = noise(1,1) + sqrt(noise(1,2)/2)*randn(1
,size(s,2));
        noise_data = complex(noise_data_real,noise_data_imag);
        s(k,:) = s(k,:) + noise_data;
    end;
end;
%-------------------------------------------------------%
function [w, error] = LMS(w,Mu,x,d)
error = d - w' * x;
w = w + 2 * Mu * x * conj(error);
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�Appendix E: Visualyse Professional

�Appendix E.1: Introduction

Visualyse products are well known by its high computation performance for techni-
cal excellence in their support for radio spectrum management, in particular inter-
ference analysis. Visualyse Professional has used an underlying model that is based 
on real-world objects; this means that the structure of a simulation is familiar to an 
engineer the first time he looks at the software. Building new complex analyses is 
also made easier by use of mobile system Windows interface components which are 
also familiar to many people.

Ease of use is not the start and end of usability, nor will a simple software pack-
age necessarily enhance the productivity. Usable, productive software must do what 
you want it to do – it must be effective and provide the functionality that is in need.

This last requirement – utility – is the central goal of Visualyse Professional. The 
object-based design means that it can be adapted to all types of system; the ongoing 
software development and cross-fertilization from consultancy work mean the new fea-
tures and enhancements to existing features. Ease of use remains high on agenda –aim 
is to make using Visualyse a rewarding experience which is both satisfying and enjoy-
able. Visualyse finds a balance between ease of use and utility that really can boost the 
productivity (Fig. E.1).

Visualyse is, at heart, an engine for calculating carrier levels, interference levels 
and noise levels in radio links. It produces C/I, C/N, C/N + I, pfd, EPFD and I/N 
numbers and statistics for almost any spectrum sharing or interference analysis sce-
nario it can think of?

It allows to define geometry, dynamics and RF characteristics in a 3D environ-
ment that includes the earth as a central gravitational body and can also include 
terrain spot heights, geo-climatic factors and local clutter data. However, this does 
not adequately capture the full capability of the software.
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Fig. E.1  Maps availability in Visualyse software
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�Appendix F: Experiment Setup and Minimum 
Separation Distance Simulation Results

�Appendix F.1: FSS Aspects and Installation

�Appendix F.1.1: 1.8 m C-Band Antenna System
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�Appendix F.1.2: System Indoor DW2000 Terminal (DVB Receiver)
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�Appendix F.1.3: FSS Unit Installation in Wireless Communication Centre 
at Universiti Teknologi Malaysia

VSAT Installation started by building a ground mount without fencing to fix the 
1.8M C-band antenna on a latitude of 1.33° north and longitude 103.38° east. Then 
the antenna elevation angle will be 74°, as depicted in Fig. F.1.1.

The DW 2000 Indoor Unit was connected to LNB in order to receive the DVB 
signal and to a computer to check the internet speed through the RS232 cable. 
Figure F.1.2 shows the DW 2000 Indoor Unit back connection and the overall indoor 
setup.

The outdoor unit (ODU) of VSAT consists of the antenna (typically from 0.6 m 
to 3 m in diameter), equipped with a horn, LNB (low-noise blocking), feed and 
BUC (block upconverter). The LNB is connected to the receiving loop which con-

Fig. F.1.1  Antenna dish 
fixing to MEASAT-3

Fig. F.1.2  The DW 2000 Indoor Unit overall indoor setup and back connection
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Fig. F.1.3  The internet speed is 142Kb/s, after the cable and system loss

sists of horn antenna, OMT (Orthomode Transducer) and transmit reject filter, while 
the transmitting loop consists of BUC (contains a local oscillator and HPA high-
power amplifier), OMT and the horn. Note that a circular tube may be added 
between the OMT and the horn in a case that circular polarization is required. The 
indoor unit (IDU) is typically composed of a modem to convert the data, video or 
voice generated by the customer.

The received signal depends on the provider subscription fees; in this research, a 
bandwidth of 156Kbps downlink and 9.6Kbps uplink was purchased to employ the 
hardware measurements. Figure F.1.3 depicts the internet speed status.

We conclude that received bandwidth was 230.4 KHz. Figure F.1.4 shows the 
overall satellite link budget for the FSS unit used for this book.

The indoor unit contains timing units, modulators and demodulators and inter-
faces to network management systems and host computers for control. To reconfig-
ure the VSAT network, a network management system (NMS) can be used for any 
dynamic change, like adding more stations and carriers or changing the network 
interface. Monitoring and controlling the network are part of the operational process 
inside the NMS.  However, NMS should provide a report about each single unit 
connected to the network. In addition to that, the NMS downloads all the relevant 
software and system parameters for the system to recall the data in the restart state.

Appendix F: Experiment Setup and Minimum Separation Distance Simulation Results



141

Fig. F.1.4  Shows the overall satellite link budget for the FSS unit

Fig. F.2.1  The calibration 
setup
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�Appendix F.2: Signal Generator Calibration

Signal generator calibration was done using a handheld portable spectrum analyser 
and signal attenuator to check the frequency shift and cable loss as well as power 
level correction. Figure F.2.1 depicts the calibration setup.

�Appendix F.3: Antenna Radiation Pattern and Return Loss 
Measurement

Radiation patterns are defined as the variation of the field intensity of an antenna as 
an angular function with respect to the axis. A radiation pattern is usually repre-
sented graphically for the far-field conditions in either horizontal or vertical plane. 
The radiation pattern measurement for the horn antenna which was used for the 
BWA transmitting signal was performed inside the anechoic chamber located in the 

Fig. F.3.1  H-plan for transmitter antenna
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Fig. F.3.2  V-plan for transmitter antenna

Wireless Communication Centre, Faculty of Electrical Engineering, Universiti 
Teknologi Malaysia.

An RF anechoic chamber is designed to suppress the electromagnetic wave 
energy of echoes, as reflected electromagnetic waves, from the internal surfaces. 
Figure F.3.1 and F.3.2 depict the radiation pattern measurement (H- and V-plan) for 
the horn. The fixed horn antenna is working as transmitter and in the other side the 
measured antenna fixed on the rotator base where each 2° rotation the power 
received measured until it reaches 360° rotation.

The return loss or S11 was measured using R&S and FSH handheld spectrum 
analyser. Figures F.3.3, F.3.4 and F.3.5 depict the S11 for the two horn antennas used 
in experiment test as a receiver and transmitter, respectively

Figure F.3.5 shows the measurement fit-up inside the anechoic chamber with and 
without shielding to get the radiation attenuation for each material before the out-
door measurements.
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Fig. F.3.3  The return loss result for the receive antenna RxS11

Fig. F.3.4  The return loss result for the transmit antenna TxS11

Appendix F: Experiment Setup and Minimum Separation Distance Simulation Results



145

Fig. F.3.5  Measurements inside the anechoic chamber with and without shielding

�Appendix F.4: Different Receiving Signals Through Different 
Shielding

The idea is to measure the amount of signal penetration through different types of 
materials in order to measure the power loss through several barriers. The shielding 
is placed on 1 m away from the receiver and 4 m away from the transmitter. Results 
of deferent receiving signals through different shielding are depicted in Figs. F.4.1, 
F.4.2, F.4.3 and F.4.4.
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Fig. F.4.2  Copper attenuation measurements in the lab

Fig. F.4.1  Direct signal measurement in the lab
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Fig. F.4.4  Aluminium mesh (spacing 0.2 cm) attenuation measurements in the lab

Fig. F.4.3  0.1 cm aluminium sheet attenuation measurements in the lab
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